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v

The field of surgical critical care is constantly expanding, evolving, and undergoing rapid 
change. Providers are experiencing increasing volumes of complex surgical cases and clini-
cally challenging postoperative patients from a wide variety of surgical subspecialties. With 
the introduction of new technologies, less invasive surgery, balanced resuscitation strategies, 
and an aging population, updating and communicating improved care techniques for the criti-
cally ill surgical patient are crucial. As critical care providers, our goal is to deliver optimal, 
evidence-based care supported by relevant policies and data; however, there is no comprehen-
sive source that provides concise and practical guidance to surgical intensivists and multidis-
ciplinary ICU team members.

The Surgical Critical Care Therapy textbook will provide a comprehensive, state-of-the-art 
review of the field and will serve as a valuable resource for clinicians, surgeons, and research-
ers with an interest in surgical critical care. The chapters focus on the management of common 
problems and critical decision-making scenarios that arise in the Surgical Intensive Care Unit. 
For example, several well-designed randomized prospective trials have recently altered the 
way we care for surgical patients presenting with traumatic brain injury, hemorrhagic shock, 
acute respiratory distress syndrome, and sepsis. The protocols, care bundles, guidelines, and 
checklists that show improved process measures and patient outcomes will be discussed in 
detail throughout the book.

We hope that this textbook will help guide patient management and stimulate future inves-
tigative efforts. Each chapter is written by widely recognized and established experts in the 
field who share numerous tips and wisdom gained over the course of their careers. We also 
believe that this textbook will become an invaluable resource for residents preparing for their 
in-service exams or the critical care portions of their general surgery board exams and for all 
fellowship-trained intensivists who are taking the surgical critical care board examinations.

We wish to thank the professional editorial efforts of Springer and to acknowledge our 
peers and family members for their support throughout this project. Without the help of so 
many, this project could not have been brought to fruition.

Austin, TX, USA Carlos Brown
Los Angeles, CA, USA Kenji Inaba
Tacoma, WA, USA Matthew J. Martin
Boston, MA, USA Ali Salim
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Traumatic Brain Injury

Asad Azim and Bellal Joseph

 Introduction

Traumatic brain injury (TBI) is a non-degenerative, 
 non- congenital disruption of brain function from an exter-
nal force that leads to a permanent or a temporary impair-
ment of cognitive and/or physical functions—it may or 
may not be associated with a diminished or altered state of 
consciousness. The external forces that create the injury 
may be the result of a variety of insults, including accel-
eration or deceleration, compression, penetrating objects, 
and complex mechanisms like blast injuries. TBI is the 
leading cause of death and disability among trauma 
patients. According to an estimate, about 2.5 million TBIs 
occur every year. Of those, about 50,000 people die, and 
approximately 80,000–90,000 survivors suffer severe life-
long neurological disabilities [1]. The external cause of 
injury (“mechanism of injury”) associated with TBI varies 
with age and demographics. Males aged 0–4 have the 
highest rates of TBI-related visits, whereas adults aged 
75 years and older have the highest rate of TBI- related 
hospitalizations and deaths (1). Falls are the leading mech-
anism of injury of TBI, accounting for 40% of all TBI- 
related emergency department (ED) visits (2). They cause 
more than half (55%) of all TBIs among children aged 
0–14 years and 81% of all TBIs among adults aged 65 years 
and older. The second leading mechanism of injury is 
unintentional blunt trauma, accounting for 15% of all TBI-
related ED visits (1). Motor vehicle collisions and assaults 
are the third and fourth leading mechanisms of injury, 
accounting for 14% and 10% of TBI-related ED visits, 
respectively [2].

 Types of Primary Injuries

Various types of primary TBI are summarized below.

• Subdural Hematoma (SDH): SDH is the most common type 
of traumatic brain lesion and occurs in about 20–40% of 
severely head-injured patients. SDH originates in the space 
between the dura and the arachnoid matter of the meninges 
[3]. It results from damage and tearing of cortical bridging 
veins, which drain the cerebral cortical surface into the dural 
venous sinuses. The presentation can be acute, subacute, or 
chronic. Patients have variable loss of consciousness (LOC). 
On CT imaging, SDH appears to be crescent-shaped. It 
tends to be associated with underlying cerebral injury and 
thus usually has a poor prognosis [4].

• Epidural Hematoma (EDH): EDH is a form of intracra-
nial bleed between the dura mater and the inner table of 
the skull. It results from tearing of arterial dural vessels, 
i.e., middle meningeal artery. The most common site is 
temporal, where the bone is very thin and susceptible to 
fracture. On CT imaging, EDH appears to be lenticular- 
shaped. EDH is usually due to skull injury rather than 
brain injury, although brain injury certainly can occur 
with them. Morbidity and mortality associated with EDH 
is primarily due to the mass effect from the hematoma, 
which, if left unchecked, can lead to brain herniation [5].

• Subarachnoid Hemorrhage (SAH): SAH results from dis-
ruption of small pial vessels between the subarachnoid 
and the pia mater of the meninges. Trauma is the most 
common cause of SAH. Patients with traumatic SAH 
have 70% higher risk of developing cerebral contusion 
and 40% higher risk of developing subdural hematoma 
[6]. SAH is a marker of the severity of TBI. The positive 
predictive value of SAH (>1 cm) for poor outcome is 
72–80%. On CT imaging, SAH appears as hyper- 
attenuating material filling the subarachnoid space [7].

• Intraparenchymal Hemorrhage (IPH): This is a form of 
intracerebral bleed in which there is bleeding within the 
brain parenchyma. IPH, along with cerebral edema, may 
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disrupt and compress adjacent brain tissue, constituting an 
immediate medical emergency. On CT imaging, IPH 
appears as the accumulation of blood within different intra-
cranial spaces, most commonly as a lobar hemorrhage [8].

• Intraventricular Hemorrhage (IVH): IVH refers to 
 bleeding into the ventricular system of the brain, where 
cerebrospinal fluid is produced and circulates toward the 
subarachnoid space. It commonly results from an intrace-
rebral hemorrhage with ventricular reflex. On CT imag-
ing, blood appears as hyper-dense material in the 
ventricles that is best seen in the occipital horns. Blood in 
ventricular system also predisposes these patients to post- 
traumatic hydrocephalus. IVH is also a marker of severity 
of injury and is associated with adverse outcomes [9].

• Cerebral Contusion: Contusion is bruising of brain tissue 
often caused by a blow to the head. When this happens, 
the blood-brain barrier loses its integrity, thereby creating 
a heterogeneous region. This type of lesion usually occurs 
in coup or contrecoup injuries. It manifests in cortical tis-
sue and can be associated with multiple microhemor-
rhages and small vessels that leak into brain tissue. The 
most common regions of the brain affected are the frontal 
and anterior temporal lobes. Cerebral contusions often 
take 12–24 h to evolve and may be absent on an initial 
head CT scan [10].

• Cerebral Concussion: This is the most common type of 
TBI. It occurs with a head injury caused by acceleration/
deceleration forces or contact forces. It can result in rapid- 
onset, short-lived impairment of neurological function 
that resolves spontaneously. Concussions are a clinical 
diagnosis as there are no CT scan findings associated with 
it. The key signs and symptoms of a concussion are con-
fusion and amnesia [11].

• Diffuse Axonal Injury (DAI): A DAI is the most common 
and devastating type of TBI, resulting from extensive 
damage to white matter tracts over a widespread area. This 
injury develops from traumatic shearing forces that occur 
when the head is rapidly accelerated or decelerated. DAI is 
commonly seen in motor vehicle collisions and shaken 
baby syndrome. The sites frequently involved in DAI are 
the frontal and the temporal lobes. CT imaging usually 
appears normal. Newer imaging modalities, such as diffu-
sion tensor imaging, are more sensitive than a standard 
MRI for detecting a white matter tract injury [12].

 Secondary Brain Injury

Secondary brain injury is a consequence of pathological 
processes set in motion at the time of primary insult. 
Mechanism behind secondary brain injury is complex. It is 
purposed that it is due to the liberation of proinflammatory 
cytokines and chemicals as result of primary injury that 
leads to cerebral edema neuronal death and disruption of 

the blood-brain barrier [13]. The common pathways that 
contribute to this damage are the liberation of excitatory 
amino acids, platelet-activating factors, and oxygen free 
radicals and ubiquitous nitric oxide radicals [14]. While 
little can be done to limit primary injury, the main goals of 
current TBI management strategies are targeted at limiting 
secondary brain injury. With recent advances and better 
understanding of cellular and biochemical functions, it has 
become more clear that inadequate blood flow and sub-
strate delivery result in exacerbation of secondary injury 
[15]. Hence, ensuring adequate nutritional supply and 
avoiding hypoxia and hypotension can help limit secondary 
brain injury and enhance neuronal recovery [16].

 Emergency Management

 History and Physical Examination

A history and physical examination should be obtained, 
including the events preceding a trauma, a description of the 
actual event, and complete description of the patient’s neuro-
logical status. History of medications as well as medications 
given in the prehospital setting should be determined. Special 
attention should be paid to medications with the ability to 
alter the neurological examination, including sedatives or 
psychopharmacologics, paralytics, atropine (for cardiac 
resuscitation), and other mydriatics (for evaluation of ocular 
trauma). Primary and secondary surveys should be per-
formed thoroughly evaluating for systemic injuries. Open 
lacerations and a vigorous scalp hemorrhage may lead to 
hypovolemia.

 Neurological Assessment

An accurate neurological examination is necessary in order 
to make a correct diagnosis as well as to plan appropriate 
treatment strategies. The exam may be limited or altered by 
age, language, sedative or paralytic medication, alcohol 
intoxication, or illicit drug abuse. It is crucial to monitor 
trends that appear in neurological examinations overtime 
because they fluctuate based on the patient’s improving or 
declining condition. The accuracy and completeness of a 
neurological exam is based on the alertness and cooperative-
ness of the patient. The extent of the examination must be 
tailored to each patient’s neurological ability.

• Pupillary Response: Documenting pupillary abnormality 
is important, and it has a high diagnostic and prognostic 
utility [17]. Pupillary asymmetry is defined as a differ-
ence of >1 mm between the pupils. A dilated pupil is 
defined as a diameter of a pupil >4 mm. A fixed pupil 
shows no response to bright light. Orbital trauma, 
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 hypotension, and hypoxia are common causes of pupil-
lary dilation. Hypoxia and hypotension should be cor-
rected before herniation can be excluded as a cause of 
pupillary dilation. Orbital trauma can be ruled out by 
using direct and consensual response for each pupil.

• Glasgow Coma Scale (GCS): An important component of a 
primary survey is to obtain an accurate GCS. It has become 
the standard for the objective measurement of the severity 
of a TBI. A GCS assesses a patient’s neurological status 
based on three components: motor function, verbalization, 
and eye opening (Table 1.1). A patient who is neurologi-
cally intact can receive a maximum score of 15, and the 
most severely injured patient can get a minimum score of 3. 
If the patient is intubated, the verbal component is given a 
score of “q,” and the overall score is annotated with a “T.” 
A GCS 13–15 defines a mild TBI—such patients are usu-
ally awake and have no focal deficits. A GCS 9–12 is con-
sidered a moderate TBI, in which patients have altered 
sensorium and focal neurological deficits. Patients with a 
GCS 3–8 have a severe TBI. Usually, they will not follow 
commands, and they fit the criteria of comatose state [17].

 Airway, Breathing, and Circulation

Clinicians should adhere to the basic principles of trauma 
resuscitation, including rapid assessment and maintenance 
of an airway, breathing, and circulation [18]. The mainte-
nance of an unobstructed and clear airway is of the utmost 
importance as hypoxia is the most critical factor leading to 
adverse outcomes in TBI patients. A multicenter trial has 
shown that mortality rises by 17% in patients that experience 
hypoxic episodes following a TBI [19]. Regarding patients 
with a GCS <9, guidelines recommend that skilled personnel 
should intubate them by rapid sequence induction. During 
intubation, the cervical spine should be considered injured 
until proven otherwise, and it must be protected.

Once the airway is secured, the patient must be ventilated 
appropriately to maintain normocarbia (PaCO2 
35–40 mmHg). Monitoring of oxygen saturation and cap-
nography is recommended in severely injured patients to 
avoid unrecognized hypoxemia or changes in ventilation. A 
study of 11,000 TBI patients showed that both hypo- and 
hypercarbia were associated with increased mortality in TBI 

patients [20]. In patients with signs of brain herniation, 
 transient hyperventilation may be an option.

Hypotension is a major secondary brain insult. Studies 
have shown that even a single episode of hypotension is 
associated with a dramatic increase in mortality in TBI 
patients [21]. It should be treated with appropriate fluid 
resuscitation and blood products to achieve euvolemia. 
Recent studies have shown that maintaining systolic blood 
pressure above 100 mmHg is associated with decreased mor-
tality and better neurological outcomes in TBI patients [22].

 Radiological Assessment

Computed Axial Tomography (CT) Scan CT scan 
remains the investigation of choice for patients presenting 
with head trauma. In a single, rapid pass, without patient 
repositioning, scans of the head, neck, chest, abdomen, and 
pelvis can be performed. Additionally, administration of 
contrast also allows for a CT angiogram reconstruction in 
order to evaluate vasculature of the head and neck. CT scan 
findings after trauma include SDH, EDH, SAH, IPH, IVH, 
contusions, hydrocephalus, cerebral edema or anoxia, skull 
fractures, ischemic/infarction (if >12 h old), and mass effect 
resulting in midline shift. Indications for an initial post- 
traumatic head CT scan include GCS ≤14, unresponsive-
ness, focal deficit, amnesia for the injury, altered mental 
status, and signs of basilar skull fracture [23].

Magnetic Resonance Imaging (MRI) MRI scans have bet-
ter parenchymal resolution and can evaluate infarction, isch-
emia, edema, and DAI. An MRI is also helpful to determine a 
ligamentous injury of the spine or a traumatic cord injury. It 
is generally performed after the initial trauma evaluation and 
resuscitation have been completed. MRIs have limited avail-
ability, slower image acquisition time, image interference by 
monitoring devices, and a greater cost. Although their use in 
the initial assessment of trauma is not routinely recommended 
because intracranial surgical lesions seen on an MRI can also 
be identified on a CT scan [24], their use in the ICU setting 
can play a crucial role in evaluating DAI.

 Intensive Care Unit Management

 Monitoring

Blood Pressure Systolic blood pressure (SBP) plays a criti-
cal role in a secondary brain injury cascade after a severe 
TBI. TBI patients admitted with a systolic blood pressure of 
less than 85 mmHg have mortality rates as high as 35%, 
compared to only 6% in patients with a higher SBP [19]. 
Autoregulatory vasodilation plays a critical role in 
 maintaining cerebral perfusion. After disruption of cerebral 

Table 1.1 Glasgow Coma Scale

Score Motor Verbal Eye opening

6 Obeys command – –

5 Localizes to pain Oriented –

4 Withdraws to pain Confused Spontaneously

3 Flexes arm Words/phrases To voice

2 Extends arm Makes sounds To pain

1 No response No response Remain closed
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autoregulation, which is a common event following severe 
TBI, cerebral perfusion relies on SBP. Hence, a low SBP 
leads to cerebral ischemia, which is recognized as the single 
most important secondary insult. In order to decrease mortal-
ity and improve clinical outcomes following a TBI, SBP 
should be maintained at ≥100 mmHg for patients 50–69 years 
old or at ≥110 mmHg for patients 15–49 years old or over 
70 years old (5).

Intracranial Pressure (ICP) The concept of intracranial 
pressure is based on the Monro-Kellie hypothesis. 
Assuming that the skull is a closed space, the hypothesis 
states that there is a balance between brain, blood volume, 
and CSF. Increase in the volume of one constituent (e.g., 
cerebral edema) or an addition of a constituent (i.e., hemor-
rhage or tumor) mandates a compensatory decrease in other 
constituents in order to maintain ICP. The management of 
raised ICP varies greatly in clinical practice, and there are 
inconsistent reports about the utility of ICP monitoring on 
clinical outcomes and survival of TBI patients. According 
to the recently updated Brain Trauma Foundation (BTF 4th 
Edition 2016) guidelines, ICP monitoring should be per-
formed in all salvageable patients with severe TBI (GCS 
3–8) and an abnormal head CT, a normal head CT scan with 
a SBP of ≤90 mmHg, posturing, or age ≥40 years [25]. 
Studies have shown that treating ICP above 22 mmHg is 
recommended to reduce overall mortality [26]. Moreover, 
management of severe TBI using information from ICP 
monitoring is associated with reduced in-hospital and 
2-week post-injury mortality. A vast majority of patients 
with severe TBI meet the criteria for ICP monitoring based 
on these guidelines. However, only a small subset of these 
patients receives ICP monitoring based on institutional 
guidelines. A prospective multicenter controlled trial per-
formed in Ecuador demonstrated that there is no difference 
in clinical outcomes in patients who underwent ICP moni-
toring compared to those who were managed with an estab-
lished protocol of neuroimaging and clinical examination 
[27]. Medical management remains the standard of care for 
elevated ICP, with a possible role for ICP monitoring and 
operative intervention in a subset of patients. However, fur-
ther studies are required to better define subset of patients 
requiring ICP monitoring.

Cerebral Perfusion Pressure Monitoring (CPP) A trau-
matically injured brain is at a high risk of a local cerebral 
ischemia around the area of primary insult as well as global 
ischemia due to loss of cerebral circulation. In such a situa-
tion, maintaining adequate cerebral perfusion is of prime 
importance. CPP is defined as the pressure gradient across 
the cerebral vascular bed between blood inflow and outflow. 
It is calculated as the difference between mean arterial 
 pressure (MAP) and ICP. Studies have shown that a CPP of 
less than 50 mmHg is associated with a high risk of cerebral 

ischemia and secondary brain injury. The BTF guidelines 
recommend a target CPP value between 60 and 70 mmHg for 
improved survival and favorable outcomes [25]. TBI 
 management includes CPP monitoring in the “bundle” of 
care; however, the impact of CPP-based management of TBI 
patients remains unclear. There is some evidence which sug-
gests that the management of TBI patients’ using informa-
tion from CPP monitoring is associated with 2-week 
post-injury mortality.

 Treatment

 Hyperosmolar Therapy

An injured brain is highly susceptible to secondary ischemia 
from either systemic hypotension or diminished cerebral 
perfusion (attributable to intracranial hypertension, cerebral 
edema, and inflammation). The objective of hemodynamic 
therapy in TBI is to ensure adequate brain perfusion and to 
keep intracranial pressure within normal limits. There are 
various methods for controlling ICP; however, one of the key 
pharmacological interventions is hyperosmolar therapy [24–
29]. Such therapies reduce ICP by two distinct methods. One 
commonly accepted mechanism is via establishment of an 
osmolar gradient across the blood-brain barrier, with the gra-
dient favoring the flow into the circulation. Another mecha-
nism, which explains the rather more rapid action of osmolar 
agents, is improvement in the rheology of the blood due to 
plasma expansion as well as decreased hematocrit, which 
leads to decreased viscosity and more efficient cerebral 
blood flow (CBF). It is believed that the two most commonly 
utilized hyperosmolar agents, that is, hypertonic saline and 
mannitol, utilize both mechanisms [29].

• Mannitol: Mannitol is a naturally occurring sugar alcohol 
used clinically for its osmotic diuretic properties. It has 
been accepted as an effective tool for reducing intracra-
nial pressure. Although there has never been a random-
ized comparison of mannitol with a placebo, both the 
BTF and the European Brain Injury Consortium identify 
level II and III evidence to support its use for the treat-
ment of intracranial hypertension after a TBI. Mannitol 
can be administered as a bolus in response to raised ICP 
or as a continuous drip in a prophylactic fashion [29]. 
Studies have shown that bolus infusion is superior to con-
tinuous therapy; however, a difference of opinion still 
exists concerning the two modes of administration. 
Although mannitol plays a vital role in controlling ICP in 
severe TBI patients, its eventual diuretic effect is undesir-
able in hypotensive patients, and appropriate monitoring 
and aggressive fluid resuscitation are required to  replenish 
fluid loss and to maintain SBP within target limits. 
Clinicians should be cautious,  however, because mannitol 
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therapy can accumulate in extracellular space if the infu-
sion rates are higher than the excretion of the drug. This 
leads to a phenomenon known as the “rebound effect” 
movement of water back into the brain.

• Hypertonic Saline: While hyperosmolar therapy has been 
utilized to reduce elevated intracranial pressure and edema 
in TBIs for nearly five decades, the use of hypertonic saline 
(HTS) as a hyperosmolar agent has only recently become a 
popular choice for both resuscitation and maintenance ther-
apy in TBI patients. Physiologically, the sodium content is 
what determines the amount of volume increased intravas-
cularly during initial resuscitation. HTS was initially used 
as a volume expander in the resuscitation of patients with 
hemorrhagic shock on the battlefield as a low-volume resus-
citation fluid. It was observed that in patients with hemor-
rhagic shock and TBI, resuscitation with HTS was associated 
with better survival [30]. In patients with severe TBI and 
increased ICP or brain edema, a serum sodium level Na + up 
to 150–155 mEq/L may be acceptable [31]. At our institu-
tion, the serum Na + should be maintained below 
158 mEq/L. Further studies on animal and humans revealed 
that this decrease in mortality is attributed to a reduction in 
ICP and cerebral edema, which was due to hyperosmolar 
effects of HTS. There is no consensus about the exact 
makeup of HTS. Concentrations of 3%, 5%, 7.2%, 10%, 
and 23.4% have all been referred to in the literature. The 
most commonly used concentration of HTS is 3%, though, 
recently, 5% saline has become more prevalent. In compari-
son with 3% HTS, studies have demonstrated that 5% HTS 
has a sustained higher serum osmolarity and serum sodium 
concentration within the first 72 h, without any increase in 
adverse effects [32]. Over time, HTS evolved as an alterna-
tive to mannitol in treating cerebral edema and raised ICP 
following a TBI. HTS has been shown to have more pro-
found and sustained effects on ICP, immune modulation, 
neurological recovery, and survival. Moreover, known 
adverse effects of mannitol, like renal injury, worsening of 
heart failure, and osmotic diuresis, make HTS a better con-
tender for hyperosmolar therapy for the management of 
TBI. Although there is not enough evidence to support its 
definitive superiority over mannitol, HTS has clear logisti-
cal advantages over mannitol in the treatment of TBI.

Decompressive Craniectomy (DC) Cerebral edema can 
result from a combination of several pathophysiological 
mechanisms associated with primary and secondary injury 
following a TBI. As the skull is a closed cavity, increase in 
intracranial contents (i.e., cerebral edema) results in brain 
tissue displacement causing cerebral herniation ultimately 
leading to severe disability or death. DC is defined as the 
surgical removal of a portion of the skull and the opening of 
the underlying dura for the purpose of relieving elevated 
ICP. A lot of controversy exists regarding the role of DC in 

the management of severe TBI due to variation in surgical 
techniques, timing, and the patient population in the recent 
literature published in the last decade. According to current 
BTF guidelines, bifrontal DC is not recommended to improve 
outcomes as measured by the Glasgow Coma Outcome 
Scale-Extended (GOS-E) score at 6 months post-injury. 
However, a large frontotemporoparietal DC (not less than 
12 × 15 or 15 cm diameter) is recommended to reduce mor-
tality and improve neurological outcomes in patients with a 
severe TBI with a diffuse injury and ICP values >20 mmHg 
refractory to medical treatment [25]. A recent randomized 
controlled trial of DC for refractory traumatic intracranial 
hypertension (RESCUEicp Trial) [33] has shown that it is 
associated with lower mortality but higher rates of a vegeta-
tive state at 6 months. In contrast to a DC as a last-tier ther-
apy, an early DC as a primary treatment has the advantage of 
rapid ICP control of elevated ICP; there is, however, 
increased risk of a number of potential complications that 
include infections, subdural hygromas, hydrocephalus, syn-
drome of trephined, and cerebral infarction [34].

Prophylactic Hypothermia Suspended animation, the abil-
ity to put a person’s biological processes on hold, has long 
been a staple of science fiction. Interest in the field blossomed 
in the 1950s as a direct consequence of the space race. 
However, most of the studies to date have utilized whole- 
body cooling, and this technique is associated with an 
increased risk of adverse effects, including coagulopathy, 
hypotension, and infections in patients [35]. In order to mini-
mize such effects and gain maximum benefits of therapeutic 
hypothermia, a novel method of selective brain cooling (SBC) 
has been devised. It uses bilateral common carotid artery 
(CCA) cooling cuffs that can achieve rapid reductions in core 
brain temperature without significant changes in normal body 
temperature [36]. Potential neuroprotective effects of SBC 
are mediated by reducing the hemoglobin accumulation, inhi-
bition of injury-mediated upregulation of HO-1, which, in 
turn, ameliorates brain edema. Compared to standard therapy, 
a recent international, multi-institutional, randomized con-
trolled trial (Eurotherm 3235) that examined the effects of 
titrated therapeutic hypothermia (32–35°C) as a treatment for 
raised ICP demonstrated worse outcomes with lower Glasgow 
Outcome Scale-Extended (GOS-E) scores among patients 
with therapeutic brain cooling. These findings in the interim 
analysis were considered harmful, and the trial was stopped 
in 2014 [37]. Another multi-institutional trial to access the 
utility of therapeutic hypothermia for 48–72 h with slow 
rewarming after severe TBI in children was conducted. It was 
also terminated early due to ineffectiveness of the therapy as 
compared to a standard treatment [38]. Therefore, in keeping 
with the results of these randomized trials, the previously 
ascertained therapeutic benefit of hypothermia on mortality 
and neurological outcome in TBI patients is minimal, and 
recommendations for its use cannot be made.
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Ventilation Therapy Severe TBI patients require airway 
protection because they are at increased risk of aspiration 
or compromised respiratory drive. In addition to normal 
ventilation, which is currently the goal for severe TBI 
patients, sometimes these patients may require transient 
hyperventilation to treat intracranial hypertension and cere-
bral herniation. Under normal circumstances, PaCO2 is a 
strong determinant of CBF, and a range between 20 and 
80 mmHg CBF is linearly responsive to PaCO2. Low PaCO2 
therefore causes a decrease in CBF by cerebrovascular con-
striction, while a high PaCO2 increases CBF via cerebro-
vascular dilation. Older studies suggested that cerebral 
hyperemia is more common than cerebral ischemia; hence 
they recommended hyperventilation as a management ther-
apy for TBI patients. However, this has been falsified by 
recent studies demonstrating cerebral ischemia as a major 
culprit, thereby changing the long-standing recommenda-
tions concerning ventilation therapy. Current guidelines 
state that prolonged prophylactic hyperventilation with par-
tial pressure of carbon dioxide in arterial blood (PaCO2) of 
25 mmHg or less is not recommended. Hyperventilation 
can be used as a temporizing measure to reduce elevated 
ICP; however, it should be avoided during first 24 h post-
injury when CBF is typically reduced. The optimal timing 
for tracheostomy has been controversial. A common per-
ception is that early tracheostomy may reduce the necessity 
for mechanical ventilation. In a prospective randomized 
clinical trial of trauma patient, early tracheostomy (within 
7 days) was associated with reduction in duration of 
mechanical ventilation. In addition, reduction in hospital 
and ICU length of stay was also observed in the early tra-
cheostomy group [39]. According to Eastern Association 
for the Surgery of Trauma (EAST), early tracheostomy 
(within 3–7 days of TBI) should be performed as it 
decreases the total days of mechanical ventilation and ICU 
length of stay [40]. However, none of the randomized clini-
cal trials have demonstrated survival benefit of early tra-
cheostomy [41].

Anesthetic Analgesics and Sedatives Anesthetics, analge-
sics, and sedatives are widely used therapies in acute TBI as 
either prophylaxis or to control ICP and seizures. Barbiturates 
have historically been used to control ICP, presumably by 
preventing unnecessary movements, metabolic suppression, 
and alteration of cerebral vascular tone [42]. Anesthetic, 
analgesic, and sedative therapy also carries with it high 
 morbidity. Side effects include hypotension, decreased car-
diac output, as well as increased intrapulmonary shunting, 
which leads to hypoxia and decreased cerebral perfusion. 
For these reasons, high-dose barbiturates (barbiturate coma) 
should not be initiated unless hemodynamic stability is 
insured in victims of refractory intracranial hypertension fol-
lowing TBI [43].

Steroids Steroids were introduced in the early 1960s as a 
treatment for brain edema [44]. Experimental evidence 
accumulated indicates that steroids were useful in the resto-
ration of altered vascular permeability in brain edema, 
reduction of cerebrospinal fluid production, and attenuation 
of free radical production. Several randomized controlled 
trials demonstrated benefits with the use of methylpredniso-
lone for 24 h; however, meta-analysis of these randomized 
trials failed to demonstrate any conclusive benefit of ste-
roids in TBI. The most conclusive evidence was brought 
forward after the CRASH (Corticosteroid Randomization 
After Significant Head Injury) trial in over 10,000 TBI 
patients that demonstrated an 18% higher risk of death 
2 weeks post-injury in patients who were randomized to 
receive corticosteroids for 48 h [45].

Nutrition Following TBI there is a cascade of inflamma-
tory cytokines released into the blood stream that initiates 
rapid catabolism and increased energy expenditure. 
Therefore, TBI patients require appropriate nutritional sup-
port at the right time for optimal recovery. Nutritional sup-
port after TBI provides patients with appropriate substrates, 
essential nutrients, and enough calories to inhibit catabolism 
and promote rapid neurological recovery [46]. Based on this 
evidence, current BTF guidelines and the American 
Association of Neurological Surgeons’ (AANS) guidelines 
recommend initiation of enteral nutrition within 72 h and full 
nutritional replacement by the seventh day [25]. Recent stud-
ies have shown that initiation of tube feeds as early as within 
the first 24 h of injury can interfere with post-injury acute 
phase response, which is an immediate protective response 
of the body to protect primary host functions. This can lead 
to slower recovery and higher incidence of pneumonia in 
these TBI patients [47]. For optimal clinical results and rapid 
recovery in TBI, nutrition can be safely started after the first 
24 h post-injury and should advance toward optimal nutri-
tional goals over the next 48–72 h.

Seizure Prophylaxis Acute symptomatic seizures occur as a 
result of severe TBI. Post-traumatic seizures (PTS) are classi-
fied as “early” when they occur within 7 days of injury and 
“late” when they occur after 7 days of injury. Rate of PTS in 
patients with severe TBI is as high as 12%, whereas rate of 
subclinical seizures detected by  electroencephalography is as 
high as 20–25% [48]. Risk factors for early PTS include the 
following: GCS of ≤10; immediate seizures; post-traumatic 
amnesia lasting longer than 30 min; a linear or depressed 
skull fracture; a  penetrating head injury; subdural, epidural, 
or intracerebral hematoma; cortical contusion; age ≤65 years; 
and chronic alcoholism. The BTF recommends use of phe-
nytoin to decrease the incidence of early PTS; however, nei-
ther phenytoin nor valproic acid has shown any benefit in 
limiting late PTS. Levetiracetam (Keppra), a  relatively newer 
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drug, has recently gained popularity for  seizure prophylaxis 
for various pathologies, including TBI [49]. However, current 
evidence is insufficient to recommend for or against its use 
over other available agents.

 Beta Blocker

Animal model studies of TBI have shown an increase in 
sympathoadrenal activity after TBI. This increase in sympa-
thetic activity by surge in catecholamine has shown to be 
directly associated with increased mortality, lower neuro-
logical recover, and increase in hospital stay [50].Based on 
these findings, beta blockers have been studied as a potential 
therapeutic option after brain injury. In a murine model of 
TBI, propranolol was administrated after induction of 
TBI. Propranolol-treated mice demonstrated improved sur-
vival and histological recovery [51]. Several retrospective 
studies have shown an independent association of beta block-
ers with survival [52, 53]. Despite optimistic results, early 
beta-blockade use is not indicated routinely. Propranolol 
may be the ideal agent because of its nonselective inhibition 
and its lipophilic properties allowing it to penetrate the 
blood-brain barrier. In a randomized placebo controlled clin-
ical trial, early administration of propranolol after TBI was 
associated with improved survival after controlling for con-
founding factors, demonstrating its potential role in TBI 
[54]. Another randomized placebo controlled trial is cur-
rently ongoing to evaluate the role of beta blockers in trau-
matic brain injury by decreasing adrenergic or sympathetic 
hyperactivity [55].

Most of the modern ICUs utilize guidelines for the man-
agement of TBI and ICP. Figure 1.1 shows the intracranial 
pressure monitoring guidelines which is implemented at our 
level I trauma center.

 Complications

Coagulopathy TBI is often associated with disturbances 
in the coagulation profile. Coagulopathy affects up to one-
third of TBI patients [56]. Mechanisms by which TBI 
induces coagulopathy include local and systemic inflam-
mation, which lead to the release of tissue factor, activation 
of the protein C pathways, platelet dysfunction, and 
 disseminated intravascular coagulation. Coagulopathy after 
TBI is a dynamic process that goes through stages of hyper-
coagulability and hypocoagulability ultimately leading to a 
state of bleeding diathesis [56]. TBI coagulopathy is diag-
nosed with traditional measures of coagulation, such as 

prothrombin time, activated partial thromboplastin time, 
and international normalized ratio. It has also been shown 
that development of coagulopathy after TBI is associated 
with higher mortality. In recent years, viscoelastic tests 
such as thromboelastography (TEG) and rotational throm-
boelastometry (ROTEM) have been frequently used to 
assess TBI coagulopathy. These coagulation tests are both 
more sensitive and specific than conventional assays. They 
are also more efficient in predicting therapy for TBI-
induced coagulopathy [57].

The reversal of TBI coagulopathy requires the replace-
ment of coagulation factors. Classically, fresh frozen plasma 
(FFP) has been used to reverse both acquired and induced 
TBI coagulopathy. Studies have demonstrated that prothrom-
bin complex concentrate (PCC), when used in conjunction 
with FFP, is associated with complete and more rapid rever-
sal of coagulopathy, without any increase in complications 
compared to FFP alone [58, 59]. PCC, in conjunction with 
FFP, also leads to a faster time to craniotomy in all patients 
with TBI-induced coagulopathy. While recombinant factor 
VIIa has been shown as an effective therapy in reversing 
coagulopathy, there is no difference in its effectiveness when 
compared with PCC [58, 60].

 Thromboembolic Events

TBI patients are at increased risk of developing deep 
venous thrombosis (DVT) with rates as high as 20–30% 
even with appropriate mechanical prophylaxis. 
Pharmacological prophylaxis with low molecular weight 
heparin is the first-line therapy to limit thromboembolic 
events. Due to high risk of bleeding in TBI patients, 
thromboprophylaxis in head- injured patients must weigh 
the dangers of pulmonary embolism with risk of bleed-
ing. The challenge in deciding when to initiate pharma-
cologic prophylaxis lies in determining when the risk of 
progression of intracranial hemorrhage has become suf-
ficiently low. American College of Surgeons Trauma 
Quality Improvement Program (ACS-TQIP) best practice 
guidelines recommend that in patient with minimal risk 
of progression, pharmacological prophylaxis can be 
started if the repeat head CT scan is stable at 24 h. For 
patients with moderate risk defined as subdural/epidural 
hematoma >8 mm or intraventricular hemorrhage >2 cm 
or if the progression is seen on repeat head CT at 24 hours, 
DVT prophylaxis should be delayed up to 72 h until the 
repeat head CT scan is stable. In patients with ICP moni-
tor placement, craniotomy, or evidence of progression at 
72 h, IVC filter placement should be considered [61].

1 Traumatic Brain Injury
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 Role of Acute Care Surgeon in Acute 
Management of TBI

Traditionally, patients with a suspected TBI are first seen 
by trauma surgeons for initial evaluation and receive an 
initial head CT scan, followed by neurosurgical consulta-
tion, regardless of the severity of injury, clinical presenta-
tion, or associated risk factors. Recently, this approach has 
been challenged for two fundamental reasons. First, the 
vast majority of these patients never undergo any form of 
neurosurgical intervention and are managed nonopera-
tively by the critical care surgeons in the ICU [62]. 
Indiscriminate use of repeat imaging in these patients 
results in unwarranted expenditure of valuable human and 
financial resources. Second, because TBI is a clinical diag-
nosis, the decision about neurosurgical intervention or a 

repeat head CT scan can be unfailingly predicted by 
 considering the size of initial head bleed, close clinical 
examination, and the presence of risk factors for bleed pro-
gression, such as antiplatelet and anticoagulation medica-
tion [63]. For the abovementioned reasons, several studies 
have suggested that patients with TBI undergoing nonop-
erative management can be reliably followed for any sign 
of neurological decline without a routine repeat head 
imaging [64, 65]. Some institutes have developed their 
own guidelines to manage TBI patients based on well-
known risk factors for neurosurgical consultation, such as 
the use of antiplatelet/anticoagulant medications, intoxica-
tion, and clinical examination. The Brain Injury Guidelines 
(BIG) (Table 1.2.) formulated at the University of Arizona 
demonstrated safe and effective  management of TBI 
patients. Based on BIG, a subset of TBI patients with mini-

Fig. 1.1 Intracranial pressure monitoring guidelines SaO2, oxygen saturation; SBP, systolic blood pressure; PCO2, partial pressure of carbon 
dioxide; GCS, Glasgow Coma Scale; HO, house officer; CPP, cerebral perfusion pressure; ICP, intracranial pressure; ETT, endotracheal tube
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mal injury can be managed reliably via neuro-examination 
without the need for neurosurgical consultation or repeat 
head CT scans [66]. This practice has resulted in a 
 significant reduction in the use of valuable resources (such 
as neurosurgical consultation, repeat CT scans, and hospi-
tal costs) without affecting patient care.

 Brain Death and Organ Donation

“Brain death” denotes the absence of any neurological activity 
in a patient whose core temperature is >32.8 C, whose mental 
status is not impacted by sedating or paralyzing medications, 
who is completely resuscitated with a SBP >90 mmHg, and 
whose oxygen saturations are above 90%. In brain-dead 
patients, pupils are fixed and dilated; there are no observable 
corneal oculocephalic, oculovestibular, gag, or cough reflexes 
[67]. No movement to deep central or peripheral pain and no 
spontaneous breathing is seen on disconnection from the ven-
tilator with PaCO2 > 60 mmHg (i.e., apnea test). If the brain 
death protocol is equivocal, one can perform secondary tests, 
such as a cerebral angiography to show absence of CBF or a 
cerebral ribonucleotide angiogram to show absent uptake.

In 1999, TBI was the cause of brain death for more than 40% 
of the individuals from whom organs were procured. Many 
efforts have been made to date to improve organ  donation rates 
following brain death. Administration of levothyroxine (T4) 
after brain death has emerged as one of the most effective thera-
pies. It has led to an increase in both the quantity and quality of 

organs available for transplantation. More recent studies have 
shown that initiation of levothyroxine therapy before  declaration 
of brain death further increases the yield of organ donation in 
such individuals. Currently, administration of T4 alone, or in 
combination with corticosteroids, is the prime therapy available 
to enhance organ donation rates following brain death.
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Intracranial Pressure

David A. Hampton and Deborah M. Stein

 Background

Cranial injuries related to enemy combatants, hunting, or 
natural disasters have influenced human evolution. The abil-
ity to adequately address these injuries determined which 
early humans survived. Throughout Africa, Asia, and South 
America, archeologist have excavated skulls which have 
holes of various sizes across the cranium [1]. Many of these 
skulls had more than one hole, and many were found in vari-
ous stages of healing. Trepanation, derived from the Greek 
trypanon meaning a borer or auger, was a procedure used to 
create holes in the skull to relieve pressure after injury or 
to release evil spirits in the mentally ill [2, 3].

The Edwin Papyrus, an Egyptian medical treatise drafted 
in 1600 BC by a physician working with pyramid construc-
tion teams, describes numerous injuries sustained by the 
workforce [1, 4]. The document details 48 cases of which 27 
were related to head trauma. The Papyrus was the first 
descriptive medical documentation of cranial structures, the 
meninges, the brain’s surface, cerebral spinal fluid, and cra-
nial injury and their associated physiologic deficit. Given its 
detail and utility, it was believed the Papyrus was later uti-
lized as a textbook for military trauma [1].

 Traumatic Brain Injury

In modern times, cranial injuries commonly occur after a 
motor vehicle accident, assault, athletic collision, or ground 
level fall [5, 6]. The sudden acceleration and deceleration 
resulting in translational and rotational forces moving the 
brain within the cranial vault causes it to impact against the 
immobile cranium resulting in a focal injury [7–9]. Diffuse 

injury can occur secondary to shock waves from the initial 
strike or cavitation injury from a foreign body translating 
through the brain parenchyma [10, 11]. This injury pattern is 
commonly known as a traumatic brain injury (TBI). TBI is 
the signature injury of the recent Middle East conflicts. As of 
2016, there were 357,000 United States service members 
diagnosed with a TBI [12]. In 2000 there were 1.7 million 
individuals in the United States who sustained a TBI. Fifty 
two thousand died, 275,000 were hospitalized, and 1.3 million 
were released from the emergency department. In total, this 
resulted in an estimated $60 billion economic burden [13].

TBIs are gradated into three tiers – mild, moderate, and 
severe  – based upon the presenting Glasgow Coma Scale 
(GCS) (Table 2.1). The GCS is a reliable objective measure 
of a patients’ consciousness based upon three physical exam-
ination criteria – eye, motor, and verbal responses [14, 15]. 
The summation of the individual component scales ranges 
from 3 to 15. The TBI’s severity is based upon this compos-
ite number.

A mild TBI is defined as a GCS greater than or equal to 
13. These patients will usually have a history of a brief loss 
of consciousness, amnesia to the event, confusion, and may 
perseverate when asked questions. Patients afflicted with a 
mild TBI usually do not require an inpatient admission and 
are managed on an outpatient basis. A moderate TBI is clas-
sified as a GCS less than 13 but greater than or equal to 9. 
This injury is associated with a prolonged loss of conscious-
ness, neurologic deficits, and radiographic findings, i.e., sub-
dural, epidural, or subarachnoid hemorrhage [16]. Unlike the 
mild TBI, these patients require further observation as an 
inpatient.

A severe TBI is classified as a GCS less than or equal to 
8. These patients will usually have radiographic evidence of 
an intracranial hemorrhage. Additionally, depending on their 
level of consciousness, the patient may have an abnormal 
neurologic examination with respect to motor function and 
pupillary or other cranial nerve responsiveness. These 
patients are at a high risk for respiratory failure and a poten-
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tially elevated intracranial pressure (ICP) secondary to the 
physical insult sustained. A TBI can result in an elevated ICP 
secondary to cerebral edema, hyperemia, hematoma forma-
tion, presence of a foreign body, or depressed skull fracture.

 Physiology

The adult cranium volume is approximately 1400–1700 mls. 
The intracranial contents by volume are: brain parenchyma 
(80%), CSF (10%), and blood (10%) [17]. The ICP gener-
ated is the force exerted by the three tissue volumes against 
the intracranial surface area. ICP varies by age. An adult ICP 
is <10–15  mmHg, while a child’s is <3–7  mmHg. The 
Monro-Kellie hypothesis states the volume of tissue within 
the cranium is conserved; therefore when one tissue volume 
expands, for example, secondary to brain edema, vascular 
injury, or outflow obstruction, an equal decrease must occur 
in one or both of the other two (Fig.  2.1). Compensatory 
mechanisms, such as the removal of CSF or blood, to relieve 
pressure, are the body’s immediate response. The cranium is 
a non-expansile vault, and the force is considered to be dis-
tributed evenly; therefore the pressure-related effects are 
experienced throughout the cranial vault. In the event the 
compensatory mechanisms fail or are inadequate, the rising 
pressure can result in intracranial hypertension (IC-HTN), 
ICP ≥20  mmHg. Aside from the aforementioned physical 
changes, IC-HTN can occur or be exacerbated by seizure 
activity, Valsalva maneuvers, venous sinus thrombosis, sys-
temic hypertension, or obstruction of CSF circulation.

An elevation in ICP can adversely affect cerebral blood 
flow (CBF). Brain function and survival are dependent upon 
adequate CBF and oxygen delivery [18]. Cerebral perfusion 
is dependent upon the driving pressure and resistance 
encountered. Analogous to Ohm’s law, the current through a 
conductor is directly proportional to the change in voltage 
across it; the CBF is equal to the change in pressure across 
the brain [19]:

 
CBF

CAP JVP

CVR
=

-
 

(2.1)

where CAP is carotid artery pressure, JVP is jugular venous 
pressure, and CVR is the cerebrovascular resistance.  
The CBF is not typically directly measured; therefore the 

cerebral perfusion pressure (CPP) is often used as an indirect 
surrogate. CPP is defined as:

 CPP MAP ICP= -  (2.2)

the difference between the MAP, the forward driving pres-
sure, and the ICP, the pressure retarding it.

 Autoregulation

Cerebrovascular autoregulation maintains a constant CBF 
over a wide range of perfusion pressures (Fig.  2.2). This 
cerebral autoregulation allows for shifts in pressure without 
adversely affecting CBF [20, 21]. This mechanism allows 
for adequate oxygen and nutrients to be delivered while 
removing carbon dioxide and other metabolic waste products. 
The majority of this regulation occurs within the immense 
arteriolar network where the greatest changes in resistance 
can occur.

After an intracranial insult, autoregulation may become 
dysfunctional. Conditions which result in an elevated ICP 
will decrease the CPP and cause cerebral ischemia. 
Conversely, an elevated MAP can increase the CPP leading 
to hyperemia or worsening of cerebral edema [21–23]. Under 
these conditions, knowledge of the signs associated with and 
elevated ICP will directly affect patient outcomes.

 Clinical Signs and Symptoms

In the setting of an evolving intracranial injury, clinical man-
ifestations of the cerebral insult may develop. Commonly an 
elevated ICP is associated with headache, depressed con-
sciousness, and emesis. Additionally, the compression of the 
brain stem will result in respiratory lability. As the CBF 
decreases secondary to the elevated ICP, the sympathetic 
nervous system will stimulate vascular alpha-1 adrenergic 
receptors causing an increase in systemic vascular resistance 
and systolic blood pressure. This response is an innate 
mechanism to maintain adequate CBF. However, the aortic 
 baroreceptors will sense the new onset hypertension and 
stimulate the parasympathetic response, the vagus nerve, 
resulting in bradycardia. The constellation of bradycardia, 
hypertension, and respiratory lability is known as Cushing’s 

Table 2.1 Glasgow Coma Scale [14]

Eyes Motor Verbal
Scale Response Scale Response Scale Response
4 Open spontaneously 6 Follows commands 5 Oriented (appropriate responses)
3 Open to voice 5 Localizes to pain 4 Confused
2 Open to painful stimulus 4 Withdrawals from pain 3 Inappropriate words
1 No response 3 Decorticate (flexion) posture 2 Inappropriate sounds

2 Decerebrate (extensor) posture 1 No response
1 No response
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reflex [17, 18]. This reflex can be an early sign that the com-
pensatory mechanisms are exhausted, and brain herniation 
will occur to further relieve the developing IC-HTN.

Brain herniation is classified by the structure herniating or 
the anatomic landmark traversed.

• Subfalcine herniation is the most common form. It occurs 
when the frontal lobe is displaced beneath the falx cerebri 
resulting in contralateral hydrocephalus secondary to 
obstruction of the foramen of Monro and compression of 
the anterior cerebral artery manifesting as contralateral 
lower extremity weakness [24].

• Central herniation occurs secondary to downward  
pressure resulting in bilateral uncal herniation and  

a lateral gaze deficit secondary to a cranial nerve VI  
palsy [25].

• Uncal herniation, a variant of transtentorial herniation, 
results in the uncus and medial temporal lobe exiting 
through the tentorial incisura and compressing against the 
brain stem and tentorial edge. This can result in ipsilateral 
hemiparesis also known as Kernohan-Woltman notch 
phenomenon [24].

• Tonsillar herniation occurs when the cerebellar tonsils 
transit below the foramen magnum. This is often caused 
by a posterior fossa hematoma or fourth ventricle 
 obstruction and can result in respiratory depression, blood 
pressure instability, and sudden death [25].

Fig. 2.1 Monro-Kellie 
Doctrine – (a) Intracranial 
contents – CSF, brain 
parenchyma, and blood; (b, c) 
an increasing intracranial 
mass/insult results in 
compensatory removal of 
blood and CSF, reducing 
overall compression of the 
brain parenchyma in order to 
maintain constant intracranial 
volume; (d) when 
compensatory mechanisms 
are exhausted, continued 
increasing ICP results in brain 
herniation

2 Intracranial Pressure
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 Invasive ICP Monitors

An ICP monitor is an invasive device which helps direct 
patient care through maximizing the CPP, resulting in 
improved cerebral oxygenation and avoidance of a second-
ary insult to the injured brain [26]. Using the ICP, MAP, and 
Eq. 2.2, a clinician will be able to achieve their therapeutic 
goals: a ICP  <  20  mmHg and a CPP between 60 and 
70 mmHg [27]. Interventions to reduce a suspected elevated 
ICP without a monitor can potentially result in adverse out-
comes. For example, hyperventilation will result in vasocon-
striction and decreased intracranial volume; however 
prolonged hyperventilation is complicated by decreased 
oxygen delivery and the potential for cerebral ischemia. 
Given these potential complications, ancillary monitoring 
such as venous oxygen content (CvjO2) or brain tissue oxy-
genation (PbrO2) is often beneficial.

Currently an ICP monitor is recommended for patients 
with a post-resuscitation GCS ≤ 8 and radiographic evidence 
of intracranial pathology such as herniation, contusion, basal 
cistern compression, cerebral edema, or intracranial hemor-
rhage [18, 27]. Additionally, ICP monitors can be indicated 
for patients after a traumatic head injury with normal CT 
scans. In this patient population, it has been shown that indi-
viduals who meet two or more of these criteria: (1) 
SBP < 90 mmHg, (2) posturing on physical examination, and 
(3) age > 40 years old, have been found to have an intracra-
nial hemorrhage 60% of the time [27–29].

The first ICP monitors were passive devices, U-shaped 
tubes directly communicating with the CSF and the atmo-
sphere [30]. The CSF back pressure was an indirect measure 

of ICP. Modern ICP monitors have been engineered to utilize 
solid-state or fiber-optic transducers which convert changes 
in mechanical resistance or light reflection into an electrical 
signal corresponding to pressure [31]. The American 
National Standards Institute/Association for the Advancement 
of Medical Instrumentation standards require these devices 
to function within a range of 0–100 mmHg with a ± 2 mmHg 
error from 0 to 20  mmHg and a ±  10% error from 21 to 
100 mmHg [32]. The invasive monitors have been designed 
to be placed within one of four intracranial sites:

• Intraventricular  – This is the gold standard location 
(Fig. 2.3b). The monitor’s pressure sensing arm is inserted 
into the lateral ventricle. Aside from being used as an ICP 
monitor, it can also provide a therapeutic intervention by 
draining CSF to relieve pressure as needed. These devices 
can be complicated by infection [33, 34] and potentially 
misplacement due to collapsed ventricles.

• Subarachnoid  – The Richmond bolt is a hollow screw 
placed through the skull and terminates against the dura 
(Fig. 2.3c). A dural puncture allows CSF and the ICP to 
communicate directly with the transducer. These devices 
have a low infection risk; however, they can become 
obstructed by debris. They are infrequently utilized in 
modern intensive care units.

• Intraparenchymal – These monitors, such as the Camino® 
(Integra LifeSciences Corporation), are a cable with a 
fiber-optic transducer tip placed within the brain’s paren-
chyma (Fig.  2.3d). The device is technically less chal-
lenging than the EVD to deploy and has a lower infection 
rate. Unlike the EVD, it is only a measurement tool and 
cannot be used to remove CSF. Additionally, it is depen-
dent upon the tissue in which it is embedded.

• Epidural  – This device does not enter the brain paren-
chyma or penetrate the dura (Fig. 2.3e). It is an optical 
transducer which is placed against the dura. Its accuracy 
is limited by the dura damping the true ICP.  It is infre-
quently utilized, but due to low hemorrhagic complica-
tions, it may be useful in coagulopathic patients.

These monitors transduce the ICP as a continuous wave-
form. The waveform amplitude is usually shallow with small 
perturbations secondary to B- and C-waves which corre-
spond to respiratory variation and the cardiac cycle, respec-
tively [18, 19]. A persistent waveform elevation, an A-wave, 
lasting minutes to hours, is associated with loss of autoregu-
lation and the need for an urgent intervention.

The utility of ICP monitoring has been repeatedly ques-
tioned. The American College of Surgeons (ACS) Trauma 
Quality Improvement Program (TQIP) database was 
 interrogated to determine the relationship between ICP mon-
itoring and mortality [35]. The TQIP database is a repository 
of trauma patient data compiled from participating ACS 

Fig. 2.2 Autoregulation  – The cerebral blood flow is held constant 
over a wide range of perfusion pressures. Elevated pressures and 
exhaustion of or dysfunctional compensatory mechanisms can result in 
cerebral edema. Conversely, a decreased cerebral perfusion pressure 
can result from elevated intracranial pressures and present as reduced 
cerebral blood flow and herniation
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Fig. 2.3 Sagittal cross sections of the skull, brain parenchyma, and 
intracranial pressure monitors – (a) identification of the tissue layers 
from the skin to brain parenchyma, (b) intraventricular pressure trans-
ducer/extraventricular drain with sensor/drain within the lateral ventri-

cle, (c) subdural pressure transducer with open communication between 
the subdural space and sensor, (d) intraparenchymal sensor also known 
as Camino sensor with sensor implanted within the brain parenchyma, 
and (e) epidural intracranial pressure sensor within the epidural space
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level-I and level-II trauma centers from the United States and 
Canada. This database was designed as a platform to com-
pare interventions and risk-adjusted outcomes between par-
ticipating centers [36]. Over 10,500 patients with severe TBI 
were investigated. The adjusted odds ratio comparing mor-
tality in those with and without an ICP monitor was 0.44 
(95% CI, 0.31–0.63). Lower mortality was associated with 
institutions with higher rates of ICP monitor usage. The 
adjusted odds ratio was 0.52 (95% CI, 0.35–0.78). Similar to 
the TQIP study, Narayan’s group demonstrated that patients 
with a severe TBI and an ICP > 20 mmHg had a significantly 
poorer prognosis than those with a lower ICP [29]. This find-
ing was corroborated by Marmarou’s group who investigated 
the relationship between ICP, SBP, and outcome [37]. They 
also found an ICP > 20 mmHg was associated with a poor 
outcome.

Converse to these findings, a 7-year retrospective review 
of 1646 patients registered in the National Trauma Data 
Bank found ICP monitoring worsened survival [38]. Adult 
trauma patients who experienced a blunt mechanism of 
injury, presented with a GCS ≤ 8 and had a CT scan demon-
strating a TBI, were included. Less than half of the patients 
underwent an ICP monitor as directed by the Brain Trauma 
Foundation (BTF) guidelines [39]. In this study, ICP moni-
toring was associated with a reduction in survival (OR, 0.54; 
95% CI, 0.39–0.76; p < 0.01). Additionally, it was also asso-
ciated with an increase in complications: pneumonia (37% 
vs 23%, p < 0.001), renal failure (2.7% vs 1.1%, p = 0.02), 
and infections (39% vs 24%, p < 0.001), as compared with 
the patients who did not have an ICP monitor. These finding 
did propose ICP monitoring may not be helpful, the pressure 
lowering interventions employed were misappropriated 
potentially causing patient harm, or the appropriate interven-
tions were undertaken however were not performed at the 
appropriate time.

The aforementioned study was performed with patients 
prior to the 2007 BTF guidelines. Prior to 2007 ICP monitor-
ing utilization was based upon practitioner clinical experi-
ence or consultation. A recent meta-analysis investigated the 
impact of the 2007 BTF guidelines on patient outcomes. 
Eighteen studies involving 25,229 patients (ICP monitor 
(n = 7637), without ICP monitor (n = 17,862)) with severe 
TBI were included [40]. The pool data demonstrated ICP 
monitoring decreased mortality (RR, 0.85; 95% CI, 0.73–
0.98; p  <  0.05). The subgroup analysis demonstrated this 
effect was not seen before 2007 (RR, 1.18, 95% CI = 0.89–
1.56, p = 0.25). Additionally, mortality decreased after 2007 
(R, 0.72, 95% CI = 0.63–0.83, p < 0.01). This finding was 
also noted as a 31% reduction in in-hospital mortality in 
patients treated after 2007 (RR, 0.69, 95% CI = 0.56–0.85, 
p < 0.01). There was no difference seen in in-hospital mortal-
ity prior to 2007 (RR, 1.30, 95% CI = 0.91–1.85, p = 0.16).

After the introduction of the 2007 BTF guidelines demon-
strated the utility of an ICP monitor, the Benchmark Evidence 
from South American Trials: Treatment of Intracranial 
Pressure (BEST:TRIP) trial was developed to determine if 
ICP monitoring versus radiographic imaging and clinical 
examination improved patient outcomes [41]. This was a 
3-year, multicenter, controlled trial which enrolled 324 
patients with a TBI who presented with a GCS of 3–8 or dem-
onstrated a decline in their GCS during the initial 48 hours of 
admission. Patients were randomized to either receiving an 
intraparenchymal pressure monitor with maintenance of their 
ICP below 20  mmHg (n  =  157) or to an imaging-clinical 
examination group which received care based upon the par-
ticipating hospital’s pretrial protocol (n = 167). There was no 
difference in the 14-day mortality (30% versus 21%, 
p = 0.18), 6-month mortality (41% versus 39%, p = 0.60), or 
ICU length of stay (12 days versus 9 days, p = 0.25). The 
number of days receiving brain-specific treatments was 
higher in the imaging-clinical examination group, 4.8  days 
versus 3.4 days (p = 0.002). There were, however, more decu-
bitus ulcers in the ICP-monitored group. The BEST:TRIP 
study did not demonstrate a superiority in either method of 
management, but did raise concerns regarding the use of a 
20 mmHg threshold, injury pattern-specific treatments versus 
universal interventions, and the potential need to revise the 
role of the ICP monitor in TBI management [42].

 Noninvasive ICP Monitors

Invasive monitors continue to be the accepted standard for 
ICP management; however they are limited by their duration 
of use, infection risk, and patient immobility. A noninvasive 
approach can eliminate many of these complications. These 
devices utilize known physical parameters which have a 
direct correlation to the ICP. For example, optic nerve sheath 
diameter (ONSD), tympanic membrane displacement, cere-
bral tissue oxygenation, or cerebral blood flow velocities 
have all been utilized to estimate ICP.

The most commonly used method, transcranial doppler 
(TCD), was originally described as a noninvasive method to 
assess cerebrovascular dynamics through changes in cere-
bral blood flow [43]. TCD is a low-cost, portable monitor 
whose results are easily reproducible. Increases in ICP result 
in concentric pressure on the vasculature and changes in the 
pulsatility index (PI) – qualitative and quantitative changes 
in the TCD waveform morphology. The device is limited by 
its signal attenuation through tissue, a patient’s presence of 
absence of an acoustic window, and changes in ICP which 
did not affected the vasculature. Additionally, it can be tech-
nically challenging to perform and typically requires signifi-
cant training to attain proficiency. Previously validated 
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mathematical models which estimated the ICP based upon 
arterial blood pressure and TCD-obtained blood flow veloc-
ity were used to assess the potential clinical applications for 
TCD measurements [44]. These tests demonstrated a signifi-
cant correlation (r = 0.98, p < 0.01) between measured and 
estimated ICP and a significant correlation (r = 0.9, p < 0.01) 
between autoregulation indices when using the measured 
versus estimated ICPs.

Other discussed noninvasive ICP measures are changes in 
the ONSD and quantitative pupillometry. The optic nerve 
sheath is an extension of the subarachnoid space. Intracranial 
pressures are transmitted through the sheath into the retro-
bulbar space, changing the sheath’s diameter. These changes 
can be noted on transpupillary ultrasound. Quantitative 
pupillometry is a measure of pupillary size and light reflexes. 
The dynamic changes noted, size, dilation, and constriction 
velocity, comprise the neurological pupil index, NPi. The 
NPi scale is 1–5; an NPi < 3 is considered abnormal. Our 
institution recently investigated noninvasive measures, TCD, 
ONSD, and NPi, correlation with early CT findings in brain 
trauma [45]. One hundred intubated adult trauma patients 
with CT evidence of a TBI or GCS < 12 were included in the 
study. The number of patients with a TCD PI >1.3 (71.4% vs 
51%, p = 0.04) and NPi < 3 (38.8% vs 17.7%, p = 0.02) was 
significantly higher in the group with radiographic TBI find-
ings. When these variables were combined with age > 40 and 
lactate  levels, a logistic regression model demonstrated an 
ROC of 0.72, which is comparable with other prediction 
models. Even with these promising results, noninvasive ICP 
measures are not commonly used.

 Clinical Thresholds

During the initial evaluation of a head-injured patient, avoid-
ance of hypoxia and hypotension has been shown to improve 
outcomes [46]. Adherence to this guidance is started in the 
prehospital setting and continues throughout a patient’s hos-
pitalization. Additionally established clinical practice guide-
lines dictate endotracheal intubation for a GCS less than 8, 
maintaining an oxygen saturation, SpO2, > 90%, or partial 

pressure of oxygen, PO2,  >  60  mmHg, and avoidance of 
hypotension [47, 48].

The Brain Trauma Foundation (BTF) was established to 
support TBI research. Their first TBI management guide-
lines were developed in 1995. Most recently, they reviewed 
189 publications to support their current treatment goals 
[27]. Maintenance of a minimum SBP based upon age and an 
ICP < 22 mmHg has resulted in improved patient outcomes 
(Table 2.2). A CPP between 60 and 70 mmHg is also associ-
ated with improved patient outcomes. The optimal CPP 
threshold has not been established and may also be associ-
ated with an intact autoregulation status.

 Radiography

During the initial patient evaluation, the mechanism of injury 
and physical examination findings may lead the clinician to 
believe a patient has a TBI.  A computerized tomography 
(CT) scan may provide radiographic evidence of potential 
causes for a presenting neurologic deficit. Indications for a 
CT scan include (1) GCS  <  15, (2) loss of consciousness 
>5 min, (3) antegrade amnesia, (4) basilar or depressed skull 
fracture, (5) penetrating injury, (6) pupillary or neurologic 
deficit, (7) known bleeding diathesis, or (8) anticoagulant 
therapy [18]. A non-contrast CT scan is the standard of care.

 Clinical Interventions

The ABCs of the primary survey apply to all trauma patients 
[10]. In the head-injured population, priority is given to 
maintenance of oxygenation, end-organ perfusion, and 
avoidance of hypotension. A hypotensive episode in concert 
with hypoxemia can result in vasoconstriction, ICP eleva-
tion, and ischemia. The algorithms to manage elevated ICP 
are often institution dependent. The ACS Committee on 
Trauma (COT) has developed a three-tiered approach (Tables 
2.3, 2.4, and 2.5) [49]. They created a systematic, escalating 
management intervention approach based upon the most 
 current literature. Similarly, our institution has developed a 

Table 2.2 Brain Trauma Foundation guidelines [27]

Threshold Recommendations
Systolic blood pressure Patients 15–49-year-old:≥ 110 mmHg

Patients 50–69-year-old: ≥ 100 mmHg
Patients > 70-year-old: ≥ 110 mmHg  

Decreases mortality and improves outcomes

Intracranial pressure ICP > 22 mmHg is associated with increased mortality
Cerebral perfusion pressure CPP ≥ 60 and ≤ 70 mmHg. The minimum optimal threshold is currently unclear and is dependent upon the 

patient autoregulatory status
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tiered approach to ICP management which is based upon 
guidelines established by the Brain Trauma Foundation [28, 
50]. Analogous to the ACS guidelines, it also starts with non-
invasive interventions (Fig.  2.4a) and escalates thereafter 
(Fig. 2.4b).

 Management of IC-HTN

 Systemic Interventions

 Mannitol
If the routine measures have failed to achieve the ICP goals, 
manipulation of the blood-brain osmotic gradient is a sec-
ondary option. Mannitol (C6H8(OH)6) is a polyol, sugar alco-
hol, found in marine algae, mushrooms, and tree sap [51]. 
Mannitol has two mechanisms of action: (1) a rheologic 
agent which reduces blood viscosity, thus improving micro-
vascular flow and oxygen delivery, and (2) an osmotic 
diuretic which initially increases intravascular volume and 
subsequently cardiac output. It is initially given as a 1 g/kg 
bolus with repeat dosing at 0.25–0.5 g/kg as needed every 
6–8 h. The effects are usually immediate, are maximal after 
1 h, and can last for 4–24 h [52]. Repeated uses have been 
associated with a reversal of the osmotic gradient secondary 
to blood-brain barrier damage. Additionally, care must be 
taken to avoid hypovolemia from diuresis which can lower 
systemic pressure and cerebral perfusion pressure. When 
mannitol is administered, attention should be given to serum 
sodium, serum osmolality, and renal function surveillance. 
The treatment endpoints are a serum sodium of 150 mEq, 
serum osmolality of 320  mOsm/L [53], or any signs of a 
decreasing renal function.

Table 2.4 Three-tiered management of intracranial pressure – Tier 2 
[49]

Tier 2
In patients with a parenchymal ICP monitor an EVD should be 
considered to allow for intermittent CSF drainage
Hyperosmolar therapy should be given intermittently as needed for 
ICP elevation and not on a routine schedule
  Mannitol should be administered in intermittent boluses 

(0.25 – 1.0 gm/kg body weight). Caution should be taken in the 
hypovolemic patient when osmotic diuresis is instituted with 
mannitol. The serum sodium and osmolality must be assessed 
frequently (every 6 h) and additional doses should be held if 
serum osmolality exceeds 320 mOsm/L. Mannitol may also be 
held if there is evidence of hypovolemia.

  Hypertonic saline may be administered in intermittent boluses of 
3% sodium chloride solution (250 ml over ½ h) or other 
concentrations (e.g. 30cc of 23.4%). Serum sodium and 
osmolality must be assessed frequently (every 6 h) and additional 
doses should be held if serum sodium exceeds 160 mEq/L

Cerebral autoregulation should be assessed. If the patient is not 
autoregulating, the CPP goal should be lowered to reduce ICP (to 
no less than 50 mmHg). Additional neuromonitoring (e.g. PbtO2, 
SjvO2, CBF) may help determine optimal CPP
PaCO2 goal of 30 – 35 mmHg should be maintained, as long as 
brain hypoxia is not encountered. Additional neuromonitoring 
neuromonitoring (e.g. PbtO2, SjvO2, CBF) may help determine 
optimal PaCO2

Repeat CT imaging and neurological examination should be 
considered to rule out development of a surgical mass lesion and 
guide treatment
Neuromuscular paralysis achieved with a bolus “test dose” of a 
neuromuscular blocking agent should be considered if the above 
measures fail to adequately lower ICP and restore CPP. If there is a 
positive response, continuous infusion of a neuromuscular blocking 
agent should be employed

If ICP remains > 20 – 25 mmHg proceed to Tier 3

Table 2.5 Three-tiered management of intracranial pressure – Tier 3 
[49]

Tier 3
Decompressive hemi-craniectomy or bilateral craniectomy should 
only be performed if treatments in tiers 1 and 2 are not sufficient or 
are limited by development of side effects of medical treatment
Neuromuscular paralysis via continuous infusion of neuromuscular 
blocking agent can be employed if there is a positive response to a 
bolus dose. The infusion should be titrated to maintain at least two 
twitches (out of a train of four) using a peripheral nerve stimulator. 
Adequate sedation must be utilized
Barbiturate or propofol (anesthesia dosage) coma may be induced 
for those patients who have failed to respond to aggressive 
measures to control malignant intracranial hypertension; however it 
should only be instituted if a test dose of barbiturate or propofol 
results in a decrease in ICP, thereby identifying the patient as a 
“responder.” hypotension is a frequent side effect of high-dose 
therapy with these agents. Meticulous volume resuscitation should 
be ensured, and infusion of vasopressor/inotropes may be required. 
Prolonged use of high dose of propofol can lead to propofol 
infusion syndrome. Continuous EEG may be used to ensure 
targeting of the infusion to burst suppression
Hypothermia (<36 °C) is not currently recommended as an initial 
TBI treatment. Hypothermia should be reversed for “rescue” or 
salvage therapy after reasonable attempts at ICP control via the 
previous tier 3 treatments have failed

Table 2.3 Three-tiered management of intracranial pressure – Tier 1 
[49]

Tier 1
Head of bed elevated at 30 degrees (reverse Trendelenburg) to 
improve cerebral venous outflow
Sedation and analgesia using recommended short-acting agents 
(e.g., propofol, fentanyl, midazolam) in intubated patients
Ventricular drainage performed intermittently. Continuous drainage 
is not recommended unless an additional ICP monitor is placed; as 
when the drain is open, it does not accurately reflect the true ICP
Repeat CT imagine and neurological examination should be 
considered to rule out the development of a surgical mass lesion and 
guide treatment

If ICP remains > 20–25 mmHg, proceed to tier 2
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Patient with suspected TBI:
Admission GCS < 15
External signs of headtrauma

HeadCT demonstrates
Intracranial injury?

No
Observe

Yes

Obtain Neurosurgery (NS) Consultation
Initiate Q1 hour neurochecks
Maintain:

SBP > 90 mmHg
SpO2 > 94%
INR < 1.5
Platelet count > 80
Serum glucose > 100 mg/dl
Serum Na

> 135 mEq/L for mGCS= 6
> 140 mEq/L for mGCS < 6

Treat coagulopathy/pre-injury anticoagulation
Transfuse platelet if on pre-injury ASA or Plavix
Initiate seizure prophylaxis for all CT verified TBI (except
isolated SAH) and all penetrating TBI or inner table depressed
skull fractures. Phenytoin/phosphenyto in is drug of choice.

Emergent NS
intervention indicated

No

No
No

Yes

Yes

Yes

1-6 hour post-op
mGCS>5

Management per
Trauma/Critical Care/NS Teams

Significant decline(>1 point in
mGCS) in physical examination
at anytime:

Inform Neurosurgery (NS)
Obtain head CT
Evaluate

Recently administered
medications
Hemodynamics

Check:
CBC, CMP, ABG,
ammonia, etc

Check:
Infection evaluation
EEG

mGCS > 5

Repeat CT at 6 and 24 hours from
initial CT scan (24 hour may be
deferred in consultation with NS for
GCS= 15 and minimal injury on CT)
Treatment per Trauma and Critical
Care Teams
Cognitive evaluation prior to
discharge gor GCS < 15

Place ICP monitor (exceptions include: consistent mGCS =5 without
evidence of significant edema on CT, patients with significant
atrophy and stable exam)
Maintain:

ICP < 20 mmHg (<25 mmHg after craniectomy)
CPP > 60 mmHg

Initial ICP management interventions
Maintain:

SBP < 140 mmHg
PaOz > 70%, SpOz > 94%
Glucose> 100, < 180
Serum Na > 140 mEq
Normothermia
Head of bed to optimize CPP and minimize ICP
Head and neck alignment

Reduce noxious stimuli
Adequate analgesia (Fentanyl gtt is agent of choice)
Adequate sedation (Propofol is agent of choice, add
Dexmedetomidine or atypical if ICP is elevated and pt is agitated)
Initiate EtCO2 monitoring

Fig. 2.4 (a, b) R Adams Cowley Shock Trauma Center Elevated Intracranial Pressure Management Algorithm
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 Hypertonic Saline

Hypertonic saline (HTS) also increases the osmotic gradient 
resulting in fluid being pulled into the intravascular space 
[18, 54]. HTS is dosed as a bolus of 2%, 3%, 7.5%, and 
23.4%. Two percent HTS can be administered through a 
peripheral line, though secondary to concerns for phlebitis, 

higher concentrations should be given through a central line. 
The benefits of hypertonic solutions may include an increase 
in circulating blood volume and maintenance of euvolemia. 
Central pontine myelinolysis is a known complication in 
patients with chronic hyponatremia; this is rarely seen in 
patients with normonatremia.

ICP> 20 mmHg
(>25 mmHg after craniectomy)

De-escalate treatment
as tolerated

De-escalate treatment
as tolerated

De-escalate treatment
as tolerated

Ensure all initial interventions are in place

Any ICP > 20 mmHg with decline in
exam of mGCS > 1 point or significant
pupillary change

STAT
NS consultation
Head CT
Assure all initial interventions are
in place
Hyperventilate to EtCO2 30-35
mmHg
Increase Propofol to max dose
Bolus Fentanyl while
hemodynamically stable
Administer HTS and/or Mannitol

Any unexplained ICP > 20 mmHg

Any recurrent/refractory ICP > 20
mmHg

Notify NS

Initiate interventions/therapies
Consider STAT Head CT
Consult NS

Ensure all initial interventions are in place

Ensure all initial interventions are in place

Initiate Barbiturate therapy per protocol
Continuous EEG
Therapeutic hypothermiato 32-34 °C

Place EVD

Place EVD

Maintain PCO2 35-38 mmHg
If Camino is in place, consider placing an EVD

Increase Propofol by 5 mcg/kg/min q15min to max does 75 mcg/kg/min

Increase Propofol to 100 mcg/kg/min
Decompressive craniectomy
Measure bladder pressure, inform Trauma team if IABP > 20 mmHg
Short term ventilation to PCO2 < 35 mmHg (consider a brain oxygen tension sensor)

Bolus Fentanyl at prescribed doses
Give HTS 3%, 7.5% and/or 23.4% (repeat PRN)
Give Mannitol 0.25-1.0gm/kg (repeat PRN)

IC-HTN refractory to initial
interventions and first tier therapy

IC-HTN refractory to initial
interventions and second tier therapy

First Tier Therapies

Second Tier Therapies

Third Tier Therapies

No

No

No

Yes

Yes

Yes

Fig. 2.4 (continued)
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 CSF Removal

The intraventricular ICP monitor’s outlet valve, also known 
as an extraventricular drain (EVD), can be utilized to remove 
CSF. By placing the valve at a specific height in relation to 
the auricle, the device will act as a release valve if the ICPs 
are higher than the desired target pressure threshold [18]. 
The EVD can be manually used to remove CSF when a 
threshold is exceeded or a patient’s clinical presentation war-
rants further removal of fluid. By following the patient’s 
clinical examination and tolerance of the desired ICP, an 
assessment of the EVD’s utility and potential removal can be 
made.

 Hyperventilation

Hyperventilation (HPV) is a two-phase process: (1) inspira-
tion, the movement of air into the lungs, and (2) expiration, 
the removal of CO2 and other gases from the alveoli. The 
exchanged CO2 is in equilibrium with the arterial blood; 
therefore an increased minute ventilation, respiratory rate 
times tidal volume, will evacuate a larger volume of CO2 and 
decrease the PaCO2. The reduced PaCO2 will cause cerebral 
vasoconstriction and lower the ICP. Hyperventilation is indi-
cated for: (1) clinical signs of IC-HTN, (2) IC-HTN unre-
sponsive to other interventions, or (3) known hyperemia [18].

A PaCO2 of 30–35 mmHg is the intervention’s goal [18]. 
A PaCO2 reduction from 35 to 29 mmHg will lower the ICP 
by 25–30%. Hyperventilation below a PaCO2 of 30 mmHg 
has not been shown to consistently lower the ICP and may 
further exacerbate the CBF deficit and autoregulation dys-
function [55]. This effect has a rapid onset, < 30  sec, the 
maximal benefit is seen within 8  min, and the resultant 
decreased ICP is usually seen for approximately 1  hour. 
Secondary to concerns for cerebral ischemia and dysfunc-
tional autoregulation, HPV is not recommended within the 
first 5 days after an injury.

 Analgesia

Pain control after trauma is an essential element in patient 
care; however hypotension is a common side effect of some 
opioid medications. Administration can result in vasodila-
tion, inhibition of the baroreflexes, and histamine release, all 
of which lower systolic blood pressure. Patients with an 
acute TBI are dependent upon their MAP to maintain CBF.

Three commonly used opioids, fentanyl, sufentanil, and 
morphine, were investigated to determine their effect on ICP 
[56]. A study population was divided into three groups. Each 
was given a loading dose followed by a titrated infusion of 
one drug. A difference in ICP between the three groups was 

not seen, nor was there a difference in CPP. Additionally, the 
CPP was not significantly different from individual baseline 
pressures. The investigators concluded that a slow titration of 
opioids could be given without encountering adverse hemo-
dynamic effects.

Analogous to these findings, morphine’s and fentanyl’s 
effects on cerebral hemodynamics were studied in adult 
trauma patients with severe TBI [57]. The patients were ran-
domized to receive equivalent doses of either drug. 
Approximately half of the study population was found to 
have dysfunctional autoregulation. Even though both opioids 
caused an increased in ICP and decrease in MAP and CPP, 
the CBF was unaffected. These findings were seen in patients 
with and without intact autoregulation. Even though opioid- 
induced vasodilation was seen, CBF remained intact second-
ary to other compensatory mechanisms. The opioids are safe 
to use in patients afflicted with a TBI.  The dose and fre-
quency should be selected on clinical judgment and patient 
tolerance.

 Barbiturates

When IC-HTN does not resolve or is poorly controlled, a 
chemically induced coma may be a fail-safe noninvasive 
option. Barbiturate usage has been demonstrated to lower the 
brain’s metabolic rate, decrease its oxygen demand, and 
reduce CBF [58, 59]. Pentobarbital (Nembutal), a short- 
acting barbiturate, is given in a 5–20 mg/kg loading bolus, 
followed by a 1–3  mg/kg/h infusion. The therapy can be 
titrated based upon ICP or burst suppression seen on electro-
encephalography [60]. Once a therapeutic level has been 
achieved, the ability to easily perform serial neurologic 
examinations will be lost. Barbiturate usage has been com-
plicated by hypotension which is correctable by fluid admin-
istration or additional vasopressor support. Its routine usage 
has largely fallen out of favor due to the significant side 
effect profile and is typically reserved for refractory malig-
nant hypertension as a third-line agent.

 Temperature Management

 Hypothermia

Therapeutic hypothermia (TH) is the induction of 32–35 °C 
degree cooling to attenuate secondary injuries. This inter-
vention has been shown to decrease ICP, reduce cerebral 
edema, and, in some early studies, improve patient outcomes. 
Study results though have not been consistent. Qiu’s group 
investigated adult patients with a severe TBI randomized to 
33–35 °C for 3–5 days versus normothermia [61]. The hypo-
thermia group demonstrated a lower mortality rate (25.6% vs 
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51.2%, p < 0.05) and a faster 2-year recovery rate (65.1% vs 
37.2%, p < 0.05). Additionally the hypothermic group pre-
sented a decreased extradural pressure at 24 h (27.3 mmHg 
±4.8 mmHg vs 32.6 mmHg ±3.0 mmHg, p < 0.05), at 48 h 
(29.4  mmHg ±4.5  mmHg vs 34.8  mmHg ±6.0  mmHg, 
p < 0.05), and at 72 h (26.4 mmHg ±4.1 mmHg vs 31.8 mmHg 
±4.5  mmHg, p  <  0.05). These encouraging results did not 
address the duration of cooling necessary to achieve a mor-
tality reduction or favorable outcome.

Jiang’s group randomized trauma patients with a  
severe TBI to long-term, 5  ±  1.3  days, versus short-term, 
2 ± 0.6 days, mild hypothermia, 33–35 °C [62]. A favorable 
Glasgow Outcome Scale (GOS) was seen more often in the 
long-term group (43.5% vs 29.0%, p < 0.05), while an unfa-
vorable outcome was seen more often in the short-term group 
(56.5% vs 71.0%, p < 0.05). The GOS (see Table 2.6) is a 
metric rating patients by physical disability in performing 
defined tasks rather than cognitive impairment [63, 64]. 
Upon rewarming the patients, the short-term group experi-
enced a significant rebound in ICP as compared with the 
long-term group at the same time point. This was thought to 
be secondary to dysfunctional autoregulation.

Analogous to these studies, a multicenter randomized 
clinical trial was performed to determine the effect of early 
TH on patient outcomes [65]. Adult trauma patients with 
severe brain injury were randomized to early cooling to 
33 °C for 48 h or normothermia. There was no difference in 
the number of patients who experienced a poor outcome in 
either group (60% (hypothermia group) vs 56% (normother-
mia group), RR, 1.08; 95% CI, 0.76–1.53; p  =  0.67). 
Additionally, patient mortality was equivalent (23% (hypo-
thermia group) vs 18% (normothermia group), RR, 1.3; 95% 
CI, 0.58–2.89; p = 0.52). Secondary to these early findings, 
the trial was terminated due to futility.

The European Study of Therapeutic Hypothermia for 
Intracranial Pressure Reduction after Traumatic Brain Injury 
(the Eurotherm3235 Trial) was a 5-year multinational ran-
domized controlled trial which also encountered similar 
results [66]. This study investigated therapeutic hypothermia 
usage as commonly performed in routine ICU protocols. 
Three hundred and eighty-seven adult trauma patients with a 
closed TBI and ICP > 20 mmHg for at least 5 min after initial 
ICP-lowering interventions were eligible. Patients were ran-
domized to the standard of care group versus the intervention 
group  – therapeutic hypothermia plus standard of care. 

The primary outcome, mortality, favored the control group  
(HR, 1.45; 95% CI, 1.01–2.10; p  =  0.047). A favorable 
extended GOS (eGOS), a score of 5–8, was more common in 
the control group (25.7% vs 36.5%, p = 0.03). The eGOS 
(see Table 2.7) subdivided three of the GOS categories into 
lower and upper tiers, increasing the measure’s sensitivity 
[67]. The adjusted eGOS odds ratio (OR, 1.53; 95% CI, 
1.02–2.30; p = 0.04) demonstrated a worse outcome for the 
hypothermia group. This study was also stopped secondary 
to safety concerns and the inability to demonstrate that the 
standard of care supplemented with TH resulted in better 
outcomes than the standard of care alone.

When the pediatric population was considered, a similar 
outcome was encountered. A multicenter, multinational, ran-
domized controlled trial investigated children afflicted with 
severe TBI [68]. Seventy-seven patients were recruited over 
a 4-year period. They were randomized to the hypothermia 
group – rapidly cooled with 4 °C saline to 34–35 °C followed 
by surface cooling to 32–33 °C for 48 h – versus the normo-
thermia group, maintenance of 36.5–37.5 °C. A difference in 
mortality, complications, or adverse events was not demon-
strated. Similar to the aforementioned studies, this trial was 
also terminated early secondary to futility.

Given all injury patterns, current TH studies have not con-
sistently demonstrated an all-cause mortality reduction [28]. 
Despite early enthusiasm based on a number of small single 
center trials, the most recent high quality large studies have 
failed to demonstrate a benefit and have questionably been 
associated with harm. Based on current available evidence, 
TH cannot be recommended as a standard of care interven-
tion but may have a role in malignant IC-HTN untreatable by 
other means.

 Other Considerations

 Antiepileptics

Seizure activity is a well-known complication in patients 
presenting with a GCS < 10, depressed skull fracture, contu-
sion, or intracranial hemorrhage [10]. Increased metabolic 
activity can lead to elevated ICPs. Phenytoin (Dilantin) and 

Table 2.6 Glasgow Outcome Scale

Scale Outcome
1 Death
2 Vegetative state
3 Severe disability
4 Moderate disability
5 Good recovery

Table 2.7 Extended Glasgow Outcome Scale

Scale Outcome
1 Death
2 Vegetative state
3 Lower severe disability
4 Upper severe disability
5 Lower moderate disability
6 Upper moderate disability
7 Lower good recovery
8 Upper good recovery
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fosphenytoin (Cerebyx) are anticonvulsant which stabilizes 
sodium efflux from neurons reducing their excitability. 
Phenytoin has been shown to decrease the seizure risk during 
the 7-day period immediately following an injury [69]. It is 
administered as an 18  mg/kg loading dose followed by 
100 mg given three times per day. Routine serum levels are 
followed to ensure the patient is within a therapeutic range. 
An additional phenytoin bolus can be given, or the routine 
dose can be held in order to maintain a patient within the 
therapeutic window. Phenytoin use has been complicated by 
cardiovascular collapse, pancytopenia, and Stevens-Johnson 
syndrome.

Although there is no data to support its use, levetiracetam, 
Keppra, an antiepileptic which acts as a neuromodulator by 
binding to synaptic vesicle glycoproteins and inhibiting pre-
synaptic calcium channels, is being used by some institu-
tions. It has a decreased side effect profile as compared to 
phenytoin and does not require surveillance of serum con-
centration levels. This makes the medication an attractive 
choice, but large studies demonstrating efficacy are lacking.

 Paroxysmal Sympathetic Hyperactivity

The constellation of fever, posturing, tachycardia, hyperten-
sion, and diaphoresis is commonly known as “sympathetic 
storming,” paroxysmal sympathetic hyperactivity (PSH), or 
paroxysmal autonomic dysfunction. Normally a balance 
between the sympathetic and parasympathetic nervous sys-
tems exists. An increase in the sympathetic nervous system 
discharge is theorized to occur secondary to a disassociation 
or uncoupling from the parasympathetic system. The clinical 
presentation can occur hours to weeks after a TBI. A discrete 
radiographic lesion has not been identified; however diffuse 
axonal injury has been a common finding.

These hyperactive episodes have been noted to occur after 
rapid increases in ICP [70], spontaneously, or in association 
with a noxious trigger such as deep pulmonary suctioning, 
repositioning, or ambient noise [71]. All events result in a 

catecholamine surge. Untreated storming can lead to a 
secondary injury. For example, hyperventilation results in 
vasoconstriction and decreased CBF and tissue oxygenation. 
Conversely, hypertensive episodes can cause increased blood 
flow leading to cerebral edema and potential exacerbation of 
intracranial hemorrhage. Patients with PSH have experi-
enced longer ICU stays, increased healthcare costs, and 
worse eGOS scores [70]. Given the numerous organ systems 
involved, a singular intervention will not comprehensively 
address autonomic dysfunction, rather a multimodal 
approach is employed (Table 2.8).

 Invasive Interventions

 Hematoma Evacuation

After a traumatic event, increased ICPs can occur secondary 
to hematoma formation, cerebral edema, or CSF obstruction. 
An acute subdural hematoma (ASDH) results from torn 
bridging veins and subsequent formation of a crescentic 
mass against the inner table. ASDHs are associated with a 
high level of mortality, 50–90%, secondary to the associated 
brain injury [18]. In the adult population, an ASDH whose 
thickest point is greater than 1 cm should undergo surgical 
evacuation. This is usually performed through a craniotomy 
flap large enough to evacuate the gelatinous hematoma but 
also adequate enough to identify and address the source of 
bleeding. A greater than 4-hour delay in evacuation is associ-
ated with increased mortality [72]. Patients who underwent 
an ASDH evacuation within 4 h of injury had a significantly 
lower mortality than those who did not (30% vs 90%, 
p < 0.0001). This 4-hour intervention threshold was not sup-
ported by a similar study which did not find an association 
with time to intervention and mortality [73].

Epidural hematomas (EDH) occur secondary to temporo-
parietal skull fractures compromising the middle meningeal 
artery. They are seen less frequently than ASDHs. The result-
ing extravascular arterial pressure dissects the dura off the 

Table 2.8 Paroxysmal sympathetic hyperactivity treatment options

Indication Medication Mechanism of action Physical effect
Fever Acetaminophen Inhibition of cyclooxygenase Antipyretic

Bromocriptine Dopamine receptor agonist Lowers the hypothalamic temperature 
threshold, reducing the fever potential

Chlorpromazine Dopamine antagonist Antipyretic
Dystonia Benzodiazepine γ-aminobutyric acid receptor type-A receptor agonist Muscle relaxant, anticonvulsant

Dantrolene Inhibits release of intracellular calcium Decrease muscle tonicity
Tachycardia, 
Hypertension

Clonidine α2-receptor agonist Adrenergic blockade

Dexmedetomidine α2-adrenergic receptor agonist Adrenergic blockade

Propranolol Nonselective β-blocker Decrease serum catecholamine levels 
and metabolic demand

Pain Morphine μ-, δ-, κ-receptor agonist Analgesia
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inner table creating a lenticular-shaped mass. These injuries 
are associated with a 20–55% mortality [18]. Mortality is 
usually secondary to uncal herniation causing respiratory 
arrest. Similar to the ASDH, surgical evacuation is required 
for a symptomatic EDH or radiographic evidence of the 
thickest measurement greater than 1 cm. Aside from hema-
toma evacuation and obtaining hemostasis, the surgical 
objective is to obliterate the potential epidural space by re- 
approximating the dura against the inner table.

Currently, the Randomized Evaluation of Surgery with 
Craniectomy for patients Undergoing Evacuation of Acute 
Subdural Haematoma (RESCUE-ASDH) is a multicenter 
randomized trial comparing the clinical and cost- effectiveness 
of a decompressive craniectomy versus craniotomy [74]. 
This 5-year study will be conducted over 20 international 
sites with a 1000 patient recruiting goal. The primary end-
point will be the eGOS at a 1-year interval post-injury. The 
secondary endpoints will be the eGOS at 6 months, hospital-
ization data, radiographic findings at 1 year, and healthcare 
utilization data. In a finance capitation healthcare model, this 
study may help dictate the intervention with greatest out-
come per dollar spent.

 Decompressive Craniectomy

A decompressive craniectomy (DC) is a well-known and fre-
quently utilized intervention. Decompressive craniectomy 
involves removing a portion of the skull and allowing the 
swollen or compromised brain to expand into the extracra-
nial environment. Bone removal alone can result in a 15% 
ICP reduction. When combined with opening the dura, a 
70% reduction can be achieved [75]. This invasive maneuver 
has been shown to improve cerebral tissue oxygenation [76], 
cerebral perfusion pressure, and blood flow [77, 78]. While 
this can be a lifesaving intervention, DC can be complicated 
by meningitis or empyema requiring a potential second inva-
sive procedure, i.e., cranioplasty.

Decompressive craniectomy is a highly invasive and 
potentially morbid procedure, and its utility and timing have 
been extensively studied. Decompressive craniectomies can 
be performed during the initial surgical decompression (pri-
mary or prophylactic) or for refractory IC-HTN (secondary 
or therapeutic). The indications for each and respective out-
comes were recently investigated [79]. Seventy patients with 
a moderate to severe TBI were divided into primary or sec-
ondary DC groups based upon the care given. While a sig-
nificant difference in GCS and ISS was not seen, the primary 
DC group had one or both pupils dilated (37.2% vs 4.0%, 
p  =  0.002) and were older (46.3  +  18.5  years old vs 
29.7 + 11.3 years old, p < 0.001) as compared to the second-
ary DC group. Additionally, the primary DC group was pre-
dominantly a Marshall grade V (79.1%) vs the secondary DC 

group which was predominantly a Marshall grade III 
(84.6%), p  <  0.001. The Marshall grade, which is divided 
into six tiers, I–VI, is a head injury severity classification 
(Table 2.9). As expected, each DC group demonstrated a sig-
nificant decrease in pre- and postoperative ICP – primary DC 
group (33.5 ± 12.3 mmHg vs 9.1 ± 4.6 mmHg, p < 0.001) 
and secondary DC group (31.1  +  6.0  mmHg vs 
14.5 + 11.6 mmHg, p = 0.046). When outcomes were exam-
ined, the primary group had a lower GOS (2.89 vs 3.69, 
p  =  0.02) and a higher mortality rate (40.9% vs 15.4%, 
p = 0.026). Finally, when the determinants for outcome were 
scrutinized, the odds of death and poor outcome in the pri-
mary DC group were significantly higher for patients with a 
Marshall grade  ≥  4 (OR, 9.72, p  =  0.04 and OR, 7.50, 
p  =  0.025), SDH (OR, 10.62, p  =  0.03 and OR, 14.06, 
p = 0.003), and age ≥ 40 (OR, 5.83, p = 0.018 and OR, 10.56, 
p = 0.001), respectively. These outcome determinants were 
nonsignificant in the secondary DC group. This study dem-
onstrated that DC timing should be based upon the pathology 
addressed: surgical lesion (primary) vs intractable IC-HTN 
(secondary). Additionally this group found differences in 
population characteristics and physical examination findings 
which may also serve as indicators for DC timing and 
outcome.

The timing for a DC was also investigated in the 
Decompressive Craniectomy in Diffuse Traumatic Brain 
Injury (DECRA) study which was a multicenter, randomized 
controlled trial designed to determine the efficacy of bifron-
totemporoparietal decompressive craniectomy in patients 
poorly controlled by first-tier interventions [80]. This 8-year 
study enrolled 155 adult patients. As compared with patients 
receiving the standard of care, the surgical intervention arm 
demonstrated a decreased ICP (14.4  ±  6.8  mmHg vs 
19.1 ± 8.9 mmHg, p < 0.001), fewer mechanical ventilation 

Table 2.9 Marshall CT classification for head injury

Category Definition
Diffuse injury I No visible intracranial pathology seen  

on CT
Diffuse injury II Cisterns are present with midline shift 

(0-5 mm) and/or lesion densities present 
no high- or mixed-density lesion >25 ml; 
may include bone fragments and foreign 
bodies

Diffuse injury III Cisterns compressed or absent with 
midline shift (0-5 mm), no high- or 
mixed-density lesion >25 ml

Diffuse injury IV Midline shift >5 mm, no high- or 
mixed-density lesion >25 ml

Diffuse injury 
V(Evacuated mass 
lesion)

Any lesion surgically evacuated

Diffuse injury 
VI(Nonevacuated 
mass lesion)

High- or mixed-density lesion >25 ml,  
not surgically evacuated
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days (11 days IQR(8,15) vs 15 days IQR (12, 20), p < 0.001), 
and shorter ICU stay (13 days IQR(10–18) vs 18 days IQR 
(13–24), p < 0.001). These patients also had a lower median 
eGOS (3, IQR(2,5) vs 4, IQR (3–5), p = 0.03) and a higher 
risk for an unfavorable outcome (51% vs 42%, p = 0.02). The 
poor surgical outcomes in this study were thought to be sec-
ondary to extracranial cerebral expansion causing axonal 
stretch [81, 82] and neuronal injury [83, 84] or known surgi-
cal complications, i.e., wound infection or hematoma [85]. 
There have been a number of criticisms of this study includ-
ing problems with randomization, the fact that the ICP 
threshold of >20 mmHg for >15 min does not reflect most 
clinical practice, and a high crossover rate from the standard 
care arm to the surgical arm.

Contrary to the DECRA study, the Randomized Evaluation 
of Surgery with Craniectomy for Uncontrollable Elevation 
of Intracranial Pressure (RESCUEicp) trial evaluated the 
efficacy of a craniectomy as a third-tier intervention to 
refractory IC-HTN. This was a 10-year international, multi-
center, randomized trial which enrolled 389 patients [86]. 
The study demonstrated a decreased 6-month mortality in 
the surgical group (26.9% vs 48.9%). Regarding the eGOS 
scores, the surgical group also demonstrated higher rates of 
vegetative states (8.5% vs 2.1%); lower severe disability, 
dependent on others for care (21.9% vs 14.4%); and lower 
upper severe disability, independent at home (15.4% vs 
8.0%). In contrast to the DECRA trial, this study utilized 
craniectomy as a third-tier intervention rather than a second- 
tier. Additionally, they also included patients with an intra-
cranial hematoma and utilized both unilateral and bilateral 
decompressive craniectomies. This may have led to the 
improved patient outcomes.

 Multiple Compartment Management

Abdominal compartment syndrome is a well-known constel-
lation of intraperitoneal complications, abdominal distension 
and decreased urine output; intrathoracic complications, 
decreased pulmonary compliance and poor cardiac output; 
and vascular complications, decreased venous return. The 
pliable diaphragm allows for transmission of intraperitoneal 
pressure to the thorax leading to the aforementioned presen-
tation. Additionally, the open vascular communication will 
also act as a conduit to transmit pressure. Elevated intra- 
abdominal pressure (IAP) can escalate to organ compromise 
resulting in a surgical emergency requiring a pressure- 
relieving decompressive laparotomy (DL). In patients with a 
TBI, elevated IAP and intrathoracic pressures (ITP) can 
manifest as an increase in ICP.  This is known as multiple 
compartment syndrome (MCS). Currently accepted ICP 
management interventions target the cranial vault and do not 
directly address IAP and ITP.

MCS and its relationship with ICP and poor outcomes 
have been well documented. One study reported on 17 cases 
of intractable ICP elevation requiring a decompressive lapa-
rotomy [87]. All patients had maximized current ICP man-
agement interventions. Fourteen had undergone a 
decompressive craniectomy. The ICP decreased from 
30.0 ± 4.0 mmHg pre-laparotomy to 17.5 ± 3.2 mmHg after 
the intervention. All survivors were noted to have a signifi-
cant decrease in pre- and post-DL, 22 ± 5.8 mmHg versus 
16 ± 5.1 mmHg, p < 0.02. This decrease was sustained after 
the procedure. Mortality was associated with a transient 
decrease in ICP and a nonsignificant change in pre- and post-
 DL, 20.2 ± 6.7 mmHg versus 23 ± 7.8 mmHg, p = 0.2.

Scalea’s group investigated current ICP management 
therapies and the serial application of DC and DL to treat 
MCS [88]. One hundred and two patients with refractory 
IC-HTN were studied. Seventy-eight underwent DC. They 
demonstrated a significant difference in pre- and post-DC 
ICP, 24 ± 11 mmHg versus 14 ± 8 mmHg, p < 0.05. The 
remaining 24 patients were treated for MCS and underwent 
a dual DC and DL for MCS. The DC was performed first in 
15 patients (DC/DL), and the DL was performed first in the 
remaining 9 patients (DL/DC). The DC/DL group experi-
enced a decrease in ICP 34 ± 13 mmHg versus 20 ± 12 mmHg, 
p < 0.05, while the DL/DC group experienced a decrease in 
ICP 25 ± 10 mmHg versus 13 ± 10 mmHg, p < 0.05. There 
was no difference in mortality between the DC and MCS 
groups, 31% versus 42%, p = NS.  It was noted that MCS 
patients had a significantly higher ISS, pre-DC ICP, and first 
7 day of hospitalization fluid requirement as compared with 
the DC-alone group. It is still difficult to identify the sentinel 
element for MCS and is most likely multifactorial. Fluid 
resuscitation related to maintenance of CPP, hypotension, 
and ICP management goals is one potential adverse factor 
resulting in MCS. The mean airway pressure was also noted 
to be higher in the group treated for MCS. This also could be 
a product of fluid administration leading to interstitial edema 
resulting in increased ventilator driving pressures. 
Additionally, the elevated ventilator settings can limit venous 
return, causing hepatic congestion and edema leading to ele-
vated IAP and poor superior vena caval return resulting in an 
elevated ICP.

 Conclusion

As demonstrated by the multiple well-healed holes found in 
excavated skulls, early man’s ICP management intervention, 
trepanation, was most likely based upon anecdotal evidence, 
continued survival. In the modern day, a more advanced 
form of trepanation, decompressive craniotomy or craniec-
tomy, is utilized within our management armamentarium. 
We do, however, have multiple other less invasive options 
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available prior to entertaining that ancient intervention. 
Through evidence-based medicine, numerous guidelines 
have been developed and incorporated into our daily clinical 
practices. The Brain Trauma Foundation and other profes-
sional organizations continue to refine ICP management rec-
ommendations in an effort to improve patient survival. 
Unlike early man, we will continue to manage and refine our 
clinical approach to ICP management and improve upon our 
patient outcomes.
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Spinal Cord Injury

Michael Hernon and George Kasotakis

 Introduction

Spinal cord injury, the devastating sequela of spinal trauma, 
results in a wide spectrum of neurologic disability – depend-
ing on level and severity – with major emotional and financial 
ramifications for both patients and caretakers. Despite 
advances in imaging technology, critical and surgical care, 
specialized in-hospital management, and skilled rehabilita-
tion, morbidity and mortality from spinal cord injury remain 
very high.

Approximately 17,000 new spinal cord injuries occurred 
in 2016 in the United States alone, according to the National 
Spinal Cord Injury Statistical Center [1]. There has been a 
steady rise in the incidence of spinal cord injuries over the 
past decade, with approximately 6000 more cases recorded 
annually now compared to 2009. This rise is most likely sec-
ondary to heightened awareness and improved diagnostic 
modalities and documentation. The prevalence of spinal cord 
injuries has also been on the rise, likely due to better acute 
and long-term management, with an estimated 282,000 peo-
ple living with it in the United States alone.

The overwhelming majority of patients diagnosed with 
spinal cord injury are males with an average age of 42 years. 
The most common mechanism of injury is motor vehicle col-
lisions, followed by falls, acts of violence, and sporting acci-
dents. The latter account for less than 9% of all spinal cord 
injuries; however, they appear to receive a disproportionate 
amount of media attention.

The healthcare expenditure associated with spinal cord 
injuries is extraordinary, with an estimated annual cost of 
over five billion dollars in the United States alone [2]. 
Unsurprisingly, the costs incurred per patient correlate 

closely with the degree of neurologic impairment. Life 
expectancy is also significantly reduced in spinal cord injury 
victims. Mortality is the highest during the first year after 
diagnosis, compared to each subsequent year, and the two 
most common causes of death are pneumonia and sepsis.

 Acute Management

Any suspicion for vertebral column injury (high-energy 
impact or high-intensity deceleration force, asymmetry in or 
loss of sensorimotor function) requires immediate in-line 
spinal immobilization, including rigid cervical collar, lateral 
support, and full spinal immobilization on a hard backboard. 
The spine must remain in a neutral position, and any patient 
movement should be conducted using the logrolling tech-
nique. Maintaining appropriate oxygenation and ventilation 
is crucial, in order to minimize secondary insult to the highly 
oxygen-sensitive neurons, and securing the airway  – typi-
cally with an endotracheal tube – may be necessary, espe-
cially in high spinal cord injuries, in which partial or 
complete denervation of the diaphragm and accessory respi-
ratory muscles may have occurred. Intubation in patients 
with suspected spinal cord injury may prove technically 
challenging in the setting of spinal immobilization, due to 
inability to hyperextend the neck and directly visualize the 
vocal cords.

The second mainstay toward preventing secondary insult 
is to promote hemodynamic stability, as even minor blood 
pressure fluctuations may further injure the spinal cord neu-
ral cells and adversely affect long-term outcomes. 
Appropriate resuscitation should be considered in all patients 
with suspected or confirmed spinal cord injury, in addition to 
quickly addressing any other potential source of hemody-
namic instability. Patients with high spinal cord injuries may 
present with neurogenic shock, typically manifesting as 
hypotension and bradycardia in a warm and flushed patient, 
due to a decrease in the sympathetic tone enervating the heart 
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and peripheral vascular system. Vasopressors are commonly 
used in such patients, in an attempt to restore part of the vas-
cular tone and maintain a perfusing pressure. Norepinephrine 
(an alpha and beta-1 adrenergic agonist) is one of the most 
commonly used pressors to support the low peripheral vas-
cular resistance while increasing heart rate and cardiac out-
put with its positive chronotropic and inotropic effects. 
Phenylephrine (pure alpha adrenergic agonist) is avoided in 
general, as its unopposed alpha adrenergic activity may 
worsen bradycardia. Phenylephrine may be considered in 
low spinal cord injuries, in which tachycardia may be present 
as a compensatory mechanism. Atropine can also be consid-
ered acutely for bradycardia, until positive chronotropy can 
be achieved medically or transcutaneous pacing is available.

 Classification of Injury and Clinical Diagnosis 
of Spinal Cord Injury

The American Spinal Injury Association (ASIA) impairment 
scale is used by many centers to quantify the degree of neu-
rological impairment (Fig.  3.1). The neurological level of 
injury is considered the most caudal level at which sensory 
and motor functions are intact. The motor level is considered 
the most caudal level at which a muscle group has full range 
of motion against gravity but no resistance, while the sensory 
level is the most caudal dermatome to have normal sensation 
to pinprick and crude touch (Fig. 3.2). The skeletal level on 
injury correlates with radiological findings.

There are multiple spinal cord syndromes that are classic 
in appearance, due to the neurologic pathways they affect:

Complete cord transection is the most common of all spi-
nal cord syndromes and typically follows a severely dis-
placed vertebral body fracture or olisthesis that significantly 
compromises the spinal canal (Fig. 3.3). It typically mani-
fests with loss of sensorimotor and autonomic function 
below the level of the injury.

Central cord syndrome occurs typically in the elderly 
with degenerative disease resulting from hyperextension. 
The syndrome is seen with motor dysfunction of the upper 
extremities, particularly the distal muscle groups. Sensory 
dysfunction is usually variable, but most commonly seen is 
loss of pain and temperature sensation in the upper extremi-
ties with sacral sparing and usual preservation of bladder and 
bowel function (Fig. 3.4).

Anterior cord syndrome is usually secondary to a vascular 
insult of the anterior spinal artery, commonly presenting as 
complete motor dysfunction below the level of injury, in 
addition to pain and temperature sensory dysfunction with 
intact vibration. Bladder and bowel function are also usually 
impaired with anterior cord syndrome (Fig. 3.4).

Brown-Sequard syndrome is most commonly caused by 
penetrating trauma to the cord and results in complete loss of 

half of the spinal cord. It clinically manifests as ipsilateral 
motor and proprioception loss with contralateral loss of pain 
and temperature sensation (Fig. 3.4).

Cauda equina syndrome is a syndrome with compression 
of the lumbar plexus resulting in lower extremity paralysis 
with bowel and bladder dysfunction in addition to perineal 
sensory deficits.

Spinal shock, not to be confused with neurogenic shock 
(described below), manifests as a syndrome of flaccid paral-
ysis with areflexia that over time becomes tonic paralysis 
with hyperreflexia.

 Diagnostic Workup

After initial stabilization, diagnosing vertebral body frac-
tures is essential to treatment. For this purpose, the gold stan-
dard diagnostic modality currently is a fine-cut multi-view 
helical computed tomography (CT) scan. This has sup-
planted plain radiographs in most trauma centers around the 
world. Clinical examination with direct palpation of the 
spine is of course the main stay of initial evaluation to assess 
for pain, deformity, or any step-offs. Any abnormalities iden-
tified during clinical examination, typically mandate diag-
nostic imaging.

Patients with suspected spinal cord injury who are unable 
to have a proper clinical examination due to altered mental 
status (sedated, mechanically ventilated patients, or those 
with clinically significant brain injury) will commonly 
require diagnostic imaging to clear cervical spinal precau-
tions. CT imaging has been found to be the most sensitive 
imaging modality in detecting fractures and usually the first 
to be obtained; however, magnetic resonance imaging (MRI) 
is superior in diagnosing ligamentous injuries and spinal 
cord hematomas that may be missed otherwise in as many as 
23.6% of all patients with a negative c-spine CT [3] and 
should be considered in subjects with unexplained neuro-
logic findings.

 Treatment

The primary injury is classified as the mechanical injury to 
the cord itself which can be classified as compression, lac-
eration, contusion, impaction, and shear injury [4]. The role 
of surgery is to stabilize the column and aid in preventing 
further spinal cord trauma. Secondary injuries occur after the 
initial injury and relate to the pathological changes that arise 
following a spinal cord injury including a neuroinflamma-
tory cascade and immune dysregulation. Clinical investiga-
tion is ongoing in an effort to identify therapeutic agents that 
may improve neurological function and minimize this sec-
ondary injury.
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Fig. 3.1 The American 
Spinal Injury Association 
(ASIA) impairment scale 
(Adapted from http://
asia-spinalinjury.org/
wp-content/uploads/2016/02/
International_Stds_Diagram_
Worksheet.pdf)

 Spinal Immobilization
Spinal immobilization for 6–8 weeks remains the main-
stay of treatment for all stable fractures, to allow for frac-
ture union to occur spontaneously. This immobilization 
can be achieved with collars for the cervical spine or 
braces (that limit the mobility of the torso) for the tho-
racic and lumbar spine. The majority of compression frac-
tures can be managed nonoperatively with the exception 
of injuries showing significant kyphosis >30° or anterior 
height loss >40% [5].

 Surgical Fixation
Surgical fixation is recommended in cases where the struc-
tural integrity and stability of the vertebral column is com-
promised. Historical teaching recommended surgical 
fixation to take place after patients were stabilized systemi-
cally; however, newer data suggest that early operative 

intervention may improve neurological outcomes [6] and 
afford lower pneumonia rates and shorter duration of 
mechanical ventilation and hospital stays [7]. Class II evi-
dence is now available from multiple prospective and retro-
spective reviews demonstrating the superiority of early 
decompression and stabilization with in the first 72 h of pre-
sentation, compared to delayed (>7  days) surgical 
management.

 Corticosteroids
Corticosteroids have been studied as an adjunct toward mini-
mizing secondary injury and improving neurologic function. 
The basis for steroid use in spinal cord injury has been two-
fold: their anti-inflammatory effects may decrease local 
edema and hence cord compression; they may minimize 
lipid peroxidation on neuron cell membranes, enhancing 
their survival and function [8].

Spinal Cord Level Function
C3-C5

C5-C6

C6-C7

C7-C8

T1-T6

L1-L4

L2-L4

L4-S1

L5-S2

Diaphragrm Function

Elbow Flexion (Bicep
Function)

Elbow Extension (Tricep
function)

Wrist Flexion

Intercostal/abdominal
muscle function

Thigh flexion

Thigh adduction

Thigh abduction, knee
flexion, foot dorsiflexion

Leg extension, plantar
flexion

Fig. 3.2 (a) Neurologic findings at various levels of spinal cord injury. (b) Spinal cord dermatome map
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Fig. 3.2 (continued)

The role of corticosteroids in the treatment of blunt spi-
nal cord injuries has been a topic of controversy. The 
NASCIS I (methylprednisolone ×10 days post-injury [9]) 
and II (methylprednisolone vs. naloxone and placebo [10]) 
trials failed to demonstrate improvement in the long-term 
neurologic outcome, with a higher incidence of steroid-
related adverse events (wound infections, gastrointestinal 
hemorrhage, and thromboembolic events). A subgroup 
that received methylprednisolone within 8  h post-injury 
demonstrated improved neurologic recovery, a finding that 
led to the NASCIS III (methylprednisolone vs. tirilazad 
mesylate within 8 h after injury) trial. The 1-year neuro-
logic recovery was slightly improved in the steroid group, 
again at the expense of a high incidence of infectious com-

plications. With these findings, recent guidelines advocate 
against the use of corticosteroids in spinal cord injuries 
due to their limited efficacy and high rates of infectious 
complications [11].

 Gangliosides
Gangliosides are glycosphingolipids that are abundant in 
neural membranes and appear to play a key role in cell-cell 
signal transduction. Results from an early phase III clinical 
trial were encouraging in reducing mortality and improving 
neurologic function [12]; however, those did not materialize 
in subsequent studies and meta-analyses [13, 14] and are 
thus not currently recommended.
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 Riluzole
Riluzole, a known anticonvulsant, is used in the treatment of 
amyotrophic lateral sclerosis. Its neuroprotective effect is 
mediated by calcium influx inhibition and prevention of neu-
ronal excitotoxicity [15]. It has been surmised that Riluzole 
may have a role in aiding functional recovery following spi-
nal cord injury, and a recent phase 1 trial demonstrated 
enhanced motor recovery at 3 months when compared to a 
controlled registry [16]. Currently, a phase III trial is being 
undertaken by the AOSpine North America Research 
Network.

 Systemic Hypertension
Systemic hypertension, defined as a mean arterial pressure 
of 85  mm Hg, commonly achieved with the use of pres-
sors – typically norepinephrine – has been found to have a 
beneficial effect on neurological outcome in spinal cord 
injuries. The “MAP push,” as it is commonly called, is 
undertaken for 5–7 days post-injury. Multiple studies have 
demonstrated this MAP push to improve recovery with bet-
ter long-term ASIA scores, especially when used in the 
acute period [17, 18].

 Hypothermia
Research is ongoing on the role of hypothermia toward 
improving functional outcomes after spinal cord injury. The 
premise is that lower core temperatures may decelerate the 
neuron metabolic processes and lessen the destructive sec-
ondary injury cascade. However, most studies are prelimi-
nary at this point [19], and larger prospective multicenter 
randomized trials are pending.

 Systemic Sequelae of Spinal Cord Injury

Spinal cord injury has been found to impact most systemic 
functions. The highest impact is seen in patients with high 
cervical injuries and low ASIA scores. Patients with clini-
cally significant spinal cord injuries are found to have the 
lowest morbidity and mortality rates when cared for in an 
ICU setting, although both early and late systemic complica-
tions are common.

 Pulmonary

Respiratory complications are the most common following 
spinal cord injury, likely due to weakened respiratory mus-
cles and inability to handle secretions leading to aspiration, 
pneumonia, atelectasis, and even acute respiratory distress 
syndrome. Mortality may be as high as 18–30% in quadriple-
gics secondary to pulmonary complications [20]. It is of the 
utmost importance to be mindful of potential high vertebral 
column instability, should the need for intubation arise and 
maintain spinal cord alignment at all times. To this end, 
fiberoptic endoscopy and video laryngoscopy may prove 
invaluable in accessing the airway safely.

In intubated spinal cord injury victims, aggressive pulmo-
nary therapy is crucial in minimizing pulmonary morbidity 
and associated mortality. Bronchodilators, chest physiother-
apy, frequent pulmonary toilet, and rotational bed therapy 
have all been shown to improve respiratory complications. 
Tracheostomy may also be required in the setting of a high 
spinal cord injury that affects the respiratory muscles. Early 
versus late tracheostomy has been debated for many years. In 
patients having undergone spinal surgery via anterior neck 
incisions, this usually precludes early tracheostomy second-
ary to surgical healing and risk of hardware infection. A 
recent meta-analysis demonstrated no difference in the dura-
tion of mechanical ventilation, ventilator-associated pneu-
monia risk, and mortality, while the only benefit achieved 
was less sedation required [21]. In cases of complete phrenic 
denervation of the diaphragm (injuries above the C3 level), 
percutaneous stimulation of the diaphragm may be consid-

Fig. 3.3 Traumatic burst fracture of T11 resulting in significant retro-
pulsion with near complete spinal cord disruption
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ered, via exogenous electrical stimulation. Electrodes are 
attached to the diaphragmatic muscle typically with laparos-
copy, while a pacemaker is implanted in the abdominal sub-
cutaneous tissue. Compared to long-term mechanical 
ventilation, fewer pulmonary complications, improved 
venous return, physiologic breathing, phonation and swal-
lowing, and enhanced patient mobility can be achieved with 
significant cost savings [22].

 Cardiovascular

Hemodynamic instability is seen in spinal cord injury espe-
cially in patients with injuries above T6. This results in sym-
pathetic disruption and an unopposed vagal tone which 
results in bradycardia and profound hypotension secondary 
to vasodilation. This is termed neurogenic shock. The treat-
ment of neurogenic shock is supportive with fluid resuscita-
tion and vasopressor administration, typically norepinephrine. 
Vasodilation may also occur with lower spinal cord injuries, 
although in this setting, reflex tachycardia may be present, as 
the sympathetic enervation to the heart is maintained. 
Phenylephrine may be utilized in such instances. Although 
compensatory mechanisms typically develop in the chronic 

phase in the majority of cases, an oral alpha 1 adrenergic 
agonist, such as midodrine, may be considered, to minimize 
dependence on intravenous vasoactive drips [23].

 Gastrointestinal

High rates of ileus and gastrointestinal immobility have been 
described in spinal cord injury patients. Gastric and small 
bowel dilatation should be avoided with nasogastric decom-
pression as needed. Enteral nutritional support may be initi-
ated once the ileus has improved.

Gastric and duodenal stress ulcers are also common fol-
lowing spinal cord injury. Many studies have demonstrated a 
3–5% risk of developing these ulcers, and H2RA blockade is 
commonly indicated in the acute setting.

 Genitourinary

Bladder dysfunction is common after cervical and thoracic 
spinal cord injuries. After the initial decompression with 
Foley catheterization for the first 3–5 days following injury, 
bladder training and decannulation may be entertained. This 

Summary of Spinal Cord Syndromes
Central Cord Syndrome

Anterior Cord Syndrome

Brown-Sequard Syndrome

Corticospinal
tract

Spinothalamic
tract

Fig. 3.4 Spinal cord syndromes
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is described as intermittent bladder catheterization to main-
tain urinary volumes less than 500 cc. This aids in regaining 
at least partial urinary bladder function over time.

Urinary tract infections are also common following spinal 
cord injury secondary to high rates of bladder dysfunction, 
urinary retention, and need for repeat catheterization. It is 
important to obtain cultures (to address the high rates of 
multidrug- resistant organisms) and manage as a complicated 
urinary tract infection.

 Thromboembolic Disease

Thromboembolic events in spinal cord injury patients are 
also common and typically occur in the first 3  months 
after trauma, while patients are immobile and procoagu-
lant [24]. The risk eventually normalizes with enhanced 
mobility with physical therapy and rehabilitation and as 
the host antithrombogenic pathways are upregulated to 
counteract the blood stasis. Low-molecular-weight hepa-
rin with pneumatic compression stockings is recom-
mended for prevention of thromboembolic events in spinal 
cord injury victims, as it has been demonstrated to be 
superior to unfractionated heparin [25]. The timing of ini-
tiation of thromboprophylaxis remains a topic of debate. 
Inferior vena caval interruption with removable filters can 
be entertained in the acute setting in patients with contra-
indication to chemical thromboprophylaxis.

 Prognosis

The degree of neurologic disability varies greatly from 
patient to patient depending on type and severity of injury, as 
well as spinal cord level involved. Providing a reasonable 
expectation for long-term neurologic function and disability 
is crucial in aiding patients and families understand the long- 
term consequences of their injury and resources that will 
likely be required. The type and level of spinal cord injury, 
degree of motor and sensory function loss, age, comorbidi-
ties, and concurrent injuries are important in predicting long- 
term recovery [26]. MRI may also aid in determining 
prognosis, by providing detailed information of the extent of 
the spinal cord injury and integrity of the surrounding sup-
porting structures.

 Conclusion

Spinal cord injuries can inflict devastating long-term neuro-
logic and functional limitations to patients, with significant 
emotional and financial ramifications. Spinal cord injury vic-
tims experience very high morbidity and mortality. Short- 

and long-term rehabilitation with aggressive physical and 
occupational therapy is crucial in aiding in improving long- 
term neurological function. Surgical stabilization of the 
encompassing vertebral column as indicated and minimizing 
secondary injury in a closely monitored setting are current 
mainstays of management.
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Analgesia, Sedation, and Delirium 
in the ICU             

Douglas R. Oyler and Andrew C. Bernard

 Pain and Analgesia

The incidence of moderate-to-severe pain in the ICU is over 
50% and is similar between medical and surgical patients 
[1]. A comprehensive list of risk factors for pain has not been 
developed, but pain in the ICU may be associated with the 
disease process or injury, invasive procedures (including 
mechanical ventilation), medication administration, and 
mobilization [2]. Untreated pain can lead to hyperglycemia, 
tachycardia, myocardial oxygen supply/demand mismatch, 
coagulopathy, immunosuppression, as well as development 
of hyperalgesia, chronic pain, and post-traumatic stress dis-
order (PTSD) [2–5].

 Pain Assessment

Adequate treatment of pain must first begin with appropriate 
assessment. Pain is a subjective phenomenon that is best 
assessed using the patient’s self-report, typically using a 
0–10 rating scale [6]. Unfortunately, many patients may be 
unable to self-report pain, and the clinician must rely on 
other reproducible ways to assess pain. In this instance, the 
most valid tools to assess pain in the ICU are the Behavioral 
Pain Scale (BPS) and Critical Care Pain Observation Tool 
(CPOT) (Tables 4.1 and 4.2) [6]. These scales have been 
validated in patients with brain injury, with delirium, and in 
French and English [7, 8]. Vital signs may be a cue to begin 
further assessment of pain but should not be used alone for 
pain assessment.

 Treatment of Pain with Opioids

Opioids have long been considered the mainstay of analgesia 
in the ICU and are the most frequently used class of medica-
tions for treatment of pain [9]. Opioids are available in a 
variety of dosage forms, and each regimen must be individu-
ally tailored for a patient’s needs based on pharmacokinetic 
and pharmacodynamic properties of the drugs used. A review 
of these basic properties of opioids can be found in Table 4.3. 
Morphine and fentanyl are the most commonly used opioids 
in the ICU.

In general, opioids used in the ICU are intravenous; how-
ever, enteral formulations should be considered for patients 
with adequate gastrointestinal function. Although relative 
potencies between opioids may differ, when opioids are 
titrated to similar analgesic endpoints, there are no differ-
ences in efficacy [6]. Continuous versus intermittent dosing 
of medications should be based on patient characteristics 
(e.g., severity and duration of pain) as well as pharmacoki-
netics of the drug being used [11].

Although opioids are considered the most effective class 
of medications for provision of analgesia, their use is not 
without adverse effects. Of particular concern is the risk for 
dependence and abuse, as drug overdose is currently the 
leading cause of injury-related death in most US states (out-
pacing both deaths from motor vehicle collisions and gun- 
related deaths) [12], and the majority of first-time drug 
abusers obtain medications directly from a prescriber. 
Additionally, opioids cause dose-dependent respiratory and 
central nervous system depression, slow gastrointestinal 
time and may lead to development of ileus, and may be 
immunosuppressive [13].

 Treatment of Pain with Non-opioid Analgesics

Because of the limitations of opioid analgesics, particularly 
respiratory depression, constipation, and the development of 
tolerance to analgesic effects, several non-opioid analgesics 
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have been recommended to reduce opioid requirements or 
obviate the need for opioids altogether [6]. These may include 
nonsteroidal anti-inflammatory drugs (NSAIDs), N-methyl 
d-aspartate (NMDA) antagonists, skeletal muscle relaxants, 
α2-receptor agonists, and antiepileptics. There is presently no 
evidence regarding comparative efficacy of opioids and non-
opioids in the ICU. General pharmacologic characteristics of 
select non-opioid analgesics can be found in Table 4.4.

NSAIDs may be the most efficacious adjuvant therapy to 
opioids for treatment of acute pain, and the wide variety of 
available dosage forms is also appealing. NSAIDs have been 
shown to reduce opioid requirements and nausea and vomit-
ing, constipation, sedation, and heterotopic ossification when 
compared with opioids alone in critically ill trauma patients 
[14]. However, the use of NSAIDs in the critically ill is com-
plicated by risk of gastrointestinal bleeding and renal failure. 
Inconsistent data suggests NSAIDs may also increase the 
risk of fracture nonunion/malunion or infection [15, 16] and 
should be used cautiously in patients with fractures. NSAIDs 
should not be used for perioperative pain in patients under-
going coronary artery bypass graft surgery, and emerging 
low-quality data suggests postoperative NSAID use may be 
linked with anastomotic leak [17].

Acetaminophen may be classified as an NSAID; however 
the drug has no anti-inflammatory properties. Acetaminophen 
may reduce opioid requirements by up to 20% [18] and is safe 
when used in doses lower than 4000  mg per day. In doses 
>4000 mg per day or in high-risk populations (e.g., elderly, 
malnourished, pre-existing hepatic or renal dysfunction), acet-
aminophen may increase risk of hepatocellular damage; in 
these populations acetaminophen should be used cautiously 
with the total daily dose not exceeding 2000 mg per day.

Table 4.1 Behavioral Pain Scale

Item Description Score
Facial expression Relaxed 1

Partially tightened (e.g., brow 
lowering)

2

Fully tightened (e.g., eyelid 
closing)

3

Grimacing 4
Upper limb movements No movement 1

Partially bent 2
Fully bent with finger flexion 3
Permanently retracted 4

Compliance with 
mechanical ventilation

Tolerating movement 1
Coughing but tolerating 
ventilation for most of the time

2

Fighting ventilator 3
Unable to control ventilation 4

A score of 5 or higher warrants treatment of pain

Table 4.2 Critical Care Pain Observation Tool

Indicator Description Score
Facial expression No muscular tension 

observed
Relaxed, 
neutral

0

Presence of 
frowning, brow 
lowering, orbit 
tightening, and 
levator contraction

Tense 1

All of the above 
facial movements 
plus eyelid tightly 
closed

Grimacing 2

Body movements Does not move at all 
(does not necessarily 
mean absence of 
pain)

Absence of 
movements

0

Slow, cautious 
movements, 
touching or rubbing 
the pain site, seeking 
attention through 
movements

Protection 1

Pulling tube, 
attempting to sit up, 
moving limbs/
thrashing, not 
following 
commands, striking 
at staff, trying to 
climb out of bed

Restlessness 2

Muscle 
tensionevaluation by 
passive flexion and 
extension of upper 
extremities

No resistance to 
passive movements

Relaxed 0

Resistance to passive 
movements

Tense, rigid 1

Strong resistance to 
passive movements, 
inability to complete 
them

Very tense 
or rigid

2

Compliance with the 
ventilator (intubated 
patients)
ORvocalization 
(extubated patients)

Alarms not activated, 
easy ventilation

Tolerating 
ventilator or 
movement

0

Alarms stop 
spontaneously

Coughing 
but 
tolerating

1

Asynchrony: 
Blocking ventilation, 
alarms frequently 
activated

Fighting 
ventilator

2

Talking in normal 
tone or no sound

Talking in 
normal tone 
or no sound

0

Sighing, moaning Sighing, 
moaning

1

Crying out, sobbing Crying out, 
sobbing

2

Total, range 0–8

A score of 3 or higher warrants treatment of pain

D. R. Oyler and A. C. Bernard
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NMDA antagonists such as ketamine and methadone 
have shown broad applicability in reducing opioid require-
ments in the surgical and trauma populations [19]. Opioid 
receptor activation (by exogenous opioids like morphine) 
induces protein kinase C gamma-mediated phosphorylation 
of NMDA receptors on the same cell, causing a cascade of 
events ultimately leading to downregulation of opioid recep-
tors and so-termed opioid-induced hyperalgesia; NMDA 
antagonism may blunt this response [20]. Ketamine has been 
most commonly used for management of procedural seda-

tion/analgesia. It has been postulated to raise intracranial 
pressure (ICP); however a recent meta-analysis showed ket-
amine caused similar changes in ICP when compared with 
opioids for analgesia and concluded traumatic brain injury is 
not a contraindication to its use [21]. Limited available evi-
dence suggests methadone may expedite opioid weaning and 
reduce length of mechanical ventilation [22]. However meth-
adone has unique and complicated pharmacokinetics, and 
use by inexperienced practitioners may increase the risk of 
overdose and death [23].

Table 4.4 Pharmacology of non-opioid analgesics used in the ICU

Non-opioid (route)
Onset 
(min)

Duration 
(h)

Half- 
life (h) Metabolic pathway

Active 
metabolites Dosing Notes

Ibuprofen (PO) 25 4–6 1.8–
2.4

Oxidation No 400 mg q4–6h See text for precautions

Ketorolac (IM/IV) 10 4–6 2.4–
8.6

Hydroxylation, 
conjugation, renal 
excretion

No 15–30 mg q6 h See text for precautions
Max dose 120 mg per day 
for 5 days

Acetaminophen 
(IV)

5–10 4–6 2–3 Glucuronidation, 
sulfonation

No 1000 mg q6 h Expensive, use PO when 
able
See text for precautions
Max dose ≤4 g per day

Acetaminophen 
(PO/PR)

30–60 4–6 2–3 Glucuronidation, 
sulfonation

No 325–1000 mg
q4–6 h

See text for precautions
Max dose ≤4 g per day

Cyclobenzaprine 
(PO)

<60 12–24 18 N-demethylation No 5 mg two to three 
times daily

ADRs include somnolence, 
arrhythmia, xerostomia, 
bone marrow suppression
Similar structure to TCA; 
caution with serotonergic 
drugs
Not recommended in the 
elderly

Clonidine (PO) 30–60 6–12 12.7–
13.7

Hydroxylation, renal 
excretion

No 0.1 mg q6 h Dose requires renal 
adjustment
ADRs include sedation, 
bradycardia, hypotension
Abrupt withdrawal can 
cause severe hypertension
Max dose 2 mg per day

Gabapentin (PO) 60–
180

4–8 5–7 Renal excretion No 100–1200 mg 
three times daily

Dose requires renal 
adjustment
ADRs include sedation, 
confusion, dizziness, ataxia
Abrupt withdrawal can 
cause seizures

Carbamazepine 
(PO)

240–
300

6–12 25–
65a

Oxidation No 50–100 mg twice 
daily

Multiple drug interactions
ADRs include nystagmus, 
dizziness, lethargy, aplastic 
anemia, agranulocytosis
May cause SJS-TEN in 
patients with HLA-B1502 
gene
Max dose 1200 mg per day

Ketamine (IV) 30–
40 sec

5–10 min 2–3 N-demethylation Yes 0.1–0.5 mg/kg, 
then 0.05–0.4 mg/
kg/h

May attenuate opioid 
tolerance
May cause hallucinations or 
psychiatric disturbances

PO orally, PR  rectally, IV  intravenously, max maximum, ADR adverse drug reaction, TCA  tricyclic antidepressant, SJS-TEN Stevens-Johnson 
syndrome/toxic epidermal necrolysis
aDue to auto-induction of metabolism, half-life of carbamazepine decreases to 12–17 h over days to weeks and may require q6h dosing
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Skeletal muscle relaxants, including benzodiazepines, 
generally have limited utility as analgesics in the ICU. Some 
drugs, such as tizanidine and baclofen, may improve spastic-
ity after spinal cord injury [24], but the sedative effects of 
these medications, which may be synergistic with opioids, 
likely limit broad utilization. Benzodiazepines may reduce 
anticipatory pain and spasticity, but use in the ICU has been 
associated with delirium and excess sedation (discussed 
under “Sect. 2.2”).

Clonidine and dexmedetomidine act via inhibition of neu-
rotransmitter release through α2-receptor activation. This 
action results in synergistic effects with opioids as well as 
light sedation and anxiolysis. Dexmedetomidine has consis-
tently shown an ability to reduce opioid requirements in 
sedation trials in a variety of ICUs; clonidine is less lipo-
philic than dexmedetomidine and may therefore cause more 
pronounced hypotension and bradycardia at equianalgesic 
doses. α2-receptor agonists are discussed in more depth in 
Sect. 2.4.

Anticonvulsants (e.g., gabapentin and carbamazepine) are 
primarily used in patients with neuropathic pain and have 
been shown to provide superior pain relief for this indication 
when compared to opioids alone [25]. Multiple studies of 
gabapentin in the perioperative setting support a potential 
role for this medication as an adjunct to opioids for non- 
neuropathic as well [26, 27]. However, the validity of many 
gabapentin studies has been questioned [28], and recent data 
suggests the sedative risk of gabapentinoids in concert with 
opioids may outweigh the benefit if used in a broad popula-
tion of patients [29].

 Epidural Analgesia

For select patient populations in the ICU, epidural analgesia 
may be preferred over intravenous administration of opioids. 
In patients undergoing abdominal aortic surgery, thoracic 
epidural analgesia is superior to parenteral opioids alone for 
reduction of myocardial infarction, pain, time to extubation, 
postoperative respiratory failure, and ICU length of stay [30, 
31]. The Eastern Association for the Surgery of Trauma also 
recommends epidural analgesia for patients older than 65 
with four or more rib fractures, younger patients with more 
traumatic rib fractures, or older patients with fewer based on 
an association with mortality reduction in this population 
[32]. Epidurals may cause postoperative heart failure, infec-
tions, or respiratory failure and should not be placed in 
patients receiving full anticoagulation. In patients with trau-
matic rib fractures that cannot receive an epidural placement, 
transdermal lidocaine or paravertebral blocks should be con-
sidered [33, 34]. Transversus abdominis plane (TAP) blocks 
may be considered in select cases where thoracic epidural 
analgesia is not possible after abdominal surgery [35, 36].

 Nonpharmacologic Therapies

In general, nonpharmacologic therapies (e.g., acupuncture, 
relaxation) have not been well-studied in the critically ill and 
are not recommended as the sole means of analgesia. 
Relaxation, in addition to pharmacologic therapy, is recom-
mended for procedural analgesia, particularly chest tube 
removal [6].

 Summary/Thoughts on Analgesia in the ICU

Pain is commonplace in the ICU regardless of visible injury, 
and patients usually require pharmacologic analgesia. In 
unstable patients, particularly those without intact gastroin-
testinal function, intravenous fentanyl (generally via contin-
uous infusion with intermittent boluses for procedural/acute 
pain) is preferred. Although evidence is limited, some com-
ponents of non-opioid analgesia can be utilized in most 
patients and should generally be attempted. Patients should 
be maintained on the lowest effective dose of opioids that 
provides analgesia, and daily attempts at weaning pain medi-
cations should be considered. Procedural pain should be 
anticipated, and prophylactic utilization of analgesics to pre-
vent procedural pain is strongly encouraged.

 Agitation and Sedation

Anxiety and agitation occur in up to 70% of ICU patients and 
may lead to unintended patient harm [37]. Anxiety—a feel-
ing of fear or dread regarding a proposed or real threat to 
homeostasis—in the ICU is generally poorly assessed and 
poorly managed. Agitation, which may be the manifestation 
of behavior related to anxiety (or delirium, pain, hypoxia, 
hypoglycemia, or drug/alcohol withdrawal), has traditionally 
received more attention because it may pose a significant 
threat to patient well-being. Efforts to reduce agitation 
through other means such as provision of analgesia, reorien-
tation, and optimization of sleep patterns should be attempted 
before administration of sedatives [6]. Indeed, utilization of 
so-called analgosedation—utilization of analgesics without 
sedatives—has shown to reduce mechanical ventilation time 
in a randomized trial [38]. Pharmacology of commonly used 
sedatives is reviewed in Table 4.5.

 Depth of Sedation

Numerous well-conducted trials have now shown that seda-
tion minimization, either through daily interruption of seda-
tives or utilization of a sedation protocol, shortens duration 
of mechanical ventilation and ICU length of stay [39–42]. 

4 Analgesia, Sedation, and Delirium in the ICU
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Daily interruption of sedation (discontinuation of intrave-
nous sedation for as long as the patient tolerates, followed by 
resumption of sedation at 50% of the pre-interruption dose if 
needed) can usually be attempted during a spontaneous 
breathing trial. Patients on neuromuscular blocking agents 
(NMBAs) or those receiving sedation for treatment of 
 intracranial hypertension or refractory status epilepticus are 
not appropriate for sedation interruption.

In most patients, light sedation is preferable to deep seda-
tion [6] regardless of the medication used. Depth of sedation 
is best assessed using subjective scales such as the Richmond 
Agitation-Sedation Scale (RASS) or Sedation-Agitation 
Scale (SAS). Elements of the RASS and SAS can be found 
in Tables 4.6 and 4.7. Other subjective sedation scales are 
less valid and reliable and are therefore not recommended 
for general ICU use [6]. Utilization of objective markers of 
sedation (e.g., bispectral index, Narcotrend Index, auditory 
evoked potentials, Patient State Index, and state entropy) 
should only be considered for patients in whom subjective 
scales are unreliable, such as those receiving NMBAs.

Table 4.5 Pharmacology of sedatives used in the ICU

Sedative
Onset 
(min)

Duration 
(after bolus) Half-life (h) Metabolic pathway

Active 
metabolites Dosing Notes

Benzodiazepines
Diazepam 2–5 2–4 h 20–120 CYP 450 metabolism Yes 0.03–0.1 mg/kg 

q0.5–6 h prn
Avoid continuous 
infusion

Midazolam 1–5 1–2 h 3–11 CYP 450 metabolism Yes 0.02–0.1 mg/kg, 
then 0.04–
0.2 mg/kg/h

Infusion associated 
with prolonged 
emergence from 
sedation

Lorazepam 15–20 2–6 h 8–15 Conjugation No 0.02–0.04 mg/
kg, then 
0.01–0.1 mg/kg/
ha

Propylene glycol 
toxicity associated 
with infusion

Non-benzodiazepines
Propofol 1–2 3–10 min Short term 

3–12,
Long term 
50 ± 18.6

Glucuronidation No 25 mcg/kg over 
5 min, then 
5–50 mcg/kg/
min

Contains 1.1 kcal/mL
Concern for PRIS at 
high doses for 
prolonged periods

Dexmedetomidine 5–10 60–
120 min

1.8–3.1 N-methylation, 
N-glucuronidation, CYP 
450 metabolism

No 1 mcg/kg over 
10 min, then 
0.2–0.7 mcg/kg/
hb

Does not produce 
deep sedation

Ketamine 30–
40 sec

5–10 min 2–3 N-demethylation Yes 0.1–0.5 mg/kg, 
then 0.05–
0.4 mg/kg/h

May attenuate opioid 
tolerance
May cause 
hallucinations or 
psychiatric 
disturbances

PRIS propofol-related infusion syndrome
aMaximum lorazepam bolus = 2 mg, maximum infusion rate = 10 mg/h
bDexmedetomidine bolus is associated with hypotension and bradycardia and should be used with caution. Continuous infusion rates up to 
1.5 mcg/kg/h have been studied

Table 4.6 Richmond Agitation-Sedation Scale (RASS)

Scale Label Description
+4 Combative Combative, violent, immediate danger to 

staff
+3 Very agitated Pulls to remove tubes or catheters; 

aggressive
+2 Agitated Frequent nonpurposeful movement, fights 

ventilator
+1 Restless Anxious, apprehensive, movements not 

aggressive
0 Alert and 

calm
Spontaneously pays attention to caregiver

−1 Drowsy Not fully alert, but has sustained awakening 
to voice (eyes open and contact 
>10 seconds)

−2 Light sedation Briefly awakens to voice (eyes open and 
contact <10 seconds)

−3 Moderate 
sedation

Movement or eye opening to voice (no eye 
contact)

−4 Deep sedation No response to voice, but movement or eye 
opening to physical stimulation

−5 Unarousable No response to voice or physical 
stimulation

D. R. Oyler and A. C. Bernard
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 Sedation with Benzodiazepines

Benzodiazepines were traditionally the most commonly used 
sedatives in the ICU owing to their amnestic properties and 
generally accepted safety profile. However, more recent data 
suggests these medications may be associated with an 
increased incidence of delirium and delayed emergence from 
sedation, particularly when used as prolonged/continuous 
infusions or in susceptible populations (e.g., those with renal 
or hepatic dysfunction, obese patients, and the elderly) [6]. 
Furthermore, benzodiazepines may cause respiratory and 
hemodynamic compromise, particularly when used in com-
bination with opioids. Finally, with prolonged use, tolerance 
to the sedative effects of benzodiazepines does develop. In 
any patient receiving benzodiazepines, drug interactions 
(particularly with select proton-pump inhibitors, macrolides, 
and azole antifungals) should be considered.

The benzodiazepines used in the ICU include lorazepam, 
midazolam, and diazepam, of which lorazepam is the most 
potent. Furthermore, lorazepam is cleared through hepatic 
conjugation, which may reduce accumulation in select 
patient populations, particularly those with alcoholic cirrho-
sis. However, lorazepam is uncommonly used as a continu-
ous infusion sedative because the parenteral formulations of 
the drug contain propylene glycol which may cause meta-
bolic acidosis and acute kidney injury. In patients receiving 
continuous infusion lorazepam, frequent monitoring of the 
osmolar gap is recommended [43].

Diazepam is the least potent of the intravenously avail-
able benzodiazepines and should not be used as a continuous 
infusion because of its long half-life and active metabolites. 
Diazepam is most commonly used for substance abuse/with-

drawal disorders since the pharmacokinetics of the drug pro-
duce a stable taper with intermittent dosing.

Midazolam is the most commonly used continuous infu-
sion benzodiazepine because of the drug’s quick uptake into 
fatty tissues and relatively short duration of action. However, 
because of its active metabolites and redistribution from fatty 
tissues with prolonged use, extended infusions of midazolam 
should generally be avoided. The most common indications 
for continuous infusion benzodiazepines are treatment of 
refractory status epilepticus and deep sedation in patients 
with the acute respiratory distress syndrome requiring 
NMBA administration.

 Sedation with Propofol

Propofol is a short-acting sedative/amnestic that primarily 
acts as a GABAA receptor antagonist, although it also has 
effects on sodium channels and the endocannabinoid system 
[44, 45]. Likely owing to its shorter half-life and rapid cessa-
tion of sedation when the drug is discontinued, propofol has 
been shown to reduce duration of mechanical ventilation 
when compared to benzodiazepines [46–50].

Because of its high lipid solubility, propofol is commer-
cially available as a 10% lipid emulsion containing 1.1 kcal/
mL. Depending on the infusion rate, the caloric contribution 
of a propofol infusion may be significant and should be fac-
tored into nutrient intake. Additionally, hypertriglyceridemia 
may occur in as many as 18% of patients requiring propofol 
for over 24 h, and serum triglycerides should be routinely 
monitored in these patients [51]. There is clinical evidence 
that 20% lipid emulsions may be associated with fat deposi-
tion in extracorporeal membrane oxygenation (ECMO) cir-
cuits [52]; therefore, propofol should be used with caution in 
this population. Fospropofol is a water-soluble prodrug that 
may circumvent most of the common complications associ-
ated with propofol; however experience in the ICU setting is 
extremely limited.

Propofol-related infusion syndrome (PRIS), character-
ized by bradycardia, cardiovascular collapse, high anion gap 
metabolic acidosis, rhabdomyolysis, hepatomegaly, and 
lipemia, is a rare but serious complication of propofol use. 
The pathophysiology of PRIS is complex, but the syndrome 
is most common in patients with multiple risk factors such as 
the use of high-dose infusions (e.g., >4 mg/kg/h) for >48–
72 h, presence of shock, use of catecholamines or corticoste-
roids, and carbohydrate depletion [53]. In adults, the 
mortality associated with PRIS may be over 80%; therefore 
the best treatment is prevention, but ECMO, renal replace-
ment therapy, and blood exchange have been occasionally 
used to successfully treat PRIS [54, 55].

Table 4.7 Riker Sedation-Agitation Scale (SAS)

Scale Label Description
7 Dangerous 

agitation
Pulling at ETT, trying to remove catheters, 
climbing over bedrail, striking at staff, 
thrashing side-to-side

6 Very agitated Requiring restraint and frequent verbal 
reminding of limits, biting ETT

5 Agitated Anxious or physically agitated, calms to 
verbal instructions

4 Calm and 
cooperative

Calm, easily arousable, follows commands

3 Sedated Difficult to arouse but awakens to verbal 
stimuli or gentle shaking, follows simple 
commands but drifts off again

2 Very sedated Arouses to painful stimuli but does not 
communicate or follow commands, may 
move spontaneously

1 Unarousable Minimal or no response to noxious stimuli, 
does not communicate or follow 
commands

ETT endotracheal tube

4 Analgesia, Sedation, and Delirium in the ICU
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 Sedation with α2-Receptor Agonists

Dexmedetomidine is a centrally acting α2-receptor agonist 
with sedative, analgesic, and sympatholytic properties that 
produces a pattern of sedation that is lighter than other avail-
able sedatives with less respiratory depression. Compared 
with benzodiazepines, sedation with dexmedetomidine has 
been shown to reduce duration of mechanical ventilation and 
improve patient interaction [49] as well as reduce ICU length 
of stay [56] and incidence of delirium/coma at comparable 
sedation levels in one study [57]. Because dexmedetomidine 
does not reliably produce deep sedation, alternative agents 
are strongly encouraged in patients requiring deep sedation 
(e.g., patients receiving NMBAs). Dexmedetomidine does 
produce dose-dependent hypotension and bradycardia—
especially with bolus doses—and should be used with cau-
tion in hemodynamically unstable patients.

To date, only two small studies have evaluated clonidine 
use for sedation in the ICU [58, 59]. These studies suggest 
enteral clonidine may be an appropriate, cost-effective alter-
native to dexmedetomidine for sedation. Because clonidine 
is less lipophilic than dexmedetomidine, higher than normal 
doses of the drug have been reported to be required for full 
sedative effects (e.g., 0.3–0.5 mg every 6 h) [59]. Tolerability 
appears to be similar to dexmedetomidine.

 Sedation with Ketamine

Ketamine is a lipophilic cyclohexamine anesthetic [60]. 
Compared to older derivatives (e.g., phencyclidine), ket-
amine exhibits less psychiatric adverse effects, lower 
potency, and shorter duration of action. The drug has a high 
volume of distribution, low protein binding, and active 
metabolites that are by-products of hepatic, renal, pulmo-
nary, and gastrointestinal metabolism. Norketamine, the 
principle active metabolite of ketamine, is an analgesic with 
a potency approximately 20–30% that of ketamine. Because 
of norketamine kinetics, ketamine requirements decrease 
with time when used as a continuous infusion for analgesia/
sedation.

Ketamine primarily acts through antagonism at glutamate- 
binding sites—mainly NMDA receptors—to provide analge-
sic, psychosensory, amnestic, and neuroprotective effects. 
Ketamine also interacts with opioid (mu, delta, and kappa), 
monoaminergic, cholinergic, nicotinic, and muscarinic 
receptors. At high concentrations, ketamine agonizes GABA 
receptors as well. Opioid receptor binding is not antagonized 
by naloxone.

Continuous infusion ketamine is gaining popularity as a 
benzodiazepine-sparing sedative for continuous infusion in 
the ICU. At present, limited data exists regarding the safety 
and efficacy of long-term sedation (>24 h) with ketamine. 

Case reports and small retrospective studies suggest ket-
amine has similar tolerability to other sedatives including 
propofol and benzodiazepines [61, 62]. The most commonly 
reported adverse reactions are tachydysrhythmias and wors-
ened agitation.

 Summary/Thoughts on Sedation in the ICU

Agitation is commonplace in the ICU; however universal uti-
lization of sedative agents has not been shown to improve 
patient outcomes. Oftentimes, anxiolysis or sedation can be 
achieved through nonpharmacologic means or through pro-
vision of adequate analgesia. When sedation is required, the 
lowest effective level of sedation should be sought using 
validated scales such as the RASS or SAS. The use of non-
benzodiazepines (e.g., propofol, dexmedetomidine) is asso-
ciated with improvements in duration of mechanical 
ventilation and ICU length of stay when compared with ben-
zodiazepines, but the impact on other clinically meaningful 
parameters such as mortality and delirium remains unclear. 
The use of ketamine and clonidine, while appealing based on 
the drugs’ pharmacologies, requires further investigation.

 Delirium

Delirium is an acute brain dysfunction characterized by 
altered wakefulness and cognition and is associated with 
adverse outcomes including mortality [63]. Numerous risk 
factors exist for delirium. Prophylactic or therapeutic phar-
macologic strategies are unproven, making nonpharmaco-
logic prevention the most important approach to delirium. 
There are three types of delirium: hypoactive (quiet), hyper-
active (agitated), and mixed, with hypoactive being most 
common [64].

 Outcomes Associated with Delirium in the ICU

Delirium affects 35–80% of adult ICU patients [65] and as 
many as 25% of critically ill children [66]. Delirium duration 
may be a more potent predictor of mortality, period of venti-
lation, and ICU length of stay than age or even APACHE II 
score [67].

Delirium may prolong ICU length of stay by up to 
10 days, and each day of delirium increases length of hospi-
talization by 20% and mortality by 10% [68]. Delirium in the 
ICU has lasting effects, impairing post-discharge cognition; 
however it does not appear to significantly affect post- 
discharge mortality [69]. A report from the American 
Association of Retired Persons considered delirium a lead-
ing cause of preventable injury [70].
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Delirium increases cost by as much as $9000 per case and 
is expected to increase total US healthcare cost by $6–20 bil-
lion annually [71]. By increasing patient acuity, delirium 
increases care intensity and stresses the nursing workforce. 
Thus decreasing delirium may decrease nursing workload 
[72].

 Detecting and Monitoring Delirium

Monitoring organ function and dysfunction is standard in the 
ICU, and this practice should apply to the central nervous 
system. Though delirium represents brain organ dysfunction, 
it is notoriously under-screened and under-documented, 
remaining undiagnosed in two thirds of those affected [63]. 
Since the incidence of delirium is expected to increase as the 
population ages, effective screening is imperative [73]. 
Techniques for delirium screening originally developed for 
the ICU have now been translated into 20 languages and 
modified for non-ICU areas [74]. All methods are based 
upon the fundamental symptom of inattention. Five delirium 
assessment tools have been assessed against the American 
Psychiatric Association’s Diagnostic and Statistical Manual 
(DSM), but we will discuss the two most common and well- 
validated tools: the Confusion Assessment Method for the 
ICU (CAM-ICU) and the Intensive Care Delirium Screening 
Checklist (ICDSC).

The Confusion Assessment Method was modified for the 
ICU by Wes Ely. In 2001, CAM-ICU was validated to be 
highly sensitive compared to a delirium expert using DSM 
criteria and have high inter-rater reliability among nurses 
and intensivists [75]. The CAM-ICU is initiated if the patient 

has an acute change in mental status and has documented 
inattention; the evaluation is deemed to be positive if it con-
firms altered mental status and also disordered thinking 
(Fig. 4.1). The ICDSC was described by Bergeron in 2001 
(Fig. 4.2). While CAM-ICU is performed at one moment of 
time, the ICDSC is performed over at least 8 h, allowing a 
summative and therefore theoretically more complete assess-
ment. Both methods are of adequate sensitivity and specific-
ity according to an analysis pooling nine studies of CAM-ICU 
(80.0% sensitive and 95.9% specific) and four studies of 
ICDSC (74% sensitive and 81.9% specific) [76]. Both CAM- 
ICU and ICDSC are more prone to indicate the presence of 
delirium at deeper levels of sedation [77]; therefore ICU 
delirium assessment or clinical investigation should be wary 
of the effects of short-term sedation biasing assessment or 
results rapidly reversible, sedation-related delirium does not 
carry the untoward effects of true delirium [78].

 Risk Factors for Development of Delirium

Prevention of delirium is the best treatment; therefore risk 
factor recognition and reduction are critical. Delirium is 
multifactorial in most cases [79]. Risk factors fall into three 
categories: patient-related, environmental, and iatrogenic 
[80]. Patient-related risk factors include critical illness (RR 
1.13 per 1 point increase in APACHE II score), age over 65, 
hypertension, alcohol use, and smoking [73, 79]. In older 
patients, dementia, prior delirium events, and prior falls each 
double the risk of delirium [81]. Recent data also suggests 
constipation lasting >5 days is independently associated with 
development of delirium in ventilated ICU patients [82].

Fig. 4.1 Confusion 
Assessment Method for the 
ICU (CAM-ICU)
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Environmental factors are those that primarily worsen 
sleep deprivation (e.g., alterations in circadian rhythms, 
interruptions in sleep for lab monitoring, persistent noise in 
the ICU, etc.) [83]. Surgical procedures are associated with 
more delirium, and mechanical ventilation triples the risk 
[73, 79]. In older, more vulnerable patients, even transfers 
between care areas nearly triple the risk [81]. Acute kidney 
injury (AKI) increases risk of delirium in a dose-dependent 
fashion with severity of AKI, and renal replacement therapy 
may abrogate some of these effects, suggesting an interplay 
between the brain and renal organ systems [84]. Noxious 
stimuli including catheters (vascular, bladder, gastric), lack 
of visitors, and lack of daylight also contribute to delirium 
[85].

Medications may contribute to delirium. Benzodiazepines 
were strongly implicated in original descriptions of ICU 
delirium [86], but subsequent investigations suggest this 
relationship is more complex than previously perceived. 
Intermittent benzodiazepine use has not been associated with 
the same risk of delirium as continuous infusion, and many 

studies do not differentiate between rapidly reversible, 
sedation- related delirium from benzodiazepines and true 
delirium [87]. However, benzodiazepines have been shown 
to reduce slow wave sleep and REM sleep, which may influ-
ence delirium [88]. In general, less sedation is better when 
the outcome desired is less brain dysfunction. The Awakening 
and Breathing Controlled trial showed that patients managed 
with a strategy of regular awakening had fewer ventilator 
days, shorter ICU and hospital durations, and lower mortal-
ity [89]. The number of opioid doses has been associated 
with ICU delirium in trauma patients, but the correlation is 
far weaker than with benzodiazepines [90]. The use of pro-
ton-pump inhibitors is associated with a 1.7-fold relative risk 
increase [81]. Various high-quality studies have reported dis-
parate results regarding the impact of systemic corticosteroid 
administration in delirium, and further research is needed in 
this area before definitive conclusions can be made [91, 92]. 
Cessation of home statin therapy has been shown to increase 
incidence of delirium in a mixed medical/surgical cohort of 
patients with sepsis [93].

Fig. 4.2 Intensive Care 
Delirium Screening Checklist 
(ICDSC)
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 Delirium Prevention

The most important strategy in the prevention of delirium is 
minimization of sedation. While intermittent benzodiaze-
pines may not increase risk as much as previously believed, 
continuous infusion of benzodiazepines should generally be 
avoided due to complex pharmacokinetic interactions in 
obese patients or those with underlying organ dysfunction 
[87]. Studies comparing dexmedetomidine to benzodiaze-
pines with respect to delirium vary in design and do not all 
measure delirium in the same manner, making them difficult 
to interpret collectively [94]. Dexmedetomidine does permit 
faster awakening, lighter sedation, and less sleep disturbance 
than benzodiazepines, all effects which reduce delirium [83]. 
In general, when sedation is required, nonbenzodiazepines 
such as dexmedetomidine or propofol are preferred.

Knowing the multitude of nonpharmacologic risk factors 
associated with delirium development, reduction strategies 
require a systematic approach to apply multiple interven-
tions. A delirium prevention bundle including sleep promo-
tion, sedation and pain management, sensory stimulation, 
and mobility reduces incidence of delirium by up to 78% 
[72]. A nonpharmacologic prevention intervention including 
reorientation, opening and closing of blinds, music, and eye 
and ear care, bundled together, reduced total time in delirium 
[95]. Early mobilization is an important delirium prevention 
strategy and bundle component. Compliance with ABCDEF 
bundle (awakening and breathing coordination, choice of 
drugs, delirium monitoring and management, early mobility, 
and family engagement) increases survival and reduces coma 
and delirium [96].

Sleep hygiene is a common theme in delirium prevention 
bundles. Many ICU patients get less than 2 h of sleep and 
fewer than 6% get any REM sleep [97]. Earplugs reduce 
delirium risk by almost half, and compliance with this sim-
ple therapy is good (86%) [98]. Eye masks and bright light 
therapy have been used to enhance sleep quality and restore 
circadian rhythm [83]. Additional prospective clinical trials 
are underway to evaluate the efficacy of prevention interven-
tions including mobility, sleep quality, and sedation manage-
ment [99]. An advantage of these trials is that, unlike 
interventional studies including drug studies, unlikely harm-
ful side effects and risk make enrollment easier.

 Pharmacologic Prophylaxis of Delirium

Multicomponent interventions reduce the incidence of delir-
ium compared to usual care, and the effect is the same in 
medical and surgical patients. Unfortunately, the severity or 
duration of delirium is not affected, and no single agent has 
proven efficacy. Pre-existing dementia reduces likelihood 
that any combination of interventions will be effective [100]. 

There is some evidence that BIS-guided anesthesia reduces 
the incidence of delirium postoperatively compared to BIS- 
blinded anesthesia or clinical judgment [100].

Evidence from small studies provides support for but can-
not prove efficacy of any particular agent in the ICU. Incidence 
of delirium was lower with use of an atypical antipsychotic 
(olanzapine) compared to placebo in a postoperative ward 
population, but lower scores on Mini-mental Status Exam 
suggest that this therapy also impairs cognition [101]. 
Paucity of supporting evidence leaves olanzapine therapy 
unproven. Single-dose risperidone has been suggested for 
use in the postoperative cardiac surgery population, but again 
evidence is limited [102]. Empiric low-dose dexmedetomi-
dine reduces CAM-measured delirium in the first 7  days 
after non-cardiac surgery [103], but most other studies fail to 
prove that dexmedetomidine administration is itself the 
mechanism reducing delirium [94].

Melatonin has been used as a sleep aid and may reduce 
delirium occurrence in hospitalized patients but remains 
unproven in the ICU [100]. Theoretical benefit of melatonin 
in ICU delirium is based upon enhanced quality and amount 
of sleep and evidence showing decreased melatonin metab-
olites in mechanically ventilated patients, which coincided 
with delirium [104]. Melatonin could be as efficacious as 
some nonpharmacologic measures based on data from 
healthy volunteers in an ICU environment [105]. Ramelteon, 
a melatonin receptor agonist, has also been reported to 
decrease delirium incidence [106]. Benefits of melatonin 
and melatonin receptor agonists remain unproven with 
respect to delirium reduction, but numerous multicenter tri-
als are underway [107]. The standard dosage in these trials 
is 0.5–5 mg melatonin nightly for up to 2 weeks during the 
ICU stay.

 Delirium Treatment

Pharmacologic treatment of delirium is marginally effective 
at best (Table 4.8). Options include typical antipsychotics, 
for which the mechanism of action is unknown, atypical 
antipsychotics, antiepileptics, and cholinesterase inhibitors. 
Haloperidol has traditionally been a mainstay of delirium 
treatment, but recent randomized trials suggest a lack of 
efficacy with regard to reduction in both delirium incidence 
and duration [108, 109]. Additionally, use of haloperidol is 
associated with an increased incidence of adverse effects, 
particularly extrapyramidal symptoms, when compared to 
newer antipsychotics, and use is generally not recommended 
[6, 110].

Atypical antipsychotics lack a strong evidence base in 
ICU delirium compared to the non-ICU population [111]. 
Randomized prospective data for quetiapine in escalating 
doses (plus as-needed haloperidol) showed reduced delirium 
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duration, but this study was limited by sample size [112]. A 
later study of patients who had received quetiapine showed 
reduced delirium duration compared to patients who did not, 
but this study was retrospective [113]. Additionally, these 
medications carry the risks of serious adverse reactions 
including arrhythmias, sedation (which is additive to other 
medications including opioids), and extrapyramidal symp-
toms. Furthermore, without an active diagnosis of delirium, 
antipsychotic use has been associated with increased length 
of stay and hospital mortality [114]. Additionally, multiple 
studies have shown the antipsychotics initiated in the ICU 
are frequently continued on hospital discharge without a 
valid indication, increasing the risks associated with poly-
pharmacy and risk of metabolic consequences associated 
with long-term use of second-generation antipsychotics 
[115, 116]. Given the paucity of therapeutic evidence and 
clear risks associated with this class of medications, broad 
use of atypical antipsychotics in the ICU as prophylaxis or 
therapy for delirium cannot be recommended.

Valproate has shown some early promise in decreasing 
not only agitation but also delirium and opioid requirement, 
but this drug too needs much further study [117]. Additionally, 
use of cholinesterase inhibitors such as rivastigmine, 
approved for dementia, is not recommended [6].

 Delirium Summary

Delirium is perhaps the most common organ dysfunction in 
ICU patients. Screening and documentation are the first step. 
Prevention is the best cure and avoidance of deep sedation is 
the best prevention. Nonpharmacologic therapies work and 
are best bundled into a plan of care for delirium reduction in 
the ICU culture. Once delirium occurs, the pharmacologic 
options are few and have numerous side effects.

 Final Thoughts

Pain, agitation, and delirium are common occurrences in the 
ICU and can carry significant consequences if left unad-
dressed. That said, overutilization of medications is associ-
ated with longer ventilation times, increased complications, 
and higher mortality. Appropriate stewardship of sedatives, 
targeting the lightest level of sedation possible, should be 
pursued. For delirium, prevention is the most effective treat-
ment; normalizing the patient’s environment through com-
monsense measures that often get overlooked (e.g., providing 
hearing aids or eyeglasses, promoting healthy sleep, and 
encouraging early mobility) is the mainstay of reducing its 
occurrence (Fig. 4.3). Perhaps most importantly, the surgeon 
must ensure appropriate provision of analgesia using both 

Table 4.8 Antidelirium therapies used in the ICU

Medication
Recommended for 
prevention

Recommended for 
treatment Typical dose Metabolic pathway

Active 
metabolites Notes

Haloperidol 
(IM/IV)

No No 2.5–5 mg 
TID

Oxidation Yes High risk of EPS, QT 
prolongation

Quetiapine 
(PO)

No Yes, with 
nonpharmacologic 
therapy

25–
100 mg 
BID

CYP 450 
metabolism

Yes Lower risk of EPShigh risk of 
QT prolongation, sedationstop 
when delirium resolved

Risperidone 
(PO)

No No 1 mg 
1–3×/day

CYP 450 
metabolism

Yes Lower risk of EPS, high risk 
of QT prolongation, sedation, 
tremor, and fever limited 
evidence

Olanzapine 
(PO)

No No 5–10 mg 
BID

Glucuronidation, 
CYP 450 
metabolism

Yes Lower risk of EPS, QT 
prolongationhigh risk of 
sedation, weakness, 
hypotension, liver dysfunction
Limited evidence

Valproate 
(PO)

No No 250–
500 mg 
TID-QID

Glucuronidation, 
oxidation

Yes High risk of sedation, 
thrombocytopenia, 
tremorassociated with 
increased mortality in acute 
phase of TBI
Limited evidence

Melatonin 
(PO)

Yes, with 
nonpharmacologic 
therapy

Yes, with 
nonpharmacologic 
therapy

3–10 mg 
HS

Hydroxylation No Limited evidence

Ramelteon 
(PO)

Yes, with 
nonpharmacologic 
therapy

No 8 mg HS Oxidation Yes Limited evidence

EPS extrapyramidal symptoms, TBI traumatic brain injury
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Fig. 4.3 Treatment approach for pain, agitation, and delirium
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pharmacologic and nonpharmacologic means. Given the 
recent explosion in opioid use disorders and overdose deaths 
in the United States, the clear benefit of opioids as effective 
analgesics must be weighed against the potential for long- 
term consequences associated with their use.
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Alcohol Withdrawal

Uzer Khan and Alison Wilson

 Introduction

 Definition

Alcohol withdrawal syndrome (AWS) is considered to be a 
conglomeration of symptoms that develops when an indi-
vidual, with chronic and heavy intake of alcohol, ceases or 
decreases the intake. These symptoms have been listed in the 
DSM-5 (Diagnostic and Statistical Manual of Mental 
Disorders) criteria used to diagnose the disorder [1]:

 A. Cessation of (or reduction in) alcohol use that has been 
heavy and prolonged

 B. Two (or more) of the following developing within several 
hours to a few days after criterion A:
 (a) Autonomic hyperactivity
 (b) Increasing tremor
 (c) Insomnia
 (d) Nausea or vomiting
 (e) Transient visual, tactile, or auditory hallucinations or 

illusions
 (f) Psychomotor agitation
 (g) Anxiety
 (h) Generalized tonic-clonic seizures

Although the criteria are an attempt to standardize some 
elements of alcohol withdrawal, individuals presenting with 
the disorder are invariably positioned on a spectrum. The 
majority of individuals will have symptoms that are mild and 
that can be managed as an outpatient. Three to five percent of 

those presenting in withdrawal, however, will present with 
symptoms that would be classified as severe, including sei-
zure activity and/or delirium tremens [2].

 Epidemiology

According to a 2013 survey, alcohol users amount to over 
136 million in the United States. Of these, about eight mil-
lion are affected by alcohol dependence annually, with about 
50% of this suffering alcohol withdrawal if alcohol intake is 
reduced [3, 4]. Such disorders not only affect adequate social 
functioning but are also associated with the development of 
significant medical comorbidities and, ultimately, a lifespan 
shortened by up to a decade [2].

 Pathophysiology

Alcohol intake produces its sedative and inhibitory effects 
through action on two receptors in the central nervous sys-
tem. It stimulates γ-aminobutyric acid (GABA) receptors 
and inhibits N-methyl-D-aspartate (NMDA) receptors. With 
repeated exposure to alcohol, GABA (and specifically 
GABAA) receptors are down regulated, and NMDA recep-
tors are upregulated. The result is tolerance and the need for 
increasing doses of alcohol to achieve similar effects.

Furthermore, if ingestion of alcohol decreases in a state of 
alcohol tolerance, withdrawal symptoms begin to appear. 
These symptoms are, in general, the opposite of the inhibi-
tory effects alcohol primarily engenders and revolve around 
the development of generalized autonomic and sympathetic 
stimulation as well as psychomotor agitation. These findings 
include anxiety, tremors, hyperthermia, tachycardia, hyper-
tension, tachypnea, and insomnia [2, 4].
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 Withdrawal

 Mild to Moderate Alcohol Withdrawal

Cessation of alcohol ingestion can produce a withdrawal 
state. These symptoms can develop as early as 8 h after the 
normalization of blood alcohol levels. Typically, symptoms 
peak at the 72-h mark and subside by approximately 7 days 
[2]. During this period of withdrawal, scoring systems help 
to evaluate the severity of the syndrome. The Clinical 
Institute Withdrawal Assessment of Alcohol Scale, revised 
(CIWA-Ar) [5], is a scoring system designed to help the cli-
nician assess and manage the alcohol withdrawal state. A 
score can range from 0 to 67 with higher levels indicating 
more severe symptoms (Table 5.1):

• Scores <8 indicate mild alcohol withdrawal and will often 
not require the use of medication for treatment.

• Scores ranging from 8 to 15 indicate moderate alcohol 
withdrawal and will often be treated with low-moderate 
dose benzodiazepine therapy.

• Scores >15 indicate severe alcohol withdrawal and will 
likely require close monitoring to prevent progression to 
seizures and delirium tremens.

 Severe Alcohol Withdrawal

More severe symptoms, as mentioned, are consistent with 
the development of severe alcohol withdrawal syndrome. 
Untreated, this can progress to the development of seizures 
and withdrawal delirium with a published mortality rate of 
1–4% [2, 6, 7]. The DSM-5 criteria for the diagnosis of delir-
ium are summarized as follows:

 A. Decreased attention and awareness
 B. Disturbance in attention, awareness, memory, orienta-

tion, language, visuospatial ability, perception, or all of 
these abilities that is a change from the normal level and 
fluctuates in severity during the day

 C. Disturbances in memory, orientation, language, visuo-
spatial ability, or perception

 D. No evidence of coma or other evolving neurocognitive 
disorders

Death is usually secondary to complications from sei-
zures, arrhythmias, hyperthermia, or concomitant medical 
disorders [2, 8].

CIWA-Ar scores are helpful not only to assist in diagnos-
ing alcohol withdrawal but can help direct therapy. There is 
a linear relationship, for example, between CIWA-Ar scores 
and benzodiazepine requirements. Although practiced nurses 

can conduct the evaluation in 2 min and it has high inter-rater 
reliability, it is limited by requiring a degree of patient inter-
action. Hence, the CIWA-Ar can be confounded if patients 
are, for example, intubated. For such situations, studies have 
reported the successful use of scales such as the Richmond 
Agitation-Sedation Scale (RASS), Riker Sedation Analgesia 
Scale, and the Minnesota Detoxification Scale [9, 10].

 Management

Patients undergoing severe alcohol withdrawal and those 
with marked tremulousness, diaphoresis, hallucinations, and 
generally severe psychomotor and sympathetic stimulation 
should be managed in an ICU setting. Other indications for 
ICU care include withdrawal despite elevated blood alcohol 
levels, hemodynamic instability, associated organ system 
failure, previous history of withdrawal complications, and 
persistent hyperthermia (>39 °C). With initiation of therapy, 
any persistent increase or high doses of medications to con-
trol symptoms should also result in a transfer to the ICU 
[11].

Once inpatient management is implemented, basic delir-
ium prophylaxis should be instituted. Specifically, patients 
will often demonstrate confusion and agitation – it will be up 
to the healthcare providers to provide patient and constant 
reorientation. Rooms should be quiet and unstimulating dur-
ing the nighttime. Interruptions should occur only when 
absolutely necessary, in order to promote sleep hygiene.

 Wernicke’s Encephalopathy

Many patients undergoing alcohol withdrawal are malnour-
ished and, therefore, at risk for Wernicke’s encephalopathy 
(WE). WE is a syndrome of encephalopathy, oculomotor 
dysfunction, and ataxia – untreated it can progress to coma 
and death. This syndrome develops from thiamine defi-
ciency; hence, thiamine supplementation is warranted in the 
treatment of alcoholics who are at risk due to malnutrition, 
poor GI absorption of nutrients, and diminished liver storage 
capability as well as utilization (see below).

Of note, it is classically taught that thiamine requirements 
are dependent on metabolic demand and glucose intake [12]. 
Hence, glucose administration prior to thiamine supplementa-
tion would precipitate WE and should be withheld until thia-
mine is administered. This is corroborated by animal studies but 
has not been unequivocally shown in humans where case reports 
are ambiguous. Hence, the clinician should give due consider-
ation to the substantial harms associated with hypoglycemia, the 
treatment of which should not be delayed while awaiting thia-
mine. Acute glucose delivery and repletion, as opposed to a pro-
longed glucose infusion, is likely to be safe [13].
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Table 5.1 CIWA-Ar (Clinical Institute Withdrawal Assessment of Alcohol Scale, Revised) scoring system

Nausea and vomiting: Ask, “Do you feel sick to your 
stomach? Have you vomited?” Observation
0, no nausea or vomiting
1, mild nausea with no vomiting
2
3
4, intermittent nausea with dry heaves
5
6
7, constant nausea, frequent dry heaves, and vomiting

Tactile disturbances: Ask, “Have you any itching, pins and needles sensations, any 
burning, any numbness, or do you feel bugs crawling on or under your skin?” 
Observation
0, none
1, very mild itching, pins and needles, burning, or numbness
2, mild itching, pins and needles, burning, or numbness
3, moderate itching, pins and needles, burning, or numbness
4, moderately severe hallucinations
5, severe hallucinations
6, extremely severe hallucinations
7, continuous hallucinations

Tremor: Arms extended and fingers spread apart. 
Observation
0, no tremor
1, not visible but can be felt fingertip to fingertip
2
3
4, moderate, with patient’s arm extended
5
6
7, severe, even with arms not extended

Auditory disturbances: Ask, “Are you more aware of sounds around you? Are they 
harsh? Do they frighten you? Are you hearing anything that is disturbing to you? 
Are you hearing things you know are not there?” Observation
0, not present
1, very mild harshness or ability to frighten
2, mild harshness or ability to frighten
3, moderate harshness or ability to frighten
4, moderately severe hallucinations
5, severe hallucinations
6, extremely severe hallucinations
7, continuous hallucinations

Paroxysmal sweats: Observation
0, no sweat visible
1, barely perceptible sweating, palms moist
2
3
4, beads of sweat obvious on forehead
5
6
7, drenching sweats

Visual disturbances: Ask, “Does the light appear to be too bright? Is its color 
different? Does it hurt your eyes? Are you seeing anything that is disturbing to 
you? Are you seeing things you know are not there?” Observation
0, not present
1, very mild sensitivity
2, mild sensitivity
3, moderate sensitivity
4, moderately severe hallucinations
5, severe hallucinations
6, extremely severe hallucinations
7, continuous hallucinations

Anxiety: Ask, “Do you feel nervous?” Observation
0, no anxiety, at ease
1, mildly anxious
2
3
4, moderately anxious, or guarded, so anxiety is inferred
5
6
7, equivalent to acute panic states as seen in severe 
delirium or acute schizophrenic reactions

Headache, fullness in head: Ask, “Does your head feel different? Does it feel like 
there is a band around your head?” Do not rate for dizziness or lightheadedness. 
Otherwise, rate severity
0, not present
1, very mild
2, mild
3, moderate
4, moderately severe
5, severe
6, very severe
7, extremely severe

Agitation: Observation
0, normal activity
1, somewhat more than normal activity
2
3
4, moderately fidgety and restless
5
6
7, paces back and forth during most of the interview or 
constantly thrashes about

Orientation and clouding of sensorium: Ask, “What day is this? Where are you? 
Who am I?”
0, oriented and can do serial additions
1, cannot do serial additions or is uncertain about date
2, disoriented for date by no more than 2 calendar days
3, disoriented for date by more than 2 calendar days
4, disoriented for place or person

Total CIWA-Ar score (maximum = 67):____________
Rater’s initials: ____________

5 Alcohol Withdrawal
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 “Banana Bags” or Multivitamin Bags

Due to the mentioned macro- and micronutrient deficiencies 
alcohol withdrawal patients are susceptible to, many institu-
tions will nutritionally supplement patients presenting with 
alcoholism. Due to the poor bioavailability of orally admin-
istered medications in patients with alcoholism, IV supple-
mentation is often utilized.

To this end, most institutions compound an intravenous 
combination of a variety of nutritional supplements. This 
“banana bag” generally consists of 100 mg of thiamine, 1 mg 
of folic acid, 1–2 g of magnesium, and a multivitamin com-
bined in 0.9% normal saline or D5W. It is the multivitamin 
which imparts the characteristic yellow color of this 
concoction.

The 100 mg dose of thiamine is generally considered 
insufficient and ineffective in the prevention of WE. This 
dose appears to have been arbitrarily chosen by two 
authors in the 1950s based on what seemed, subjectively, 
to be a high dose [14]. Furthermore, it appears that thia-
mine’s pharmacokinetics favor intermittent dosing rather 
than a continuous infusion for optimal absorption into the 
CNS. In addition, there is insufficient evidence regarding 
the dosage and desirability of supplementing magnesium 
and folate.

Therefore, there is concern that the standard “banana 
bag” is insufficient to prevent Wernicke’s encephalopathy in 
at-risk groups. Flannery et al. in their review, instead, recom-
mend the following [13]:

• 200–500 mg IV thiamine every 8 h for at least 72 h or 
until WE is ruled out.

• 64 mg/kg magnesium sulfate (approximately 4–5 g for 
most adults) on day 1, followed by 32 mg/kg on days 2–4 
(approximately 2–3 g).

• 400–1000 mcg IV folate.
• IV multivitamin is unlikely to be harmful in this setting; 

however, it is also unlikely to show benefit in alcoholics 
with deficiencies. Identification of individual nutrient 
deficiencies with implemented focused, definitive reple-
tion makes the most sense.

• Isotonic IV fluids are ideal for intravascular volume reple-
tion; however, many patients with alcoholism present in a 
starved state. These patients may suffer alcoholic ketoaci-
dosis which is often not identified. This is likely to resolve 
more rapidly by the administration of dextrose-containing 
solutions.

 Pharmacologic Therapy

Along with addressing any underlying comorbid conditions 
and preventing the development of complications such as 

WE and malnutrition, the provider caring for a patient in 
alcohol withdrawal will need to prevent the development of 
grand mal seizures. This is generally accomplished through 
the administration of benzodiazepines [15, 16]. 
Benzodiazepines bind directly to a specific site on the 
GABAA receptors to induce sedation and hypnosis and to 
exert their anticonvulsant effects. The most common agents 
employed are lorazepam (Ativan), diazepam (Valium), and 
chlordiazepoxide (Librium). Diazepam and chlordiazepox-
ide may be preferred in general due to their long action and 
metabolism to active metabolites – these metabolites may 
prevent recurrent withdrawal events. Conversely, lorazepam 
may be superior in patients with liver failure where drugs 
that generate active metabolites may not be cleared in a pre-
dictable fashion.

Benzodiazepines remain the first-line agents in the treat-
ment of alcohol withdrawal, due to their sedating and anti-
convulsant effects, and are identified as such in the most 
recent iteration of the American Psychiatric Association 
guidelines [17] as well as those of the World Health 
Organization [18].

There are two general strategies to accomplish the goal of 
seizure prevention and agitation control.

 Fixed-Schedule Therapy

This involves the administration of a set dose of benzodiaz-
epine tapered at a predetermined rate. Medication adminis-
tration is independent of symptomatology and, therefore, can 
result in overdosing. This in turn may result in untoward 
respiratory complications and unnecessarily prolonged inpa-
tient stays relative to symptom-triggered protocols. The only 
advantage of this regimen is that it involves relatively infre-
quent assessments, and therefore interventions, by health-
care providers. An example of a fixed-schedule therapy is as 
follows [19]:

• First 48 h: Lorazepam 2 mg PO every 4 h for a total of 12 
doses

• After first 48 h taper as follows:
 – 1 mg every 4 h for six doses (24 h)
 – 0.5 mg every 4 h for six doses (24 h)

• An “as needed” dose of lorazepam may be administered 
for any worsening withdrawal symptoms (CIWA-Ar >30) 
until the score was less than 30 for two consecutive 
assessments.

 Symptom-Triggered Therapy

A variety of retrospective and prospective trials have dem-
onstrated the superiority of the symptom-triggered 
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approach to the management of alcohol withdrawal instead 
of a fixed- schedule therapy [19–22]. These trials have 
shown equal therapeutic efficacy in preventing seizures 
while using less overall dose of medications and over a 
less total time period. Moreover, symptom-triggered ther-
apy allows the subset of patients that require no medica-
tions for their alcohol withdrawal to avoid being empirically 
sedated [21]. To determine the amount of benzodiazepine 
to use, a CIWA-Ar score (see above) is calculated. 
Although not specifically validated, initially the assess-
ment intervals will likely be as frequent as every 10–15 min 
with de-escalation proceeding as CIWA scores decrease to 
hourly and even every 4–6 h.

An example of a symptom-triggered protocol is as fol-
lows [19]. In this protocol assessments are done every 4 h:

• For CIWA-Ar score <5, administer 0 mg of lorazepam.
• For CIWA-Ar score 6–9, administer 0.5 mg of 

lorazepam.
• For CIWA-Ar score 10–19, administer 1 mg of 

lorazepam.
• For CIWA-Ar score 20–29, administer 2 mg of 

lorazepam.
• For CIWA-Ar score 30–39, administer 3 mg of 

lorazepam.
• For CIWA-Ar score >40, administer 4 mg of lorazepam.
• If the score is >30, the patient is assessed hourly and 

given 3–4 mg of lorazepam until the score is <30 for two 
consecutive checks.

 Adjuncts to Benzodiazepine Therapy

 Phenobarbital

The use of phenobarbital in the treatment of AWS is inherently 
attractive due to pharmacologic synergy; it theoretically exhib-
its with benzodiazepines (the former increases the duration of 
GABA inhibition; the latter increases the frequency of chlo-
ride channel opening). Nevertheless, the evidence supporting 
its use as monotherapy or as an adjunct is limited. One study 
comparing a single emergency room dose of phenobarbital 
10 mg/kg plus symptom-triggered therapy versus symptom-
triggered therapy alone resulted in fewer ICU admissions for 
alcohol withdrawal [23]. Other studies have limited its use to 
refractory alcohol withdrawal [9, 10]. These retrospective tri-
als demonstrated a reduced need for mechanical ventilation 
and reduced ICU length of stay. In these trials escalating doses 
of benzodiazepine were used until a trigger dose was hit at 
which point phenobarbital, also in an escalating fashion, was 
initiated. An example of this protocol follows:

• Diazepam dose escalation until 100–150 mg/dose.
• If agitation persists despite maximal diazepam dose, add 

escalating doses of IV phenobarbital (65, 130, and 260) to 
IV diazepam.

• If agitation persists, intubate and initiate continuous 
sedation.

 Propofol

Propofol is a GABAA agonist and NMDA antagonist. Due to 
its heavy respiratory depressant effects, its use is limited to 
severe, refractory alcohol withdrawal in patients who are 
already receiving high-dose benzodiazepines and who have 
required intubation. Several case series, cohort studies, and 
retrospective reviews have demonstrated its use to be safe 
[4]. Propofol may be initiated at 0.3–1.25 mg/kg body weight 
up to 4 mg/kg/h for up to 48 h [2].

 Dexmedetomidine

Dexmedetomidine (DEX) is an α2 receptor agonist that 
blunts sympathetic autonomic activity (by decreasing nor-
epinephrine synthesis) and promotes parasympathetic activ-
ity by activating receptors in the medullary vasomotor center. 
Its mechanism of action is similar to clonidine although it 
has a much higher specificity for α2 than α1 receptors (1600:1 
for DEX vs 200:1 for clonidine). Hence, its clinical effects 
revolve around anxiolysis, sedation, analgesia, and sympa-
tholysis [4]. As a sedative-analgesic, the lack of respiratory 
depression is touted as a major advantage. Randomized trials 
have also demonstrated a protective effect against delirium 
[25–27], although that assertion has recently been challenged 
[28]. The major adverse effect of DEX is bradycardia. When 
using DEX, it should be borne in mind that DEX does not 
have anticonvulsant or GABA receptor activity and, there-
fore, is insufficient as monotherapy for alcohol withdrawal – 
its use is strictly adjunctive.

The recommended dose of DEX includes a loading dose 
of 1 mcg/kg over 10 min followed by a maintenance infusion 
of 0.2–0.7 mcg/kg/h. The loading dose may be omitted if the 
patient is already adequately sedated on another sedative 
regimen (and DEX is being used to switch over) or if there is 
concern for hemodynamic compromise. Limiting titration of 
the maintenance dose to no more frequently than every 
30 min may also improve hemodynamic tolerance. Although 
the FDA’s maximum dose is recommended at 0.7 mcg/kg/h, 
large trials have confirmed the safety of the drug at doses of 
up to 1.5 mcg/kg/h [24, 25]. Additional doses beyond this 
level appear to have limited therapeutic efficacy.
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The available literature is insufficient to help generate a 
formal recommendation about the use of DEX in alcohol 
withdrawal [27–29]; the two randomized trials addressing 
this issue are relatively small and underpowered [30, 31]. 
The summary of the literature suggests that adding DEX to 
patients already receiving benzodiazepines can reduce the 
doses required of the latter. Effects on ICU length of stay, 
hospital length of stay, and intubation rates are variable.

 Miscellaneous Adjuncts

Baclofen is a GABAB receptor agonist. Studies, detailing its 
use in the inpatient ICU environment, are limited. A recent 
Cochrane review [32] identified only two randomized con-
trolled trials with a total of 81 patients. Its use may have 
potential in decreasing total benzodiazepine dose in a patient 
with AWS.

Ketamine works as an NMDA antagonist. Only a single, 
small (23 patients), unmatched retrospective review [33] has 
evaluated its use in AWS. This study demonstrated a trend 
toward decrease in total benzodiazepine use in the first 12 h 
after initiation, but this trend was nonsignificant. Hence, ket-
amine does not appear to have any impact on the manage-
ment of AWS, and therefore its use should be limited until 
further studies can more emphatically support its use.

The uses of anticonvulsants such as valproic acid or car-
bamazepine as adjuncts to benzodiazepines have also been 
evaluated. The literature is sparse [34]. A 2014 Cochrane 
review [35] has, thus, concluded that the use of anticonvul-
sants should be guided by individual clinical risk/benefit as 
the available evidence is of limited quantity and low quality.

Atypical and typical antipsychotics have been shown to 
decrease the seizure threshold and should be used with care and 
only as adjuncts in AWS. Moreover, they may prolong the QT 
interval and predispose to cardiac complications. A diagnostic 
imperative to consider is whether a patient is suffering from 
AWS or ICU delirium as therapies will differ accordingly. The 
timing of onset of symptoms may be relevant. Validated screen-
ing tools such as the Confusion Assessment Method for the 
ICU (CAM-ICU) or the Intensive Care Delirium Screening 
Checklist (ICDSC) may also be of benefit.

 Enteral and Intravenous Ethanol
Bypassing the preceding pharmacologic discussion provided 
in this text and leapfrogging to the obvious notion of provid-
ing withdrawing patients with ethanol (enteral or intrave-
nous) to suppress their symptoms is an ostensibly sensible 
notion. Ethanol’s use may seem to be specifically reasonable 
in situations where the sedative effects of benzodiazepines 
are particularly troublesome such as in the frequent neuro-
logic assessment required for patients suffering traumatic 
brain injury or strokes. Indeed, avoiding the respiratory 

depressant and sedative effects of benzodiazepines is the 
 primary argument for the use of ethanol in AWS.

Nevertheless, the few studies that have evaluated the use 
of ethanol deem it to be, at best, non-inferior to benzodiaze-
pines, and with no demonstrable advantage with regard to 
sedation and respiratory depression.

The use of enteral ethanol has recently been evaluated in 
a cardiac critical care unit as a supplement to a standard 
lorazepam protocol [36]. This pilot study concluded that 
supplemental use of ethanol was safe but demonstrated no 
improvement in ICU or hospital length of stay and no differ-
ence in cardiac complications. Another study conducted 
among neurocritical care patients similarly found no differ-
ence in CIWA score change during the first 24 h, as well as 
no improvement in relative sedation [37].

Studies evaluating the use of intravenous ethanol demon-
strate essentially similar findings with a similar degree of 
uncertainty. It is unclear what blood alcohol levels (BAL) are 
necessary to maintain AWS prophylaxis or treatment. Gower 
and Kersten suggest that a detectable BAL is not necessary 
to maintain therapeutic efficacy [38], whereas Hansbrough 
et al. recommend maintaining levels between 0.2 and 0.8 mg/
ml [39]. The latter may require volume administration of 
over 200–400 ml/h of 5% ethanol in healthy adults which 
can, in turn, generate the significant problems associated 
with fluid overload and hyponatremia. Part of the reason 
behind this uncertainty is that it is unknown how BALs con-
tribute to successful alcohol withdrawal prophylaxis. Eggers 
et al. studied alcohol withdrawal in their ICU population and 
noted that IV Ethanol was associated with a 41% failure rate. 
Moreover, the total ethanol dose and actual blood alcohol 
levels did not differ between groups that were successful in 
their AWS prophylaxis and those that were not [40]. 
Moreover, benzodiazepines appear to be better tolerated than 
anticipated. Weinberg et al. evaluated 50 trauma patients 
admitted to the ICU in whom they compared a fixed- schedule 
diazepam protocol to their institutional IV ethanol protocol 
[41]. They noted superior symptom control in the benzodiaz-
epine group with no episodes of oversedation.

In addition to the questionable efficacy of ethanol 
described in the preceding discussion, there are ethical 
imperatives worth discussing. Enteral ethanol is established 
to be a strong relapse trigger in addiction medicine. The pro-
vision of enteral ethanol may be construed as a valid thera-
peutic modality, exposes the patient to taste and behavioral 
cues, and may be misinterpreted as reinforcement for the 
patient’s continued drinking [42]. Evaluating and treating the 
intoxicated trauma patient is an enormous responsibility and 
opportunity for the healthcare provider. A recent systematic 
review collated information from 12 separate studies and 
noted that, in over 3000 trauma recidivists, 41% of trauma 
recidivism was related to the use of alcohol [43]. Moreover, 
after intervention, abstinence rates of 60% have been 
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 documented [44], as well as a 47% reduction in injuries 
requiring either emergency department or trauma center 
admission [44]. This underscores not only the need for early 
alcohol intervention but also for a consistent message deliv-
ered by all healthcare disciplines caring for the patient.

In light of the evidence cited above, ethanol’s pharmaco-
kinetic inconsistency, narrow and unclear therapeutic win-
dow, high failure rates, and ethical considerations, published 
guidelines have recommended against the routine use of 
ethanol, enteral or intravenous, in the treatment or prophy-
laxis of AWS [7, 11, 15].

 Summary

The current evidence maintains that benzodiazepines are 
effective as first-line agents in the treatment of 
AWS. Symptom-triggered protocols have been shown to 
decrease the total amount of benzodiazepine use as well as 
the total duration of therapy. Patients refractory to, or who 
are predicted to be refractory to, high-dose benzodiazepine 
therapy may benefit from a dose of phenobarbital. This dose 
has been shown to be effective whether given upfront prior to 
the initiation of benzodiazepines or when a patient is noted 
to be refractory after multiple doses have been administered. 
At this time, the safety and efficacy profile of longer-term 
barbiturate infusions is unclear. In addition, dexmedetomi-
dine may also promote a benzodiazepine-sparing effect. Its 
use is particularly beneficial due to the lack of a respiratory 
depressant effect but should not be used as monotherapy due 
to the absence of an anticonvulsant effect. Propofol may also 
be considered as an adjunct. There is no suggestion that its 
benzodiazepine-sparing effect is superior to DEX, and it 
may increase duration of ventilation and ICU length of stay. 
Nevertheless, it may be considered in patients who are 
already ventilated and have adverse hemodynamic reactions 
to DEX. Based on the current state of the literature, the use 
of baclofen, ketamine, anticonvulsants, antipsychotics, and 
ethanol should all be considered very carefully particularly 
in the ICU setting.
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Brain Death Evaluation 
and Determination

Anupamaa Seshadri and Ali Salim

 Introduction

Brain death is an important concept for the surgical intensivist 
to be aware of. As “brain death” has been a controversial sub-
ject since the inception of term, the development of a clear 
definition and standard diagnostic requirements of brain death 
have been critically important. The first important step in 
establishing brain death as a clear medical entity was the pas-
sage of the Uniform Determination of Death Act (UDDA) in 
1981, which provided a legal definition of death. This reads, 
“An individual who has sustained either (1) irreversible cessa-
tion of circulatory and respiratory functions, or (2) irreversible 
cessation of all functions of the entire brain, including the 
brain stem, is dead. A determination of death must be made 
with accepted medical standards” [1]. The dilemma posed by 
this legislation, however, is that it does not specify the 
“accepted medical standards” that are required for the deter-
mination of neurological death. Therefore, medical societies 
including the American Academy of Neurology (AAN) have 
since published guidelines in order to assist physicians in stan-
dardizing the determination of brain death [2, 3].

This chapter delineates the basic diagnosis of brain death as 
described by the AAN guidelines, including the cardinal find-
ings of brain death required for diagnosis as well as confirma-
tory tests that can be used as ancillary evidence of brain death. 
These criteria are important for every surgical intensivist to 
know, particularly because surgical critical care physicians are 
often involved in the care of patients with severe brain injury. 
Furthermore, this knowledge assists the surgical intensivist in 
giving prognosis to a patient’s family, allowing them to prepare 
for end-of-life care as well as for potential organ donation.

 Cardinal Findings of Brain Death

The American Academy of Neurology (AAN) published 
practice parameters in 1995 to define the medical standards 
required for the determination of brain death, with an update 
in 2010 to help improve uniformity in diagnosis [2, 3]. The 
recommendations were based upon peer-reviewed literature, 
textbooks across multiple disciplines, as well as expert 
opinion.

These practice parameters described the three cardinal 
findings in brain death: coma or unresponsiveness, absence 
of brainstem reflexes, and apnea. Prior to being able to deter-
mine the presence or absence of these cardinal findings, mul-
tiple physiological prerequisites must be met. These are 
demonstrated in our institutional guidelines for determina-
tion of brain death (Table 6.1). First, it is required that there 
be clinical or neuroimaging evidence of an acute central ner-
vous system (CNS) catastrophe which would lead to poten-
tial brain death. Second, there must be no complicating 
medical condition that could potentially lead to a misdiagno-
sis or altered clinical assessment of neurological function. In 
similar fashion, there must be no drug intoxication or poison-
ing that could affect the physician’s ability to test neurologic 
function, including drugs normally used for sedation, like 
benzodiazepines, in the critically ill. One suggested guide-
line is to conduct the neurological examination after five to 
seven times of the elimination half-life of any such drug that 
the patient has been exposed to has elapsed [4]. Finally, the 
patient must not be hypothermic, which is defined as a core 
temperature ≥32 °C. With these parameters, there has been 
no report to date of recovery of neurologic function in adults 
after the clinical diagnosis of brain death.

There is geographic variation in the number and timing of 
neurologic examinations required for the determination of 
brain death. Most states in the United States state that one 
neurologic exam with the cardinal findings is sufficient to 
pronounce brain death. However, some states require two 
clinical evaluations, which the guidelines suggest can be 
spaced 6 h apart, with the caveat that this spacing is arbitrary 
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and not evidence-based. All physicians in most US states are 
legally allowed to perform these examinations, but some 
states or individual hospitals have more strict requirements 
of expertise for a physician to declare brain death. Because 
of the profound implications of the diagnosis of brain death, 
it is reasonable that any physician performing this evaluation 
be not only intimately familiar with the criteria but also has 
demonstrated competence in the brain death examination.

First, a comprehensive neurological exam is required to 
establish the unresponsiveness of the patient as well as the 
absence of brainstem reflexes. The AAN defines coma or 
unresponsiveness as a lack of cerebral motor response to 
pain in all extremities; the guidelines define pain stimuli as 
nail-bed pressure and supraorbital pressure. There are numer-
ous brainstem reflexes that are required to be tested by the 
AAN practice parameters. Pupillary reflex is defined as 
pupillary light response with pupil size 4–9 mm. Ocular 
movement is determined by evaluating the oculocephalic 
reflex and oculovestibular reflex. For determining the pres-
ence or absence of the oculocephalic reflex, the head is 
turned quickly to each side. If the reflex is present, the eyes 
will move to focus on the side the head was originally facing, 

and if the reflex is absent, there will be no ocular movement, 
and the eyes will continue to look straight ahead. The oculo-
vestibular reflex can be determined by elevating the head 30 
degrees and infusing 50 cc of ice water into an external audi-
tory canal. If the reflex is present, there will be a nystagmus 
toward the ear that was infused, and if the reflex is absent, 
there will be no eye movement. Facial sensation or motor 
function is determined by the corneal reflex, jaw reflex, or 
grimacing to deep pressure. Pharyngeal or tracheal reflexes 
are determined by the presence or absence of cough or gag. 
In this way, a thorough neurological exam can determine 
both unresponsiveness as well as the absence of brainstem 
reflexes.

The third cardinal finding in brain death is apnea. Prior to 
conducting the apnea test, strict physiologic factors must be 
measured to determine that there is no other reason for the 
patient to become apneic. First, the patient must be normo-
thermic with a more strict definition of core tempera-
ture ≥ 36.5 °C. Second, the patient must either be euvolemic 
or hypovolemic (defined as positive fluid balance in the 6 h 
prior to testing) and must be normotensive with a systolic 
blood pressure ≥ 90 mmHg. Third, the patient should have a 
normal PCO2, which is not clearly defined in the literature 
but is suggested in the guidelines to be an arterial 
PCO2 ≥ 40 mmHg. Furthermore, the patient should have a 
normal PO2, which again is not clearly defined in the litera-
ture, but for which the guidelines suggest to preoxygenate 
the patient prior to testing to obtain an arterial 
PO2 ≥ 200 mmHg.

After it is determined that the patient meets these physi-
ologic criteria, the patient should be connected to a pulse 
oximeter and disconnected from the mechanical ventilator. 
Delivery of 100% O2 at 6 L/min should be given through a 
catheter at the carina without positive pressure. During the 
test, the patient should be monitored closely for any evidence 
of respiratory movements. The patient’s arterial PO2, PCO2, 
and pH should be measured after 8 min of being discon-
nected from the ventilator. Once these tests are drawn, the 
patient can then be reconnected to the ventilator. If there was 
no evidence of respiratory movement during the observed 
8-min period and the measured arterial PCO2 is either 
≥60 mmHg or if there is a 20 mmHg increase of PCO2 over 
a baseline normal PCO2, the apnea test is deemed positive 
and indicative of brain death because of a lack of ventilation. 
If these parameters are not met, the diagnosis of brain death 
is not supported. In this case, if the patient remained hemo-
dynamically stable through the procedure, the test can be 
repeated for a longer period of time (approximately 
10–15 min) after repeat preoxygenation to better determine 
whether the patient is able to ventilate without assistance.

Should the patient’s systolic blood pressure drop below 
90 mmHg or should hypoxia to O2 saturation of <85% for 
more than 30 s during the test, the patient can be reconnected 

Table 6.1 Brigham and Women’s Hospital institutional guidelines on 
the determination of brain death

Institutional guidelines for declaration of death by neurologic criteria

Preconditions (all must be 
present)

Coma, irreversible and cause known

Absence of severe acid-base, 
electrolyte, or endocrine abnormality

Normothermia (core 
temperature > 36.5 °C)

Systolic blood pressure ≥ 90 mmHg 
with or without pressors

No spontaneous respirations

Examination (all must be 
present)

Pupils nonreactive to bright light

Corneal reflex absent

Oculocephalic reflex absent (if 
cervical spine integrity ensured)

No facial movement to noxious 
stimuli at supraorbital nerve

Gag reflex absent

Cough reflex absent to tracheal 
suctioning

Absence of motor response to 
noxious stimuli in all four limbs 
(spinally mediated reflexes 
permissible)

Apnea test (must be 
performed at least once; if 
indeterminate, proceed to 
ancillary testing)

Apnea with PaCO2 ≥ 60 mmHg or 
increase in PaCO2 of ≥20 mmHg over 
baseline normal PaCO2 after 8 min

Ancillary tests (not 
required)

Cerebral angiogram

HMPAO SPECT nuclear medicine 
brain scan

Electroencephalogram

Transcranial Doppler
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to the ventilator before the 8-min test period is completed. 
Arterial blood should be drawn and analyzed at that time. If 
the arterial PCO2 is ≥60 mmHg or there is an increase in 
arterial PCO2 of ≥20 mmHg over a baseline normal PCO2, 
the apnea test indicates brain death. If these parameters are 
not met, the result is indeterminate, and additional confirma-
tory tests are required. In the case of desaturation, the proce-
dure can be retried with the use of a T-piece, CPAP to 10 cm 
H2O, and 100% O2 at 12 L/min, to try to prevent hypoxia 
from ending the test before determination can be made.

 Difficulties and Strategies in Clinical 
Diagnosis of Brain Death

In some conditions where there may be interference with the 
clinical diagnosis of brain death, confirmatory tests may be 
required. For example, patients with severe facial trauma or 
preexisting pupillary abnormalities cannot be adequately 
ruled out through testing brainstem reflexes because of their 
underlying conditions. Furthermore, the presence of toxic 
levels of several drugs including sedatives, anticholinergics, 
antiepileptics, and neuromuscular blocking agents can affect 
the patient’s neurological exam and prevent diagnosis, and 
these agents may not always be able to be weaned prior to 
testing. The apnea test may not be able to be performed in 
patients with sleep apnea or severe pulmonary disease result-
ing in chronic retention of CO2 as well as in patients with 
high cervical spinal cord injuries. For these patients, confir-
matory imaging is recommended.

There are some clinical manifestations that may be seen by 
the practitioner that may appear to be evidence of brainstem 
function but are actually compatible with brain death. These 
include occasional spontaneous nondirected movement of 
limbs, respiratory-like movements that do not result in signifi-
cant tidal volumes, sweating or blushing, normal blood pres-
sure without pressor support, deep tendon reflexes, and the 
Babinski reflex. Despite the presence of these signs, if the 
patient has unresponsiveness, lack of brainstem reflexes, and 
apnea, the patient meets the criteria for brain death.

 Confirmatory Tests for Brain Death

Adjunctive tests are sometimes required to provide corrobo-
rative evidence of brain death. These may also be used as 
confirmation in order to make the diagnosis of brain death 
earlier, which is considered useful for facilitating possible 
transplantation. The updated AAN guidelines specify three 
preferred tests: conventional cerebral angiography, nuclear 
brain scan, and electroencephalography (EEG) [3]. CT angi-
ography, MR angiography, and transcranial Doppler studies 
are also used in practice for ancillary testing [3].

The most sensitive imaging test for determining brain 
death is cerebral angiography. In a patient with brain death, 
intracranial pressure rises, resulting in diminished cerebral 
perfusion pressure. Because of this, there will be no intrace-
rebral filling at the level of the carotid bifurcation or the cir-
cle of Willis evident on cerebral angiograph. The external 
carotid circulation is usually patent, and the filling of the 
superior sagittal sinus may be delayed. While this is still con-
sidered the gold standard ancillary test for neurologic death, 
the test is invasive and requires that the patient be stable for 
transfer to the angiography suite. Of note, patients with open 
skull defects, such as decompressive craniectomies, have 
been shown to have false-negative results with a small 
amount of residual flow in patients that are clinically brain 
dead because intracranial pressure may not exceed cerebral 
perfusion pressure [5].

A nuclear medicine brain scan can be performed to deter-
mine brain death and may be preferred as it is a less invasive 
option. The AAN guidelines specifically recommend 
Technetium-99 m hexamethylpropyleneamineoxime (Tc- 
99 m HMPAO) scanning, which uses a lipophilic agent that 
can cross the blood brain barrier [6, 7]. In the brain dead 
patient, there is no uptake of isotope in the brain parenchyma, 
demonstrating lack of cerebral perfusion (Fig. 6.1). This may 
be referred to as the “hollow skull phenomenon” [2]. Munari 
et al. compared Tc-99m HMPAO SPECT brain scans to four- 
vessel angiography in 20 patients, demonstrating 100% con-
gruency of findings between the two studies [8]. The 
specificity of radionuclide brain scans for the absence of 
cerebral perfusion has been shown to be virtually 100% [9].

EEG is a convenient adjunct for diagnosing brain  
death, as it can be performed bedside for critically ill patients. 
Brain death is diagnosed by the absence of electrical activity 
for at least 30 min, which constitutes electrocerebral silence 
(ECS). This requires that the recording adheres to the 
 minimal technical criteria as adopted by the American 
Electroencephalographic Society [2]. Somatosensory evoked 
potentials can also be performed with bilateral absence of 
response to median nerve stimulation being indicative of 
brain death [2].

Computed tomography angiography (CTA) has not yet 
been included in the AAN guidelines but is beginning to be 
widely used because it is a noninvasive test that is widely 
available. Furthermore, many patients that are being poten-
tially evaluated for brain death may also be receiving head 
CT scans for medical management purposes, making CT 
angiography cost-effective as well. The purpose of a CT 
angiography is to determine lack of brain perfusion via non- 
opacification of intracerebral vessels, similar to a conven-
tional cerebral angiography. A three-phase scan of the head 
and neck can be performed with a noncontrast phase, an arte-
rial phase, and a venous phase, in order to fully evaluate per-
fusion of the brain [10, 11]. One meta-analysis from 2015 

6 Brain Death Evaluation and Determination



64

evaluating the sensitivity of CTA for brain death showed a 
wide range between 52.4% and 100%, but this reflects het-
erogeneity in the number of opacified vessels required to 
diagnose brain death by each individual study within the 
analysis [12]. The first CTA score for brain death, developed 

by Dupas et al., required lack of opacification of seven intra-
cerebral vessels including the pericallosal arteries, cortical 
segments of the middle cerebral arteries (MCAs), internal 
cerebral veins (ICVs), and one great cerebral vein per patient 
[13]. With this seven-point system, Combes et al. found CTA 
to be 69.7% sensitive compared to conventional angiography 
[8]. Frampas et al. then developed a simpler four-point score, 
requiring lack of opacification of the cortical segments of the 
MCAs and the ICVs [14]. This group then reevaluated the 
patients studied in Combes et al.’s study and, using the four- 
point scale, found improved sensitivity of 81.4%. A subse-
quent case series compared the two scoring systems and 
found them both to have the same sensitivity of 72.7% [15]. 
There is not yet a consensus on which and how many vessels 
are required to lack opacification on CTA for confirmation of 
brain death. Therefore, further large-scale studies are likely 
required before CTA will be included in the AAN 
guidelines.

Magnetic resonance angiography (MRA) has also been 
used to evaluate cerebral perfusion for the assessment of 
brain death. Similar to CTA, MRA evaluates several intracra-
nial vessels for the absence of opacification and can show 
intraparenchymal lesions such as infarcted tissue, microhe-
morrhages, or cerebral edema [16]. MRA is a significantly 
longer study than a CTA to perform, however, and therefore 
its use may be limited in unstable patients. Similar to CTA, 
there is again no consensus on which or how many vessels 
are required to be examined for determination of brain death. 
Therefore, MRA also requires more study prior to being 
included in the AAN guidelines.

Transcranial Doppler (TCD) ultrasonography is a newer 
imaging modality that can be used to evaluate cerebral perfu-

sion and is appealing in that it is a noninvasive test that can 
be performed at the bedside. Indications of cerebral circula-
tory arrest on TCD include oscillating or reverberating flow 
and systolic spikes, which develop from intracranial pressure 
being higher than diastolic blood pressure in the brain dead 

patient [17, 18]. The specific intracranial vessels evaluated 
are typically the internal carotid artery and the middle cere-
bral artery. Confirmation is further determined by evaluation 
of the extracranial common carotid artery, internal carotid 
artery, and vertebral artery [17]. This can be challenging in 
up to 10–15% of patients due to difficulty in penetrating the 
temporal bone barrier, which can lead to a false finding of no 
flow [19]. A meta-analysis performed by Monteiro et al. 
showed an 89–95% sensitivity for TCD in diagnosis of cere-
bral circulatory arrest, including patients whose vessels were 
unable to be localized with TCD as a negative result, with a 
99% specificity [18]. As in all ultrasound modality tests, 
TCD is operator-dependent and requires the performance of 
the test to be done by a skilled and practiced ultrasonogra-
pher if the test is to be considered reliable. There are also 
several reports in the literature of skull defects leading to 
false-negative results, and this should be taken into account 
when using TCD [20–23].

 Documentation

At the time of diagnosis of brain death, proper documenta-
tion is critically important. The documented time of death is 
defined by the AAN as the time the arterial PCO2 reaches the 
target value of either ≥60 mmHg or >20 mmHg above a nor-
mal baseline arterial PCO2 during an apnea test. Should a 
confirmatory test be required, the time of death is docu-
mented as the time that the confirmatory test was officially 
interpreted. Once brain death is determined, federal and state 
law requires the physician to contact the appropriate local 
organ procurement organization.

Fig. 6.1 Tc-99m nuclear medi-
cine brain scan of patient demon-
strating “hollow skull” sign, 
indicative of lack of cerebral per-
fusion and brain death
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Management of the Potential Organ 
Donor

Margaret K. M. Ellis, Mitchell B. Sally, 
and Darren J. Malinoski

 Systems and Processes of Organ Donation

 Introduction

There is a well-established shortage of organs available for 
transplantation, with approximately 124,000 Americans on 
the Organ Procurement and Transplantation Network (OPTN) 
waiting list [1]. This culminates in 22 Americans dying each 
day while waiting for an organ transplant. Contributing to this 
shortage is the fact that, on average, only three out of a pos-
sible eight organs are transplanted from each organ donor [1].

There are two general categories of organ donors, living 
and deceased, with the latter being divided into those that are 
declared dead by either neurologic or circulatory criteria. In 
2013 OPTN reported that 58% of all transplanted organs came 
from donors after neurologic determination of death, also 
referred to as brain death (BD). This is important, for multiple 
studies have demonstrated that deceased donor grafts result in 
inferior outcomes when compared to living donors in terms of 
initial function, long-term survival, and rejection. When these 
inferior outcomes result in the need for repeat transplantation, 
the organ shortage is exacerbated [1]. Efforts to improve the 
management of donors after brain death (DBDs) prior to 
recovery of organs are needed to increase the quality and 
quantity of organs available for transplantation.

After BD, despite cessation of all brain function, the rest 
of the body’s organs can continue to function, albeit under 
considerable physiologic stress. Critical care management of 
potential organ donors is aimed at stabilizing the hemodynamic, 
endocrine, respiratory, inflammatory, and metabolic derange-
ments concomitant with brainstem herniation. This chapter 

will highlight current best practices and the available evi-
dence supporting the management of potential brain-dead 
organ donors. When assessing the effectiveness of different 
strategies, multiple outcomes are examined, including 
conversion rates (% of potential organ donors that go on to 
donate transplantable organs), organs transplanted per donor 
(OTPD), individual organ transplantation rates, and both initial 
and long-term graft function and survival.

 Brain Death and Catastrophic Brain Injury 
Guidelines

When a patient has a severe neurologic injury that is deemed 
“non-survivable” by either neurology or neurosurgery, it is 
termed a catastrophic brain injury (CBI). In such cases, 
standard neurocritical care practices are implemented, with 
the exception of efforts to manage intracranial pressure 
(ICP). Many institutions have adopted catastrophic brain 
injury guidelines (CBIGs), which include clinical pathways 
and checklists designed to aid in the medical management 
of the multi-system pathophysiology of severe brain injury 
and brainstem herniation. Some patients will have an 
improvement of neurologic status with these measures and 
will become candidates for neurologic intervention and ICP 
management. For patients who do not improve and regress 
to BD or whose families decide to withdraw life-sustaining 
measures, these efforts preserve the option of organ dona-
tion for those who choose it. Of note, >50% of adults in the 
USA are registered organ donors [2] and, for those patients 
who have not made a first-person declaration on a state reg-
istry, >75% of families say “yes” when appropriately 
approached regarding the option of donation [3]. Needless 
to say, the desire and intent to donate organs is prevalent 
among patients and their families.

The American Academy of Neurology has published 
evidence- based guidelines on determining BD, which is a 
complex process involving a comprehensive clinical exami-
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nation, excluding confounding factors, and performing an 
apnea test [4]. Many care centers have adopted checklists to 
protocolize this determination, as it can involve upward of 
25 individual assessments. These protocols ensure confi-
dence in the determination prior to initiation of the authori-
zation process for donation. Recent recommendations from 
the Neurocritical Care Society have indicated a 72-h care 
period after brain injury to determine prognosis prior to dis-
cussions regarding prognosis and withdrawal of life-sus-
taining treatments [5]. If, however, all brainstem reflexes are 
lost and BD is suspected, formal testing can and should 
occur at any time. Determination of BD is addressed in 
detail in another chapter of this text.

 Coordination of Care/Organ Procurement 
Organization Involvement

Most organ procurement organizations (OPOs), in collab-
oration with the donor hospitals they serve, have protocols 
for referring patients with a severe neurologic injury and 
“imminent death.” In patients with a neurologic injury that 
requires mechanical ventilation, specific clinical triggers 
for notification of an OPO include (1) a Glasgow coma 
scale score (GCS) of five or less, (2) loss of a brainstem 
reflex, or (3) if a family discussion is being planned that 
may result in withdrawal of life-sustaining therapy. It is 
important to note that referral to the OPO does not change 
the patient’s course of management; rather, it simply alerts 
the OPO to the presence of a patient with a catastrophic 
brain injury, allowing them to review the patient’s history 
and to be prepared to approach the family, if appropriate. 
After referral (often done by nursing or administration) 
and initial evaluation by the OPO, if the patient regresses 
to BD or the patient’s family decides to withdraw life-sus-
taining measures, the OPO meets with the family and 
makes a request of authorization for donation. It has been 
shown that trained requesters from OPOs have better suc-
cess with obtaining authorization for donation from fami-
lies compared to requests made by the treating physician 
[6, 7]. This success may be attributable to avoidance of a 
perceived conflict of interest, a more thorough explanation 
of the process, or more time spent with the family.

After authorization for donation, the OPO assumes direc-
tion of the care of the potential organ donor, much of which 
is directed at the bedside by OPO-specific protocols. These 
protocols usually target critical care parameters to best opti-
mize the function of all organ systems.

 Donor Management Goals

Inconsistent donor management practices may account for part 
of the shortage of organs available for transplantation. Donor 
management goals (DMGs) represent a checklist of critical 
care endpoints that reflect the normal physiologic goals of any 
critically ill patient. The values assessed during donor manage-
ment were originally based on a series of Canadian task force 
recommendations [8] and were designed to represent normal 
hemodynamic, respiratory, endocrine, acid-base, and renal val-
ues, typically targeted in standard ICU management. They 
were initially seen as a way to standardize care for all potential 
donors in an area in which practice patterns varied, there were 
conflicting goals between different organ systems (e.g., hydrat-
ing the kidneys versus drying out the lungs), and there was a 
paucity of evidence- based guidelines. The DMG Bundle uti-
lized by many OPOs consists of a checklist of nine critical care 
endpoints that are examined at four standardized time points 
during the process of donor management, which typically 
lasts between 24 and 48 h. The current set of DMGs utilized by 
several OPOs is displayed in Fig. 7.1.

The timeline of the clinical course of a potential organ 
donor is displayed in Fig. 7.2. The process begins with neu-
rologic injury. At this point in the process, the patient is 
being managed with current critical care standard practices 
by the referring hospital as described above. If the patient 
triggers local standards for referral, a referral is made to the 
OPO for evaluation of a potential organ donor. This process 
of referral is the first time point in donor management, 
labeled “Referral.” If the patient declines neurologically, and 
proceeds to BD, the trained practitioners from the OPO 
request authorization for donation. If authorization is granted 
or the patient is already on a state registry, the OPO takes 
over donor management from the critical care providers in 
the hospital. This time point for recording donor critical care 
targets is labeled “Authorization.” The next major time point 
in donor management is labeled “Allocation,” which repre-
sents the time when organ offers are being made to potential 
recipients, about 12–18 h after authorization and after OPOs 
have gathered enough data to inform an organ offer. The final 
time point is that of “Prior to OR,” which is just prior to 
organ recovery in the operating room, marking the conclu-
sion of donor management.

Achieving any seven of the nine DMGs results in the 
“DMG Bundle being met” at any given time point. Previous 
studies have found that meeting the DMG Bundle during 
donor management is associated with more OTPD. In addi-
tion, the status of the DMG Bundle at the time of authoriza-
tion, which reflects the care provided by donor hospital staff 
prior to the OPO assuming care of the potential organ donor, 
has been associated with both increased organ utilization and 

M. K. M. Ellis et al.



69

improved graft function in the recipient [9–14]. This 
 highlights the importance of continuing aggressive critical 
care measures until the OPO is able to determine suitability 
for donation, even in the face of a poor prognosis.

 Strategies for Critical Care Management 
of Potential Organ Donors

The following sections will address the pathophysiology, 
monitoring, and treatment of each organ system that is affected 
by CBIs, brainstem herniation, and BD.  DMGs are bolded 
when they are specifically addressed in the context of the 
management of individual organ systems. Of note, many of 

the recommendations included below are based on an expert 
consensus guidelines document created by a joint task force of 
the Society of Critical Care Medicine (SCCM), the American 
College of Chest Physicians (ACCP), and Association of 
Organ Procurement Organizations (AOPO) [15].

 Neurologic

 Physiologic Consequences of Severe 
Neurologic Injury and Herniation Syndrome

The central nervous system is responsible for regulation of 
the processes of the entire body; when it is irreversibly 

UNITED NETWORK FOR ORGAN SHARING DONOR
MANAGEMENT GOALS
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*less than or equal one vasopressor used and at a low dose (dopamine ≤ 10 mcg/kg/min;
phenylephrine ≤ 1 mcg/kg/min; norepinephrine ≤ 0.2 mcg/kg/min), with any dose of 
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 damaged and eventually ceases to function, this regulation 
is lost and widespread dysfunction takes place. As a testa-
ment to the broad impact of BD on the physiology of the rest 
of the body, the most common non-neurologic issues 
encountered when brainstem herniation occurs are hypoten-
sion, diabetes insipidus, disseminated intravascular coagu-
lation, cardiac arrhythmias, pulmonary edema, and 
metabolic acidosis [16, 17].

 Monitoring

Due to the loss of temperature regulation by the hypothala-
mus, all patients should have their temperature monitored 
continuously. Serial neurologic examination is crucial to 
assess the progression of the patient’s neurologic injury and 
to prompt definitive testing if BD is suspected.

 Critical Care Management

Sedation and Analgesia Sedation and analgesia should be 
provided as deemed necessary by the patient’s team, based 
upon bedside assessment. However, as patients progress to 
brainstem herniation and BD, sedation and analgesia are 
no longer necessary. Providers should base these decisions 
upon serial bedside neurologic assessments. Short-acting 
agents, such as fentanyl and propofol, are preferred to 
avoid as much interference with neurologic examination as 
possible.

Temperature Management Wide swings in temperature 
often occur in the setting of BD as the hypothalamic regula-
tion of body temperature is lost, and active rewarming is 
frequently necessary to maintain normothermia in potential 
organ donors. Current guidelines recommend avoidance of 
hypothermia and hyperthermia, with a goal temperature 
between 36 and 37 °Celsius. However, mounting evidence 
for an association between mild hypothermia and renal pro-
tection in models of cardiac arrest prompted further investi-
gation for the role of temperature management in potential 
organ donors after catastrophic neurologic injury. A recent 
multicenter trial of targeted temperature management in 
DBDs compared rates of delayed graft function (DGF) in 
recipients of kidneys from donors randomized to either mild 
hypothermia (34–35 °C) or normothermia (36.5–37.5 °C). 
The reduction in DGF rates in the hypothermia group was 
so compelling that the study was stopped early for efficacy 
[18]. While this is not yet the standard practice, targeted 
temperature management is a promising therapy for improv-
ing transplantation outcomes.

 Cardiovascular

 Cardiovascular Derangements in Severe 
Neurologic Injury

Catastrophic neurologic injury and brainstem herniation syn-
drome are associated with hemodynamic instability, which is 
often severe. Catecholamine surges due to neurologic injury 
may lead to myocardial stunning, manifested by acutely 
decreased ejection fraction and myocardial wall motion 
abnormalities in a nonvascular distribution. Arrhythmias are 
also common as a consequence of autonomic instability, 
excessive circulating catecholamine levels, and acute myo-
cardial dysfunction. Traumatic blood loss, aggressive initial 
resuscitation, and loss of hormonal regulation of sodium and 
water homeostasis from disruption of the hypothalamic- 
pituitary axis all contribute to dynamic changes in volume 
status. When intracranial pressure has increased such that the 
pons is compressed, many patients will display the Cushing 
reflex (profound hypertension and bradycardia). When med-
ullary function (including vagal cardiac innervation) ceases, 
sympathetic tone becomes unopposed, and sympathetic 
storm may occur. Finally, as all spinal reflexes are lost, sym-
pathetic tone is abolished, leading to unopposed sympatho-
plegia and peripheral vasodilation [17].

 Monitoring

Given the hemodynamic instability expected in this group of 
patients, invasive hemodynamic monitoring is necessary. 
Patients should have an arterial line placed for beat-to-beat 
blood pressure monitoring, and central venous access is neces-
sary to monitor central venous pressure (CVP) as well as for 
administration of vasoactive medications. Furthermore, 
assessments of right and left intracardiac filling pressures, car-
diac output and index, mixed venous oxygen saturation, stroke 
volume, and fluid responsiveness are recommended, either 
with invasive monitoring (pulmonary artery catheterization) 
or noninvasive (pulse-contour analysis) technologies [15].

Echocardiography is an important tool in cardiovascular 
monitoring and diagnosis. Transthoracic echocardiography 
(TTE) can be used to acquire real-time data regarding cardiac 
function. Transesophageal echocardiography (TEE) is useful 
when TTE data is inconclusive or TTE cannot be performed [15].

 Critical Care Management

Optimizing Perfusion Maintaining optimal perfusion to all 
organs is paramount in the aggressive management of 
patients with catastrophic neurologic injury, and remains 
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crucial even after declaration of BD in an organ donor, when 
the focus of management shifts to organ preservation. The 
target mean arterial pressure (MAP) for organ perfusion in 
this population is 60–110 mmHg. Achieving this MAP fre-
quently requires a combination of vasoactive medication 
administration and volume resuscitation.

Vasoactive Medications The use of low-dose vasopressors 
and inotropes to support hemodynamics is supported by lim-
ited evidence [15]. Any catecholamine use in the donor has 
been associated with improved renal graft survival in recipi-
ents [19]; however, epinephrine use in the donor has also 
been associated with higher levels of serum creatinine prior 
to organ recovery [20]. In addition, an RCT in DBDs found 
that low-dose dopamine (≤5 mcg/kg/min) infusion in donors 
led to a significant reduction in DGF in the recipient [21]. 
Finally, arginine vasopressin, which is frequently adminis-
tered as part of hormonal replacement therapy, has been 
associated with increased OTPD [22].

Intravascular volume status Hypovolemia is commonly found 
in patients with catastrophic neurologic injury upon initial pre-
sentation. This should be corrected through aggressive fluid 
resuscitation. Despite the long-held concern that optimal lung 
and kidney preservation required conflicting resuscitation goals, 
more recent evidence has suggested that targeting euvolemia 
(defined in the UNOS Region 5 DMGs as CVP 4–12) improves 
utilization of lungs, hearts, kidneys, and pancreata [23]. Specific 
targets of volume resuscitation included in the SCCM/ACCP/
AOPO guidelines, in addition to CVP, include mean arterial 
pressure of at least 60 mmHg, urine output at least 1 mL/kg/h, 
and the reduction of vasopressor requirements [15].

Choice of Resuscitation Fluid Crystalloid solutions are con-
sidered first line during initial volume resuscitation; however, 
concern for volume overload when large quantities of crystal-
loid are administered for resuscitation has prompted the study 
of colloid solutions for resuscitation, including synthetic col-
loids such as hydroxyethyl starch (HES). While initially prom-
ising as a means to reduce the amount of crystalloid required 
for resuscitation [24], subsequent studies have suggested 
either no difference or an increased risk in delayed graft func-
tion in patients who received kidneys from DNDDs treated 
with low-molecular-weight HES [25]. Given the lack of 
demonstrable benefit and the compelling evidence for harm 
associated with HES use in living patients, it cannot be recom-
mended as a safe strategy for volume resuscitation in potential 
organ donors. Colloids other than HES, such as albumin, may 
provide a safer alternative, but evidence is currently inconclu-
sive, and ongoing study in this area is needed [26–28]. At this 
time, isotonic crystalloid solutions remain the recommended 
fluid for resuscitation in potential organ donors.

Echocardiography Echocardiography is an important tool 
for assessment of the potential organ donor. It can be used to 
guide resuscitation and identify cardiac dysfunction. As 
myocardial function is extremely important in preserving 
systemic perfusion, achieving a left ventricular ejection frac-
tion (LVEF) of >50% is one of the goals of donor manage-
ment. Given that there is often significant but transient 
myocardial dysfunction associated with the acute phase of 
catastrophic neurologic injury, serial echocardiographic 
assessments over 12–24 h are often necessary, particularly in 
patients in whom procurement of the heart for donation is 
being considered [15].

 Respiratory

 Respiratory Derangements in Severe 
Neurologic Injury

Patients with catastrophic neurologic injuries and brainstem 
herniation syndrome will universally require endotracheal 
intubation and mechanical ventilation for airway protection, 
oxygenation, and ventilation. These patients are also at risk 
for neurogenic pulmonary edema, volume overload and car-
diogenic pulmonary edema, transfusion-associated lung 
injury (TRALI), and acute respiratory distress syndrome 
(ARDS). Trauma patients may also have chest wall injuries, 
pulmonary contusions, or pleural processes (pneumothorax, 
hemothorax) requiring chest tube drainage.

 Monitoring and Diagnostics

All patients should have an arterial blood gas (ABG) per-
formed on admission and serially throughout their manage-
ment in the ICU to inform ventilator adjustments in order to 
provide optimal levels of ventilation and oxygenation. 
Bronchoscopy may be necessary for bronchoalveolar lavage 
(BAL) to obtain cultures in patients with suspected infections 
and for pulmonary hygiene and airway clearance in potential 
lung donors. Chest X-rays should be obtained following pro-
cedures such as intubation and central line  placement and as 
needed to evaluate changes in pulmonary status.

 Critical Care Management

Lung-Protective Ventilation Strategy Support for lung- 
protective ventilation strategies (low tidal volume, high 
PEEP, low FiO2) is strong in the critically ill. These strategies 
have been shown to reduce both pulmonary and extrapulmo-
nary complications in various populations, including ARDS, 
trauma, sepsis, and high-risk surgery patients [29–32]. A 
European RCT also demonstrated improved lung graft 
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recovery when lung-protective ventilation strategies were 
used during the time period between clinical exams for BD 
testing [33]. Research into the protective effect of low tidal 
volumes upon transplantation outcomes for organs other 
than lungs is ongoing.

Lung-protective ventilation strategies consist most impor-
tantly of high PEEP and low tidal volume, which is defined 
as between 4 and 8 ml/kg of predicted body weight (PBW), 
a calculated value based upon the patient’s sex and height. 
Each institution may have its own procedures to guide titra-
tion of PEEP and FiO2, but in general, increased PEEP is 
preferred over increased FiO2 as a strategy for improving 
oxygenation due to the protective effect of PEEP against 
atelectasis and the detrimental effects of oxygen toxicity.

Oxygenation and Ventilation Goals The targets for ventila-
tor adjustment are slightly different in the prospective organ 
donor than in other patient populations. While hypercarbia is 
permissible in most lung-protective ventilation strategies and 
is likely safe in the prospective donor population as well, 
apnea testing to diagnose BD should not be performed unless 
the PaCO2 is within the range of normocarbia (35–45 mmHg) 
[15]. Furthermore, while the goal FiO2 and PEEP titration in 
many lung-protective ventilation strategies is a PaO2 of 
>60  mmHg, the oxygenation goal in prospective organ 
donors is a P:F ratio of ≥300.

 Renal/Electrolytes

 Renal and Electrolyte Derangements in Severe 
Neurologic Injury

Most derangements of renal function and electrolyte and acid-
base homeostasis in severe neurologic injury are consequences 
of hemodynamic or endocrine instability. For example, hemo-
dynamic instability places patients at risk of renal hypoperfu-
sion, tissue hypoperfusion, and metabolic acidosis, while 
endocrine dyscrasias alter sodium and water homeostasis, 
leading to hypernatremia and hyperosmolality. Preservation of 
renal function is a critical goal in the management of the 
potential organ donor. Not only is a lower terminal creatinine 
(the last creatinine measured before organ procurement) asso-
ciated with a lower incidence of delayed graft function in kid-
ney transplant recipients [34, 35], but it has also been identified 
as an independent predictor of an increased number of organs 
transplanted per donor [11]. Acid-base derangements are also 
common in patients with catastrophic neurologic injuries and 
may be multifactorial. Elevated lactate levels can represent 
tissue hypoperfusion and may be useful as a marker for ade-
quacy of resuscitation; investigation for inclusion of serum 
lactate as a donor management goal is ongoing.

 Monitoring

All patients with catastrophic brain injury should have a 
Foley catheter placed during their initial resuscitation in order 
to be able to monitor strict intake and output measurements. 
A serum metabolic panel, including electrolytes (sodium, 
potassium, magnesium, calcium, phosphate, chloride, and 
bicarbonate) and serum blood urea nitrogen (BUN) and cre-
atinine, should be obtained upon admission and serially 
throughout the patient’s ICU stay in order to monitor effec-
tiveness of therapy and identify new derangements. Arterial 
blood gases should also be obtained upon admission to assess 
acid-base status and tissue perfusion and then serially to mon-
itor the effectiveness of resuscitation. Serial lactate measure-
ments may also be considered to guide resuscitation.

 Critical Care Management

Renal Perfusion/Urine Output Goal Urine output is moni-
tored as a surrogate of renal perfusion in potential organ 
donors. Fluid resuscitation and vasopressors should be 
administered to maintain euvolemia (per the cardiovascular 
section above) and achieve a goal urine output of ≥0.5–1 ml/
kg/h. In patients who develop polyuria, diabetes insipidus 
should be considered as a possible cause, and evaluation 
should proceed as described in the endocrine section below.

Acid/Base and Electrolyte Management Physiologically 
normal pH (7.3–7.5) is a goal in the management of patients 
with catastrophic neurologic injury, as derangements in pH 
can have adverse effects on coagulation and cardiovascular 
stability. If metabolic acidosis persists despite adequate resus-
citation, euvolemia, and MAP within goal range, administra-
tion of bicarbonate-containing solutions may be considered. 
One recommended regimen consists of an addition of 
50–150 mmol/L sodium bicarbonate to the patient’s IV fluids 
[15]. Close attention should be paid to the patient’s sodium 
levels when administering additional sodium in the form of 
sodium bicarbonate, and the makeup of the IV fluid may need 
to be altered to prevent hypernatremia. In general, a sodium 
goal of ≤155 is targeted, as higher levels in the donor are 
associated with worse liver graft outcomes [36, 37].

 Hematologic/Infectious Disease

 Hematologic and Immunologic Derangements 
in Severe Neurologic Injury

Patients who present with severe neurologic injury are prone 
to derangements in the hematologic and immunologic sys-
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tems. Anemia is common; patients may have experienced 
hemorrhage from non-neurologic sites of trauma or have 
nonhemorrhagic anemia as a consequence of prolonged illness. 
Coagulopathy, a common problem in this patient population, 
can be dilutional, consumptive, or due to trauma or medical 
illness and is exacerbated by hypothermia and acidosis [38]. 
Disseminated intravascular coagulation (DIC) is particularly 
common in traumatic brain injury patients and is thought to 
be a consequence of the release of tissue factor from areas of 
injured brain [39]. Finally, numerous factors, including 
indwelling catheters, mechanical ventilation, the immuno-
modulatory effects of medications (opioids, corticosteroids, 
catecholamines, etc.), and hospitalization itself, place 
patients with catastrophic brain injury at increased risk of 
infection and sepsis. The risk of bacteremia or other infec-
tions increases with the length of ICU admission [15].

 Monitoring

Complete blood count (CBC) and coagulation studies, 
including fibrinogen, should be assessed on admission and 
then as needed based on clinical evidence of anemia or coag-
ulopathy. In patients with difficult-to-diagnose coagulopa-
thies, thromboelastography (TEG) may be a useful 
assessment, although little to no data currently exists to 
guide its use in organ donors. Given the potential for poor 
outcomes of untreated infections for both the donor and 
recipient, intensivists should continually assess patients for 
evidence of infection or sepsis, with a low threshold to cul-
ture blood, BAL fluid, and urine if infection is suspected.

 Management

Management of Anemia Current OPO guidelines vary 
regarding target serum hematocrit (ranging from 21 to 30%); 
further prospective randomized studies are needed to inform 
evidence-based practices in this area. Interestingly, in a 
recent propensity analysis, blood transfusion in the donor 
was associated with a lower risk of delayed kidney graft 
function in the recipient. This effect was seen most strongly 
in donors who received large-volume blood transfusions 
[40]. A potential explanation for this protective effect is 
downregulation of the dysfunctional inflammatory processes 
associated with brainstem herniation syndrome due to the 
immunosuppressive effects of transfusion. Still, at this time, 
the optimal hemoglobin level in organ donors is unknown, 
and decisions regarding blood transfusion should be guided 
by clinical status and accepted critical care guidelines.

Management of Coagulopathy Particularly in cases of 
massive blood loss or trauma as the etiology of brain injury, 

patients with catastrophic brain injuries may also present 
with coagulopathy. Management of coagulopathy should 
be based upon clinical status and laboratory assessment. 
Given the high risk for DIC, fibrinogen should be included 
in the workup of coagulopathy, and consideration should be 
given to cryoprecipitate administration if fibrinogen levels 
are low.

Management of Infections Intensivists should have a low 
threshold to send cultures in patients in whom infection is sus-
pected. All potential sites of infection should be assessed with 
cultures and imaging as appropriate in any critically ill patients, 
and broad-spectrum antibiotics should be initiated. Culture 
data may guide management of antibiotic choice and duration 
in both the donor and the recipient. Sepsis, if present, should be 
managed according to established critical care guidelines. OPO 
practices regarding the use of prophylactic antibiotics vary.

 Endocrine

 Endocrine Derangements in Severe Neurologic 
Injury

Diabetes Insipidus (DI) Due to the irreversible loss of hypotha-
lamic function and subsequent cessation of antidiuretic hor-
mone (ADH) production, DNDDs are at risk for severe central 
DI. Without ADH to stimulate reabsorption of water in the kid-
ney, large volumes of dilute urine are produced (specific gravity 
<1.005 and/or urine osmolality <200  mOsm/kg H2O), leading 
to hypovolemia, hyperosmolality, and hypernatremia [17].

Hyperglycemia The combination of catecholamine and ste-
roid administration, the administration of dextrose- 
containing solutions, and the hormonal derangements 
leading to insulin resistance and increased gluconeogenesis 
may all lead to hyperglycemia in potential organ donors.

Corticosteroid Deficiency While dysfunction of the 
hypothalamic- pituitary axis occurs in brainstem herniation 
syndrome, it is not clear that patients with catastrophic neu-
rologic injuries have clinically significant adrenal insuffi-
ciency; corticosteroid administration for the treatment of 
hypocortisolism is not currently recommended. However, 
as a consequence of brainstem herniation, inflammatory 
and immunologic mediators are upregulated. The activation 
of these mediators has been shown to adversely affect graft 
function in transplant recipients, and corticosteroid admin-
istration in donors has been recommended as a strategy to 
mitigate the negative effects of inflammatory cascade 
activation.
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Acute Hypothyroidism While loss of pituitary function in 
BD should theoretically lead to reduced levels of thyroid- 
stimulating hormone (TSH), blood levels are not consistently 
low when tested in patients with brainstem herniation syn-
drome. However, levels of T3 and T4 are often low, and 
peripheral conversion of T4 to T3 is impaired as a result of the 
inflammatory response to CBI and BD [41]. Given the asso-
ciation between clinical hypothyroidism and decreased myo-
cardial function, significant acute hypothyroidism in patients 
with brainstem herniation often manifests as hemodynamic 
instability or reduced left ventricular ejection fraction (LVEF).

 Monitoring and Diagnostics

Patients should be monitored for hemodynamic instability with 
invasive and noninvasive monitors as described in the cardiovas-
cular section above. Frequent laboratory assessment of serum 
electrolytes, particularly blood glucose and serum sodium, is 
important in monitoring for hyperglycemia and diabetes insipi-
dus. In patients with suspected or confirmed diabetes insipidus, 
serial urinalysis (specifically looking at urine specific gravity 
and/or osmolality) and serum osmolality should be performed 
to assess the adequacy of therapy. Routine laboratory testing for 
thyroid and adrenal function is not recommended; however, 
echocardiographic findings may inform treatment with thyroid 
hormone replacement as described below.

 Management

Diabetes Insipidus DI should be managed with a combina-
tion of volume resuscitation with hypotonic saline (0.25% or 
0.5%) and hormonal replacement with desmopressin and/or 
vasopressin [15]. Desmopressin may be particularly useful 
in patients who are also coagulopathic due to its stimulation 
of von Willebrand factor release. Vasopressin serves a dual 
role as a vasopressor and has been shown to improve trans-
plant outcomes as described above [22]. The goals of DI 
management are euvolemia, a decrease of urine output to no 
greater than 4 mL/kg/h, and sodium levels ≤155 mEq/L [15].

Hyperglycemia Current recommendations from the Society 
of Critical Care Medicine advocate for the avoidance of 
hyperglycemia above 180 mg/dL [42]. Poor glucose control in 
DNDDs has been associated with elevated terminal serum 
creatinine in kidney donors prior to organ recovery [43], 
which has been independently associated with higher rates of 
DGF [34, 35]. Recently, a study of prospectively collected 
characteristics of over 1600 DNDDs was performed using 
multivariate analysis to determine the effect of hyperglyce-
mia on OTPD and renal graft function; better function was 

associated with better glucose control, with the best outcomes 
occurring in the group in whom hyperglycemia >180 mg/dL 
was avoided [44]. This evidence suggests that the generally 
accepted critical care guideline for glucose control of 
≤180 md/dL is also appropriate for DNDDs. Hyperglycemia 
should be managed with insulin, either via intermittent 
dosing or infusion per each institution’s protocol.

Corticosteroids High-dose corticosteroids should be admin-
istered for their anti-inflammatory effects. Current dosing 
regimens include intravenous methylprednisolone 1000 mg 
bolus, 15  mg/kg bolus, or 250  mg bolus followed by 
100 mg/h infusion. If possible, due to its potential to sup-
press human leukocyte antigen (HLA) expression, methyl-
prednisolone administration should be started after blood has 
been collected for tissue typing [15].

Acute Hypothyroidism Currently, evidence suggests that 
hemodynamically unstable donors or prospective cardiac 
donors with EF <45% may benefit from thyroid hormone 
replacement [15]. Dosing regimens vary; no difference in 
efficacy between T3 and T4 has been demonstrated. Common 
regimens include (1) 4 μg intravenous bolus of T3 followed 
by infusion at 3 μg/h or (2) 20 μg intravenous bolus of T4 
followed by infusion at 10 μg/h.

 Conclusion

There is a persistent shortage of organs available for trans-
plantation, and thousands of people die each year waiting for 
a lifesaving transplant. Caring for potential deceased organ 
donors is a complex process due to the severe, widespread 
physiologic derangements that occur in the setting of cata-
strophic brain injury, brainstem herniation, and brain death. 
Standardized goals and guidelines for patient care, a focus 
on multidisciplinary collaboration and coordination of dona-
tion processes, and a growing field of research in the field of 
organ donor management have begun to narrow the gap 
between the supply and demand of transplantable organs. 
The critical care provider’s role is crucial in ensuring that 
patients with catastrophic brain injuries maximize both their 
chances for clinical improvement and the potential to pre-
serve the option of organ donation for their families.
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Care of the Postop Craniectomy/
Craniotomy Patient

Filip Moshkovsky, Maureen Mercante, and Mark Cipolle

 History of Craniotomy for Evacuation 
of Traumatic Hematoma of the Brain

The craniotomy is a procedure with ancient Greek roots with 
the most descriptive explanation found in a translation of 
Hippocrates’ On Injuries of the Head, where he described 
the use of a trepan, a type of saw, to repair skull fractures [1]. 
The craniotomy has been refined since Hippocrates’ expla-
nation and is widely performed today as a means to remove 
a large hematoma from the surface of the brain, thereby, low-
ering the intracranial pressure and reducing the resulting 
mass effect and/or midline shift. Not all acute or traumatic 
hematomas need to be evacuated and may be treated medi-
cally. Deciding when to surgically evacuate a traumatic 
hematoma is often up to the discretion of each individual 
neurosurgeon. Treatment guidelines have been developed by 
the American Academy of Neurological Surgery to help 
determine which patients would benefit from surgical evacu-
ation of an intracranial hemorrhage.

 Indications for Surgical Treatment 
of Traumatic Hematoma of the Brain

Bullock et al. established guidelines for the AANS and Brain 
Trauma Foundation for surgical treatment and timing of 
evacuation of traumatic subdural hematomas [2]. While 
these guidelines are from 2006, due to the new format of the 
Brain Trauma Foundation’s Living Guidelines (2016), only 
updates are included in the most recent guidelines. The indi-
cations for surgical evacuation of traumatic mass lesions 
have not been updated in the Brain Trauma Foundation 
Guidelines. They remain as they were written in 2006 [3].

• An acute SDH with a thickness greater than 10 mm or a 
midline shift greater than 5 mm on computed tomographic 
(CT) scan should be surgically evacuated, regardless of 
the patient’s Glasgow Coma Scale (GCS) score.

• All patients with acute SDH in coma (GCS score less 
than 9) should undergo intracranial pressure (ICP) 
monitoring.

• A comatose patient (GCS score less than 9) with a SDH 
less than 10 mm thick and a midline shift less than 5 mm 
should undergo surgical evacuation of the lesion if the 
GCS score decreased between the time of injury and hos-
pital admission by 2 or more points and/or the patient 
presents with asymmetric or fixed and dilated pupils and/
or the ICP exceeds 20 mm Hg.

It is important that all clinicians who care for post- 
craniotomy/craniectomy patients in the ICU setting are 
familiar with these guidelines. Additionally, Pascual and 
Prieto have further categorized the guidelines for surgical 
treatment of all types of acute traumatic hemorrhages based 
primarily upon class III scientific evidence [4]. These recom-
mendations are found in Table 8.1.

Once it has been determined that surgery is indicated, 
plans should be made to transport the patient to the operating 
room for evacuation of the hematoma as soon as possible.

 Explanation of Craniotomy for Evacuation 
of Traumatic Acute Epidural Hematoma

Pascual and Prieto describe the craniotomy procedure for a 
traumatic subdural hematoma in a broad outline form as fol-
lows [4]:

 1. The patient is placed in supine position with a roll placed 
under the shoulder, and the head turned almost 90 
degrees away from the surgeon, supported on a donut or 
with the Mayfield three-pin head holder.

F. Moshkovsky · M. Mercante · M. Cipolle (*) 
Department of Surgery – Surgical Critical Care,  
Christiana Care Health System, Newark, DE, USA
e-mail: mcipolle@christianacare.org

8

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-319-71712-8_8&domain=pdf
mailto:mcipolle@christianacare.org


78

 2. The scalp is marked in a question mark shape over the 
site of the hematoma.

 3. The skin incision is started about 1 cm in front of the 
tragus at the zygomatic arch, and curved backward and 
upward above the auricle, reaching the midline in a 
question mark shape, ending in the hairline if possible.

 4. In the event of a rapidly deteriorating patient, the tempo-
ral portion of the incision is quickly opened and a burr 
hole is placed.

 5. The surgeon should always be aware of the middle men-
ingeal artery during turning of the bone flap and be 
ready to quickly address bleeding should any occur.

 6. Once the bone flap is removed, the hematoma can  
carefully be removed with suction, irrigation, and cup 
forceps. Bleeding can be addressed with bipolar 
electrocautery.

 7. After the hematoma has been removed, the surgeon can 
place a small opening in the dura to rule out an underly-
ing subdural hematoma.

 8. The dura is the repaired using silk sutures.
 9. The bone flap is then reapplied to the edges, with place-

ment of a subgaleal drain.
 10. The superficial fascia and then the galea are approxi-

mated, and skin staples are used to close the skin 
margins.

The patient should then be returned to the intensive care 
unit in stable condition for ongoing management by the 
trauma and/or neurocritical care team. The neurosurgeon 
should remain available to assist in guiding care and to make 
additional treatment recommendations.

 Decompressive Craniectomy for Treatment 
of Refractory Intracranial Hypertension

The use of decompressive craniectomy (DC) for treatment of 
intracranial hypertension has been debated for decades. The 
Brain Trauma Foundation, in their most recent Guidelines 
for the Management of Severe Traumatic Brain Injury, 4th 
Edition (2016), offers no level I evidence for or against 
craniectomy but stated the following:

Level II A
• Based on the results of the DECRA trial, bifrontal DC 

is not recommended to improve outcomes as measured 
by the Glasgow Outcome Scale-Extended (GOS-E) at 
6 months post-injury in severe TBI patients with dif-
fuse injury (without mass lesions) and with ICP eleva-
tion to values >20 mm Hg for more than 15 min within 
a 1-hour period that are refractory to first-tier thera-
pies. However, this procedure has been demonstrated 
to reduce ICP and to minimize days in the intensive 
care unit (ICU) [5].

• A large frontotemporoparietal DC (not less than 
12 × 15 cm or 15 cm diameter) is recommended over a 
small frontotemporoparietal DC for reduced mortality 
and improved neurologic outcomes in patients with 
severe TBI.

Since publication of these recommendations, a new, larger 
study investigating the efficacy of bifrontal craniectomy has 
been published, primarily in Europe. The Randomized 
Evaluation of Surgery with Craniectomy for Uncontrollable 
Elevation of Intracranial Pressure (RESCUEicp) concluded 
the following:

“At 6 months, decompressive craniectomy for severe and 
refractory intracranial hypertension after TBI resulted in  a 
mortality that was 22% points lower than that with medical 
management. Surgery also was associated with higher rates 
of a vegetative state, lower severe disability, and upper severe 
disability compared to medical management. The rates of 
moderate disability and good recovery with surgery were 
similar to those with medical management.” So it seems, 
while decompressive craniectomy reduces mortality in 
patients with severe TBI and intracranial hypertension, 
“favorable” long-term neurologic functional outcomes are 

Table 8.1 Indications for evacuation of intracrianal hemorrhages 
adapted from Pascual and Prieto [4]

Location of 
hematoma Indication for surgical treatment
Epidural 
hematoma

Volume >30 cm3

Subdural 
hematoma

Thickness >10 mm or midline shift >5 mm 
regardless of GCS
Thickness <10 mm or midline shift <5 mm, and 
GCS < 9 points and decreased ≥2 points between 
injury and hospital admission
Asymmetrical or fixed and dilated pupils
ICP > 20 mmHg

Parenchymal 
lesions

Progressive neurologic deterioration referable to 
the lesion
Medically refractory high ICP, mass effect signs 
on CT, or volume >50 cm3

GCS score = 6–8 points, frontal or temporal 
contusions ≥20 cm3 and midline shift ≥5 mm 
and/or cisternal compression on CT

Posterior fossa 
lesions

Mass effect on CT scan (distortion, dislocation/
obliteration of the fourth ventricle, compression/
loss of visualization of basal cisterns, 
hydrocephalus)
Neurologic dysfunction or deterioration

Depressed 
cranial fractures

Open (compound) cranial fractures depressed 
greater than the thickness of the cranium (to 
prevent infection)
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worse compared to patients who underwent medical man-
agement only [6].

Hemicraniectomy is also performed for cerebral edema 
caused by malignant middle cerebral artery (MCA) stroke. 
A recent meta-analysis indicated that there was an odds ratio 
of 5.56 for reduction in mortality and an odds ratio of 2.04 
(both statistically significant) for obtaining a “favorable” 
long-term outcome in patients who underwent a decompres-
sive hemicraniectomy for a malignant MCA stroke when 
compared to patients who did not undergo the procedure [7]. 
However, these beneficial effects seem to be diminished and 
lose statistical significance in patients older than 60 years of 
age [7].

 Immediate Postoperative Care

Patients that require an emergent decompressive craniec-
tomy or craniotomy will need to be cared for in an intensive 
care unit postoperatively. Generally, these patients will go to 
either a neurocritical care or surgical critical care/trauma 
intensive care unit. It is important for the nursing staff and 
providers to be aware of the required monitoring that will be 
needed and treatment plans that will be employed and have a 
heightened awareness of important neurologic changes that 
may have a subtle presentation.

Since all patients requiring decompressive craniectomies 
or craniotomies will require ICU level of care, a system- 
based approach to these patients will ensure that every 
patient receives the same complete and optimal care. 
Immediate postoperative care of the patient will require 
obtaining laboratory data as well as establishing monitoring 
that will guide treatment. Common types of monitoring for 
post-craniectomy/craniotomy patients are cardiac and respi-
ratory monitoring, invasive blood pressure monitoring, intra-
cranial pressure monitoring, as well as EEG monitoring for 
those at high risk of seizures. The postsurgical care that is 
most specific to patients after craniectomy/craniotomy is 
closely related to the etiology requiring the neurosurgical 
intervention. Common postsurgical care is described below, 
and general guidelines are provided. It is important to 
remember that the following content must be used in the con-
text of the underlying process necessitating the craniectomy/
craniotomy.

 Postoperative Drains

Knowing the area of the brain that was injured requiring sur-
gical intervention is important. For traumatic brain injury 
patients, a frontotemporoparietal (FTP) hemicraniectomy is 
common and often is concomitant with evacuation of a 
space-occupying lesion, often a hematoma, on that side [3]. 

Some patient’s may have bifrontal decompressive cranioto-
mies for a more diffuse process causing generalized cerebral 
edema despite little evidence supporting improved outcomes 
[3]. This approach is most commonly performed in patients 
that have failed medical management of ongoing cerebral 
edema and is part of the tier approach to traumatic brain 
injury. Drains are often placed at the time of the craniec-
tomy/craniotomy for monitoring, draining, or both. The most 
commonly placed drains are in the subgaleal or subdural 
space. An external ventricular drain (EVD) may be used for 
monitoring as well as treatment of elevated intracranial pres-
sure (ICP). The Brain Trauma Foundation guidelines recom-
mend the consideration of continuous drainage over 
intermittent drainage of the CSF [3]. These drains need to be 
frequently evaluated to ensure that they are functioning prop-
erly, and drain care consists of keeping the area clean, dry, 
and covered. Drain management, removal, and monitoring 
will be determined by the neurosurgeon. The removal of 
drains is generally attempted as early as possible, and it has 
been demonstrated that removal of subdural drains as early as 
48 hours results in no increase in reoperation rate compared 
to removing these drains later [8]. It’s imperative that the 
nursing staff caring for these neurologically ill and injured 
patients have a thorough understanding of, and skills to man-
age, an EVD.  A major advantage of an EVD over other 
devices is that it can be used not only to monitor the ICP but 
can also be used to treat an elevated ICP via drainage of CSF.

 Postoperative Exam

Post-craniectomy patients require immediate detailed neuro-
logical exam to establish a baseline, and this should be 
clearly documented and easily accessed by all providers. The 
Glasgow Coma Scale (GCS) is a well-recognized and inter-
nationally accepted neurological assessment tool allowing 
providers from different disciplines to use common language 
in the exam of the patient. The GCS scale does have signifi-
cant limitations, and a more detailed neurological exam 
including pupillary exam, tone, strength, and sensory exam 
as well as a degree of wakefulness may help in determining 
changes in the neurological exam sooner and more precisely 
potentially advancing to a higher tier of ICP management 
sooner which is described below.

 Postoperative Elevated ICP

Elevated ICP may have detrimental effects on the perfusion 
of the brain; therefore, monitoring and treating elevated ICP 
is the cornerstone in the care of patients with severe trau-
matic brain injury defined as a GCS 3–8 with an abnormal 
head CT [3]. Studies have shown that patients with an ICP 
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above 22 mmHg have worse outcomes compared to patients 
without an elevated ICP and aggressive treatment to decrease 
the ICP will decrease morbidity and mortality [3]. ICP moni-
toring is paramount in directing the treatments in a tier step 
approach to manage an elevated ICP. Details of when to con-
sider ICP monitoring and management of an  elevated ICP 
are further covered in another chapter. In addition to the 
Brain Trauma Foundation Guidelines, the American College 
of Surgeons Trauma Quality Improvement Program (ACS 
TQIP) Best Practices in the Management of Traumatic Brain 
Injury describes and established the three-tiered manage-
ment of intracranial pressure as a “best practice” [9]. This 
TQIP best practice is consistent with the recommendations 
in the latest version of the Brain Trauma Foundation 
Guidelines [3]. Decompressive craniectomy is in the third 
tier of management of increased intracranial pressure. Once 
decompressive craniotomy has been accomplished, it is 

important to remember to continue with the guidelines and 
the recommendations found in the tier approach; below is the 
three-tiered approach as found in the ACS TQIP for the man-
agement of elevated ICP (>20–25 mmHg) or low cerebral 
perfusion pressure (CPP) (<60 mmHg) and discussed by the 
Brain Trauma Foundation (Table 8.2).

 Postoperative Pain and Sedation

It is important to remember that post-craniectomy patients 
have undergone major surgery and pain control is very 
important as this will decrease the catecholamine surge 
which may potentially have undesirable consequences [10]. 
If the patient is intubated postoperatively, it is important to 
remember that pain should be treated before initiating seda-
tion. Withholding pain medication or sedation for prolonged 

Table 8.2 Tiered approach to elevated ICP

Tier 1 Head of bed elevated at 30 degrees (reverse Trendelenburg) to improve cerebral venous outflow
Sedation and analgesia using recommended short-acting agents (e.g., propofol, fentanyl, midazolam) in intubated patients
Ventricular drainage performed intermittently. Continuous drainage is not recommended unless an additional ICP monitor is 
placed, as when the drain is open, it does not accurately reflect the true ICP
Repeat CT imaging and neurological examination should be considered to rule out the development of a surgical mass lesion and 
guide treatment
If ICP remains 20–25 mmHg, proceed to tier 2

Tier 2 In patients with a parenchymal ICP monitor, an EVD should be considered to allow for intermittent CSF drainage
Hyperosmolar therapy should be given intermittently as needed for ICP elevation and not on a routine schedule
Mannitol should be administered in intermittent boluses (0.25–1 gm/kg body weight). Caution should be taken in the hypovolemic 
patient when osmotic diuresis is instituted with mannitol. The serum sodium and osmolality must be assessed frequently  
(every 6 h), and additional doses should be held if serum osmolality exceeds 320 mosm/l. mannitol may also be held if there is 
evidence of hypovolemia
Hypertonic saline may be administered in intermittent boluses of 3% sodium chloride solution (250 ml over ½ h) or other 
concentrations (e.g., 30 cc of 23.4%). Serum sodium and osmolality must be assessed frequently (every 6 h), and additional doses 
should be held if serum sodium exceeds 160 meq/l. generally, targeting a serum sodium of 145–155 meq/L is a reasonable goal in 
patients with an elevated ICP
Cerebral autoregulation should be assessed. If the patient is not autoregulating, the CPP goal should be lowered to reduce ICP (to 
no less than 50 mmHg). Additional neuromonitoring (e.g., PbtO2, SjvO2, CBF) may help determine optimal CPP
PaCO2 goal of 30–35 mmHg should be maintained, as long as brain hypoxia is not encountered. Additional neuromonitoring  
(e.g., PbtO2, SjvO2, CBF) may help determine optimal PaCO2
Repeat CT imaging and neurological examination should be considered to rule out development of a surgical mass lesion and guide 
treatment
Neuromuscular paralysis achieved with a bolus test dose of a neuromuscular blocking agent should be considered if the above 
measures fail to adequately lower ICP and restore CPP. If there is a positive response, continuous infusion of a neuromuscular 
blocking agent should be employed (tier 3)
If ICP remains greater than 20 mmHg, proceed to tier 3

Tier 3 Decompressive hemicraniectomy or bilateral craniectomy should only be performed if treatments in tiers 1 and 2 are not sufficient 
or are limited by development of side effects of medical treatment
Neuromuscular paralysis via continuous infusion of a neuromuscular blocking agent can be employed if there is a positive response 
to a bolus dose. The infusion should be titrated to maintain at least two twitches (out of a train of four) using a peripheral nerve 
stimulator. Adequate sedation must be utilized
Barbiturate or propofol (anesthesia dosage) coma may be induced for those patients who have failed to respond to aggressive 
measures to control malignant intracranial hypertension; however it should only be instituted if a test dose of barbiturate or 
propofol results in a decrease in ICP, thereby identifying the patient as a responder. Hypotension is a frequent side effect of 
high-dose therapy with these agents. Meticulous volume resuscitation should be ensured and infusion of vasopressor/inotropes may 
be required. Prolonged use or high dose of propofol can lead to propofol infusion syndrome. Continuous EEG may be used to 
ensure targeting of the infusion to burst suppression
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periods of time may increase ICP to an undesirable level with 
detrimental effects. Of course, frequent “sedation holidays” 
should occur for accurate neurologic examinations which are 
the cornerstone of ICU management of the neurologically 
injured patients.

 Postoperative Nutrition

Some of the other important aspects to consider in the post-
operative patient is the timing of initiating nutrition. The 
BTF recommends starting nutrition within the first 5 days. 
Intubated patients may have tube feeds started via an oral or 
nasal enteric tube provided there is no significant ileus or 
gastroparesis. In patients that are not intubated, it’s advisable 
to have a bedside or formal swallowing evaluation prior to 
initiating feeding since many of these patients will have dys-
phagia secondary to their neurologic insult.

 Postoperative VTE Prophylaxis

While there has been some controversy and concern over the 
use of venous thromboembolism chemoprophylaxis while a 
drain or EVD is in place, the Neurocritical Care Society 
(NCS) recommends the use of prophylactic doses of either 
low molecular weight heparin or unfractionated heparin even 
while the EVD is in place [11]. The NCS guideline recom-
mends starting VTE chemoprophylaxis within the first 3 days 
after injury and within 1 day after EVD insertion [11]. Full 
anticoagulation is not recommended in the immediate post-
operative period in these patients [11]. Mechanical VTE pro-
phylaxis is recommended during and immediately following 
craniotomy/craniectomy. VTE chemoprophylaxis should be 
started within 24 h after the procedure and should not be held 
for monitoring devices or drains in place [12]. Treatment 
doses of anticoagulants should only be initiated after discus-
sion with the neurosurgery team.

 Postoperative Antibiotic Prophylaxis

Antibiotic prophylaxis for drain placement has also been 
addressed by the NCS consensus statement for EVD man-
agement. Their recommendation is to give one dose of anti-
biotics before a drain is placed. They do not recommend 
prophylactic antimicrobial treatment for the entire duration 
of EVD drain use. Also, in order to reduce the infection rates 
associated with drains, the earliest removal as possible is a 
best practice standard [11]. There is no evidence to suggest 
that giving antibiotics post-craniectomy/craniotomy beyond 
the perioperative dose reduces surgical site or CSF infection 
[13, 14].

 Postoperative Seizure Treatment 
and Prophylaxis

Seizure treatment and/or prophylaxis must be evaluated in 
postsurgical patient. Craniectomy or craniotomy itself may 
not increase the risk of seizures, but the reason leading to the 
surgery such as traumatic brain injury may be an indication 
for seizure prophylaxis. If the patient was treated for seizures 
prior to surgery, then it would be prudent to continue with the 
seizure treatment postsurgery. Regarding seizure prophy-
laxis, the BTF recommends 1 week of seizure prophylaxis in 
patients with severe TBI.  If there has been no evidence of 
seizure activity in 1 week, this prophylaxis may be discontin-
ued [3].

 Complications of Craniotomy 
and Craniectomy

Craniotomy and craniectomy surgery is not without risk of 
secondary injury. Multiple complications can arise from sur-
gically opening the once tightly closed and protective layers 
covering the brain, such as hygroma, hydrocephalus, and 
infection of the cranial incision, syndrome of the trephined, 
normal perfusion pressure breakthrough, and cerebral infarc-
tion. Associated symptoms, expected timing of onset, and 
treatment recommendations will be discussed so providers 
will be able to anticipate the needs of the postsurgical crani-
otomy patient.

 Hygroma

The most common complication associated with decompres-
sive brain surgery is a hygroma [15]. Patients with a hygroma 
may display a decline in their neurologic exams which may 
precipitate an urgent CT scan for evaluation. The incidence 
is as high as 92% and most hygromas occur on the same side 
as the initial injury and many will occur within the first post-
operative week [15]. Postoperative hygromas may enlarge 
for up to 4 weeks, and they often resolve spontaneously in 
months. Only 10% of patients required drainage of their 
hygromas. However, should they become so large that drain-
age is necessary, this is done by one of four methods: twist 
drill, burr hole, percutaneous drainage system, or craniotomy 
[16].

 Hydrocephalus

The incidence of developing hydrocephalus as a direct result 
of decompressive craniectomy has been debated and studied 
extensively with widely varying results due to a variety of 
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study inclusions [17]. It is a well-recognized complication 
that can occur within 4  weeks after surgery with the inci-
dence being widely variable (0–88%). However, the risk fac-
tors are also controversial, and it has been suggested that the 
surgery itself may not be a cause of hydrocephalus. Rather, 
the risk of hydrocephalus increases with “age, intraventricu-
lar hemorrhage, blood thickness greater than or equal to 5 
millimeters, and a diffuse distribution of blood rather than a 
focal hemorrhage” [18]. A decline in neurologic function or 
an arrest in rehabilitation milestones should elicit an addi-
tional CT scan of the brain to rule out hydrocephalus. In 
these patients, a shunting device, such as a ventriculostomy, 
can be inserted until a cranioplasty can be performed. If 
hydrocephalus persists after cranioplasty, a more permanent 
ventricular peritoneal shunt can be placed [16, 18].

 Infection of Craniotomy Incision

Even the most minor surgical procedure carries a risk of 
infection because the protective layer of skin is opened, 
allowing for the entry of bacteria. Most common after neuro-
surgery, infections present as meningitis, epidural abscess, 
subdural empyema, and brain abscess. Two independent risk 
factors are leakage of cerebrospinal fluid and male sex. The 
most common pathogens are Staphylococcus aureus and 
Propionibacterium acnes19. Even with prophylactic antibi-
otic treatment prior to surgery, infections still occur. 
Symptoms of post-neurosurgical infections are fever, ele-
vated white blood cell count, edema, erythema, and puru-
lence in the area or around the incision, decline in Glasgow 
Coma Scale score, agitation, and/or seizure. The diagnosis 
can be made with CT scanning and CSF cultures, a complete 
blood count, erythrocyte sedimentation rate, and C-reactive 
protein level. Broad-spectrum antibiotics should be started 
early and tapered as CSF and/or wound culture data return 
[15]. Infectious disease specialists may be a vital resource 
when there is a concern for a CSF infection. Surgical evacu-
ation and debridement may be needed for more severe infec-
tions associated with the operative site [19].

 Syndrome of the Trephined

Syndrome of the trephined is also referred to as “sunken flap 
syndrome.” A systemic review by Ashayeri et  al. in 
Neurosurgery define it as a poorly understood complication 
of craniectomy, characterized most commonly by unex-
plained neurological dysfunction in patients with acquired 
skull defects and subsequent improvement after secondary 
cranial reconstruction (i.e., cranioplasty) [20]. Symptoms are 
described as long-term neurological deficits beginning weeks 
to months after craniectomy, with clinical improvement after 

cranioplasty has been done. Symptoms can range dramati-
cally among patients but usually include motor weakness, 
cognitive and language difficulty, headache, seizures, and 
cranial nerve changes. As stated in the definition, the defini-
tive treatment is cranioplasty, and most patients do have a 
good recovery after cranioplasty, though with varying time-
frames [20].

 Normal Perfusion Pressure Breakthrough

Normal perfusion pressure breakthrough (NPPB), which 
sometimes occurs after surgical resection of an arteriovenous 
malformation (AVM), remains a misunderstood phenome-
non ever since 1978 when it was originally proposed by 
Spetzler et al. Several studies have attempted to explain its 
occurrence, but none have definitively proven the mecha-
nism behind the theory. AVMs are high-flow vascular shunts 
between arteries and veins without capillary beds in between. 
When an AVM is resected, the previously hypotensive cere-
bral perfusion pressure becomes normalized [21]. This new 
influx of blood can cause edema and hemorrhage, which in 
turn can lead to neurologic changes such as hemiplegia and 
neglect. Several studies have confirmed that keeping the sys-
tolic blood pressure on the lower end of normal (90–100 mm 
Hg), and gradually allowing blood pressure to normalize, 
will prevent or resolve neurologic side effects [21].

 Cerebral Infarction

Cerebral infarction can occur after traumatic brain injury as 
a secondary injury. Similar secondary injury can occur after 
a neurosurgical procedure involving craniectomy and crani-
otomy. This is secondary to edema that causes the brain to be 
in a hyperemic state due to its high demand for oxygen and 
quick refilling of the vessels after compression is relieved 
[15]. In addition, brain strangulation and herniation can be 
caused by brain compression, venous compression, and 
diminished blood flow against this sharp edge of remaining 
skull leading to infarct [15]. It is recommended that the bone 
flap should be larger to allow for brain swelling without 
compression of the vessels or brain tissue against the cranial 
defect [3, 15].
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Arrhythmia Evaluation 
and Management in the Surgical ICU

Edward Kelly

 Introduction

Critically ill surgical patients may experience cardiac dys-
rhythmias for a wide variety of reasons, including preexist-
ing cardiac disease; myocardial irritation from acid-base 
disturbances, electrolyte abnormalities, or sepsis; myocar-
dial ischemia; or toxic effects of medications. While nonsus-
tained, benign rhythms such as premature ventricular 
contractions (PVCs) can be observed in almost all patients, 
the prevalence of sustained dysrhythmias in mixed medical/
surgical (non-cardiothoracic) ICU populations has been 
reported as 12%, with high correlation with mortality, espe-
cially with ventricular dysrhythmias. Thus, it is vital for the 
surgical intensivist to have expertise in recognition and treat-
ment of cardiac dysrhythmias.

Effective management of cardiac dysrhythmias depends 
on rapid diagnosis and prompt intervention, often requiring a 
multimodality approach, which may include simultaneous 
correction of electrolytes and pH, pharmacological measures 
for rate control, pressors, specific antiarrhythmic medica-
tions, electrical pacing, or cardioversion. Intervention should 
be carefully tailored to the patient’s specific dysrhythmia, its 
underlying cause, and the patient’s own coexisting medical 
and surgical condition. To facilitate prompt diagnosis, this 
chapter is organized by categories of the major classes of 
cardiac dysrhythmia. In discussion of treatment, emphasis 
will be placed on both rapid intervention for arrhythmia and 
treatment of underlying causes.

 Anatomy of the Conducting System

Electrical impulses are generated and conducted through the 
heart via anatomically distinct tracts called the conducting 
system. Normally, specialized pacemaking cells in the sino-
atrial (SA) node originate the impulse or action potential 
(AP). The impulse propagates through the cardiomyocytes 
of the atrium, triggering atrial muscular contraction. Once 
the impulse arrives at the atrioventricular junction, the atrio-
ventricular (AV) node is triggered. The AV node functions 
both to delay the entry of the impulse into the ventricle 
(thereby enabling the completion of atrial contraction before 
initiation of ventricular contraction) and to facilitate orga-
nized conduction of the impulse to the larger mass of the 
ventricle. The AV node transmits the impulse into a special-
ized conducting tract, the AV bundle, or bundle of His, which 
allows more rapid conduction. The AV bundle divides into 
separate branches to the left and right ventricles, which then 
further divide into a network of conducting fibers, the 
Purkinje fibers. On the left, where the ventricle is thicker, the 
bundle further divides into anterior and posterior bundle 
branches. Much like a parallel network of electrical wiring, 
this arrangement enables rapid organized contraction of the 
thick muscular ventricles.

 Electrophysiology Review

Normal cardiac function relies on regulated generation and 
conduction of electrical impulses in the myocardium and 
conducting system to enable organized contraction. A com-
prehensive review of cardiac electrophysiology is beyond the 
scope of this chapter, but a brief summary is provided in 
order to better comprehend diagnosis and management. 
Action potentials originate in the heart due to the function of 
ion channels in the cellular membrane, leading to controlled 
changes in the electrical polarization of the membrane. These 
occur in discrete phases, as indicated in Fig. 9.1.
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In a cardiac myocyte at rest (phase 4), the cell membrane 
is polarized at about −90 mV potential energy (external vs. 
cell interior). The negative electrical potential, or resting 
transmembrane potential (TMP), of the cell interior is main-
tained by the inward rectifier potassium channels that facili-
tate movement of K+ ion out of the cell. These channels are 
not voltage dependent. Depolarization (phase 0) occurs when 
the resting membrane potential is raised to the threshold 
voltage of −70 mV, either by an action potential arising from 
a pacemaker cell or any other source (e.g., external electrical 
pacer). In response to the threshold voltage being reached, 
fast sodium channels are opened, which enable entry of Na+ 
ion in the cell. This results in the membrane potential becom-
ing net positive or depolarizing. Fast Na+ channels are time 
dependent and close while the membrane is still depolarized. 
While the TMP is greater than −40 mV, the voltage- 
dependent long calcium channels open and prolong depolar-
ization by facilitating movement of Ca++ into the cell and 
promoting Ca++ release from the sarcoplasmic reticulum.

When the time-dependent Na channels close, phase 1 
begins, and the TMP rapidly deflects toward the negative 
(repolarization), facilitated by K+ exiting the cells via K 
channels. These K channels are voltage dependent and open 
transiently, only while the membrane is depolarized. This 
results in a sharp, limited decrease in TMP. Throughout 
repolarization, the cell is refractory to initiation of a second 
action potential.

Phase 2 is characterized as the plateau phase, where TMP 
decreases very gradually through the sustained activity of the 
long (L-type) Ca++ channels. Increased sarcoplasmic Ca++ trig-
gers the muscular contraction of the heart during this phase.

In late repolarization, or phase 3, the TMP decreases 
sharply again as the Ca++ channels close, and the inward rec-
tifier K+ channels restore the resting TMP. During phase 3, 
the cell membrane is only relatively refractory to new action 
potentials and can be depolarized by an aberrant or exter-
nally applied action potential (e.g., an external electrical 
pacer) stimulating the voltage-dependent channels. In clini-
cal terms, this is seen as the R-on-T phenomenon, when an 

aberrant depolarization disrupts the organized conduction of 
electrical impulses within the ventricle, leading to chaotic 
propagation of aberrant signals, resulting in ventricular dys-
rhythmias. Once late repolarization is complete, the cell 
reenters phase 4, the TMP returns to −90 mV, and the mem-
brane is no longer refractory.

In specialized pacemaking cells primarily in the SA and 
AV nodes, but also found in other locations, phase 4 does not 
have a stable resting TMP, as shown in Fig. 9.2. Pacemaking 
cells exhibit a property known as automaticity or a regularly 
pulsating TMP. Rapid depolarization is absent, as there are 
no fast Na+ channels in these cells. Instead, the TMP rises 
gradually during phase 4 due to the action of slow Na+ chan-
nels conducting Na+ ion inward. As the TMP rises to −50 mV, 
transient (T-type) Ca++ channels open, conducting Ca++ 
inward. This Ca++ flux is brief in comparison with the L-type 
Ca++ channels but carries the TMP into the positive, depolar-
izing the cell. L-type Ca++ channels are also present in pacer 
cells and contribute to prolonging depolarization, as is in 
other cardiomyocytes. Phase 0 depolarization in pacer cells 
is thus dependent on both T- and L-type Ca++ channels. Pacer 
cells do not exhibit a phase 1 or phase 2; instead phase 3 
begins as the Ca++ channels close, and the inward rectifier K+ 
channel repolarizes the cell membrane. Phase 4 resumes as 
the slow Na+ channels open again and the TMP gradually 
rises again.

Automaticity can be displayed by cardiac myocytes and 
in the conducting system, and automaticity is subject to both 
adrenergic stimulation and parasympathetic inhibition. In 
terms of generation of arrhythmias, this means that complet-
ing pacing sites can lead to aberrant contractions, such as 
atrial premature beats (APCs) and ventricular premature 
beats (VPCs). In terms of therapy, adrenergic beta stimula-
tion (e.g., with isoproterenol) or muscarinic inhibition (e.g., 
with atropine) can be used to treat bradycardia, and beta 
blockade can be used to treat supraventricular tachycardia.

Reentry is the formation of an abnormal circuit that allows 
a sustained, unregulated depolarization impulse to travel 
through the myocardium. This circuit may involve only the 
atria, only the ventricles, or the entire heart. In normal con-
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duction, there exist branch points, where an impulse travels 
down several pathways at the same time (e.g., the division of 
the AV bundle), and the refractory period prevents conduc-
tion in the retrograde direction. When the refractory period is 
shorter in one branch than the other (e.g., in ischemic condi-
tions or due to medications or electrolyte abnormalities), the 
impulse can be conducted retrograde through the 
 non- refractory channel back to the branch point, until it 
reaches another non-refractory section of the common chan-
nel, and depolarizes that pathway in the anterograde direc-
tion again. This leads to an unregulated circular pattern of 
impulses (circus movement) that can depolarize the down-
stream branches of the circuit.

 Classification of Antiarrhythmic Drugs

Based on their primary effects on the ion channels that gov-
ern depolarization and repolarization, antiarrhythmic medi-
cations are commonly classified according to the scheme of 
Singh and Williams, shown in Table 9.1. While it is helpful 
to understand the pharmacological action of these medica-
tions and understanding pharmacology will enable better 
management of adverse effects, many commonly used anti-
arrhythmics have several mechanisms of action, and the pri-
mary mechanism of action does not always predict the 
clinical effects with precision.

Although not classified among the typical antiarrhythmic 
medications, adenosine can be used in diagnosis of tachyar-
rhythmia when there is uncertainty regarding supraventricu-
lar or ventricular origin. Adenosine is an endogenous 
nucleoside-signaling molecule with diverse physiological 
effects, which depend on the type and location of its four 
receptors. In the microcirculation of the myocardium, the 
A2A receptor predominates in the coronary smooth muscle, 

which results in coronary vasodilation and can be used for 
pharmacological stress testing. In the SA and AV node, the 
A1 receptor predominates and functions to inhibit the slow 
Na and long Ca channels, producing hyperpolarization and 
slowing electrical conduction, which is its main clinical use 
in the ICU. Ventricular rate will briefly decrease in response 
to a single intravenous dose of adenosine in cases of supra-
ventricular tachycardia, but ventricular tachyarrhythmia will 
be unaffected by adenosine. In addition, slowing conduction 
through the AV node with adenosine will convert reentrant 
tachyarrhythmias that involve the AV node, such as Wolff- 
Parkinson- White syndrome or AV nodal reentrant tachycar-
dia. Of note, adenosine should be used with caution in 
patients with history of first- or second-degree heart block or 
abnormal infranodal conduction. Complete heart block can 
ensue, and external pacing should be available with use of 
adenosine for this reason. Alternatively, in a stable, coopera-
tive patient, a vagal maneuver such as a Valsalva can be 
employed. Vagal maneuvers lead to reflex parasympathetic 
stimulation, thus decreasing AV nodal conduction.

 Cardioversion

Direct current cardioversion (DCCV) is an often useful 
maneuver for certain dysrhythmias in hemodynamically 
unstable patients. DCCV involves application of electrical 
leads on the chest, or directly onto the heart if the chest is 
open, and delivery of an electrical countershock to depolar-
ize the myocardium all at once, which stops all electrical 
conduction, both normal and aberrant. Standard equipment 
enables the delivery of the shock as a biphasic electrical dis-
charge, which delivers the energy through the chest wall in 
opposite vectors sequentially. This approach is useful in 
overcoming the electrical impedance of the thorax. Using a 

Table 9.1 Singh-Vaughan Williams classification

Class Primary mechanism Pharmacological effect
Example 
drug Adverse cardiovascular effects

I Fast Na+ channel inhibition Reduced phase 0 slope and maximum depolarization Decreased contractility
Tachycardia due to vagal 
inhibition

Ia Moderate reduction in phase 0 slope; increased AP 
duration; increased refractory period

Quinidine Qt interval prolongation

Ib Minor reduction in phase 0 slope; reduced AP duration; 
shortened refractory period

Lidocaine Vasodilation

Ic Major reduction in phase 0 slope; no effect on AP 
duration or refractory period

Flecainide PR interval prolongation

II Cardiac beta adrenergic 
receptor blockade

Block sympathetic response; reduced slope of phase 4 
(automaticity)

Metoprolol Decreased contractility, arterial 
vasodilation

III K+ channel inhibition Prolonged phase 3 repolarization, increased AP 
duration and refractory period

Ibutilide Qt interval prolongation, 
ventricular tachycardia

IV L-type Ca++ channel 
inhibition in nodes

Prolonged refractory period, decreased pacer rate Diltiazem High-degree AV block, 
vasodilation

9 Arrhythmia Evaluation and Management in the Surgical ICU



88

biphasic defibrillator, the typical energy delivered in a single 
countershock is 50 Joules (J); with monophasic defibrilla-
tion, 350 J is usually required. In dysrhythmias with discern-
ible R waves (e.g., atrial fibrillation), the countershock 
should be delivered using the synchronized setting of the 
defibrillator. This enables the device to deliver the shock 
after the late depolarization period has occurred, in order to 
prevent the R-on-T phenomenon and avoid precipitating 
ventricular fibrillation. In patients with no discernible R 
waves (e.g., ventricular fibrillation), the asynchronous set-
ting is appropriate. After defibrillation, there is a refractory 
period, then normal electrical conduction resumes, and the 
SA node will resume normal generation of pacer potentials 
and sinus rhythm will be restored. If a competing abnormal 
pacing center or centers resume function before the SA node, 
the arrhythmia will continue. For this reason, it is almost 
always necessary to use DCCV in combination with some 
other therapy to treat the underlying cause of the arrhythmia. 
This approach is discussed in detail in the next sections.

 Tachycardias

 Sinus Tachycardia

Sinus tachycardia (ST) is defined as sinus rhythm with rate 
greater than 100 beats per minute (Fig. 9.3) and is the most 
common dysrhythmia observed in critically ill patients. It 
may be considered primarily as a physiological response to a 
wide variety of stressors: pain, fever, sepsis, anemia, hemor-
rhage, alcohol withdrawal, and delirium, to name just a few. 
In these clinical situations, there is excessive sympathetic 
stimulation to the conducting system, resulting in increased 
automaticity in the SA node and decreased conduction time 
in the AV node and infranodal conducting system. 
Unexplained ST should prompt the clinician to investigate 
and treat the underlying cause, rather than applying a remedy 
(such as beta blockers) prematurely. When ST is a compen-
satory physiological response, for example, in the case of 

hemorrhagic shock, slowing the heart rate with beta block-
ers, without treating the cause of hemorrhage and resuscitat-
ing with blood, will worsen hypotension and decrease 
oxygen delivery, resulting in a more severe state of shock.

However, there are indications for rate control in some 
cases of ST. In patients with thyroid storm, delirium tremens, 
pheochromocytoma, and blunt myocardial injury, when ST 
is a manifestation of a non-compensatory response to a path-
ological state, rate control of ST is required. Uncontrolled 
ST can lead to life-threatening myocardial demand ischemia, 
a condition which results from increased myocardial oxygen 
demand arising from tachycardia in conjunction with dimin-
ished myocardial perfusion due to higher wall tension and 
ventricular stiffness, again arising from tachycardia. Demand 
ischemia can be recognized on electrocardiography (ECG) 
with ST change in the distribution of the ischemic territory, 
often accompanied by new conduction abnormalities. 
Troponin may be elevated in this context, especially if the 
ischemia is not treated promptly, and uncontrolled demand 
ischemia may progress to a type 2 myocardial infarction 
(MI).

Class II (beta blockers) or class IV (calcium channel 
blockers) antiarrhythmics are appropriate for rate control in 
ST, when used in combination with correction of the under-
lying diagnosis. Both of these classes can cause hypotension 
and should be used with caution, especially if demand isch-
emia is suspected, as hypotension will further compromise 
oxygen delivery to the myocardium. Sinus tachycardia does 
not respond to cardioversion, and adenosine is contraindi-
cated due to hypotension.

 Atrial Fibrillation

Atrial fibrillation (AF), the most common sustained dys-
rhythmia overall, is characterized by rapid, unorganized gen-
eration or propagation of electrical impulses in the atrial 
chambers, leading to unpredictable triggering of the AV 
node. Recent evidence indicates that the majority of the 
abnormal impulses arise from the pulmonary vein orifices in 
the posterior atria, which can be targeted for surgical or 
catheter- based interventions. On ECG, AF appears as a cha-
otic baseline without discernible organized P waves and 
irregularly spaced R waves (Fig. 9.4). Measuring the R-R 
interval may be helpful to exclude rhythms that appear to be 
irregular, such as second-degree heart block. The ventricular 
response is often rapid, greater than 120 beats per minute, 
corresponding to a rapid peripheral pulse described as “irreg-
ularly irregular.”

If the atrial impulses are rapid and regular, but the ven-
tricular response is irregular, the condition is termed atrial 
flutter. Common clinical factors associated with AF in criti-
cally ill patients include electrolyte disturbances, especially 

Fig. 9.3 Sinus tachycardia: There is a P wave preceding every R wave, 
the PR interval is constant, and the rate is greater than 100
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hypokalemia and hypomagnesemia, acidosis, fever, sepsis, 
and fluid volume overload. Thyrotoxicosis and withdrawal 
states are also highly associated with elevated AF risk. 
Control of AF requires correction of any of these factors but 
often also requires specific antiarrhythmic medication. In 
patients with a stable blood pressure and no signs of 
 compromised cardiac function, rate control of ventricular 
response can be achieved with class II or class IV antiar-
rhythmics. If AF persists for longer than 24 h, risk of atrial 
thrombosis and cardioembolism becomes significant, and 
anticoagulation should be considered in appropriate patients. 
AF may trigger a rapid ventricular response, decreased car-
diac function, and cardiogenic shock. In this urgent clinical 
setting, electrical cardioversion should be considered. In less 
severe cases where conversion to sinus rhythm is indicated, 
class III medications are effective.

 Ventricular Tachycardia

Ventricular tachycardia (VT) is almost always a life- 
threatening rhythm in critically ill patients, as it is usually 
associated with significant myocardial ischemia and severely 
compromised cardiac function. On ECG (Fig. 9.5), VT char-
acteristically appears as a tachycardia of 100–280 beats per 
minute of wide ventricular complexes (>0.14 milliseconds). 
Atrial complexes are not seen, but atrial tachycardias with 
aberrant ventricular conduction can easily be confused for 
VT. If necessary, a single dose of intravenous adenosine can 
be administered to produce temporary AV nodal block to dif-
ferentiate these rhythms.

VT may arise from increased automaticity in ventricular 
foci or from the development of reentrant circuits within the 
ventricle. Metabolic derangements such as hypokalemia, 

acidosis, catecholamine surge, thyrotoxicosis, and ischemia 
are important factors in the generation of VT in critically ill 
patients and should be corrected promptly. Additional factors 
include pro-arrhythmic effects of many medications used in 
the ICU (Table 9.2) and myocardial ischemia. Patients with 
myocardial scarring after STEMI are at elevated risk for VT, 
especially if there is depressed ventricular function and when 
one of the metabolic risk factors appears. VT in these cases 
is almost always monomorphic (all of the ventricular com-
plexes have the same shape), reflecting a focal region of the 
myocardium that is generating uncontrolled impulses.

Polymorphic VT refers to wide ventricular complex 
tachycardia where the shapes of the complexes are not uni-
form. With one notable exclusion, the origin of this arrhyth-
mia is nearly always myocardial ischemia and carries a high 
mortality on that basis. The notable exclusion is torsade de 
pointes (TdP), which is characterized as a tachycardia with a 
“pulsating baseline” or “rotating axis.” In critically ill 
patients, this arrhythmia is most often the result of adverse 
drug effects that cause prolongation of the Qt interval, lead-
ing to reentry circuits in the myocardium.

VT is usually associated with hemodynamic instability 
or frank cardiac arrest (pulseless VT). In these urgent cases, 
the recommended treatment is urgent electrical cardiover-
sion, cardiopulmonary resuscitation, correction of any 
underlying metabolic disturbances, and treatment of myo-
cardial ischemia. In the more unusual case of VT with a 
stable pulse, class I or class III antiarrhythmic medications 
are indicated. When the VT is ischemia-related, or associ-
ated with myocardial scarring, recurrence is common, and 
consideration should be given to advanced therapies such as 
ablation or implantation of an automated cardioverter-defi-
brillator (AICD).

Fig. 9.4 Atrial fibrillation: 
There are no discernable P 
waves, and the R waves 
appear at irregular intervals

Fig. 9.5 Ventricular tachycardia: There is an R wave during the T wave (R on T, arrow) that has triggered a wide complex rapid rhythm without 
P waves, lasting for 9 beats

9 Arrhythmia Evaluation and Management in the Surgical ICU
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 Ventricular Fibrillation

Ventricular fibrillation (VF) is never considered a stable 
rhythm and is the leading cause of sudden cardiac arrest. It is 
characterized by multiple reentrant impulses arising in the 
ventricle and propagating at random. As such, VF should be 
treated promptly with cardiopulmonary resuscitation (CPR) 
and electrical defibrillation. It is characterized on ECG as 
disorganized electrical impulses without pulses or cardiac 
contraction. On echocardiography it is easily identified as a 
quivering (fibrillating) ventricle. In some cases the electrical 
activity on ECG may be very low in amplitude, so-called fine 
VT, and may resemble asystole. If the clinical context sug-
gests VF, it is advisable to attempt electrical cardioversion in 
these cases.

The primary underlying cause of VF is myocardial isch-
emia, but in hospitalized, critically ill patients, other risk fac-
tors are prominent. These include cardiomyopathy, drug 
toxicity, and sepsis. These severe underlying conditions 
require rapid effective intervention, but once a VF or VT 
arrest has occurred, survival depends on undelayed defibril-
lation. As with VT, an episode of ventricular fibrillation 
arrest should prompt consideration for advanced therapies 
such as AICD.

 Bradycardias

 Sinus Bradycardia

Sinus bradycardia (SB) refers to sinus rhythm with a rate 
less than 60 beats per minute (BPM). There is a wide 
array of risk factors and causes, and in some patients, 
especially trained athletes, it may be a normal adaptation. 
The more prominent associated factors include medica-
tions (especially beta blockers, calcium channel blockers, 
sedatives, and opioids), hypothyroidism, and seizure. In 
urgent cases, atropine may be used as first-line therapy, 
but for sustained symptomatic SB, temporary or perma-
nent pacing may be required.

 Atrioventricular Block

 First Degree

First-degree atrioventricular block (1AVB) is characterized 
by prolongation of the PR interval, which is normally 120–
200 ms. Common risk factors include electrolyte 
 abnormalities especially hypokalemia, myocardial ischemia, 
myocarditis, and side effects of medications, especially class 
II and class IV antiarrhythmics. While 1AVB is not directly 
life-threatening, some of the underlying causes may be and 
should be urgently investigated and corrected. In addition, 
1AVB is a marker of AV node dysfunction, and caution 
should be exercised when using medications which delay AV 
conduction in patients with 1AVB. Treatment of 1AVB is tar-
geted at the underlying cause, but the PR interval should be 
closely monitored until the block resolves.

 Second Degree

Second-degree AV block (2AVB) is characterized by intermittent 
nonconduction of atrial impulses to the ventricle and is divided 
into two types: Mobitz type 1, where the PR interval becomes 
longer with every atrial impulse until there is a nonconducted 
impulse or “dropped beat,” and Mobitz type 2, where the PR 
interval does not change, and may be of normal duration, but 
there is a nonconducted impulse at regular intervals (e.g., after 
every two conducted impulses, there is a nonconducted impulse).

Mobitz type I is usually due to drug effects or ischemia of 
the AV node and is not usually life-threatening or associated 
with progression to a more severe condition. This rhythm 
may initially appear to be irregular until the PR interval is 
measured and the successive prolongation is recognized.

Mobitz type II is usually due to structural damage to the 
infranodal conducting system (e.g., due to myocardial infarc-
tion, myocarditis, sarcoidosis, or cardiac injury), leading to wid-
ening of the ventricular complexes. Mobitz II is associated with 
a high risk of progression to complete heart block and sudden 
cardiac death. For this reason, urgent diagnosis of the underly-
ing cause is mandatory, as is rapidly establishing pacing access.

Table 9.2 Common medications with arrhythmogenic effects

Drug Primary use in ICU Pharmacological effect Associated dysrhythmia

Haloperidol Sedative hypnotic Prolongation of repolarization Ventricular tachycardia

Lidocaine and other class I antiarrhythmics Tachyarrhythmia treatment Prolongation of repolarization Ventricular tachycardia

Dobutamine Inotrope Increased intracellular cAMP Atrial and ventricular tachycardia

Fluoroquinolones Antibiotic Prolonged phase 3 Torsade de pointes

Micafungin Antifungal Prolonged phase 3 Atrial and ventricular tachycardia

Ondansetron Antiemetic Prolonged phase 3 Torsade de pointes

E. Kelly
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 Third Degree

Third-degree, or complete, heart block (CHB) refers to 
 complete lack of conduction through the AV node. In this 
condition, the ventricular complexes are generated distal to 
the AV node by junctional or ventricular myocytes that have 
automaticity (junctional or ventricular escape rhythm). 
These impulses are not conducted through the ventricle as 
rapidly and efficiently and appear as abnormally wide com-
plexes on ECG (Fig. 9.6). Junctional and ventricular escape 
rhythms are not as fast as sinus rhythm and are often associ-
ated with diminished cardiac output and cardiogenic shock.

CHB can occur as a result of ischemia or infarction (infe-
rior wall STEMI) of the AV node, drug effects especially 
with class II or class IV antiarrhythmics, and inflammatory 
conditions involving the conducting system. Urgent diagno-
sis of the underlying cause is essential, as is rapid establish-
ment of pacing.

 Pacing Access

In many cases of AVB, treatment requires urgent temporary 
pacing or even establishment of long-term internal pacing. 
Every intensive care unit should have an external defibrilla-
tor/pacer unit available and ready for emergency use. These 
devices use transcutaneous contact paddles placed at the car-
diac apex and on the mid-back to detect cardiac activity and 
deliver electrical pacing impulses. The unit can be set for 
synchronous or asynchronous pacing, the desired rate, and 
the desired current to deliver. Transcutaneous pacing is 
appropriate for the emergency setting, but it is uncomfort-
able in awake patients, can lead to skin burns with prolonged 
use, and is subject to loss of capture if the patient moves.

If pacing is required for a prolonged period, temporary 
transvenous access is preferred. In this approach, a tempo-
rary pacing wire is placed into the cardiac chambers using a 
central venous access sheath. The placement of the wire can 
be guided using fluoroscopy, or it can be done at the bedside 

using ECG sensing via the wire as a guide. Once the wire is 
in place, the external pacer is activated, and electrical pacer 
potentials (pacer spikes) will be observed on the ECG moni-
tor. As the electrical output is increased to produce capture 
(mechanical contraction of the heart resulting from pacer 
impulses), the threshold current (the minimal setting that 
produces capture) should be recorded. If feasible, the output 
should be set for double the threshold current.

 Conclusion

Critically ill surgical patients with cardiac dysrhythmias 
present a challenge to the intensivist for rapid diagnosis, 
careful evaluation, and prompt decision-making from among 
a wide array of therapeutic choices. Most often, the dys-
rhythmia will appear as a consequence of a noncardiac con-
dition; thus there will be more than one objective for 
treatment, and antiarrhythmic options may be limited by the 
underlying condition. To provide the best care and ensure the 
best outcome, it is imperative to approach the patient as a 
whole and not to treat the conduction abnormality in 
isolation.
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Fig. 9.6 Third-degree heart block: There are regular P waves and regular R waves, but the PR interval is not constant; ventricular conduction is 
completely independent from atrial impulses
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Acute Coronary Syndrome

Daniel L. Gramins

As noted by the American College of Cardiology/American 
Heart Association Task Force on Practice Guidelines, “Acute 
Coronary Syndrome (ACS) has evolved as a useful opera-
tional term that refers to a spectrum of conditions compatible 
with acute myocardial ischemia and/or infarction due to an 
abrupt reduction in coronary blood flow” [1]. The critical 
tools for the clinician to place patients on this spectrum and 
prioritize their care are the electrocardiogram (ECG) and tro-
ponin assays, the specific cardiac biomarkers of necrosis 
(Box 10.1). A key branch point is the presence of ST-segment 
elevation (ST elevation) or new left bundle branch block on a 
patient’s ECG, which is pathognomonic of an ST elevation 
myocardial infarction (STEMI). STEMI is an indication for 
immediate coronary angiography to determine if there is an 
opportunity for reperfusion therapy to open a likely com-
pletely occluded coronary artery [1]. The absence of persis-
tent ST elevation on the ECG is suggestive of non-ST 
elevation acute coronary syndrome (NSTE-ACS) which can 
be further subdivided on the basis of cardiac biomarkers of 
necrosis. If cardiac biomarkers are elevated and the clinical 
context is appropriate, the patient is considered to have a non-
ST elevation myocardial infarction (NSTEMI). Otherwise, 
the patient is deemed to have unstable angina (UA) [1].

The role of the critical care surgeon in acute coronary syn-
drome is to recognize the presence of this clinical syndrome in 
the perioperative or trauma patient. Recognition is the crucial 
first step in rescuing these patients. Once a patient is found to 
have ACS, proper assignment to STEMI or NSTE-ACS path-
ways will guide the urgency of consultations and interventions 
by cardiologists and cardiac surgeons. The critical care surgeon 
will need to remain engaged as the subject matter expert with 
regard to the patient’s ability to tolerate various anticoagulation, 
intervention, and cardiac surgical therapies in relation to their 
current condition and potential need for further surgical 
intervention.

 Epidemiology and Pathogenesis

In the United States, the most current estimate is that each 
year over 780,000 persons will experience an acute coronary 
syndrome, with a median age at presentation of 68 years and 
a male-to-female ratio of 3:2. Approximately 30% will have 
STEMI and 70% NSTE-ACS [1].

Postoperative ischemia occurs most frequently on days 1 
and 2 [2]. In a recent prospective perioperative ACS study 
conducted in Finland in which investigators monitored tro-
ponin levels before and after surgery on inpatients, 7% of 
noncardiac surgical patients sustained a perioperative myo-
cardial infarction (MI), with vascular surgery patients having 
a rate of 11%. The perioperative MI patients’ 90-day mortal-
ity was 30%, compared to just over 5% of postoperative 
patients who did not have a perioperative MI [3]. In another 
study from Canada, patients experiencing an MI after non-
cardiac surgery had an in-hospital mortality rate of 15–25%, 
and patients who had a cardiac arrest had a hospital mortality 
rate of 65% [4].

In 2012 the European Society of Cardiology, American 
College of Cardiology Foundation, American Heart 
Association, and the World Heart Federation Task Force for 
the Universal Definition of Myocardial Infarction convened 
to update an expert consensus document, titled “Third 
Universal Definition of Myocardial Infarction” [5].
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Box 10.1 Definition of myocardial infarction

Criteria for acute myocardial infarction
The term acute myocardial infarction (MI) should 

be used when there is evidence of myocardial necrosis 
in a clinical setting consistent with acute myocardial 
ischaemia. Under these conditions any one of the fol-
lowing criteria meets the diagnosis for MI:

(continued)
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• Detection of a rise and/or fall of cardiac biomarker 
values [preferably cardiac troponin (cTn)] with at 
least one value above the 99th percentile upper ref-
erence limit (URL) and with at least one of the 
following:
 – Symptoms of ischaemia.
 – New or presumed new significant ST-segment–T 

wave (ST–T) changes or new left bundle branch 
block (LBBB).

 – Development of pathological Q waves in the 
ECG.

 – Imaging evidence of new loss of viable myocar-
dium or new regional wall motion abnormality.

 – Identification of an intracoronary thrombus by 
angiography or autopsy.

• Cardiac death with symptoms suggestive of myo-
cardial ischaemia and presumed new ischaemic 
ECG changes or new LBBB, but death occurred 
before cardiac biomarkers were obtained, or before 
cardiac biomarker values would be increased.

• Percutaneous coronary intervention (PCI) related 
MI is arbitrarily defined by elevation of cTn values 
(>5 × 99th percentile URL) in patients with normal 
baseline values (≤99th percentile URL) or a rise of 
cTn values >20% if the baseline values are elevated 
and are stable or falling. In addition, either (i) 
symptoms suggestive of myocardial ischaemia or 
(ii) new ischaemic ECG changes or (iii) angio-
graphic findings consistent with a procedural com-
plication or (iv) imaging demonstration of new loss 
of viable myocardium or new regional wall motion 
abnormality are required.

• Stent thrombosis associated with MI when detected 
by coronary angiography or autopsy in the setting 
of myocardial ischaemia and with a rise and/or fall 
of cardiac biomarker values with at least one value 
above the 99th percentile URL.

• Coronary artery bypass grafting (CABG) related 
MI is arbitrarily defined by elevation of cardiac bio-
marker values (>10 × 99th percentile URL) in 
patients with normal baseline cTn values (≤99th 
percentile URL). In addition, either (i) new patho-
logical Q waves or new LBBB, or (ii) angiographic 
documented new graft or new native coronary artery 
occlusion, or (iii) imaging evidence of new loss of 
viable myocardium or new regional wall motion 
abnormality.

Criteria for prior myocardial infarction
Any one of the following criteria meets the diagno-

sis for prior MI:

• Pathological Q waves with or without symptoms in 
the absence of non-ischaemic causes.

• Imaging evidence of a region of loss of viable myo-
cardium that is thinned and fails to contract, in the 
absence of a non-ischaemic cause.

• Pathological findings of a prior MI.

The diagnostic criteria presented above were updated as 
troponin assays have become more sensitive. The require-
ment for a rising and falling pattern is necessary to distin-
guish acute processes in patients who have chronic troponin 
elevations, such as patients with structural heart disease or 
renal failure [5].

The Third Universal Definition of Myocardial Infarction 
recognizes five types of MI based upon their pathogenesis [5] 
(Table 10.1):

Type 1: Spontaneous MI (related to atherosclerotic plaque 
rupture, ulceration, fissuring, erosion, or dissection with 
resulting intraluminal thrombus in one or more of the 
coronary arteries leading to decreased myocardial blood 
flow or distal platelet emboli with ensuing myocyte 
necrosis.

Type 2: MI secondary to ischemic imbalance (myocardial 
injury with necrosis where a condition other than coro-
nary artery disease contributes to an imbalance between 
MVO2, e.g., coronary endothelial dysfunction, coronary 
artery spasm, coronary embolism, tachy−/bradyarrhyth-
mias, anemia, respiratory failure, hypotension, and hyper-
tension with or without LVH).

Type 3: MI resulting in death when biomarker values are 
unavailable (cardiac death with symptoms suggestive of 
myocardial ischemia, new ECG changes, but death prior 
to blood samples or before cardiac biomarkers could 
rise).

Type 4a: MI related to percutaneous coronary intervention.
Type 4b: MI related to stent thrombosis (stent thrombosis 

detected by coronary angiography or autopsy with myo-
cardial ischemia and a cardiac biomarker elevation.

Type 5: MI related to coronary artery bypass grafting.

Based upon the epidemiology of ACS, the critical care 
surgeon will most frequently encounter the Type 2 MI, fol-
lowed by Type 1. However, as increasing numbers of patients 
present for surgery after previous percutaneous coronary 
interventions with drug-eluting stents, the incidence of Type 
4b MI will increase.

Acute coronary syndrome is caused by the sudden 
imbalance between myocardial oxygen consumption, or 
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demand, and myocardial oxygen supply. In a STEMI, this 
imbalance is the result of coronary artery obstruction, 
 usually due to acute plaque rupture. Other mechanisms can 
lead to ACS, including acute coronary insufficiency from 
vasospasm, embolism, and arteritis; noncoronary causes of 
myocardial oxygen supply and demand mismatch from sur-
gical stress or critical illness, hypertrophic cardiomyopa-
thy, and aortic stenosis; and myocardial injury from 
infection, trauma, and drugs (Table 10.2).

 Evaluation and Diagnosis

The single greatest challenge for the critical care surgeon is 
diagnosing ACS in the perioperative or the polytrauma 
patient. Some patients will have silent ischemia, which will 
only be detected with cardiac troponins. Symptoms of ACS 
can be masked by similar postsurgical symptoms. NSTE- 
ACS usually presents as retrosternal pressure-type chest pain 
which radiates to the arms, neck, or jaw. It may be accompa-
nied by diaphoresis, dyspnea, nausea, abdominal pain, and 
syncope, all findings which can occur in normal postoperative 
patients. Exertional dyspnea is the most common angina 
equivalent, but nausea and vomiting, diaphoresis, fatigue, and 
syncope may manifest. Atypical symptoms such as epigastric 
pain, indigestion, and pleuritic pain can confound the 
diagnosis.

The physical examination is often more useful for finding 
an alternative diagnosis to NSTE-ACS. However, signs of 
heart failure should help make the diagnosis. The  differential 

Table 10.1 Universal classification of myocardial infarction

Type 1: Spontaneous myocardial infarction

Spontaneous myocardial infarction related to atherosclerotic plaque 
rupture, ulceration, fissuring, erosion, or dissection with resulting 
intraluminal thrombus in one or more of the coronary arteries 
leading to decreased myocardial blood flow or distal platelet emboli 
with ensuing myocyte necrosis. The patient may have underlying 
severe CAD but on occasion non-obstructive or no CAD.

Type 2: Myocardial infarction secondary to an ischaemic imbalance

In instances of myocardial injury with necrosis where a condition 
other than CAD contributes to an imbalance between myocardial 
oxygen supply and/or demand, e.g. coronary endothelial 
dysfunction, coronary artery spasm, coronary embolism, tachy−/
brady-arrhythmias, anaemia, respiratory failure, hypotension, and 
hypertension with or without LVH.

Type 3: Myocardial infarction resulting in death when biomarker 
values are unavailable

Cardiac death with symptoms suggestive of myocardial ischaemia 
and presumed new ischaemic ECG changes or new LBBB, but 
death occurring before blood samples could be obtained, before 
cardiac biomarker could rise, or in rare cases cardiac biomarkers 
were not collected.

Type 4a: Myocardial infarction related to percutaneous coronary 
intervention (PCI)

Myocardial infarction associated with PCI is arbitrarily defined by 
elevation of cTn values >5 × 99th percentile URL in patients with 
normal baseline values (≤99th percentile URL) or a rise of cTn 
values >20% if the baseline values are elevated and are stable or 
falling. In addition, either (i) symptoms suggestive of myocardial 
ischaemia, or (ii) new ischaemic ECG changes or new LBBB, or 
(iii) angiographic loss of patency of a major coronary artery or a 
side branch or persistent slow-or no-flow or embolization, or (iv) 
imaging demonstration of new loss of viable myocardium or new 
regional wall motion abnormality are required.

Type 4b: Myocardial infarction related to stent thrombosis

Myocardial infarction associated with stent thrombosis is detected 
by coronary angiography or autopsy in the setting of myocardial 
ischaemia and with a rise and/or fall of cardiac biomarkers values 
with at least one value above the 99th percentile URL.

Type 5: Myocardial infarction related to coronary artery bypass 
grafting (CABG)

Myocardial infarction associated with CABG is arbitrarily defined 
by elevation of cardiac biomarker values >10 × 99th percentile URL 
in patients with normal baseline cTn values (≤99th percentile 
URL). In addition, either (i) new pathological Q waves or new 
LBBB, or (ii) angiographic documented new graft or new native 
coronary artery occlusion, or (iii) imaging evidence of new loss of 
viable myocardium or new regional wall motion abnormality.

Thygesen et al. [5] Or:
Kristian Thygesen et al. Circulation. 2012;126:2020–2035

Table 10.2 Elevations of cardiac troponin values because of myocar-
dial injury [5]

Injury related to primary myocardial ischaemia

Plaque rupture

Intraluminal coronary artery thrombus formation

Injury related to supply/demand imbalance of myocardial ischaemia

Tachy-/brady-arrhythmias

Aortic dissection or severe aortic valve disease

Hypertrophic cardiomyopathy

Cardiogenic, hypovolaemic, or septic shock

Severe respiratory failure

Severe anaemia

Hypertension with or without LVH

Coronary spasm

Coronary embolism or vasculitis

Coronary endothelial dysfunction without significant CAD

Injury not related to myocardial ischaemia

Cardiac contusion, surgery, ablation, pacing, or defibrillator shocks

Rhabdomyolysis with cardiac involvement

Myocarditis

Cardiotoxic agents, e.g. anthracyclines, herceptin

Multifactorial or indeterminate myocardial injury

Heart failure

Stress (Takotsubo) cardiomyopathy

Severe pulmonary embolism or pulmonary hypertension

Sepsis and critically ill patients

Renal failure

Severe acute neurological diseases, e.g. stroke, subarachnoid 
haemorrhage

Infiltrative diseases, e.g. amyloidosis, sarcoidosis

Strenuous exercise

Kristian Thygesen et al. Circulation. 2012;126:2020–2035
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diagnosis of NSTE-ACS includes nonischemic  cardiovascular 
causes of chest pain such as acute aortic syndrome, aortic 
dissection, pulmonary embolism, and  pericarditis and 
 non- cardiovascular causes of chest, back, or upper abdomi-
nal discomfort including pulmonary causes, gastrointestinal 
causes, musculoskeletal causes, and even psychiatric 
disorders.

An ECG is the first critical diagnostic test after obtain-
ing the patient’s vital signs. Comparison to a pre-event 
ECG is extremely helpful. Persistent ST elevation in two 
contiguous leads, new left bundle branch block, or anterior 
ST depression indicative of a posterior MI should trigger an 
emergent cardiology consultation and an institutional 
STEMI response with immediate activation of the cardiac 
catheterization lab.

If the initial ECG is normal, or unchanged, then it should 
be repeated at 15- to 30-min intervals during the first hour of 
symptoms, and if the symptoms remit but recur. New ST 
depression, horizontal or down-sloping, is suggestive of 
NSTE-ACS. Transient ST changes (>0.5 mm) or a new T 
wave inversion (>2 mm) suggests acute ischemia but can 
also be seen in pulmonary embolism. A normal or unchanged 
ECG does not exclude an NSTE-ACS. At this point, an 
urgent cardiology consultation to assist with ECG interpreta-
tion and diagnosis is appropriate.

A chest X-ray is important to quickly identify potential 
pulmonary causes of chest pain. A widened mediastinum 
may suggest an aortic dissection. A computed tomography 
scan of the chest with appropriately timed intravenous con-
trast can demonstrate pulmonary embolism and aortic dissec-
tion. A transthoracic echocardiogram is useful for identifying 
a pericardial effusion and tamponade physiology, as well as 
cardiac wall motion abnormalities suggestive of 
NSTE-ACS.

Cardiac troponins are the most sensitive and specific bio-
markers for NSTE-ACS and will rise within a few hours of 
symptom onset in the event of an NSTEMI. A level should 
be obtained at symptom onset and then at 3–6 h. A troponin 
value above the 99th percentile of the upper reference level 
is required. In addition, a serial increase or decrease of >20% 
is needed if the initial value is elevated due to an underlying 
medical condition (tachyarrhythmia, hypotension, hyperten-
sion, cardiac trauma, acute heart failure, myocarditis, peri-
carditis, acute pulmonary embolism, and noncardiac 
conditions including sepsis, burns, respiratory failure, renal 
failure, acute neurological diseases, and drug toxicity). 
Chronic troponin elevations can be due to left ventricular 
hypertrophy and ventricular dilatation.

Additional troponin levels can be obtained after 6 h if 
symptoms return or ECG changes become suspicious for 
ACS. Also, B-type natriuretic peptide levels can be 
 measured to detect new or worsening heart failure. 
Creatinine kinase myocardial isoenzyme and myoglobin do 

not add to making the diagnosis of ACS and do not need to 
be ordered.

Relief of chest pain with sublingual nitroglycerin or “gas-
trointestinal cocktails” neither predicts nor excludes ACS.

 Treatment of STEMI

The critical care surgeon plays an important role in the treat-
ment of STEMI in the perioperative or polytrauma patient, 
having the most insight into the patient’s ability to be safely 
anticoagulated for coronary catheterization in light of their 
recent surgery or trauma, as well as the patient’s ability to 
comply with a 12-month course of dual antiplatelet therapy 
(DAPT) given their medical and surgical comorbid condi-
tions, and their social situation as it relates to their ability to 
comply with a post-percutaneous coronary intervention 
(PCI) medication regimen.

The conventional treatment of STEMI involves immedi-
ate transfer of the patient to the cardiac catheterization labo-
ratory for diagnostic coronary angiography and percutaneous 
coronary intervention (PCI) to restore flow in the culprit 
obstructed coronary artery. The goal of first medical contact 
to balloon time of 90 min also applies to inpatients with 
STEMI. However, patients sustaining a STEMI in a surgical 
facility without coronary intervention capabilities, such as an 
outpatient surgical center or smaller community hospital, 
still benefit from PCI outside of the 90-min interval, up to 
12 h after the onset of the event. Therefore, having a transfer 
plan to the nearest STEMI receiving facility is a must for 
surgeons and anesthesiologists who practice in these facili-
ties. Systemic fibrinolytic treatment guidelines exist for 
patients without immediate access to facilities with the nec-
essary interventional cardiology capabilities, but systemic 
fibrinolytics are contraindicated in almost all trauma and sur-
gical patients [6].

Current guidelines recommend pretreatment with non- 
enteric coated aspirin, either 162 mg or 325 mg, and the ini-
tiation of either unfractionated heparin or bivalirudin. The 
goal activated clotting time (ACT) is at least 200 s and over 
250 s if heparin will be used as monotherapy. In the catheter-
ization laboratory, when imaging demonstrates that the 
patient is an anatomic candidate for percutaneous coronary 
intervention (PCI), the patient is loaded with a P2Y12 inhibi-
tor, either clopidogrel or ticagrelor, and flow is restored in 
the stenosed or occluded coronary artery with a combination 
of balloon angioplasty and manual thrombus aspiration as 
needed, followed by stenting with either a drug-eluting stent 
(DES) or a bare metal stent (BMS). In the infrequent case of 
a patient whose anatomy is not amenable to PCI, emergent 
coronary artery bypass grafting (CABG) is recommended. 
For this reason, enoxaparin and P2Y12 inhibitors, while 
options under current STEMI treatment protocols, should be 
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avoided until the patient’s anatomy is clear, to reduce the risk 
of excessive operative hemorrhage if CABG must be per-
formed without delay [6].

In fact, under current STEMI guidelines, PCI with a DES 
has a Class III (harm) recommendation for patients who are 
unable to tolerate or comply with a prolonged course of 
DAPT because of the increased risk of stent thrombosis with 
premature discontinuation of one or both agents. Also, pra-
sugrel, another P2Y12 inhibitor, is contraindicated in patients 
with a history of prior CVA or TIA [6].

In patients who are not considered candidates for immedi-
ate PCI due to comorbid conditions, a delayed invasive man-
agement strategy is chosen for their STEMI. Class I 
indications for later cardiac catheterization include the devel-
opment of cardiogenic shock or severe heart failure, interme-
diate- or high-risk findings on pre-discharge noninvasive 
ischemia testing, or myocardial ischemia that is spontaneous 
or provoked by minimal exertion during hospitalization [6]. 
Intra-aortic balloon pump (IABP) counterpulsation has a 
Class IIa indication for mechanical support in these patients, 
and percutaneous ventricular assist devices remain under 
evaluation as well, with a Class IIb indication [6].

One could readily envision the above scenario playing out 
in a neurosurgical patient, who sustains a STEMI in the first 
1–3 days after a craniotomy or spine surgery and who would 
not be eligible for anticoagulation and DAPT, but several 
days later it would be safe to proceed.

 Treatment of NSTE-ACS

The goals of treatment for the NSTE-ACS patient are the 
relief of ischemia and the prevention of MI and death. Stable 
patients with an NSTE-ACS diagnosis should be moved to a 
telemetry-capable unit for continuous cardiac monitoring 
and treated with antianginal, antiplatelet, and anticoagulant 
therapy (17). Further invasive treatment may follow an early 
invasive strategy (coronary angiography and revasculariza-
tion within 24 h) or an ischemia-guided strategy. NSTE-ACS 
patients with continuing angina, hemodynamic instability, 
uncontrolled arrhythmias, or a large MI should be moved to 
an ICU if they are not already there [1].

Patients suspected of having an NSTE-ACS should 
receive oral antiplatelet therapy as soon as possible. For 
patients without an aspirin allergy or gastrointestinal contra-
indications, non-enteric coated, chewable aspirin, either 
162 mg or 325 mg, should be given, and a maintenance dose 
of aspirin (81 mg to 325 mg daily) should be continued 
indefinitely. Due to the contribution of higher aspirin doses 
to bleeding with multimodality therapy, selecting 162 mg 
followed by 81 mg would be prudent. In patients unable to 
take aspirin, a loading dose of clopidogrel followed by a 
daily maintenance dose should be administered. In the 

absence of knowledge about the patient’s coronary anatomy, 
the smaller clopidogrel loading dose (300 mg) is suggested. 
A P2Y12 inhibitor (clopidogrel or ticagrelor) in addition to 
aspirin should be administered for up to 12 months in all 
patients with NSTE-ACS without contraindications [1]. In 
patients with NSTE-ACS treated with an early invasive strat-
egy and dual antiplatelet therapy with intermediate−/high- 
risk features, a glycoprotein IIb/IIIa inhibitor may be 
considered as part of initial antiplatelet therapy. These agents 
have some benefit in medical patients, at a cost of increased 
periprocedural bleeding, and their use should probably be 
discouraged in postoperative patients.

In addition to antiplatelet therapy, patients with NSTE- 
ACS should be anticoagulated. Options include enoxaparin, 
bivalirudin, fondaparinux, or unfractionated heparin [1]. For 
perioperative patients, heparin is the easiest agent to reverse 
in the event of bleeding or if the patient is found to require 
CABG for revascularization instead of PCI.

Supplemental oxygen should be administered to patients 
with NSTE-ACS with arterial oxygen saturation less than 
90%, respiratory distress, or other high-risk features of 
hypoxemia [1]. These patients should also receive sublingual 
nitroglycerin up to three doses, at which point intravenous 
nitroglycerin is indicated for the treatment of persistent isch-
emia, heart failure, or hypertension. Nitrates should not be 
given to patients with NSTE-ACS who recently received a 
phosphodiesterase inhibitor, within 24 h of sildenafil or var-
denafil and within 48 h of tadalafil [1]. Most patients requir-
ing continuous nitroglycerin to relieve their angina move to 
an early invasive strategy. Another adjunct for patients with 
persistent ischemia is intra-aortic balloon pump (IABP) 
counterpulsation. While the physiology of IABP use is well 
understood, its current application is driven by clinical expe-
rience and observational studies. When rigorously studied, 
IABP use fails to deliver a statistically significant benefit for 
patients with cardiogenic shock [1].

Oral beta-blocker therapy should be initiated in the first 
24 h in NSTE-ACS patients who do not have heart failure, 
evidence of a low cardiac output state, increased risk for car-
diogenic shock (>70 years of age, heart rate >110 beats per 
minute, systolic BP <120 mm Hg), or contraindications to 
beta-blockade including a ECG PR interval of >0.24 s, sec-
ond- or third-degree heart block without a cardiac pace-
maker, or active asthma or reactive airway disease (Class I) 
[1]. While the beta-blockers metoprolol succinate, carvedilol, 
and bisoprolol are recommended for continuing therapy, 
common sense guides many practitioners to start with small 
doses of shorter-acting beta-1 selective oral metoprolol tar-
trate or intravenous esmolol and then titrate the dose while 
monitoring the patient’s hemodynamics for hypotension and 
their respiratory status for signs of bronchospasm. In patients 
with a respiratory contraindication to beta-blockers, a 
 nondihydropyridine calcium channel blocker (CCB) 
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( verapamil or diltiazem) can be given as initial therapy, with 
the same caveats regarding heart failure, shock, and conduc-
tion abnormalities [1]. These CCBs are also recommended 
when beta- blockers are not successful or their side effect 
profile is not tolerated and for patients with coronary artery 
spasm.

Other recommended medications for the NSTE-ACS 
patient include high-intensity statin therapy (atorvastatin 
80 mg daily), as well as ACE inhibitors in all patients with a 
left ventricular ejection fraction of less than 40%, and in 
those with hypertension, diabetes mellitus, or stable chronic 
kidney disease. Angiotensin receptor blockers (ARBs) are 
recommended for those patients who are ACE inhibitor 
intolerant [1]. As a practical matter, it is best to start these 
medications when one is sure that the patient will not require 
CABG surgery and that their renal function is indeed stable.

Anemic patients require special consideration. 
Gastrointestinal, surgical, or traumatic hemorrhage often 
contributes to the myocardial oxygen supply and demand 
mismatch that leads to an ACS. However, there is no proven 
benefit with transfusion in hemodynamically stable patients 
with a hemoglobin in the 7–8 grams per deciliter range and 
definitely no benefit above 8 grams per deciliter [1]. The 
critical care surgeon is best positioned to decide if the patient 
is hemodynamically stable and to guide decision-making on 
blood component therapy.

Cocaine and methamphetamine users on a trauma or sur-
gical service also require special handling. Specifically, in 
these patients, when acutely intoxicated, the use of beta- 
blockers can precipitate coronary spasm from unopposed 

alpha stimulation. Instead, benzodiazepines and  nitroglycerin 
should be used until the patient is no longer acutely intoxi-
cated, at which time conventional medical therapy can be 
implemented [1].

In summary, the critical care surgeon plays an important 
role in recognizing the presence of acute coronary syn-
drome in the perioperative and trauma patients under their 
care. Understanding the protocols and pharmacologic treat-
ment of ACS, in the context of the specific patient and their 
appropriateness for these therapies, will lead to better care 
for surgical patients and the prevention of avoidable mor-
bidity and death.
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Hemodynamic Monitoring

Nicole A. Stassen

 Introduction

Webster defines monitoring as “to watch, keep track of, or 
check usually for a special purpose.” [1] The primary goal in 
the management of critically ill patients includes the assess-
ment and manipulation of the circulatory system to ensure 
adequate tissue delivery of oxygen and essential metabolic 
substrates. The hemodynamic status of critically ill patients 
is complex; it may include varying degrees of hypovolemia, 
left and right ventricular dysfunction, abnormalities of vas-
cular tone, and microvascular dysfunction. These acute 
impairments are often further complicated by chronic comor-
bidities. Physical examination and conventional hemody-
namic monitoring cannot adequately assess the nature and 
extent of such hemodynamic dysfunction [2–4]. Appropriate 
hemodynamic monitoring can assist with both identifying 
the presence and causes of hemodynamic instability and 
therefore may allow for targeting therapeutic approaches. 
Hemodynamic monitoring can therefore be viewed as a 
means to minimize the uncertainty that often surrounds the 
patient’s hemodynamic status [5–7].

Medical history, clinical manifestations (such as skin tur-
gor, blood pressure, pulse rate, and urine output), and rou-
tine laboratory tests are important but of limited sensitivity 
and specificity in critically ill patients [8]. As the under-
standing of hemodynamics and critical illness has evolved, 
more sophisticated circulatory monitoring technologies 
have been developed. The ideal hemodynamic monitor is 
reliable, noninvasive, cost-effective, and easy to use. At the 
current time, the surgical intensivist’s toolbox when 
approaching a critically ill patient who requires advanced 
hemodynamic monitoring can be divided into the following 
categories:

• Noninvasive hemodynamic monitors
 – Ultrasound
 – Thoracic bioelectric impedance

• Invasive hemodynamic monitors
 – Pulmonary artery catheter
 – Arterial catheter – pulse contour wave analysis
 – Central venous pressure monitor
 – Esophageal Doppler monitor

Hemodynamic monitoring devices should be selected on 
a patient-specific basis, either alone or in combination with 
other hemodynamic monitors. Detailed physical examina-
tion along with other clinical data provides a framework for 
assessment of the underlying pathophysiology of the patient 
against which all information obtained from hemodynamic 
monitors can be interpreted. The correct application of 
hemodynamic data necessitates the integration of various 
variables that may complement each other in order to pro-
vide the whole clinical picture. The purpose of this section is 
to explore the selection of currently available hemodynamic 
monitoring methods which can be used to optimize a patient’s 
status in the intensive care unit.

 Noninvasive Monitoring

 Ultrasound

The role of point-of-care echocardiography performed by 
intensivists who are not trained in cardiology is constantly 
growing due to its immediate availability and diagnostic 
value. The literature continues to confirm that brief, goal- 
directed transthoracic echocardiography performed by inten-
sivists is feasible and reliable in assessing some causes of 
shock [9–12]. It can assist in the rapid, accurate, and noninva-
sive diagnosis of a broad range of acute cardiovascular dis-
eases. The availability of echocardiography has appropriately 
decreased the need for invasive procedures needed to diag-
nose life-threatening conditions. To define the scope of point-
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of-care cardiac ultrasound in the intensive care unit, Critical 
Care Medicine has published two comprehensive supple-
ments describing the technique and applications [13, 14]. 
Critical care societies worldwide have developed expert state-
ments on training standards in critical care ultrasonography 
[10–12, 15, 16]. These publications define the differences 
between binary point-of-care examinations at the bedside and 
formal cardiology-driven echocardiogram. Intensivist-
performed, brief echocardiographic examinations should not 
be used to replace formal echocardiograms but, instead, as an 
adjunct to physical examination.

Point-of-care cardiac ultrasound is noninvasive and can 
be performed immediately at the bedside as an extension of 
the physical examination [17–19]. It does not require 
advanced technology. It can be performed with a simple two- 
dimensional ultrasound machine. It is performed at the bed-
side by the intensivist, who can tailor the scope of the test 
depending on the clinical condition of the patient [20–23]. 
There are numerous publications regarding goal-directed 
point-of-care echocardiography to guide resuscitation, with 
different acronyms for a variety of focused bedside cardiac 
ultrasound protocols [9, 19, 22, 24–30]. The common 
denominator in all of these protocols is that they evaluate a 
combination of cardiac function, volume status, and fluid 
responsiveness. In essence point-of-care cardiac ultrasound 
is problem oriented and centered on guiding immediate ther-
apy dictated by the patient’s symptoms. The diagnostic tar-
gets of this simplified examination are gross cardiac 
contractility and anatomy (left and right ventricle size and 
function) as well as volume status and presence of a pericar-
dial effusion with and without tamponade physiology.

All cardiac imaging should be performed with a phased 
array, low-frequency probe (typically 2–5 MHz). The basic 
study requires two-dimensional imaging, although more 
advanced semiqualitative examinations require the use of M 
mode and color Doppler. The ideal windows for this test are 
subcostal long axis, subcostal inferior vena cava, parasternal 
long axis, parasternal short axis, and apical four chamber. On 
occasion, not all windows are required to obtain target infor-
mation necessary to change therapy, especially since the test 
can be repeated to address the effectiveness of the therapy 
change [9, 19, 22, 24–30]. Visualization of the inferior vena 
cava can be obtained in several places: the subcostal echo-
cardiographic view, the right midclavicular line, and the pos-
terior right mid-axillary line [31].

Patient volume status can be assessed with point-of-care 
ultrasound by evaluation of the inferior vena cava and the 
overall myocardium. An empty heart and/or a flat IVC, col-
lapsing >50% during the respiratory cycle, can be diagnos-
tic of hypovolemia in a hypotensive patient [32–34]. During 
positive-pressure inspiration, the increased intrathoracic 
pressure transmits to the right atrium reducing venous 
return causing inferior vena cava dilation, whereas during 

expiration, the decreased intrathoracic pressure increases 
venous return and decreases inferior vena cava diameter. 
The dynamic changes in inferior vena cava diameter will be 
greater the more volume responsive a subject is. Studies in 
septic patients demonstrated that changes in inferior vena 
cava diameter > 12% or inferior vena cava collapsibility 
index ≥18% differentiated volume responders from non- 
responders. The overall size of the inferior vena cava is not 
as important as the variability [35, 36]. In hypovolemia, the 
ventricular walls will also come together or “kiss.”

It is well established in the literature that visual estima-
tions of global cardiac function are equivalent to more 
detailed measurements [37–40]. While making an assess-
ment of global cardiac function, the intensivist needs to 
address the inward motion of the endocardium, the presence 
of thickening of the myocardium, the longitudinal motion of 
the mitral annulus, and the overall geometry of the ventricle. 
The current recommendation of the American Society of 
Echocardiography is to assess left ventricular function on the 
short-axis view at the level of the mitral valve [16]. This 
interpretation takes into consideration only the radial func-
tion of the ventricle. It is also important to use the apical 
views to look at the longitudinal function of the heart as well 
as how the left and right ventricles are interacting. The inten-
sivist only needs to be able to detect if there is a decrease in 
global cardiac activity [41]. Identification of the lack of car-
diac activity is of great utility during medical and surgical 
resuscitation. A “standstill heart” is highly predictive of mor-
tality and can help triage efforts effectively [42–44]. 
Evaluation of the function and the size of the right ventricle 
can be very useful for the clinician in guiding immediate 
treatment with anticoagulation for pulmonary embolus. 
Right ventricular enlargement in the presence of a massive 
pulmonary embolus is predictive of poor outcome. In acute 
cases of pulmonary hypertension, the right ventricle becomes 
large, but the ventricular wall is thin. In cases of chronic pul-
monary hypertension, the right ventricle is large, but the 
muscle is thicker, since time allows for compensation. These 
factors will help the operator differentiate the acuity of the 
process accordingly [45–47].

Point-of-care cardiac ultrasound in any window has a high 
diagnostic application when it comes to fluid in the pericar-
dium and visualization of cardiac tamponade physiology 
(right heart compression) [48, 49]. Pitfalls that may preclude 
detection of pericardial effusion include the presence of a 
hemothorax, pneumothorax, or having a defect in the pericar-
dium decompressing the blood into the thoracic cavity [50].

Point-of-care cardiac ultrasound needs to be performed by 
the clinician at the bedside, helping to increase the utility of 
the information obtained and thereby assisting in optimizing 
patient management. One of its current limitations compared 
with the other commonly used hemodynamic monitoring 
devices is that it does not provide continuous data.  
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Also, information gained by point-of-care cardiac ultrasound 
is user dependent. Intensivists need to be competent in both 
the performance and the interpretation of the exam. 
Appropriate use and knowledge on the ultrasound machine, 
ability to obtain the standard echocardiogram windows, criti-
cal interpretation of the images acquired, and clinical integra-
tion of the findings and the use of the information obtained to 
guide patient therapy are essential to competency in point- of- 
care cardiac ultrasound [13, 51, 52].

 Thoracic Bioelectric Impedance

Impedance cardiography in the measurement of cardiovascu-
lar performance was introduced in the late 1960s [53]. It is a 
grossly noninvasive method to continuously monitor stroke 
volume and cardiac output. It is based on the measurement of 
changes in the thoracic impedance to an electrical current 
that is produced by the fluctuations in thoracic blood volume 
with each cardiac cycle. Depending on the equation used, the 
theory behind impedance cardiography models the thorax as 
a cylinder or a truncated cone that is homogenously perfused 
with blood of a specific resistivity based on the hematocrit 
[54, 55]. The thorax has a steady state mean base impedance. 
Spot or band electrodes placed on the patient’s thorax are 
used to emit and sense a low-voltage (2.5–4.0 mA), high- 
frequency (70–100 kHz), alternating electrical current 
through the thorax [53]. The electrical impedance is inversely 
proportional to the volume of thoracic fluids, implying that 
the pulsatile decrease in total thoracic impedance can be 
used in several mathematical models to estimate the beat-to- 
beat stroke volume as well as cardiac output.

There are many limitations and pitfalls with impedance 
cardiography. The models used for estimating hemodynamic 
parameters from impedance cardiography are based on 
nomograms based on age, height, weight, and gender to esti-
mate the volume of electrically participating tissue that intro-
duces a margin of inaccuracy. Alteration in electrode position 
can drastically change cardiac output measurements. It vases 
the measurement of ventricular ejection time on distance 
between QRS complexes on EKG precluding its use in 
patients with arrhythmias. It is also subject to interference 
from mechanical ventilation. Newer generation methods 
have overcome some of these limitations by having faster 
signal processing, better signal filters, improved EKG trig-
gering, and respiratory filtering [56].

Results have been highly inconsistent in the critically ill 
population with problems including underestimation of high 
cardiac output and overestimation of low cardiac output, par-
ticularly in the setting of positive-pressure ventilation, 
arrhythmias, and pulmonary disorders (due to changes in 
thoracic cavity configuration and surface area). It is also 
highly unreliable in the presence of valvular disease and 

intracardiac shunts. Currently it is still not used as frequently 
in the United States as other methods of hemodynamic 
monitoring.

 Invasive Monitoring

 Pulmonary Artery Catheter

The introduction of pulmonary artery catheter in the 1970s 
was accompanied with great optimism. Unfortunately, clini-
cal studies, including the PAC-Man and ESCAPE trials, have 
failed to show a consistent benefit with routine use of pulmo-
nary artery catheter in the intensive care unit [57–63]. 
Pulmonary arterial catheterization is an invasive procedure. 
It requires the insertion of a central venous port and passage 
of a catheter across two heart valves. Inflation of the catheter 
once in a pulmonary artery may cause rupture of that vessel 
with disastrous consequences. Furthermore, the continual 
presence of a pulmonary artery catheter increases the likeli-
hood of arrhythmias, catheter-related bloodstream infec-
tions, and endocarditis [57, 58]. Despite the criticism 
regarding its use, this invasive hemodynamic tool continues 
to find a role in the management of a subset of critically ill 
patients [64–66]. It remains very useful when used for the 
appropriate indication and interpreted by clinicians with ade-
quate expertise in the analysis and application of data 
obtained from pulmonary artery catheter. The indications for 
placement of a pulmonary artery catheter in critically ill 
patients include acute myocardial infarction complicated by 
shock; severe heart failure; differentiation between various 
causes of shock; severe left ventricular failure to guide ther-
apy, including inotropes, vasodilators, and diuretics; cardiac 
tamponade (when clinical and echocardiographic findings 
are inconclusive); assessment of level and magnitude of 
intracardiac shunt; and severe pulmonary hypertension to 
guide therapy.

The pulmonary artery catheter can directly measure right 
atrial pressure, right ventricular pressure, pulmonary artery 
pressure, pulmonary capillary wedge pressure, and cardiac out-
put. Cardiac output is measured by either thermodilution or 
Fick principle-derived equations. The thermodilution method 
assumes three major conditions: complete mixing of the indi-
cator and blood, constant blood flow, and lack of loss of indica-
tor between the site of injection and place of detection. These 
assumptions introduce the possibility for inaccurate cardiac 
output assessment via thermodilution methods. Tricuspid 
regurgitation, arrhythmias, intracardiac shunts, extremes of 
cardiac output, slow injection, incorrect volume or temperature 
of injectate, and improper positioning of the catheter can all 
cause inaccuracy of cardiac output when thermodilution is 
used. Cardiac output calculation using the Fick principle is 
based on the conservation of mass so that the total uptake or 
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release of a substance by an organ is the product of blood flow 
to that organ multiplied by the arteriovenous concentration dif-
ference. The inaccuracy of the Fick method is mostly related to 
the oxygen consumption parameter that is often estimated. 
Cardiac index, systemic vascular resistance, pulmonary vascu-
lar resistance, stroke volume index, left ventricular stroke work 
index, and right ventricular work index can all be derived from 
pulmonary artery catheter data. The data above can be used to 
help differentiate the etiology of shock as well as guide thera-
peutic interventions.

The major reservations and concerns regarding the use of 
the pulmonary artery catheter given its level of invasiveness 
and the lack of evidence supporting improved outcomes, as 
well as the decreased familiarity and training in PAC, have 
triggered the search for less-invasive hemodynamic monitor-
ing methods. However, no study has used pulmonary artery 
catheter-derived variables to drive treatment protocols of 
proven benefit to determine whether pulmonary artery- 
specific data result in better outcomes than do data derived 
from less-invasive devices, such as the central venous cath-
eter and echocardiography.

 Arterial Catheter: Pulse Contour Wave Analysis

Given the unreliability of sphygmomanometers at blood 
pressure extremes, invasive arterial blood pressure monitor-
ing is often needed in hemodynamically unstable patients. 
Stroke volume can be estimated by analyzing arterial pres-
sure waveforms. There are several commercially available 
devices that use the pulse contour wave analysis for continu-
ous stroke volume and cardiac output measurement. These 
systems can be broadly divided into two groups, those 
requiring calibration (PiCCO and lithium dilution cardiac 
output [LiDCO]) and the uncalibrated systems (FloTrac). 
The PiCCO system (Pulsion Medical Systems, Germany) 
requires a thermistor-tipped arterial line to measure down-
stream temperature changes after the injection of a cold indi-
cator via a central venous catheter. It uses pulse contour 
wave analysis according to a modified Wesseling algorithm 
with periodic thermal dilution calibration to continuously 
measure SV and calculate the cardiac output, stroke volume 
variation, pulse pressure variation, and systemic vascular 
resistance. The LiDCO system (LiDCO Ltd., UK) uses pulse 
contour wave analysis along with dye dilution (lithium) cali-
bration to measure cardiac output. For calibration, a small 
dose of lithium is injected into a vein, where an ion-selective 
electrode sensor mounted on a peripheral arterial line plots 
the concentration of lithium over time to calculate the car-
diac output. For pulse contour wave analysis, this system 
uses an algorithm based on the law of conservation of power 
for continuous cardiac output calculations. It assumes that 

the net power change in the arterial tree is equal to the 
amount of blood entering (stroke volume) minus that of 
blood leaving. Once calibrated for compliance, the linear 
relationship between power and flow can be obtained and 
converted to nominal stroke volume that is then converted to 
an actual stroke volume. The FloTrac or Vigileo system 
(Edwards Lifesciences, California, USA) is designed around 
the application of advanced statistical principles to the arte-
rial pressure tracing, resulting in the creation of a proprietary 
algorithm that recalibrates itself constantly, rending external 
calibration unnecessary. It is based on a principle of the lin-
ear relation between pulse pressure and stroke volume. The 
arterial pressure waveform is sampled every 20 seconds at 
100 Hz, allowing the arterial pulsatility to be derived from 
the standard deviation of the pressure wave over 20 seconds, 
which is then multiplied by the patient-specific aortic com-
pliance to obtain stroke volume. It can be unreliable with 
arterial waveform artifact, aortic regurgitation, intense 
peripheral vasoconstriction, severe cardiac dysfunction, and 
irregular heart rate or tachycardia.

Besides cardiac output monitoring, pulse contour wave 
analysis methods can be used for evaluating volume status 
and fluid responsiveness.

Stroke volume variation and pulse pressure variation cal-
culated during the inspiratory and expiratory phases of 
mechanical ventilation are continuously monitored dynamic 
variables to optimize fluid therapy. They are based on beat- to- 
beat changes in left ventricular output during positive- 
pressure ventilation. During inspiration, the reduction in left 
ventricular stroke volume causes a decrease in systemic blood 
pressure and pulse pressure at end-inspiration. Appreciating 
how the venous return changes with the various pathologic 
states, in addition to its alterations in the setting of positive-
pressure ventilation, helps in the diagnosis and management 
of the common hemodynamic profiles encountered in shock 
[67, 68]. Two meta-analyses suggested that both stroke vol-
ume variation and pulse pressure variation are accurate pre-
dictors of fluid responsiveness in hemodynamically unstable 
patients under controlled mechanical ventilation [69, 70]. 
Several clinical trials have documented that a stroke volume 
variation SVV >10% or a pulse pressure variation >13–15% 
in a mechanically ventilated patient on a tidal volume of 
≥8 ml/kg or greater is highly predictive of volume respon-
siveness [71–73]. Although better than conventional static 
parameters, stroke volume variation and pulse pressure varia-
tion have limited value in predicting fluid responsiveness in 
these patients who were ventilated using low tidal volumes 
(<8 cc/kg), which is the commonly accepted ventilation strat-
egy in patients with acute  respiratory distress syndrome [74, 
75]. With low tidal volume ventilation, the cyclic changes in 
intrathoracic pressures were not significant enough to induce 
preload variations [76]. A major problem of using pulse pres-
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sure variation or stroke volume variation is the need for a con-
stant heart rate so that diastolic filling time is not contributing 
to the preload effect of the positive-pressure breath. Thus, in 
patients with frequent premature ventricular contractions or 
atrial fibrillation, the accuracy of these parameters degrades 
markedly.

 Central Venous Monitor

Central venous pressure, a measure of right atrium pressure, 
can be estimated by transducing a central venous catheter 
with its tip placed in the superior vena cava or right atrium 
[77]. Positive-pressure breathing cyclically increases in 
intrathoracic pressure by forcing the expanding lungs to pas-
sively expand the chest wall. This causes central venous 
pressure to increase proportionally. Since central venous 
pressure is the back pressure to systemic venous return to the 
heart, these cyclic increases in central venous pressure cause 
reciprocal cyclic decreases in venous return. End-expiratory 
central venous pressure is often taken as an estimate of the 
intravascular state. A low central venous pressure (<8 mmHg) 
is presumed to reflect a low circulating blood volume and a 
high central venous pressure an expanded blood volume [78, 
79]. Central venous pressure has been suggested as a mea-
sure for preload; however, its validity in predicting fluid 
responsiveness is nonexistent across numerous studies. 
Except for extremely low values, static levels of central 
venous pressure are often unreliable in predicting volume 
expansion responders [80, 81]. Dynamic changes of central 
venous pressure in response to fluids or in relation to the 
respiratory cycle have been investigated in evaluating pre-
load responsiveness with some conflicting evidence [82, 83]. 
Caution should be used when using central venous pressure 
variation because it can be altered by a host of factors inde-
pendent of volume status, including changes in tidal vol-
umes, abdominal pressure, and vascular tone [84, 85]. Using 
the dynamic changes in central venous pressure during spon-
taneous ventilation, Magder et al. predicted that those 
patients breathing spontaneously who displayed a decrease 
in CVP of >1 mmHg would be volume responsive, whereas 
those who did not would not be volume responsive [86]. 
Regrettably, central venous pressure variation does not reli-
ably predict a patient’s response to fluid challenges [87–89].

 Esophageal Doppler Monitor

Esophageal Doppler monitoring was initially introduced  
in 1971 by Side and Gosling and subsequently modified  
by Singer in 1998. An esophageal Doppler monitor is a  
minimally invasive hemodynamic device that evaluates the 

CO and fluid status based on the assessment of descending 
aortic blood flow [90–93]. Using a Doppler probe inserted 
into the esophagus, the velocity of the descending aortic 
blood flow can be determined by the frequency shift as the 
waves get reflected of the moving red blood cells. The spec-
tral analysis of the Doppler shift provides the velocity wave-
forms. This waveform is used to estimate stroke volume and 
cardiac output. The probe is about 6–7 mm in diameter and 
is inserted orally or nasally in intubated patients. The probe 
is usually inserted to the distal esophagus where it is closest 
and most parallel to the aorta. Contraindications to EDM 
placement include pharyngeal and esophageal disease (pha-
ryngeal pouch, esophageal stent, cancer, stricture, surgery) 
or significant systemic coagulopathy.

Two major assumptions are the basis of CO measure-
ments using EDM. Because the probe measures blood flow 
in the descending aorta, it presumes a fixed percentage of 
CO to supply the coronary, cerebral, and brachiocephalic 
circulation and adjusts for it with a correction factor. This 
percentage is reliable in young healthy patients but can be 
highly variable depending on the metabolic activity of dif-
ferent organs or the pathologic state. The second assump-
tion is the cross-sectional area of the descending aorta 
because using the nomogram might not be applicable to all 
patients. The M-mode option does not completely resolve 
this problem because the diameter of the aorta is dynamic 
and changes with alterations in vascular tone, volume sta-
tus, and pulse pressure [94, 95]. Other limitations in the use 
of EDM include operator dependence, accurate probe posi-
tion, and issues with dislodgement. It is inaccurate in aortic 
regurgitation, aneurysm, or coarctation. Also most studies 
were done in subjects with hypovolemic shock, and it is 
less extensively studied in cardiogenic and distributive 
shocks.

There has been a sizable body of evidence to evaluate the 
validity of EDM-derived measures and to support their clin-
ical value in critically ill patients. Most of the studies were 
performed in hemodynamically stable patients. More recent 
data have provided evidence for its use in hemodynamically 
unstable cohorts [92, 96, 97]. Esophageal Doppler monitor-
ing is a minimally invasive, safe, and easy means to continu-
ous, real-time circulatory monitoring that requires minimal 
training and can safely be used for a prolonged period of 
time without significant complications. In clinical practice, 
EDM has been best studied and shown to be most useful in 
goal-directed optimization of preload in intravascularly 
volume- depleted patients. This is especially true when 
emphasis is placed on the trend of change in stroke volume 
and cardiac output as opposed to absolute values. Further 
studies are needed to confirm the same level of reliability in 
its usefulness in guiding vasoactive and inotropic agents’ 
use [98–100].
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 Conclusion

The one-size-fits-all, noninvasive, easy-to-use, cost- effective, 
and reliable hemodynamic monitor remains elusive. In the 
meantime, current monitoring devices should continue to be 
selected on a patient-specific basis, either alone or in combi-
nation with other hemodynamic monitors, until the gold stan-
dard hemodynamic monitoring tool is developed. The 
monitoring of physiological variables in the intensive care 
unit per se cannot improve outcome unless it is followed by 
correct therapeutic interventions. Making the “correct” deci-
sion is not always straightforward even when hemodynamic 
monitoring is utilized, due to the potential for misinterpreta-
tion of the monitored parameters, the failure to identify their 
relative importance, and the remaining uncertainty regarding 
the exact nature of the physiological impairment.

Disclosure I have no commercial or financial conflicts of interest 
related to this manuscript.
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Endpoints of Resuscitation

Benjamin L. Davis and Martin A. Schreiber

 Introduction

There are many methods for measuring the adequacy of 
resuscitation in a patient in shock, but none is universally 
applicable and few appear to be without significant limita-
tions. As in so many areas of medicine, the constellation of 
findings from multiple modalities and the patient’s trajectory 
must be interpreted and acted upon, occasionally with imper-
fect data. Further, given the disparate settings and situations 
in which resuscitations are performed, the methods of guid-
ing resuscitation must be tailored to local capabilities.

While under-resuscitation often has grave consequences, 
over-resuscitation also leads to worse outcomes [1, 2]. In this 
chapter, we attempt to present a concise review of available 
endpoints of resuscitation and caveats to their use, as well as 
the limitations to available modalities.

 Hemodynamic Endpoints

 Mean Arterial Pressure

Mean arterial pressure (MAP) can be obtained quickly and 
provides nearly instantaneous and continuous results making 
it one of the most widely used resuscitation parameters. 
Despite its widespread use – including as a critical parameter 
in the Advanced Trauma Life Support and Surviving Sepsis 
Campaign Guidelines  – blood pressure monitoring is not 
without limitations [3, 4]. There is no universal goal for 
blood pressure for all patients, and MAP goals must be indi-
vidualized according to patients’ comorbidities, pathophysi-
ology, and the patient response to interventions [5]. 

Additionally, in the setting of hemorrhage, convincing data 
has shown that permissive hypotension (until bleeding is 
definitively controlled) is safe and may even lead to better 
outcomes. This is likely related to disruption of clot at higher 
pressure, hypothermia, and the dilutional coagulopathy that 
is a well described consequence of large doses of crystalloid 
[6, 7]. Based on the Committee on Tactical Combat Casualty 
Care, the current battlefield protocol is to give no fluid to 
patients that have a normal pulse and mentation [8]. In civil-
ian practice, controlled resuscitation to hypotensive goals 
has been shown to be safe [9].

A traditional cuff pressure is sufficient in most clinical 
settings, though patients in shock – usually from hemorrhage 
or sepsis in our trauma/surgical ICU – usually get an arterial 
catheter to provide “beat-to-beat” monitoring of the response 
to ongoing fluid and blood product resuscitation. It would be 
rare to have a massive transfusion or pressor-dependent 
patient without an arterial line. Other common indications 
for invasive blood pressure monitoring in our TSICU are the 
brain-injured patient requiring intracranial pressure monitor-
ing and patients with traumatic aortic injury, both groups in 
which blood pressure derangements may have immediate 
and devastating consequences [10, 11].

 Central Venous Pressure

Central venous pressure (CVP) monitoring is theoretically a 
reflection of cardiac preload and overall volume status, and 
that is the basis of its use to help guide resuscitation. Like 
MAP, it is one of the fundamental parameters of the Surviving 
Sepsis Campaign Guidelines, the target being 8–12 mmHg. 
However, recent criticisms of the Surviving Sepsis Guidelines 
include studies showing lack of survival benefit with goal- 
directed therapy [12–14]. Absolute CVP values may be unre-
liable due to the non-volume-related variables that affect 
CVP, namely, positive pressure ventilation and pulmonary 
hypertension, especially if no measurement of cardiac output 
is obtained [15]. However, trends in CVP as a resuscitation 
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proceeds may be more helpful for gauging volume status, 
assuming other variables are not changing [16]. Additionally, 
there may be significant variability in the manner in which 
CVP is actually measured at the bedside [17]. Because of 
this, we seldom place central venous catheters (CVC) for the 
sole purpose of monitoring CVP, though if a CVC is in place, 
we will use a trended CVP as a supplemental data point 
along with other clinical data.

 Cardiac Output Monitoring: Pulmonary Artery 
Catheter and Pulse Contour Wave Analysis

Due to studies showing lack of survival benefit from the use 
of pulmonary artery catheters (PAC), their use has waned and 
is often discouraged [18–22]. The PAC is no longer routinely 
a part of resuscitations in our TSICU; the possible exception 
being in the rare patient who is unstable but the source of 
instability is not clear and other modalities are unhelpful for 
whatever reason. This most frequently occurs in patients with 
acute kidney injury and complex cardiac disorders in which 
standard physiologic parameters are not reliable.

Pulse contour wave analysis is a less invasive method of 
determining cardiac output. The pulse wave is analyzed via 
an arterial line to determine a stroke volume, from which 
cardiac output may be calculated. Concerns about this meth-
od’s reliability in critically ill patients have dampened our 
enthusiasm, and it is not a routine part of our practice [23] 
(See Fig. 12.1).

 Mixed/Central Venous Oxygen Saturation

A PAC is required to obtain a true mixed venous oxygen satu-
ration (SvO2), as the sample is taken from the pulmonary 
artery itself. A central venous oxygen saturation (ScvO2) is 
not a true mixed venous oxygen saturation, and the absolute 
value of ScvO2 is usually higher than the SvO2, though the 
difference is constant enough to make ScvO2 – which only 
requires a specialized central line to obtain – a useful value 
[24]. The Surviving Sepsis Guidelines suggest a goal of 
65 mmHg for SvO2 and 70 mmHg for ScvO2, and others have 
shown that correction of ScvO2 correlates with survival [25].

 Echocardiography

Several studies have shown that echocardiography performed 
at the bedside – by surgeons with commonly available ultra-
sound machines – correlates well with more invasive means 
of assessing cardiac output [26]. In a series of studies, 
Ferrada et al. showed that an initial inferior vena cava diam-
eter  <2  cm correlates with worse outcomes in trauma 
patients, that fluid resuscitation has an identifiable and con-
sistent impact on caval diameter, and that echocardiography 
is a viable option for directing trauma resuscitations 
[27–29].

On a practical level, a relatively straightforward, repeat-
able, and reproducible method of assessing cardiac function 
and volume shows great promise. The fact that it can be done 

Fig. 12.1 Caption for pulse contour models. A typical tracing of a pulse wave and representation of systolic area measurements used to derive 
cardiac output measurements (Source: http://www.physiology.org/doi/abs/10.1152/ajpheart.2001.281.3.h1148)
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with equipment that is already available in most ICUs con-
tributes to its value. Additionally, an extended FAST exam 
with thoracic and abdominal views may be performed in tan-
dem with the echocardiogram. Several of our attending 
trauma surgeons use bedside ultrasound to evaluate at least 
the IVC, and our trauma/surgical critical care fellows have a 
dedicated rotation for hands-on experience in the perfor-
mance and interpretation of echocardiograms.

One major limitation of transthoracic echocardiography 
is that trauma patients may have a large amount of subcuta-
neous emphysema which limits the exam. We will occasion-
ally request a transesophageal echo in this case, but given the 
more invasive nature of this approach, we usually reserve it 
for patients with known or suspected cardiac disease which 
is thought to be confounding our resuscitation.

 Metabolic Endpoints

 Lactate and Base Deficit

Lactate – the final product of anaerobic metabolism – accu-
mulates in the setting of tissue dysoxia. It has been estab-
lished that a lactate level of 3.4 mmol/L on presentation is a 
predictor of in-hospital death [30] and that failure to clear 
lactate over time  – specifically within 48  h  – is associated 
with increased mortality [31–33]. Further, lactate-guided 
resuscitations may lead to better results than those guided by 
other markers [34, 35]. In practice, a lactate is obtained and 
followed for our most seriously injured trauma patients as 
well as in septic patients. This is usually done with traditional 
lab testing, though in emergencies a lactate obtained from an 
arterial blood gas sample is often much faster, especially 
when analyzed as a point of care test as with the iSTAT sys-
tem. As long as a patient remains stable, lactate levels are not 
followed if normal or once significant correction is observed.

Base deficit is defined as the amount of base required to 
raise the pH of 1 l of whole blood to the normal range based 
on the pCO2. Higher values of base deficit reflect more severe 
metabolic acidosis, and unlike a simple pH measurement, 
respiratory compensation does not affect this value [36]. 
Several studies have shown that higher base deficits predict 
trauma mortality, transfusion requirements, and organ failure 
[37–39]. Like lactate levels, base deficit is obtained early in a 
resuscitation, and if abnormal, repeated base deficits are fol-
lowed to help ensure adequate resuscitation. Unlike lactate, 
base deficit can be affected by high chloride-containing 
resuscitation fluids which produce hyperchloremic acidosis. 
Elevated base deficit secondary to hyperchloremic acidosis 
does not correlate with increased mortality as in the case of 
lactic acidosis [40].

 Novel Metabolic Markers

When compared to traditional, clinical markers of shock 
such as SBP, base deficit, pulse, shock index, and tissue oxy-
gen saturation, novel markers (ADAMTS14, heat shock pro-
tein 27, and sP-selectin) were found to be better predictors of 
multi-organ dysfunction and death in hemorrhaging patients 
[41]. However, this study was small (N = 17) and these tests 
are not widely available. Such markers show promise but are 
not yet a part of our practice.

 Regional Endpoints

 Mental Status and Urine Output

If shock is defined as evidence of diminished end-organ per-
fusion, then monitoring the function of end organs seems to 
be a reasonable goal with regard to guidance of resuscitation. 
We still use mental status and urine output (0.5 mg/kg/h in 
adults) as evidence that the brain and kidneys are adequately 
perfused, keeping in mind that certain conditions may result 
in normal or even elevated urine output in an under- 
resuscitated individual (diabetes insipidus, for example). 
While we do not base a resuscitation solely on those findings, 
they can offer fairly good insight into the patient’s overall 
status and can quickly alert us to a decompensating patient.

 Gastric Tonometry/Sublingual Capnography/
Near-Infrared Spectrometry

Measurement of CO2 concentration in the gastric mucosa 
(gastric tonometry) and in the sublingual mucosa theoreti-
cally provides an estimate of systemic perfusion, but these 
modalities have not yet been shown to be reproducible and 
result in improved resuscitation. One meta-analysis reported 
reduced mortality with gastric tonometry-guided therapy, 
but the authors point out that the benefit was mostly seen in 
patients with a normal intramucosal pH on admission [42]. 
This calls into question whether the results are generalizable 
to the most critically ill patients. Further, gastric tonometry 
does not appear to correlate well with traditional metabolic 
markers [43, 44]. Adequate studies regarding sublingual cap-
nography are lacking.

Near-infrared spectrometry uses a probe on the thenar 
eminence to measure peripheral tissue oxygen saturation 
(StO2) of the muscle tissue. Studies have shown worse out-
comes with low initial StO2 [45, 46]. It appears that StO2 
correlates with base deficit but not with MAP, ScvO2, or 
heart rate [47]. Very little clinical data exists to guide the use 
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of this modality in critical care. Similar to CVP, absolute val-
ues obtained appear to be less useful than trends.

 Correction of Coagulopathy 
and the Thrombelastogram 
as a Resuscitation Endpoint

In approximately 10% of trauma patients, coagulopathy is 
present on admission [48]. Large volumes of cold crystalloid 
exacerbate this coagulopathy through acidosis and hypother-
mia, as does ongoing hemorrhage (Tieu). In trauma patients 
who present with normal coagulation, coagulopathy may be 
acquired through the same mechanisms. The feared conse-
quence of this coagulopathy is exsanguinating hemorrhage 
despite surgical control of bleeding injuries, and so hemosta-
sis and correction of coagulopathy would seem to be reason-
able endpoints of resuscitation.

Traditional measures of coagulation can be used for iden-
tification of coagulopathy, though, if available, we increas-
ingly recommend thrombelastograms (TEG) to determine 
coagulopathy in the injured patient. This practice is based on 
data that show the international normalized ratio overesti-

mates coagulopathy [49] and data that indicates that hyperfi-
brinolysis is the cause of coagulopathy in a significant 
portion of coagulopathic trauma patients [50, 51]. Some 
authors have gone so far as to say that traditional coagulation 
studies are inappropriate for guidance of monitoring and 
treatment of coagulopathy in trauma [52].

The anti-fibrinolytic tranexamic acid (TXA) has gained 
acceptance as an adjunct to balanced resuscitation in recent 
years following the CRASH-2 trial [53]. However, it has 
been shown that not all massively bleeding patients will be 
hyperfibrinolytic and suggested that TEG can be used to help 
identify which patients are at risk of fibrinolysis shutdown, 
increased mortality, and thrombotic complications from 
TXA administration [54]. Other work suggests that balanced 
resuscitation strategies such as that described in the 
Prospective Observational Multicenter Massive Transfusion 
Trial (PROMMTT) may prevent the development of hyperfi-
brinolysis [55, 56].

It appears then that TEG shows great promise as a guide 
to transfusion and will be an important endpoint in the resus-
citation of the hemorrhaging patient, though as yet there are 
no head-to-head trials comparing it to traditional endpoints 
(Figs. 12.2, 12.3, and 12.4).

Fig. 12.2 TEG 1 – elevated R time in a patient status post-complex 
resection of a large pancreatic mass who received a 14 l of crystalloid in 
addition to 6 units PRBC, 6 units of FFP, and one apheresis of platelets 

during the course of a 16-h operation. The patient arrived in our TSICU 
with ongoing coagulopathic hemorrhage (Source: Sean McCully,  
MD, OHSU)
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Fig. 12.3 TEG 2 – same patient as TEG 1, note corrected R time after balanced blood product resuscitation with minimized crystalloid (Source: 
Sean McCully, MD, OHSU)

Fig. 12.4 TEG 3 – TEG showing fibrinolysis after severe head injury (Source: Sean McCully, MD, OHSU)
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 Conclusion

There is no universal endpoint to resuscitation. Patient fac-
tors, such as comorbidities, along with the underlying 
 pathophysiology and type of shock will determine which 
endpoints are most appropriate. Given the disparate settings 
in which medical care is provided, local conditions and 
resources will by necessity have an impact on the choice of 
endpoint.
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 Introduction

Standardized pathways are one of the key foundations for the 
postoperative care of cardiac surgical patients – structured 
care criteria rooted in the best available evidence contribute 
to greater efficiency in care delivery and enhance patient 
safety [1]. Such pathways are only a starting place, however. 
Contrary to some popular lore, every cardiac surgical patient, 
procedure, and postoperative course is unique. A pathway 
dictating the baseline plan of care allows the critical care 
patient team to dedicate time and effort toward dynamic or 
unexpected events when they occur.

In this chapter, a review of general management princi-
ples and techniques relevant to the care of cardiac surgical 
patients will be followed by guidance for the management of 
more specific clinical scenarios. Finally, this chapter will 
present some considerations unique to particular cardiac sur-
gical procedures.

 General Management: Receiving the Patient

When a patient is transferred from the cardiac surgery operat-
ing room (OR) to the intensive care unit (ICU), a “team hud-
dle” is critical, to convey key information about the patient, the 
operative procedure, and early plans for care. Ideally, this 

patient care transition should involve the cardiac surgeon, anes-
thesiologist, receiving intensivist, and primary receiving nurse. 
At a minimum, the transferring team should convey patient 
information (baseline cardiac function, significant comorbidi-
ties), pertinent details from the operative procedure (conduct of 
the procedure, difficulty of intubation, any transfusions, any 
unexpected findings/events), and current state (cardiac function 
on post-procedure transesophageal echocardiogram [TEE], 
most recent cardiac output/index, current vasoactive drips, cur-
rent pacing regimen, and most recent underlying rhythm). In 
addition, the team should discuss initial plans for care – includ-
ing the goals for blood pressure, expected goals concerning 
timing for extubation, and any significant deviations from the 
normal postoperative pathway plan.

Upon a cardiac surgical patient’s transition to ICU care, 
initial cardiac assessment should include determination of a 
patient’s heart rate and rhythm, cardiac output, pulmonary 
artery (PA) pressures, and systemic blood pressure. 
Assessment of clinical perfusion should include an arterial 
blood gas (ABG) and mixed venous oxygen saturation 
assessment, examination of extremity pulses and perfusion, 
and a determination of initial urine output. Baseline chest 
tube output should be noted, as should the character of ongo-
ing drainage. The ICU nurses should attempt to maintain 
chest tube patency by hooking all drains to immediate suc-
tion (20 cm H2O) and by gentling “milking” any visible clot 
within the tubes (aggressive “stripping” of mediastinal drains 
is not advised). A portable chest radiograph (CXR) should be 
performed to assess position of the endotracheal tube, central 
line and PA catheter. Lung fields should be evaluated on 
CXR for pneumothorax and/or pleural effusion. ABG results 
and arterial oxygen saturation levels should be assessed to 
determine appropriate initial ventilator settings. Warming 
measures (warm blankets, Bair Hugger, and warming of all 
IV infusions) should be instituted for any patient arriving in 
the ICU with a temperature below 36–36.5 °C. If an orogas-
tric tube is not already in place, one should be placed to low 
suction in order to prevent gastric distention after 
extubation.
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 General Management: Hemodynamic 
Monitoring

Traditionally, a PA catheter is placed after anesthetic induc-
tion for all patients undergoing cardiac surgery. PA catheter 
use is no longer universal for these procedures; specifically, 
PA catheters are omitted in some centers for isolated coronary 
artery bypass grafting (CABG), particularly for patients with 
preserved left ventricular (LV) function. Just as in most other 
ICU populations, there is no hard evidence that PA catheter 
use has a measurable clinical benefit for cardiac surgery 
patients [2]. When utilized, the PA catheter provides a useful 
tool to monitor intravascular volume (through interpretation 
of the pulmonary capillary wedge pressure and/or pulmonary 
arterial diastolic pressure), monitor for the development of 
new or worsening pulmonary hypertension, and to assess car-
diac output. Many institutions utilize an advanced fiber optic 
PA catheter, which allows for continual assessment of cardiac 
output and mixed venous oxygen saturation.

Even with a PA catheter in appropriate position, the abso-
lute values of PA pressure, cardiac output, and mixed venous 
oxygen saturation can often be deceptive in the early postop-
erative period. Given a new post-op heart patient with low 
cardiac output but with normal urine output, warm extremi-
ties with brisk pulses, and a normal serum lactate level, there 
is likely no cause for immediate concern (and certainly no 
reason to implement major changes in treatment). In other 
words, clinical markers indicating adequate end-organ per-
fusion trump PA catheter data every time. While absolute 
values do not necessarily correlate with a patient’s true phys-
iological state, changes in cardiac output and PA pressures 
(particularly a sudden or persistent decline in cardiac output 
or increase in PA pressure) should always be investigated. 
These findings may precede evidence of end-organ dysfunc-
tion by a significant interval [3].

There is a relative decrease in cardiac output for many 
patients after initial separation from cardiopulmonary bypass, 
which is typically followed by steady recovery over the first 
24 h after surgery [4]. However, one must always be cogni-
zant of alternative explanations for an early decline in cardiac 
output, most notably bleeding, tamponade, or ischemia (all of 
which are covered in detail later in this chapter).

Mixed venous oxygen saturation values from a PA cathe-
ter (assessed with a manual blood gas from the distal PA 
catheter port or using an oximetric PA catheter) can be a 
highly valuable tool. In general, a mixed venous oxygen 
saturation above 60% suggests adequate tissue-level perfu-
sion [5]. Once again, its absolute value should be interpreted 
with caution and in the context of other clinical indicators of 
organ perfusion.

If a PA catheter is not in place, central venous pressure 
(CVP) measurement can provide some information about a 
patient’s intravascular volume status. Because of the inher-

ent compliance in the venous system, CVP measurements do 
not correlate well with volume status, other than at the 
extremes [6]. However, CVP interpretation over time for a 
given patient (particularly after therapeutic intervention) can 
certainly be of value. The absence of a significant increase in 
CVP after volume administration can be either suggestive of 
ongoing bleeding or more generally suggestive of the need 
for continued volume resuscitation. Although PA catheter 
and CVP measurements are described in the medical litera-
ture for the diagnosis of tamponade, these measurements do 
not correlate well with the presence or absence of tamponade 
after cardiac surgery [7].

Radial artery pressure monitoring is standard for all cardiac 
surgical cases. However, radial arterial pressures are often 
inaccurate in the early period after separation from cardiopul-
monary bypass [8, 9]. Most often, radial pressure readings are 
artificially low, presumably due to peripheral vasoconstriction. 
An artificially low radial arterial pressure reading can be asso-
ciated with unrecognized hypertension (HTN) or can prompt 
the administration of inappropriate vasopressor medications. 
Either of these scenarios can have disastrous consequences 
with regard to fresh cannulation sites and suture lines. Because 
accurate arterial pressure assessment is critical during this 
early postoperative period, many centers have adopted routine 
femoral arterial pressure monitoring (in addition to radial) for 
cardiac surgical patients [10]. At a minimum, radial pressures 
should be correlated with noninvasive pressure measurements 
and with clinical examination. If there is any doubt as to the 
accuracy of radial pressures, femoral arterial monitoring 
should be instituted immediately.

 General Management: Sedation/Analgesia

Most institutions utilize propofol or dexmedetomidine infu-
sion for sedation in the early postoperative period after car-
diac surgery. The latter agent is being used with increasing 
frequency due to its less pronounced vasodilatory affects 
[11]. Most patients are sedated on initial admission to the 
ICU. Prior to awakening a patient and considering extuba-
tion, sedation allows for assessment of hemodynamic stabil-
ity, adequate rewarming, the absence of surgical bleeding, 
and acceptable acid-base status (all of which are requisites 
for safe extubation after cardiac surgery).

Because propofol has no analgesic properties, it is typi-
cally supplemented with intravenous (IV) narcotics based on 
nursing assessment. For patients with normal renal function, 
IV ketorolac can be an extremely effective analgesic adjunct 
after cardiac surgery. Ketorolac may be particularly helpful 
after extubation and for younger patients (who often experi-
ence a higher degree of pain after median sternotomy). Some 
centers avoid ketorolac use after CABG, as there is a black 
box warning against the use of nonsteroidal anti- inflammatory 
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medications in this setting [12]. However, the evidentiary 
basis for this Food and Drug Association (FDA) warning is 
scant, and many centers have reported excellent results uti-
lizing ketorolac for CABG patients [13].

“Fast-track pathways” designed to minimize ventilator 
time and ICU stay are utilized in some cardiac surgery centers, 
particularly for lower risk patients/procedures. Such pathways 
have demonstrated some success in achieving these goals [14], 
although they have not been widely adopted overall.

After extubation, adequate pain control can be achieved 
in most patients with intermittent IV morphine for the first 
24–48 h, after which patients may be transitioned to oral nar-
cotics. Patient-controlled analgesia with IV hydromorphone 
or morphine can be helpful if a patient is requiring frequent 
narcotic dosing. There is some evidence that oral gabapentin 
may reduce narcotic requirements after sternotomy [15, 16].

 General Management: Ventilator 
Management

In the absence of significant preexisting pulmonary disease, 
ventilator management for cardiac surgical patients is gener-
ally straightforward. However, cardiac surgery patients often 
require higher tidal volumes than those typically utilized for 
medical patients or other surgical patients. The period of 
apnea during cardiopulmonary bypass predisposes them to 
postoperative atelectasis [17]. Appropriate tidal volumes for 
most patients are in the range of 6–8 ml/kg for ideal body 
weight [18]. Almost all patients undergoing cardiac surgery 
will have some degree of transient pulmonary edema due to 
a systemic inflammatory response and/or a state of relative 
fluid overload. As such, it is not uncommon for patients to 
require higher oxygen concentrations in the early period 
after cardiac surgery.

 General Management: Inotropes

Depending on a patient’s preoperative left or right ventricu-
lar function and the conduct of a particular operation, some 
patients undergoing cardiac surgery will arrive in the ICU on 
a continuous inotropic infusion. In other patients, the addi-
tion of a new inotrope may be indicated during their ICU 
course. The selection of a particular agent to augment ven-
tricular function is a complex decision, driven in no small 
part by a particular surgeon’s, anesthesiologist’s, or intensiv-
ist’s personal experience (and training). The most commonly 
utilized inotropic agents after cardiac surgery are epineph-
rine, dopamine, milrinone, and norepinephrine.

Epinephrine exerts a strong inotropic effect and a moder-
ate vasopressor effect, the combination of which is often 
very effective at improving cardiac output, blood pressure 

and clinical perfusion at lower-dose infusion rates. Its use is 
associated with tachycardia, increased myocardial oxygen 
demand, and an increased risk for ectopy and arrhythmias 
(particularly at higher doses). In addition, the use of epineph-
rine can contribute to a persistent lactic acidosis after cardiac 
surgery in some patients [19]. Low-dose epinephrine infu-
sion (rates of 0.01–0.05 mcg/kg/min) is generally well toler-
ated by most patients and represents the first-line inotrope in 
most scenarios after cardiac surgery.

Dopamine is classically described to have dose- dependent 
response effects, with low doses exerting vasodilatation in 
the renal vascular bed, moderate doses associated with a pri-
mary inotropic effect, and higher doses exerting a primary 
vasoconstrictor effect [20]. In reality, the various physio-
logic effects of dopamine are not compartmentalized by 
infusion dosing level nor are they entirely predictable for a 
given patient. Regardless, a low-dose dopamine infusion is 
utilized postoperatively on a routine basis for many cardiac 
surgery patients. The use of dopamine does promote tachy-
cardia and both atrial and ventricular arrhythmias.

Milrinone, a phosphodiesterase inhibitor, augments both 
right and left ventricular function and promotes vasodilata-
tion. Both of these effects occur via increased production of 
cyclic AMP. In addition, milrinone is a relatively potent pul-
monary arterial vasodilator. Because of this physiologic pro-
file, milrinone is often used for patients undergoing mitral 
valve surgery, those with significant right ventricular dys-
function, and for patients with pulmonary hypertension. 
Because of its vasodilatory properties, it should be used with 
caution in any patient with marginal systemic pressures. In 
situations where milrinone is clearly the preferred inotropic 
medication (such as in a patient with right ventricular dys-
function and pulmonary hypertension), its use may necessi-
tate concomitant vasopressor support utilizing norepinephrine 
or phenylephrine.

Norepinephrine exerts some inotropic effect, but because 
of its potent vasopressor effect, it is not optimal for use to aug-
ment cardiac output, as the increase in afterload may offset 
augmentation of cardiac contractility [20]. In general, the use 
of both norepinephrine and epinephrine simultaneously in the 
same patient should be discouraged – because they are both 
adrenergic agents competing for the many of the same recep-
tors; their use in tandem may lead to unpredictable effects.

All inotropic medications have complex physiological 
profiles and are associated with some risk of arrhythmias and 
other side effects. The one possible exception is IV calcium 
bolus therapy. Although its effect is transient, calcium (gen-
erally administered in 1 or 2 g doses of calcium chloride) 
will often markedly augment cardiac function (and blood 
pressure) with no appreciable side effects. At a minimum, 
calcium replacement is indicated for cardiac surgical patients 
(to keep ionized calcium >5 mg/dL), and calcium should be 
considered a “go to” medication in any non-bleeding patient 
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with new hypotension. The use of IV calcium in this setting 
will often buy the clinician a little time to determine the next 
most appropriate therapy.

 General Management: Vasopressors

Transient peripheral vasodilatation, or “vasoplegia,” is very 
common following cardiac surgery with cardiopulmonary 
bypass (CPB), likely because of the pro-inflammatory effects 
of bypass. In the setting of preserved cardiac output and end- 
organ perfusion, low- to moderate-dose continuous vaso-
pressor support is perfectly appropriate for this normally 
transient condition (which generally resolves in the first 
12–24 h after cardiac surgery). However, when hypotension 
coincides with decreased cardiac output, vasopressor sup-
port is not indicated and may be deleterious. In this scenario, 
volume resuscitation and/or inotropic support represent 
more appropriate therapy.

In most cases, the treatment of peripheral vasodilatation 
with preserved cardiac function and perfusion involves the 
administration of either phenylephrine or norepinephrine 
infusion (with the former providing for more selective alpha- 
adrenergic peripheral vasoconstriction). One must resist the 
temptation to bolus these medications or to make multiple 
hemodynamic interventions simultaneously, which may lead 
to a “seesaw” in blood pressure. Patients are often quite 
hemodynamically labile in the early postoperative period, 
particularly those with low intravascular volume or decreased 
left ventricular compliance (from left ventricular hypertro-
phy). It is much better to tolerate a systolic pressure in the 
60s or 70s mmHg for a few minutes while awaiting the 
effects of a new vasopressor agent or dose than to overshoot 
(and subject fresh cannulation sites and suture lines to supra-
physiologic pressures). The mantra in managing hypoten-
sion after cardiac surgery should be fine-tuning and patience.

“Adequate” blood pressure in the early postoperative 
period is best defined as the lowest blood pressure that sup-
ports satisfactory end-organ perfusion, which may vary for a 
given patient. For most cardiac surgical cases, a systolic 
blood pressure goal of 90–120 mmHg or a mean arterial 
pressure in the 60s–70s mmHg is appropriate. For elderly 
patients, patients with known peripheral vascular disease/
carotid stenosis, or those with severe long-standing HTN, a 
higher blood pressure goal may be appropriate. In the setting 
of postoperative bleeding, most surgeons would advocate a 
systolic blood pressure goal in the low 90s mmHg.

Rarely, patients may manifest severe and refractory vaso-
plegia, unresponsive to higher doses of alpha-adrenergic 
agonists. Just as in other ICU patients, the addition of “back-
ground” treatment with a non-titrated vasopressin infusion at 
a rate of 0.04 units/min may be beneficial in such cases. 

There is some evidence that vasopressin may be particularly 
effective in counteracting the vasoplegia that can be associ-
ated with oral angiotensin-converting enzyme (ACE) inhibi-
tor or angiotensin receptor blocker (ARB) use in the 
preoperative period [21]. For refractory vasoplegia after car-
diac surgery, the use of methylene blue (typically dosed at 
1.5–2 mg/kg over 20 min) may be very beneficial [22], with 
minimal risk of significant deleterious effects.

When a patient manifests significant persistent vasoplegia 
and vasopressor requirements outside of the immediate post-
operative period, one must consider the possibility of an 
alternate explanation to the normal “post-pump” physiologi-
cal state. In particular, the patient should be assessed for 
abdominal complications such as pancreatitis (due to cardio-
pulmonary bypass) or mesenteric ischemia (due to emboli or 
a low-flow state). Adrenal insufficiency should be consid-
ered in every patient with persistent vasoplegia, as transient 
adrenal suppression has been described after a single induc-
tion dose of etomidate [23]. Although rare in the first 24–48 h 
after cardiac surgery, one must also consider the possibility 
of sepsis/bacteremia.

 General Management: Hypertension

The maximum acceptable systemic pressure for a cardiac sur-
gical patient will vary depending on a surgeon’s preference, 
institutional practices, and the characteristics of a given 
patient/surgical procedure. Generally speaking, in the absence 
of high chest tube output, the maximal systolic pressure 
should be maintained at less than 120–130 mmHg during the 
early postoperative period. For patients with ongoing bleed-
ing (whether medical or surgical), the surgical team may 
direct a more aggressive pressure management strategy (such 
as a systolic goal of less than 100–110 mmHg) to avoid the 
exacerbation of bleeding. For patients with known carotid 
artery stenosis and for elderly patients with long-standing/
severe HTN, the surgical team may direct a higher initial 
blood pressure goal. In general, for patients following a nor-
mal postoperative course, maximal pressure goals are relaxed 
to 130–140 mmHg after the morning of the first postoperative 
day, although again blood pressure goals will be individual-
ized for a given patient, scenario, and surgeon’s preference.

Early blood pressure control is most often achieved using 
the following agents (alone or in combination) via IV con-
tinuous infusion: nitroglycerin, sodium nitroprusside, or 
nicardipine. Less commonly, esmolol or labetalol infusion 
may be appropriate. As with vasopressors, the agent of 
choice to reduce systemic arterial pressure may vary based 
on surgeon/institutional preference and practice. Also as 
with vasopressor use in the early postoperative period, the 
titration for vasodilator agents should be judicious and delib-
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erate (to avoid wild swings in pressure). In addition to the 
pharmacologic treatment of hypertension in the early period 
after cardiac surgery, the appropriate treatment of pain and/
or anxiety must not be overlooked in the sedated patient and 
may significantly improve blood pressure control.

There are several important characteristics and factors 
relevant to the use of each of these common antihypertensive 
drip medications. Nitroglycerin has some favorable proper-
ties for CABG patients in particular, as it potentially may 
induce the vasodilatation of both native coronary arteries 
and the left internal mammary artery (LIMA) pedicle (the 
standard CABG graft to the anterior wall). Nitroglycerin is 
inexpensive and has rapid effect and a short half-life, approx-
imately 4 min [24]. It is therefore one of the mainstays for 
early blood pressure control after cardiac surgery. Sodium 
nitroprusside is a more potent vasodilator than nitroglycerin, 
and because it exerts less relative venous dilation compared 
with nitroglycerin, it may allow for blood pressure control 
without the need to administer additional IV fluid. It is more 
expensive than nitroglycerin and can cause cyanide toxicity 
with prolonged infusion and/or higher infusion rates but is 
also a cornerstone of blood pressure management at many 
institutions. Nicardipine is being used with increasing fre-
quency for postoperative HTN, as it is highly effective and 
has a favorable side effect profile (unusual tachycardia or 
gastrointestinal effects). Although nicardipine has a short 
half-life of 2 min, its hemodynamic effects are more persis-
tent than either nitroglycerin or sodium nitroprusside [24].

Once patients are beyond the first postoperative day, the 
need for IV infusion to control systemic pressure is very 
unusual. Most patients by this time can be started on oral 
agents, and goals for blood pressure control need not be quite 
as stringent. Nearly all CABG patients who are not on vaso-
pressors should be started on an oral beta-blocker beginning 
the first postoperative day – generally metoprolol with a 
starting dose of 12.5–25 mg twice daily or carvedilol for 
patients with heart failure/reduced LV function. Valve sur-
gery patients may also benefit from a beta-blocker to reduce 
the risk of atrial arrhythmias, although all medications with 
potential effects on conduction must be used with caution in 
valve surgery patients, who often have some degree of atrio-
ventricular (AV) nodal or sinoatrial (SA) nodal dysfunction 
after surgery. Other blood pressure medications (calcium 
channel blockers, ACE inhibitors/ARBs, oral nitrates, etc.) 
can also be started in the ICU if needed for blood pressure 
control. However, most centers avoid the use of ACE inhibi-
tors/ARB medications for at least the first several days after 
surgery. In addition to the titration of oral agents, persistent 
HTN later in the postoperative period may be managed with 
doses of IV metoprolol or labetalol (when associated with an 
elevated heart rate) or IV hydralazine (when associated with 
a normal or low heart rate).

 General Management: Antiplatelet 
and Anticoagulant Medications

With very few exceptions, every cardiac surgical patient 
should be on aspirin through surgery, generally 325 mg daily 
for CABG patients (including on the night of surgery, given 
per rectum or via an orogastric tube if needed) and at least 
81 mg daily for valve procedures. Many CABG patients are 
eventually started on dual antiplatelet therapy postopera-
tively (aspirin and clopridigrel), but this is rarely relevant for 
their ICU course.

Although previous literature suggested that venous throm-
boembolism (VTE) is rare in cardiac surgical patients, these 
patients are in fact all in a high-risk category for VTE [25]. 
Therefore, the combination of sequential compression devices 
(typically omitted on the vein harvest leg for a CABG patient) 
and pharmacologic prophylaxis (unfractionated subcutane-
ous heparin, typically 5000 mg Q8hrs, or prophylactic-dose 
low-molecular-weight heparin [LMWH]) is appropriate for 
most patients. Some surgeons will hold any heparin in patients 
with bleeding issues, and others will hold aspirin in patients 
with significant thrombocytopenia, so the use of these medi-
cations should be verified with the surgical team.

Warfarin is a mandatory medication for all mechanical 
heart valve patients. Warfarin is also prescribed for several 
months by many surgeons for patients undergoing a tissue 
mitral valve replacement or mitral repair and is prescribed 
for several months after tissue aortic valve replacement by 
some surgeons [26]. In the absence of an ongoing bleeding 
diathesis and/or coagulopathy, most patients can be started 
on warfarin on the first postoperative day (or once extu-
bated). Bridging IV heparin is never needed for tissue valves 
or mitral repair but is used by some surgical groups after 
mechanical heart valve replacement. Studies show that 
bridging may slightly reduce the thromboembolism rate but 
may be associated with higher risk of bleeding [27, 28]. 
Patients anticoagulated preoperatively with warfarin or a 
novel oral anticoagulant (e.g., dabigatran, rivaroxaban) can 
generally be started back on their home dose prior to dis-
charge, but there should rarely be a need to restart this medi-
cation during a patient’s ICU course.

 General Management: Other Medications

Because all patients are markedly fluid positive after cardiopul-
monary bypass, most cardiac surgical patients should be started 
on diuretic therapy beginning on the first postoperative day. 
The timing, specific medication, route, and dose for diuretics 
will vary a great deal based on institutional and surgeon prefer-
ence. For most patients with preserved renal function, an initial 
regimen of furosemide 20 mg IV twice daily is an appropriate 
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starting place. Diuretics should be initiated with caution in 
patients with severe left ventricular hypertrophy (who may 
require higher intravascular volume to maintain adequate left 
ventricular filling due to reduced LV compliance). Diuretics 
should also be initiated with caution in patients with persistent 
vasopressor requirements and those with evidence of reduced 
end-organ perfusion (particularly renal).

All CABG patients without a contraindication (and many 
valve patients) are generally continued on statin therapy 
through surgery. In addition to the favorable longer-term 
effects of this medication class on lipid profile, there is some 
evidence that perioperative statin use may reduce the inci-
dence of atrial fibrillation, and statins have been shown to 
have anti-inflammatory properties [29–31]. However, in a 
recent study comparing perioperative rosuvastatin to placebo 
for cardiac surgery patients, patients receiving perioperative 
statin therapy were at an increased risk for acute kidney 
injury [32]. Therefore, the use of statins in the immediate 
perioperative period is not without controversy.

The use of antifibrinolytic medications after cardiac sur-
gery is standard practice at most institutions, as there is 
strong evidence that they reduce bleeding and transfusion 
requirements in this setting [33]. Antifibrinolytic medica-
tions include aprotinin (serine protease inhibitor, no longer 
in use in the USA due to safety concerns) and the lysine ana-
logs: ε-aminocaproic acid (EACA) and tranexamic acid 
(TXA). Both EACA and TXA are renally excreted with sim-
ilar half-lives (2–3 h) and conflicting data regarding relative 
efficacy. Therefore, the choice between the two lysine ana-
logs is often based on institutional availability and cost. 
Dosing regimens for lysine analogs are variable, but both 
medications are typically administered as an IV bolus after 
skin incision and are sometimes re-dosed in the CPB circuit. 
In many institutions, EACA or TXA is given via a continu-
ous infusion for 6–8 h thereafter. Therefore, depending on 
institutional protocols and practice, some cardiac surgical 
patients will arrive to the ICU with a lysine analog infusion.

Perioperative antibiotics should be continued through 
48 h after cardiac surgery, with the last dose of IV antibiotics 
typically administered on the morning of the second postop-
erative day.

 General Management: Temporary Pacing

Most patients undergoing cardiac surgery will have tempo-
rary epicardial pacing leads placed at the time of surgery. 
Most surgeons will place both atrial and ventricular pacing 
leads at the time of any cardiac valvular procedure, as valvu-
lar procedures place the AV node complex at risk for tran-
sient or permanent injury. The exception is patients with 
“permanent” atrial fibrillation, in whom atrial pacing is not 
possible (and in whom no atrial wires should be placed). The 

use of epicardial pacing leads after isolated CABG is vari-
able between surgeons and institutions, with some surgeons 
placing atrial leads only, some placing only ventricular leads, 
some utilizing both, and others not placing any. For patients 
with an existing permanent pacemaker (and/or internal car-
diac defibrillator [ICD]), the device will have been inacti-
vated prior to surgery (either by placement of a magnet or 
more commonly by formal programming). For these patients, 
most surgeons will place epicardial temporary leads, which 
can be removed at the time of reactivation of a patient’s per-
manent device settings.

Pacing leads allow for the treatment of postoperative bra-
dycardia/heart block and for augmentation of cardiac output 
in the early postoperative period. In addition, there is some 
evidence that supraphysiologic atrial pacing may suppress 
the development of atrial arrhythmias in the early postopera-
tive period [34, 35].

By convention, atrial wires are generally brought out 
through the skin to the right of midline and ventricular leads 
to the left. Some surgeons will utilize two wires on both an 
atrium and a ventricle, and others will place only a single wire 
on one or both chambers, relying on a “ground” lead placed 
through the skin for the other pacer cable connection.

The convention for pacing mode description (and nursing 
orders for pacing) indicates that the first letter of the mode 
description refers to the chamber(s) paced – “A” for atrium, 
“V” for ventricle, or “D” for dual pacing (both chambers). 
The second letter refers to the chamber(s) sensed. The third 
letter reflects the pacer’s response to sensing a native electri-
cal signal – “I” if the pacer is inhibited by a sensed native 
electrical signal; in “D” response mode, the pacer genera-
tor’s response to a sensed native signal will vary to optimize 
AV synchrony. For example, when a pacemaker is placed in 
an AAI mode, the atrium is paced and sensed, and the pacer 
does not fire (or is “inhibited”) when a native atrial signal is 
detected in the prescribed time interval. In the absence of a 
native atrial signal, the pacer in this mode will trigger an 
atrial beat (after which the AAI mode would rely on normal 
AV nodal and ventricular conduction). There are two addi-
tional mode categories for pacing, but for cardiac surgical 
patients, a three-letter mode designation is adequate.

Most patients will arrive to the ICU after cardiac surgery 
in an “asynchronous” pacing mode (DOO if both atrial and 
ventricular leads are in place, otherwise either AOO or VOO). 
Intraoperative pacer use is generally limited to these asyn-
chronous modes, as otherwise interference from electrocau-
tery use impedes reliable pacing. Upon arrival to the ICU, 
pacing should be changed to a “synchronous” mode (typi-
cally DDD, AAI, or VVI), whereby pacing is coordinated 
with native conduction. Otherwise there is a risk that the 
device will deliver an inappropriately timed ventricular signal 
that can trigger a malignant arrhythmia (e.g., the “R on T” 
phenomenon, where an ectopic beat takes place on the T-wave 
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of the preceding beat). Patients with A and V wires should 
usually be placed in DDD pacing mode, with AAI pacing for 
those with only A wires and VVI if only V wires are in place. 
For most pacemaker generator devices, the pacing generator 
can simply be placed in DDD mode, which allows for dual 
pacing, atrial pacing (by plugging in only A wires or turning 
V output to zero), or ventricular pacing (by plugging in only 
V wires or turning A output to zero). In general, isolated ven-
tricular pacing should be avoided except as a “bailout” 
method to pace patients with complete heart block and no 
functional atrial wires. The loss of coordinated atrial function 
with ventricular pacing will compromise cardiac output. The 
loss of an “atrial kick” will reduce cardiac output by 20% for 
most patients but can be associated with a greater than 30% 
detriment in those with underlying heart disease [36].

Nurses should be instructed to check pacing lead “thresh-
olds” daily in any patient with a need for ongoing pacing. 
This is done by turning each output (A and V) to maximal 
level (generally 20 mA for V output and 10 mA for A output) 
and then reducing output until reliable pacing capture is lost. 
The pacer generator output should generally be set 1–2 mA 
above this threshold. A high pacing threshold may indicate 
impending failure of temporary epicardial wires. Typical 
wire life span has been reported at 4–5 days [37].

Unless otherwise directed by the cardiac surgeon, most 
patients will arrive to the ICU paced at a rate of 80 or 90 bpm 
(with some obviously having a native rate in excess of the set 
pacer rate). In general, the ICU nurses should pause the 
patient’s pacer for an initial 12-lead electrocardiogram 
(ECG); although if there is any report that a patient may be 
“pacer-dependent,” the surgeon or anesthesiologist should 
confirm that it is safe to briefly hold pacing. In most cases if 
the patient is in sinus rhythm with an adequate rate on the 
morning of the first postoperative day, pacing can be discon-
tinued and the pacer wires capped or placed to a pacer gen-
erator with a typical “backup “rate of 40 bpm.

AV node dysfunction is exceedingly rare after CABG, 
whereas up to 20% of patients will have transient AV block 
after valve surgery, particularly after re-operative or tricus-
pid valvular procedures [38]. Sinus node dysfunction may 
also occur after cardiac surgery, particularly after the maze 
procedure for atrial fibrillation. In most cases, SA node dys-
function and AV block are transient phenomena (likely 
related to myocardial edema and the effects of cardioplegia), 
with less than 5% of valve surgery patients and less than 2% 
of CABG patients requiring permanent pacemaker implanta-
tion [39]. Therefore, it is rare that a “permanent” pacemaker 
is indicated prior to the fifth postoperative day [39].

“Pacer-dependent patients,” defined as those with an 
absent or non-perfusing native rhythm, demand certain pre-
cautions in the ICU until an adequate rhythm ensues (or until 
an intravascular/endocardial pacing system is in place). 
Specifically, temporary pacing means (transcutaneous pacer 

pads and either a pacing PA catheter kit or temporary trans-
venous pacer wire kit) should be immediately available.

If previously functional temporary epicardial leads cease 
to function (in spite of maximal output from the pacer genera-
tor), there are several bedside maneuvers that may restore epi-
cardial pacing. The simplest maneuver is to reverse polarity 
on the pacing leads by simply swapping the connections of 
the two atrial or the two ventricular wires on the pacing cable 
connector. If this does not work, placement of an additional 
“ground” wire (Fig. 13.1) through the skin will allow for the 
trial of different pacing combinations (e.g., one A lead with 
ground, other A lead with ground), as there need only be a 
single functional A or V lead for adequate pacing. Finally, one 
should always consider switching to a new set of pacing 
cables, as these are an occasional source of pacing failure.

In addition to the use of temporary pacing for patients 
with bradycardia and/or heart block, temporary pacing can 
be a simple and very effective means to augment cardiac out-
put. Because pacing at a higher rate decreases relative avail-
able time for diastolic filling (thereby reducing stroke 
volume), the relationship between heart rate and cardiac out-
put is not directly linear. However, for most patients with a 
low cardiac output and lower heart rate, an increase in pacing 
rate up to 90 or 100 bpm will significantly augment cardiac 
output. There are certain patient groups (most notably those 
with surgery for aortic stenosis and those with severe, long- 
standing HTN) whose decreased LV compliance demands a 
longer period for adequate diastolic filling. In such patients, 
an increase in heart rate may actually reduce cardiac output.

The timing for removal of temporary epicardial pacing 
leads is highly variable. They are never removed in a pacer- 
dependent patient until a more reliable means for pacing is in 
place. For non-pacer-dependent patients, some surgeons will 
remove the wires as early as the first or second postoperative 
day, whereas others will leave them in place until the patient is 
nearing hospital discharge. The argument for later removal is 
that some patients, particularly those who underwent valve 
surgery, will develop rhythm disturbances after the second or 
third postoperative day. The argument for early removal is that 
a patient is more likely to be in a monitored setting, facilitating 
the early recognition of bleeding or tamponade after epicardial 
pacer wire removal. Some cardiac surgeons will leave epicar-
dial wires in place permanently by cutting them just below the 
level of the skin at the time of discharge. Avoiding pacer wire 
removal may be particularly indicated for older patients, anti-
coagulated patients, and/or those with friable tissues.

Based on your institutional protocols, when wire removal 
is indicated, this is accomplished by cutting the skin suture 
holding the wire(s) in place and then pulling with steady, 
firm force at a 45-degree angle. If any significant resistance 
is encountered, removal should be deferred to the surgical 
team, or the wire(s) should simply be cut at the skin. After 
pacer wire removal, most institutions place patients on bed 
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rest for 1–2 h and ensure that close monitoring is in place. 
The risk of clinically significant bleeding following pacer 
wire removal is very low but may necessitate emergent sur-
gical intervention [40].

 General Management: Glycemic Control

Strong evidence supporting a mortality benefit (and signifi-
cant reduction in morbidity) with the use of strict glycemic 
control for critically ill patients was derived from a study of 
mostly cardiac surgical patients, which was reported in 2001 
[41]. The proposed glucose goal of 80–110 mg/dL from this 
landmark study can be associated with a significant risk for 
hypoglycemia [41]. As a result, most institutions presently 
target a less aggressive glucose goal (< 180–200 mg/dL). A 
glucose control protocol (employing continuous insulin 
infusion as needed and sliding scale insulin) should be uti-
lized for at least the first 24 h after cardiac surgery (and ide-
ally for at least 48 h). Beyond the initial period, glycemic 
control for cardiac surgical patients may be managed in a 
typical fashion.

 General Management: Criteria 
for Transfusion

There are no evidence-based transfusion criteria specific to 
the postoperative cardiac surgical population. However, 
there is compelling evidence linking blood transfusion in 
postoperative cardiac surgical patients with increases in 
perioperative and long-term mortality, morbidity, and 
resource utilization [42, 43]. Red blood cell transfusions 
should be administered with the intent of improving oxygen 
delivery, for a patient in whom there are clinical indicators 
of inadequate tissue perfusion coupled with anemia. In the 
absence of evidence of end-organ dysfunction, ischemia, or 
symptoms related to anemia, most institutions utilize a 
hemoglobin transfusion trigger of 7.0–7.5 mg/dL for stable 
patients [44]. For patients with ongoing/severe bleeding 
after cardiac surgery, a more aggressive approach to red 
blood cell transfusion is critical to maintain adequate tissue-
level oxygenation. A typical hemoglobin transfusion trigger 
for a bleeding patient may be 8.0–9.0 mg/dL (depending on 
the degree of bleeding, a patient’s stability, and a patient’s 
comorbid conditions).

Fig. 13.1 Placement of a cutaneous “ground wire” for temporary epi-
cardial pacing; (a) and (b) temporary pacemaker wire sewn to the skin; 
(c) exposed portion of the wire is twisted around itself, needle is cut, 

and the lead is hooked up to a pacing cable (paired with an existing 
epicardial atrial or ventricular pacing wire)
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The transfusion of fresh frozen plasma (FFP), cryopre-
cipitate, or platelets is not typically indicated based on any 
particular coagulation parameters, fibrinogen level, or plate-
let count. Rather, these additional blood products are 
reserved for use in the face of clinical coagulopathy and 
bleeding. More recently, there is evidence that directed blood 
component therapy utilizing point of care thromboelastogra-
phy (TEG) or ROTEM (TEM Systems, Inc. Durham, NC, 
USA) testing may be the optimal means to direct postopera-
tive transfusion in the setting of bleeding or clinical coagu-
lopathy [45]. The mechanical effects of cardiopulmonary 
bypass impair platelet function. Therefore, a normal platelet 
count in a bleeding postoperative patient should not preclude 
platelet transfusion in the appropriate clinical setting.

 Specific Management: Intra-aortic Balloon 
Pump Management

For the appropriate patient, intra-aortic balloon pump (IABP) 
counterpulsation therapy can provide a highly effective means 
to improve cardiac output, by reducing systemic afterload and 
augmenting coronary perfusion, and can favorably influence the 
myocardial blood flow supply/demand ratio. An IABP may be 
in place preoperatively for some cardiac surgical patients – most 
often those with an acute coronary syndrome and ongoing isch-
emia/shock or those with acute heart failure/shock due to valvu-
lar disease. In this setting, the IABP is left in place through the 
cardiac surgical procedure and can generally be removed at an 
interval between 12 h and 2 days after surgery. In some patients 
with severely impaired LV function, an IABP will be placed 
electively just prior to (or during) cardiac surgery to facilitate 
weaning from cardiopulmonary bypass and to support hemody-
namic stability during the early postoperative period. An IABP 
may be placed on bypass for a patient in whom separation from 
cardiopulmonary bypass has been unsuccessful in spite of high-
dose vasoactive pharmacologic support. Finally, there are rare 
circumstances where an IABP may be placed postoperatively 
for a cardiac surgical patient in the ICU, typically for a patient 
with reduced LV function and a persistent low cardiac output 
state with ongoing poor perfusion.

Absolute contraindications to IABP placement are sig-
nificant aortic valve insufficiency and aortic dissection, 
whereas relative contraindications include abdominal aortic 
aneurysm (increased risk for embolic complications) and 
advanced peripheral vascular disease (increased risk of limb 
ischemia) [46].

IABP placement involves either placing the device using 
TEE or fluoroscopic guidance directly via the femoral artery 
or more commonly placing the balloon device via a femoral 
arterial sheath (which is included in the IABP kit). Rarely, 
IABP placement intraoperatively may occur via the axillary/
subclavian artery or by direct aortic insertion, which is gen-

erally used in a salvage setting for a patient with planned 
temporary closure and anticipated return to the OR.

After placement, the balloon pump is generally started at 
1:1 support (meaning that the balloon inflates/deflates with 
every cardiac cycle). IABP support may be reduced to 1:2 if 
tolerated. The 1:3 setting is generally utilized only for a brief 
interval (20–30 min) during consideration of IABP removal 
to assess whether a patient’s hemodynamics and perfusion 
will support IABP removal. There are three available triggers 
for balloon inflation (during early diastole) and deflation 
(just prior to systole) – the device can be triggered based on 
rhythm/ECG (most often used), arterial blood pressure, or 
pacemaker input. The use of a rhythm trigger requires that 
IABP leads be in place on the patient. Most modern IABP 
devices have sophisticated software that will determine and 
automatically implement the optimal trigger and timing for 
balloon function, so unless you have extensive IABP experi-
ence, the “auto” setting is recommended.

A chest x-ray is needed to confirm IABP placement. The 
IABP has a radio-opaque marker near the device tip, which 
should be visualized in the proximal descending aorta 
(Fig. 13.2). Placement of the device too far proximally can 
occlude the left subclavian artery and affect left upper 
extremity blood flow, whereas overly distal placement can 
affect perfusion to the renal arteries. When a patient arrives 
in the ICU with an IABP in place, the ICU team must 
always verify that the device is adequately secured to the 
patient’s groin/thigh, as patient movement may otherwise 
displace the position of the IABP. Additional sutures may 
need to be placed.

Fig. 13.2 Chest radiograph demonstrating appropriate intra-aortic bal-
loon pump position, as indicated by visualization of the radio-opaque 
tip marker (arrow) in the proximal descending thoracic aorta, distal to 
level of left subclavian artery takeoff
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If the IABP is functioning correctly, the augmented dia-
stolic arterial pressure, as displayed on the console, will be 
the highest reading, followed by systolic pressure, and finally 
the un-augmented diastolic pressure (Fig. 13.3). Vasoactive 
drip titration should generally target an augmented diastolic 
pressure in the 90s and a mean arterial pressure of 
60–70 mmHg on the IABP console. The central monitor 
readings, such as a radial arterial line pressure tracings, such 
not be used. Although data is limited, anticoagulation is gen-
erally not indicated/necessary for IABP placement after car-
diac surgery [47].

The chief complication associated with IABP use is limb 
malperfusion/ischemia, due to either embolism or due to 
compromise of flow from the device/sheath itself. Both of 
these complications are much more common in patients with 
advanced peripvheral vascular disease, for whom an IABP 
should be placed/used with extreme caution. While an IABP 
is in place, pedal pulses must be monitored closely. The loss 
of detectable pedal signals demands immediate IABP 
removal. For a patient who is truly dependent on IABP sup-
port, this scenario may require contralateral placement of a 
new device.

When femoral IABP removal is directed by the surgical 
team (generally after ensuring that the underlying indication 
has been corrected or resolved and that there is not a signifi-
cant ongoing coagulopathy), this can usually be accom-
plished at the bedside. After ensuring that the IABP is not 
critical for a patient’s continued stability (by assessing blood 
pressure, cardiac output, and perfusion during an interval of 
1:3 support), the sutures holding the device/sheath are cut, 
the IABP is placed on “standby,” and the device is removed. 
If the IABP is placed via a femoral arterial sheath, the IABP 
device cannot be removed through the sheath due to sizing. 
Instead, the IABP is backed up to the sheath until there is 
resistance, after which the sheath and balloon are removed as 

a unit. After the device and sheath are out, the distal femoral 
artery is firmly occluded for a single heartbeat, and then the 
proximal femoral artery (well above the insertion site) is 
transiently occluded – both these measures are intended to 
reduce the risk of the embolization of thrombus/debris. Next, 
firm pressure is applied over the insertion site in the femoral 
artery (which is generally 1–2 cm cephalad to the site of skin 
insertion) for a minimum of 30 min. Pedal pulses should be 
assessed periodically during this time, as overly aggressive 
pressure can occlude arterial flow to the limb and lead to 
thrombotic occlusion. After 30 min of direct pressure, a pres-
sure dressing, sandbag, or a compression assist device is 
placed, and the ICU nursing team continues pulse monitor-
ing. The patient should remain on bed rest (with hips not 
flexed beyond 30°) for several hours after removal, and the 
IABP site should be monitored regularly for bleeding or 
hematoma. In a patient with new hypotension or progressive 
anemia after IABP removal, one must always be cognizant 
of the possibility of retroperitoneal bleeding. In some cir-
cumstances (ongoing coagulopathy, severe vascular disease, 
surgeon preferences), the cardiac surgical team may opt to 
remove the IABP device/sheath surgically via direct cut-
down and repair. This procedure may be accomplished either 
at the bedside or during a return to the OR.

 Specific Management: Postoperative 
Bleeding

Unlike most other surgical procedures, a certain amount of 
bleeding is not only tolerated but is expected after cardiac 
surgery. All cardiac patients will have some combination of 
pleural and mediastinal chest tubes/drains. Acceptable out-
put from chest drains will vary a great deal based on the type 
and conduct of a cardiac surgical procedure and the modus 

Fig. 13.3 Typical intra-aortic 
balloon pump console 
display; (a), trace and number 
reflect rhythm and heart rate, 
respectively; (b), trace reflects 
arterial blood pressure from 
site of balloon pump 
transducer, with numbers 
reflecting systolic, diastolic, 
and mean pressures; (c), trace 
reflects balloon pressure 
waveform and displays the 
numeric “augmented 
diastolic” blood pressure; 
note that on arterial pressure 
trace, the augmented diastolic 
pressure (arrow) is well above 
systolic blood pressure 
(arrowhead)
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operandi of the surgeon. For example, while 250 ml total 
tube output may not be cause for concern in the first hour 
after a redo double valve with CABG x 3, a similar drain 
output in a patient who underwent a “routine” two-vessel 
CABG certainly demands attention.

Generally speaking, total chest tube output of less than 
100 ml/hour in the presence of clinically patent drains pre-
dicts a very low likelihood that there is surgical bleeding. In 
contrast, drain output over 150–200 ml/hour should always 
be of concern, particularly after the first hour in the ICU, dur-
ing which initial tube output may reflect the evacuation of 
retained irrigation fluid vice ongoing bleeding. One must be 
cognizant that a reduction in chest tube output in a previ-
ously bleeding patient is not always a positive development. 
In particular, if sudden cessation of drain output coincides 
with deteriorating hemodynamics, this is a scenario highly 
suggestive of tamponade. Just as important as (if not more 
important than) the hourly drain output is the trend over 
time. Chest tube output of 150 ml in the third hour after ICU 
arrival in a patient with previous hourly outputs of 300 ml 
and 200 ml is certainly of less concern than the same output 
in a patient with hourly drainage of less than 50 ml/hour for 
the first two hours.

The fundamental decision in a postoperative cardiac sur-
gical patient with excessive mediastinal/pleural drain output 
is whether operative management is indicated. There are 
three general categories of postoperative bleeding: (1) mas-
sive exsanguination with arrest or imminent arrest; (2) bleed-
ing that is less dramatic, but which will clearly require 
emergency re-exploration; or (3) bleeding felt to be medi-
cally manageable. The cardiac surgical literature supports an 
aggressive surgical approach in the face of persistent signifi-
cant bleeding [48]. Early return to the OR is often preferred 
over expectant management and continued blood product 
transfusions, particularly if bleeding persists after the correc-
tion of coagulopathy and hypothermia.

For the clinical scenario of massive bleeding with arrest or 
imminent arrest, immediate surgical management is paramount 
and may need to be performed in the ICU. From the standpoint 
of sterility, lighting, and resource availability, it is always pref-
erable to manage bleeding in the OR. However, in rare 
instances, a patient’s condition may not allow sufficient time to 
mobilize the patient and necessary resources. Concomitant 
with bedside re-exploration, blood products should be obtained 
immediately, including activation of a massive transfusion pro-
tocol. The cardiac surgical team should be immediately mobi-
lized, as all patients surviving bedside ICU re-exploration will 
need to be taken to the OR for more definitive management, 
washout, and temporary or permanent closure.

There are relatively new, evidence-based guidelines for 
bedside re-exploration in postoperative cardiac surgical 
patients [49], which should be reviewed and customized for 

each institution. Some of the key elements of these recom-
mendations include the immediate availability of a stream-
lined set of necessary instruments/supplies and ensuring 
appropriate training of all ICU team members who might 
assist in this scenario. The initial steps in emergent bedside 
sternal re-exploration can be summarized as follows: place a 
large drape (do not attempt a sterile surgical skin prep); cut 
through the skin incision (cut around skin staples if used in 
skin closure) and cut through the sutures closing the soft tis-
sues/fascia; cut and remove all sternal wires; and carefully 
place a retractor and gradually open the retractor blades. In 
the setting of bleeding with tamponade, the action of open-
ing the sternum is often all that is needed to allow for the 
temporary restoration of perfusion (allowing for transport to 
the OR for more definitive management). If there is massive, 
ongoing bleeding immediately apparent after sternal retrac-
tor placement (such as from an aortic or venous cannulation 
site, a cardiac or great vessel suture line, or an avulsed coro-
nary graft), unless you have extensive cardiac surgical expe-
rience, attempt digital control to temporize the bleeding 
while blood products are administered and resources are 
mobilized for definitive control of the bleeding source in the 
OR by a cardiac surgeon.

In the setting of significant ongoing bleeding clearly indi-
cating re-exploration, but absent arrest or impending arrest, 
once again blood products should be obtained and the car-
diac surgical OR team should be mobilized. The bedside 
chest re-entry cart should be placed in close proximity to the 
patient’s room in case bedside re-entry is needed prior to a 
patient’s transport to the OR. Just as in other bleeding sce-
narios, permissive hypotension is appropriate in this setting, 
allowing for the lowest blood pressure associated with clini-
cal perfusion. If hypotension is severe and demands inter-
vention prior to readiness of the surgical team, the use of 
vasoactive medications should be strictly avoided. Instead, 
the patient should be treated with volume resuscitation (with 
blood products whenever available).

A more common clinical scenario involves postoperative 
bleeding that exceeds the expected/acceptable rate but where 
there is no indication for immediate re-exploration. The 
decision for non-operative management must be individual-
ized and must involve communication with the attending 
cardiac surgeon but is typified by a patient with transiently 
high drain output but generally acceptable hemodynamics 
and adequate end-organ perfusion. Non-operative manage-
ment is also the initial treatment of choice in the setting of 
bleeding with a severe coagulopathy and when chest drain 
output is steadily downtrending (without clinical evidence of 
tamponade).

Elements of care for the non-operative management of 
bleeding after cardiac surgery can be remembered using the 
“P’s” pneumonic (Fig. 13.4):

13 Care for the Postoperative Cardiac Surgery Patient



126

• Plasma should be administered for any significant eleva-
tion in the international normalized ratio (INR) of a bleed-
ing patient (or as driven by point-of-care functional 
testing). In a bleeding patient, fibrinogen level should be 
assessed. If the fibrinogen level is less than 100–150 mg/
dL in this setting, 6–10 units of cryoprecipitate (which 
contains fibrinogen and clotting factors, particularly fac-
tor VIII) should be administered.

• Platelets should be administered for a bleeding patient 
with a platelet count below 80–100,000/uL, where there 
is TEG or ROTEM evidence of a functional platelet defi-
cit or where there is clinical suspicion of such a deficit (as 
might occur in the setting of a prolonged cardiopulmo-
nary bypass time or the preoperative administration of 
antiplatelet therapy). IV desmopressin acetate (DDAVP) 
may have some benefit in alleviating platelet dysfunction, 
is typically dosed at 0.3 mg/kg in this setting, and may be 
particularly indicated for a bleeding patient with renal 
failure/uremia [24, 50].

• Protamine is indicated to reverse any residual heparin, as 
evidenced by an activated clotting time (ACT) above 
120–140 s or a significantly prolonged partial thrombo-
plastin time (PTT). Typically, a dose of 10–25 mg is ade-
quate (and should be administered slowly to minimize 
associated hypotension). Excessive protamine adminis-
tration is contraindicated, as this may actually lead to 
coagulopathy and platelet dysfunction [51].

• Positive end-expiratory pressure (PEEP) is thought to 
have a favorable effect on chest wall bleeding by promot-
ing contact between the lungs and the chest wall (typi-
cally increasing PEEP to 8–10 cmH2O), although the use 
of increased PEEP in this setting is not supported by 
strong evidence.

• Poikilothermia (aka hypothermia) must be treated aggres-
sively with active rewarming (Bair Hugger, fluid warmer, 
etc.).

• Packed red blood cell transfusion may be indicated with a 
lower threshold for transfusion, recognizing that in the 
setting of ongoing bleeding, laboratory hemoglobin val-
ues do not reflect actual equilibrated levels.

• Pressure (blood) management is critical, including the 
strict avoidance of HTN and a target blood pressure of the 
lowest possible pressure associated with adequate clinical 
perfusion (typically systolic pressures in the 80s to 90s 
mmHg).

• Prothrombinase concentrate (off-label use) or activated 
recombinant factor VIIa can be considered, particularly in 
the setting of refractory coagulopathy. There is retrospec-
tive evidence suggesting that either of these medications 
may have therapeutic value in patients with excessive 
bleeding after cardiac surgery. However, because there 
are reports of thrombotic complications (including stroke 
and coronary graft thrombosis) with the use of these 
adjuncts, and because these medications are costly, the 
decision for their use should always involve discussion 
with the patient’s cardiac surgeon [52].

• Never hesitate to seek assistance from your experienced 
clinical Partners, as clinical decision-making for patients 
in this scenario may be complex and dynamic.

• Finally if all else fails, the “last P” in the algorithm (other 
than the less reliable modalities of Prayer and Panic) is 
Prolene – indicating the need for surgical re-exploration.

One should never hesitate to reoperate for bleeding if 
there is not a prompt response to other treatments, as it is far 
better to have a “negative” re-exploration (absence of a clear, 
focal surgical bleeding source) than to allow for protracted 
end-organ malperfusion from bleeding and/or the effects of 
massive blood product transfusions.

When pursuing non-operative therapy for bleeding after 
cardiac surgery, one most always remain cognizant that the 
cessation of bleeding should not normally be accompanied 

Fig. 13.4 Management of 
“nonsurgical” bleeding after 
cardiac surgery
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by deteriorating hemodynamics and perfusion. This constel-
lation of findings is highly suggestive of tamponade (the 
diagnosis and management of which is described below).

 Specific Management: Cardiac Tamponade

Cardiac tamponade occurs in a small proportion of patients 
undergoing cardiac surgery, with an incidence of <0.5% after 
isolated CABG, an intermediate incidence after valve sur-
gery, and an incidence of up to 8% after cardiac transplanta-
tion [53]. Tamponade most often occurs in patients with 
excessive bleeding in the OR and/or in the early postoperative 
period. Tamponade occurring within the first 24 hrs is most 
commonly related to postoperative bleeding, but late tampon-
ade (>10 days post-procedure) is likely multifactorial [54].

The primary pathological mechanism of shock in the set-
ting of tamponade is compromised venous return to the left 
heart (preload). Unlike medical causes of tamponade, most 
postoperative cases result from compression of a single car-
diac chamber (most commonly the right atrium) by focal 
hematoma or fluid collection(s) [53, 54].

The diagnosis of tamponade after cardiac surgery can be 
challenging in some cases, as the presentation of tamponade 
may share clinical features with those associated with post- 
cardiopulmonary bypass LV dysfunction, inflammatory 
response, prosthetic valve dysfunction, or inappropriate vol-
ume loading. It typically manifests as hypotension, tachycar-
dia, and a low output state, most commonly the result of cardiac 
chamber compression and associated LV under- filling. 
However, the clinical manifestations of postoperative tampon-
ade are highly variable and nonspecific, particularly in the set-
ting of single-chamber compression. Pulsus paradoxus and 
equalization of right and left heart pressures are seen in a 
minority of cases, and CVP elevation is not a consistent finding 
[55]. A CXR demonstrating marked interval enlargement of the 
cardiomediastinal silhouette (and/or pleural space opacifica-
tion, if the pleural spaces were opened at surgery) relative to the 
patient’s previous postoperative study certainly supports the 
diagnosis of tamponade in the appropriate clinical setting.

Because compression of a single cardiac chamber may 
not affect normal function of the remaining chambers, the 
typical echocardiographic features of medical tamponade are 
not reliably present in patients after cardiac operations. 
Transthoracic echocardiography (TTE) may be diagnostic in 
some patients, revealing a hyperdynamic but empty left ven-
tricle, diastolic collapse of the right atrium/ventricle, and 
possibly direct visualization of cardiac chamber compres-
sion due to hematoma. However, TTE is often technically 
unsatisfactory in the early postoperative period due to air in 
the pericardium, limitations in positioning, or interference 
from dressings and monitoring devices [56]. Although TEE 
is a reliable diagnostic modality for clinically suspected tam-
ponade [56], it is rarely immediately available in the ICU.

Cardiac tamponade must be high in the differential diag-
nosis for any patient with a persistent low cardiac output 
state or persistent hypotension after cardiac surgery. In the 
“classic” scenario of a patient with decreased blood pressure 
and malperfusion after the cessation of previously excessive 
chest tube output, no further diagnostic testing is indicated 
prior to surgical re-exploration. However, the presentation of 
tamponade after cardiac surgery is often not so straightfor-
ward, as it can coincide with continued excessive chest tube 
output and may initially respond to volume resuscitation. If 
there is clinical concern for tamponade in a relatively stable 
patient and TEE is immediately available, then this is the 
diagnostic modality of choice. Otherwise, the best diagnostic 
means for suspected tamponade is surgical re-exploration.

Although many cases of late tamponade (after 1 week) 
can be managed percutaneously, immediate surgical inter-
vention represents the only consistently effective manage-
ment of tamponade early after cardiac surgery [53, 55]. 
While mobilizing appropriate resources, one must specifi-
cally avoid the administration of either vasopressors or 
 inotropes for a patient with suspected tamponade, as these 
agents will only further negatively affect cardiac output and 
myocardial oxygen consumption. The only appropriate tem-
porizing measure is IV resuscitation (with blood products or 
fluid). Discontinuing PEEP and reducing tidal volumes may 
help transiently improve preload.

If a patient with suspected tamponade manifests cardiopul-
monary arrest or hemodynamic instability that would preclude 
safe transport to the OR, immediate bedside ICU exploration 
is indicated, the steps in which have been outlined previously 
in this chapter. In the case of tamponade, generally the removal 
of sternal wires and placement of a sternal retractor allow for 
restoration of adequate preload to significantly improve a 
patient’s hemodynamics. In the scenario where sternal re-
entry alone stabilizes a patient, it is best to defer further inter-
ventions until the patient is transported to the OR for definitive 
care by the cardiac surgical team. If retractor placement alone 
does not lead to immediate hemodynamic improvement, fur-
ther exploration and/or open cardiac massage may be neces-
sary. Of note, in the rare case of a patient presenting with 
tamponade and cardiac arrest more than 10 days after cardiac 
surgery, bedside re- exploration is ill advised due to the likely 
presence of significant adhesions [49].

After placing the sternal retractor, the next step is visu-
alization of the surgical field, with specific attention to the 
presence of obvious hematoma and/or bleeding, and 
assessment of cardiac activity. Specifically, because the 
pericardium is opened at the time of cardiac surgery, the 
right ventricle should be immediately apparent after ster-
nal retraction. Any obvious hematoma should be carefully 
extracted manually with adjunctive suctioning. If the 
patient remains profoundly hypotensive at this stage and 
particularly if right ventricular activity is minimal or 
absent, open cardiac massage is necessary.
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Safe open cardiac massage necessitates a two-handed tech-
nique with opposed fingers, to avoid digital perforation of a 
cardiac chamber (Fig. 13.5). The location and angle of com-
pression should be adjusted to optimize blood pressure based 
on invasive arterial monitoring, when available. If coronary 
grafts are present, avoiding graft injury or avulsion is of para-
mount importance; as without the immediate bedside presence 
of a cardiac surgeon, this likely represents a terminal event. The 
safest means to introduce one’s hand into the posterior pericar-
dium for two-handed massage (from the patient’s right side) is 
to slide the fingers of the right hand immediately along the dia-
phragm (to avoid graft avulsion). Gently sweeping the right 
hand so that it is located immediately posterior to the heart 
should avoid direct compression of any typical suture lines.

 Specific Management: Low Cardiac Output 
State

As described previously, the determination of a low cardiac 
output state is based on clinical assessment rather than a spe-
cific numeric value. If a cardiac output and index are avail-
able, most patients with a low cardiac output state have a 
cardiac index below 2–2.2 L/min/m2. Although a cardiac 
index above this level is a reassuring piece of information, it 
should be supported by an adequate mixed venous oxygen 
saturation, normal or downtrending serum lactate, well- 
perfused extremities, adequate urine output, etc.

When there is clinical evidence of a low cardiac output 
state, one should always first assess for significant bleeding, 
cardiac tamponade, and myocardial ischemia, as these are 

conditions that often require immediate intervention for 
effective treatment. Only after these surgical emergencies 
have been ruled out (to the extent possible) should manage-
ment proceed otherwise. One approach to low cardiac output 
is to assess and treat the following variables affecting cardiac 
output in series: RATE, RHYTHM, PRELOAD, 
AFTERLOAD, and CONTRACTILITY. As with other 
aspects of management for cardiac surgical patients, it is 
important to avoid making multiple interventions simultane-
ously (outside of a cardiac arrest scenario). Rather, one 
should be able to make a targeted intervention and assess for 
effect, as the presence or absence of a favorable response 
will guide further management (Fig. 13.6).

As described previously, pacing at a higher rate (ideally uti-
lizing atrial or dual pacing) will significantly augment cardiac 
output for most patients. Certainly, the restoration of sinus 
rhythm (where possible) in patients with atrial  arrhythmias and 
low cardiac output will have a favorable effect on clinical per-
fusion. With regard to assessment for preload, PA pressures and 
CVP assessment provide the highest reliability when reviewed 
over time and when assessed relative to changes after fluid 
administration. Regardless of the cause of low cardiac output, 
with the possible exception of a patient with advanced right 
ventricular dysfunction/failure, volume administration (albu-
min, crystalloid, or blood products where appropriate) is a safe 
early move in the management of low cardiac output. Fluid 
administration may be both therapeutic and diagnostic; as if it 
is followed by significant improvement in cardiac output, it is 
very likely that the patient has inadequate intravascular vol-
ume/preload. Afterload reduction with IV vasodilator medica-
tions may be appropriate in a patient with reduced cardiac 
output and elevated systemic vascular resistance. Augmenting 
cardiac contractility (with inotropic medications) is typically 
employed only after addressing rate, rhythm, preload, and 
afterload, as all inotropic medications have the potential for 
significant deleterious secondary effects. Finally, mechanical 
support (IABP placement or in advanced cases the initiation of 
ventricular assist device [VAD] or extracorporeal membrane 
oxygenation [ECMO] support) may be necessary if the above 
interventions fail to restore adequate cardiac output to support 
end-organ perfusion.

 Specific Management: Management 
of the Open Chest

In rare circumstances, primary sternal closure is either not 
attempted or is aborted at the time of a cardiac surgical pro-
cedure. Scenarios where this management strategy may be 
applied include extremely protracted cardiac surgical proce-
dures (where edema precludes safe closure), severe coagulo-
pathic bleeding (with anticipated need for return/washout), 

Fig. 13.5 Proper technique for two-handed open cardiac massage via 
median sternotomy; if standing on the patient’s right, the right hand is 
slid along the diaphragm to a point posterior to the heart (to avoid injur-
ing any coronary grafts); the fingers on both hands remain opposed to 
avoid digital cardiac injury
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and when a patient requires mechanical support (VAD or 
ECMO) to leave the OR. In these cases, the sternum will 
remain open, and the chest will be temporarily closed with 
either a vacuum sponge dressing, gauze, occlusive iodine- 
impregnated drape, or some combination of the above.

The management of a patient with an open chest does not 
differ a great deal from that of a typical postoperative patient, 
keeping in mind that by definition a patient requiring tempo-
rary closure will be acutely ill and unstable. It is important to 
realize that a temporary sternal closure does not preclude the 
development of tamponade. Visible bulging of a clear, occlu-
sive dressing or wound vac dressing can be a sign of extensive 
clot formation in the chest. If tamponade is suspected in a 
patient with a temporary closure, therapy is relatively straight-
forward and simply entails removal of the temporary closure 
to allow for assessment and treatment (either in the OR or in 
the ICU for a particularly unstable patient).

The timing for return to the OR for washout and possible 
closure will vary based on the reason for temporary closure 
and a patient’s course/condition. It is rare to plan return to 
the OR before the first postoperative day, unless needed to 
manage bleeding or tamponade. If closure was aborted due 
to edema, aggressive diuresis should be initiated once a 
patient’s condition will tolerate it. Most surgeons would 
return to the OR around the second postoperative day in this 
setting, realizing that conditions at that time may still not be 
satisfactory for closure, but that this would at least allow for 
a washout and reassessment of conditions in the operative 
field. If chest closure was aborted due to coagulopathy and 
bleeding, most surgeons would return to the OR sooner than 
the second postoperative day, in the hopes of performing 

washout and closure at that time (assuming bleeding and 
coagulopathy have resolved). In the setting of an open chest 
with ongoing mechanical circulatory support, plans to return 
to the OR will vary widely depending on the scenario and a 
patient’s ICU course.

 Specific Management: Oliguria/Renal Failure

The management of oliguria and/or new renal dysfunction 
after cardiac surgery is similar to that in other surgical ICU 
patients. As in all cases, bladder ultrasound and flushing the 
bladder catheter are important initial measures in an oliguric 
patient. Determining the exact prevalence of acute kidney 
injury (AKI) after cardiac surgery is limited by widely vari-
able definitions of AKI. Regardless of definition, AKI com-
plicates a substantial proportion of cardiac surgical 
procedures [57]. One to three percent of cardiac surgery 
patients develop a new postoperative dialysis requirement 
(which is associated with a new permanent dialysis require-
ment in the majority of cases), with the strongest predictor 
being abnormal baseline renal function [57].

Although new renal dysfunction is associated with a sig-
nificantly greater risk for other major complications and mor-
tality, no perioperative strategies have demonstrated consistent 
success in preventing this complication [58]. Regardless, fun-
damental principles of optimal postoperative cardiac surgical 
care, such as minimizing vasopressor use, maintaining ade-
quate intravascular volume and cardiac output, and minimiz-
ing exposure to nephrotoxic medications, will all reduce the 
likelihood of renal injury. Cardiac tamponade can on occa-

Fig. 13.6 Algorithm for the management of low cardiac output after cardiac surgery
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sion present with isolated oliguria and renal insufficiency, 
particularly when it occurs beyond the early postoperative 
period. Therefore, in addition to the standard clinical evalua-
tion for patients with new renal failure (urine electrolyte and 
microscopy studies, renal ultrasound), an echocardiogram is 
appropriate for post-cardiac surgical patients.

As in any patient with renal failure, all nephrotoxic medi-
cations must be immediately discontinued and other medica-
tion dosages adjusted appropriately. Although not explicitly a 
renal toxin, any ACE inhibitor and ARB medications should 
be discontinued in the setting of new renal insufficiency [59]. 
As in other ICU populations, low-dose dopamine has no role 
in the treatment (or prevention) of renal insufficiency after 
cardiac surgery [60]. Medications such as fenoldopam (a 
selective DA-1 dopamine receptor agonist), carperitide (atrial 
natriuretic peptide), and nesiritide (human B-type natriuretic 
peptide) have been studied for the prevention and treatment of 
renal failure after cardiac surgery with inconclusive results to 

date. Because the administration of these medications can 
cause significant hypotension, their routine use after cardiac 
surgery cannot be recommended at this time. As with other 
populations with renal failure, there is no evidence that loop 
diuretics or mannitol affects the likelihood of renal recovery 
or the overall prognosis in cardiac surgical patients.

 Specific Management: Right Ventricular 
Dysfunction and Pulmonary Hypertension

Cardiac surgical patients with significant right ventricular (RV) 
dysfunction can present extreme management challenges in the 
postoperative setting. In some cases, patients may have preex-
isting RV dysfunction, whereas other patients may develop 
new RV dysfunction at the time of surgery. The latter scenario 
carries a particularly high risk for mortality [61].

Preexisting RV dysfunction in cardiac surgical patients is 
most often secondary to chronic left-sided heart failure and/
or cardiac valvular disease (particularly with mitral stenosis, 
tricuspid regurgitation, or advanced mitral regurgitation). It 
can also occur secondary to RV myocardial infarction, 
severe chronic lung disease (“cor pulmonale”), chronic pul-
monary hypertension, or from congenital heart disease.

New RV dysfunction after cardiac surgery may result 
from inadequate myocardial protection during the period of 
ischemic arrest. Right coronary artery (RCA) occlusion and 
associated RV ischemic dysfunction can occur after CABG 
if there is a technical anastomotic error or coronary dissec-
tion at the time of RCA grafting. An aortic valve prosthetic 
can occlude the RCA ostium during aortic valve replace-
ment, or the RCA can be kinked due to excessive redundancy 
after reimplantation during an aortic root replacement 
(“modified Bentall” procedure). Coronary air embolism is 
very common in the immediate period after separation from 

bypass and most often embolizes into the right coronary cir-
culation [61]. However, it is rare that RV dysfunction from 
air embolism would persist through transport to the ICU or 
occur de novo after ICU transfer. Massive pulmonary embo-
lism (PE) is very uncommon after cardiac surgery but should 
always be considered in a patient with new significant RV 
dysfunction, particularly when there is no obvious alterna-
tive etiology. RV failure may occur after cardiac transplanta-
tion or LVAD placement. Inappropriate sternal closure after 
a protracted cardiac surgery with extensive tissue edema 
(particularly in an obese patient) may lead to compromise of 
RV function postoperatively. A “type III” protamine reaction 
may manifest as transient RV dysfunction with elevated PA 
pressures shortly after protamine exposure, although most 
often this condition will present in the OR and will have 
resolved with supportive therapy by the time of ICU arrival. 
Finally, for cardiac surgical patients with a complex or pro-
tracted course, sepsis and acute respiratory distress syn-
drome may contribute to new RV dysfunction.

RV dysfunction can contribute to low overall cardiac output 
due to RV systolic dysfunction and/or diastolic dysfunction, 
both of which impair the delivery of blood to the left cardiac 
circulation. Tricuspid regurgitation (TR), which may be either 
the result or the cause of RV dysfunction, will further decrease 
effective preload. The treatment of RV dysfunction after car-
diac surgery should begin with correction of any apparent 
reversible cause, optimization of RV preload, and appropriate 
supportive therapy to avoid secondary RV insult (Fig. 13.7).

Volume optimization in patients with RV dysfunction/
failure can be very difficult – while intravascular hypovole-

Fig. 13.7 Overview of the management of new right ventricular dys-
function/failure after cardiac surgery
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mia will reduce RV preload and overall cardiac output, 
excessive volume loading may paradoxically decrease LV 
preload by increasing pericardial constraint. If there is obvi-
ous clinical fluid overload in a patient with RV dysfunction 
(as may occur in the setting of biventricular failure), progres-
sive diuresis is indicated. Otherwise, cautious volume load-
ing is indicated, with continuous monitoring of CVP, cardiac 
output, and hemodynamics.

Potentially reversible causes of new RV dysfunction after 
cardiac surgery include surgical RCA occlusion from an 
intraoperative technical error (which would most often man-
date immediate surgical re-intervention). Acute massive PE 
may be treatable with anticoagulation and thrombolysis or 
surgical thrombectomy (particularly when associated with 
hemodynamic instability, in addition to RV dysfunction). If 
primary sternal closure in an edematous patient has resulted 
in functional RV compromise, return to the OR for conver-
sion to temporary closure will be therapeutic.

In order to optimize RV function, hypoxia, acidosis, and 
hypercapnia must be treated aggressively, as these conditions 
will increase RV afterload and exacerbate RV dysfunction. The 
optimization of pH, pO2, and pCO2 may require continued 
mechanical ventilation. Every effort must be made to avoid 
high mean airway pressures (and high PEEP), which can fur-
ther compromise RV preload. Toward this end, a short inspira-
tory time to expiratory time ratio should be used, and deep 
sedation (or even paralysis) may be needed. Any significant 
pleural effusion should be drained to optimize oxygenation and 
ventilation. Atrial tachyarrhythmias are poorly tolerated in 
patients with significant RV dysfunction and should be treated 
with immediate direct current cardioversion (DCCV) when-
ever possible. Systemic hypotension must be avoided; as in 
addition to its other untoward effects, hypotension may exacer-
bate RV dysfunction by contributing to RV ischemia.

If the optimization of a patient’s volume status, correction 
of any reversible etiology, and optimal systemic support fail 
to result in adequate overall cardiac output and clinical per-
fusion in a patient with RV dysfunction after cardiac sur-
gery, then the addition of RV afterload reduction and/or RV 
inotropic support may be needed.

When RV dysfunction coincides with significant pulmo-
nary arterial hypertension (PAH), a reduction in PA pres-
sures to reduce RV work may be achieved with inhaled nitric 
oxide (iNO), inhaled epoprostenol, or using certain inotropic 
medications. Although nonspecific vasodilators (such as 
sodium nitroprusside or nitroglycerin) may reduce pulmo-
nary resistance, because they also reduce systemic pressures, 
these medications have little specific role in the management 
of RV dysfunction. Of the approved options to reduce PAH, 
inhaled agents (where available) represent the optimal treat-
ment, as they do not affect systemic blood pressure (nor do 
they preclude the use of systemic vasopressors when needed). 
iNO is very costly, but for patients with significant PAH in 

the setting of moderate or severe postoperative RV dysfunc-
tion, it is often very effective. It is generally started at a dose 
of 10 ppm (through the ventilator circuit) and can be 
advanced slowly up to 40 ppm as needed for effect. After a 
patient’s condition has stabilized, iNO can be gradually 
weaned off, can be transitioned to lower-dose therapy via 
face mask administration, or may be transitioned to oral 
sildenafil therapy. While less potent than iNO as a pulmo-
nary vasodilator, inhaled prostacyclin has similar effects, 
can also be given via the ventilator circuit or via face mask/
tent, and is less costly. The usual effective dose of inhaled 
prostacyclin is 30 ng/kg/min. When inhaled agents are 
unavailable or when inotropic support is otherwise needed, 
milrinone and dobutamine both have favorable effects on 
PAH (although due to their systemic vasodilatory effects, the 
use of either of these agents may require additional systemic 
vasopressor support).

When RV inotropic support is needed in the absence of 
significant PAH, the most appropriate inotropic medications 
for RV dysfunction are isoproterenol, milrinone, dobuta-
mine, dopamine, and epinephrine. IV isoproterenol infusion 
can be very effective in augmenting RV contractility, but its 
effectiveness may be limited by significant tachycardia. 
Milrinone infusion will typically augment both RV and LV 
contractility and will improve RV diastolic function, 
although systemic vasodilator effects may limit its use. A 
low- to moderate-dose dobutamine infusion will generally 
augment RV contractility and increase cardiac output 
through both direct inotropic effects and improvement in RV 
filling/preload. If RV dysfunction coexists with severe sys-
temic hypotension, dopamine or epinephrine infusion ther-
apy may be most appropriate.

When all of the above measures fail to achieve adequate 
perfusion in a patient with postoperative RV failure, the only 
remaining treatments involve mechanical circulatory sup-
port. IABP counterpulsation is generally not of much value 
for RV failure [62]. However right ventricular assist device 
(RVAD) support may be used as a bridge to transplantation 
or to recovery (particularly for patients with RV failure after 
the institution of LVAD support). ECMO support may be the 
only treatment option if a patient has the combination of 
refractory RV failure and refractory hypoxia.

PAH may be present in cardiac surgery patients in the 
absence of RV dysfunction, particularly for patients under-
going surgery for mitral or tricuspid valve disease, or in 
patients with advanced ischemic LV dysfunction [63]. PA 
catheter monitoring should be standard for any patient with 
known PAH and for any patient undergoing mitral or tricus-
pid valvular intervention. PAH will improve after valve sur-
gery in the majority of patients [64]. The management of 
PAH after cardiac surgery in the setting of preserved RV 
function generally involves standard postoperative monitor-
ing and goal-directed care, including avoidance of hypercap-
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nia, hypoxia, acidosis, and high ventilator pressures. If 
inotropic support is needed, the use of milrinone is likely 
preferred over other agents [65]. As with patients with PAH 
and compromised RV function, inhaled therapy with iNO or 
prostacyclin may be beneficial to stabilize patients with very 
advanced PAH.

When a patient without significant preoperative PAH 
develops new PAH in the postoperative period, this can be 
the result of a surgical complication (e.g., severe patient- 
prosthetic valve sizing mismatch), pulmonary reperfusion 
syndrome (related to cardiopulmonary bypass), blood trans-
fusion effects, a severe protamine reaction, hypercarbia, 
hypoxia, or acute massive pulmonary embolism. Therapy 
should include the prompt diagnosis and correction of any 
reversible contributing conditions and targeted supportive 
care as outlined above.

 Specific Management: Atrial Arrhythmias

Transient atrial arrhythmias, most commonly atrial fibrilla-
tion (Afib) or atrial flutter (Aflutter), occur during the early 
postoperative period in at least 30% of cardiac surgical 
patients, with a peak incidence on the second–third postop-
erative days. The strongest risk factors include prior atrial 
arrhythmias, older age, long-standing HTN, and mitral valve 
surgery. While generally not immediately life-threatening, 
atrial arrhythmias after cardiac surgery are associated with 
an increased risk of stroke, increased mortality risk, and 
increases in average length of stay, costs of care, and rates of 
hospital readmission [66, 67].

The first priority with new-onset postoperative Afib or 
Aflutter is the assessment of hemodynamic stability and per-
fusion. Atrial arrhythmias may cause profound hypotension 
and instability, most often when associated with extremes of 
rapid ventricular response (RVR) and/or when they occur in 
patients with marginal LV/RV function. In addition, patients 
with severe LV hypertrophy (from aortic stenosis or long- 
standing HTN) may decompensate with Afib/Aflutter even 
in the absence of a very high ventricular rate, as such patients 
are more dependent on atrial function and require more time 
for diastolic filling. If a cardiac surgery patient develops 
new-onset Afib/Aflutter with significant hypotension, imme-
diate synchronized DCCV is indicated. When DCCV is used 
for atrial arrhythmias, an anterior-posterior patch orientation 
is most effective, and typical biphasic waveform energy is 
set at 120 or 200 J for Afib and 50 or 100 J for Aflutter [68, 
69]. In cases where a wake patient has marginal blood pres-
sure and is clearly symptomatic, judicious IV sedation 
should be considered prior to cardioversion.

Once determining that a patient with new-onset Afib/
Aflutter is stable and does not require immediate cardiover-

sion, the next priority is rate control. A sustained heart rate 
above 100–110 bpm can greatly increase the metabolic 
demands of the heart, which is certainly not a desirable sce-
nario in the early period after cardiac surgery. In addition, 
long-standing tachycardia may induce a cardiomyopathy 
than can persist even after rate control and/or DCCV [70]. 
Rate control for an ICU patient with new-onset Afib and 
RVR is generally most readily achieved with IV metopro-
lol, given in 2.5–5 mg increments, administered over sev-
eral minutes (up to a dose of 10–15 mg total dose). IV 
metoprolol obviously has the potential to cause vasodila-
tion and hypotension, but generally the improvement in 
diastolic filling time associated with reduction in heart rate 
will prevent significant hypotension from its use in this set-
ting. Other options for immediate rate control include dil-
tiazem (IV bolus and infusion) or digoxin (IV load) therapy. 
In addition to IV therapy, oral agents should be adminis-
tered concomitantly (or dose-adjusted) to facilitate more 
long-standing rate control.

After initial rate control, treatment should focus on cor-
recting/alleviating factors that may be driving a patient’s 
new atrial arrhythmia. Hypokalemia and hypomagnesemia 
should be treated aggressively (with general goals of a potas-
sium level above 4.2 mEq/L and a magnesium level above 
2.2 mEq/L). Adrenergic stimulation due to uncontrolled 
postoperative pain will predispose atrial arrhythmias and 
will make rate control more challenging. Atrial stretch due to 
intravascular fluid overload is likely also a contributing fac-
tor to atrial arrhythmias. As such, diuretics should be contin-
ued in patients with Afib/Aflutter. Neither Afib nor Aflutter 
is a sign of myocardial ischemia. Unless there is other evi-
dence of ischemia, cardiac enzymes and echocardiography 
have no role in the workup for postoperative atrial 
arrhythmias.

Once adequate rate control has been achieved and poten-
tial exacerbating factors are addressed, the focus should be 
on the restoration of sinus rhythm. Although not FDA 
approved for atrial arrhythmias, amiodarone is first-line 
treatment at most centers for atrial fibrillation after cardiac 
surgery [71]. In addition to facilitating cardioversion, amio-
darone has beta-blocker effects that will usually improve rate 
control. A typical IV load regimen would entail 150 mg over 
10 min, followed by 1 mg/min for 6 h, and then 0.5 mg/min 
for 18 h (to complete a 24-h 1 g load). After completion of 
IV loading, most patients are started on oral maintenance 
therapy at 100–200 mg twice daily. Initial IV amiodarone 
administration may lead to hypotension (which is usually 
transient and easily managed). Daily ECGs are needed to 
monitor for QT-interval prolongation, which can be a sign of 
amiodarone toxicity. As amiodarone inhibits the cytochrome 
P-450 enzyme pathway, there are many potential interac-
tions with other medications. Patients taking this medication 
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over longer periods should be monitored for hepatic, pulmo-
nary, and thyroid toxicity [72]. Alternatives to amiodarone 
for pharmacologic rhythm control in patients with postoper-
ative Afib or Aflutter include digoxin (IV or oral) and sotalol.

Postoperative Afib/Aflutter tends to have a pattern of par-
oxysms, interspersed with periods of sinus rhythm. When a 
patient is experiencing intermittent Afib/Aflutter, there is no 
role for DCCV in the absence of hemodynamic compromise. 
For patients with Afib/Aflutter persisting beyond 24–48 h, 
synchronized DCCV (generally under sedation) is perfectly 
appropriate. The likelihood of successful/sustained restora-
tion of sinus rhythm is increased if antiarrhythmic medica-
tions (amiodarone, digoxin, sotalol) are on board at the time 
of DCCV [68]. If sustained Afib/Aflutter has been present 
for more than 48 h, TEE is recommended at the time of 
DCCV to assess for left atrial thrombus [68].

As an alternative to DCCV, ibutilide (10 mg IV over 
10 min) is specifically approved for use in both Afib and 
Aflutter and may be used for immediate cardioversion. 
Ibutilide should be administered in an ICU setting with a 
defibrillator immediately available, as there is a 4% risk of 
inducing torsade de pointes, which can be mitigated in part 
by ensuring normal magnesium level prior to attempted car-
dioversion [73]. ICU monitoring should be continued for at 
least 4 h after administration.

The optimal means of anticoagulation for patients with 
Afib/Aflutter after cardiac surgery is controversial and com-
plex, and the decision involves balancing the risks of second-
ary thromboembolic complications for a particular patient 
against the risks of bleeding complications with warfarin or 
with a newer-generation “novel oral anticoagulant” (dabiga-
tran, apixaban, and rivaroxaban). The decision regarding anti-
coagulation in this patient group is generally beyond the scope 
of ICU care and should be deferred to the surgical team.

Some centers have adopted oral amiodarone prophylaxis 
for elective cardiac surgical procedures to reduce the inci-
dence of postoperative atrial fibrillation [74]. When utilized, 
a typical regimen might entail amiodarone 10 mg/kg daily 
(divided BID or TID) for 6 days before and after surgery.

 Specific Management: Ventricular 
Arrhythmias

Ventricular ectopy in the form of occasional premature ven-
tricular complexes (PVCs) is very common in the early period 
after cardiac surgery and may be due to electrolyte distur-
bances, pH imbalance, the effects of inotropic medications, 
and the reperfusion of previously ischemic myocardium after 
CABG or may be the result of residual effects from cardiople-
gia/ischemic arrest. However, ventricular tachycardia (Vtach) 
is never a normal event in the postoperative period.

When not associated with pulselessness or shock (which 
would dictate need for immediate defibrillation), the evalua-
tion of Vtach after cardiac surgery should begin by ensuring 
that the patient’s rhythm is being interpreted correctly. 
Specifically, atrial (or junctional) tachycardia with aberrant 
conduction can be easily confused for Vtach (Fig. 13.8). 
Vtach should consistently be associated with both of the fol-
lowing features: wide QRS complexes in all leads and a 
clearly regular rate, generally in excess of 180 bpm [75].

Once the diagnosis of hemodynamically stable Vtach is 
confirmed, prior to any further assessment or treatment in a 
patient after cardiac surgery, PA catheter position should be 
assessed. Specifically, an RV location of the catheter tip is a 
common cause of intermittent Vtach after cardiac surgery 
and is suggested by an RV PA catheter trace, catheter dis-
tance at the skin of less than 40–45 cm, or coiling of the PA 
catheter on CXR. Assuming that PA catheter malposition 
has been ruled out and that a patient is hemodynamically 
stable, an assessment of readily correctable causes should 
ensue – specifically electrolytes and pH should be examined. 
Current inotrope requirements should be evaluated, as all 
inotropic medications are arrhythmogenic to some degree 
and should be reduced to the minimum necessary level of 
support in the setting of a new ventricular arrhythmia. In the 
absence of another etiology, an evaluation for potential isch-
emia should ensue, including an ECG and bedside TTE (for 
wall motion assessment) at a minimum.

Once active ischemia has been ruled out, a cardiology 
consult is appropriate to direct further therapy, which may 
consist of IV procainamide, sotalol, or amiodarone therapy 
(preferred if abnormal LV function), or synchronized DCCV 
for refractory cases.

Given pulseless Vtach or ventricular fibrillation (Vfib) 
after cardiac surgery, management should follow most 
advanced cardiac life support (ACLS) principles, with sev-
eral important exceptions [49]. Bolus doses of epinephrine 
or vasopressin should generally be avoided (unless specifi-
cally directed by the surgical team) as excessive HTN in the 
early postoperative period can have disastrous conse-
quences. In the absence of prompt return of circulation with 
defibrillation, prolonged chest compressions are not appro-
priate in a patient who is within 1 week of cardiac surgery. 
Instead, emergent bedside sternal re-entry should be car-
ried out, for open cardiac massage and internal defibrilla-
tion. The technique for open cardiac massage in a 
postoperative patient is described earlier in this chapter. For 
defibrillation after emergent sternal re-entry, internal pad-
dles can be used as follows: one paddle is carefully placed 
between the cardiac apex and the diaphragm and moved 
firmly against the posterior aspect of the heart (typically the 
left atrium); the second paddle is placed firmly on the ante-
rior aspect of the heart (Fig. 13.9).
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 Specific Management: Bradycardia

When symptomatic or hemodynamically significant brady-
cardia occurs in the early postoperative period and func-
tional temporary epicardial pacemaker leads are in place, 
management is straightforward. As described earlier in this 
chapter, synchronous atrial or dual-chamber pacing is pre-
ferred. When epicardial pacing leads are not in place, heart 
rate can be augmented pharmacologically. Options include 
IV atropine (generally of only transient benefit) or the IV 
infusion of isoproterenol (preferred if available), dopa-
mine, or epinephrine. If persistent, bradycardia may require 
cardiology consultation for placement of a transvenous 
pacer system.

Temporizing measures while awaiting cardiology engage-
ment include transcutaneous pacing or bedside placement of 
a temporary pacing lead or pacing PA catheter. If a patient 

still has a large-bore (8 Fr) internal jugular (or subclavian) 
catheter in place, placement of a temporary transvenous ven-
tricular pacer lead or a dual-pacing PA catheter is usually 
straightforward. If available at your institution, temporary 
transesophageal atrial pacing (which requires a sedated 
patient and an intact conduction system) may be an addi-
tional option for short-term support.

 Specific Management: Concern 
for Myocardial Ischemia

ECG changes are extremely common after cardiac surgery. 
In particular, some degree of interventricular conduction 
delay is often present after valve procedures, and changes in 
T-wave and ST-segment morphology are the norm after 
CABG (presumably related to reperfusion and changes in 

Fig. 13.8 Differentiating 
ventricular tachycardia 
(Vtach) from atrial 
fibrillation/flutter with 
aberrant conduction can be 
challenging after cardiac 
surgery. A, Top image shows 
findings typical for 
monomorphic Vtach – regular 
morphology, wide complexes 
in all leads, and a regular rate; 
B, bottom image shows 
findings typical for atrial 
fibrillation with aberrant 
conduction, including variable 
QRS morphology and rate
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coronary blood flow dynamics). In the absence of clinical 
evidence of ischemia (hemodynamic instability, ventricular 
arrhythmias), most T-wave or ST-segment changes on an 
immediate postoperative ECG are of no clinical importance. 
However, ST-segment elevation in a regional pattern with 
malignant morphology can be an indication of graft failure 
after CABG or a technical complication after valve surgery 
(e.g., RCA occlusion from aortic valve replacement or left 
circumflex coronary artery injury during mitral valve replace-
ment). Transient ischemia may occur after CABG due to 
vasospasm of the native coronary arteries or arterial graft 
conduit(s). Diffuse ST-segment elevation, particularly when 
associated with concave morphology and PR-segment 
depression, is more suggestive of pericarditis than myocar-
dial ischemia. Although ECG evidence of pericarditis would 
be unexpected on an initial ECG after arrival from the OR, 
pericarditis is a very common cause of ECG changes there-
after (Fig. 13.10).

Several studies have attempted to define “typical” or 
expected cardiac enzyme levels after uncomplicated cardiac 
surgery, based on procedure type and interval from surgery 
[76]. Certainly, dramatically high enzyme levels (more than 
5–10 times the upper limits of normal) might suggest ongo-
ing ischemia/infarction. In general, cardiac enzymes have 
limited value in assessment after cardiac surgery, although 
marked elevation may be associated with increased multifac-
torial morbidity [77].

If there are concerns for ischemia, an echocardiogram may 
be very useful, as the demonstration of stable/normal LV func-
tion and wall motion provides reassurance that transmural isch-
emia/infarction in a significant myocardial territory is unlikely 
[78]. If there is a high level of clinical concern (e.g., anterior 

ST-elevation in a CABG patient with ventricular arrhythmias 
and/or a high-level vasopressor requirement), the cardiac surgi-
cal team should be contacted immediately. Pending discussion 
with the surgical team, emergent cardiology consultation, and 
cardiac catheterization may be appropriate.

 Specific Management: Metabolic Acidosis

Metabolic acidosis is extremely common in the immediate 
period after cardiac surgery, usually the result of lactate 
washout after separation from cardiopulmonary bypass and/
or from high-volume crystalloid infusion during surgery 
(which will lead to a hyperchloremic acidosis in many 
patients) [79]. Although IV sodium bicarbonate is rarely 
used for most other postsurgical patients, it is very appropri-
ate to administer this medication for cardiac surgical patients 
with a significant hyperchloremic metabolic acidosis (asso-
ciated with base deficit of less than −6 to −8, or pH less than 
7.30). Otherwise, acidosis may increase a patient’s suscepti-
bility to arrhythmias, contribute to altered enzyme function 
and coagulation, or may reduce the efficacy of vasoactive 
medications.

Unlike hyperchloremic metabolic acidosis (which is asso-
ciated with a normal anion gap and is generally benign), sig-
nificant lactic acidosis in a patient after cardiac surgery can 
be a sign of a catastrophic complication (such as gut or limb 
ischemia). A mild lactic acidosis (lactate <4–5 mmol/L) on 
initial ICU arrival should prompt the ICU team to ensure 
adequate clinical perfusion and intravascular volume (includ-
ing red blood cell transfusion where appropriate), to reduce 
vasopressor doses as much as possible and to closely follow 
serial lactate levels. If lactate levels trend steadily downward 
(and normalize within ~12 h), no further evaluation or treat-
ment is indicated. If, however, serum lactate is markedly 
elevated upon a patient’s ICU arrival or continues to trend 
upward, there should be a high index of suspicion for a caus-
ative event. In addition to the above measures, the ICU team 
must evaluate for a secondary surgical complication. Specific 
emphasis should be on the abdominal examination and 
examination of the extremities.

 Specific Management: Delirium 
and Neurological Deficits

Neurological complications of some form occur in up to 
30% of patients after cardiac surgery [80], ranging from tran-
sient, self-limiting delirium to debilitating stroke or hypoxic 
encephalopathy. Transient or permanent neurological defi-
cits can occur after cardiac surgery as a result of microem-
boli during surgery, cerebral hypoperfusion due to low flow, 
underlying cerebrovascular disease, intracranial hemorrhage 

Fig. 13.9 Internal defibrillation via median sternotomy (with operator 
standing on the patient’s right side); the right-handed paddle is slid 
along the diaphragm to a position posterior to the heart; the left-handed 
paddle is placed directly anteriorly on the heart (typically on the right 
ventricular surface)
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related to anticoagulation, air embolism, or macroscopic 
embolic events. A review of the comprehensive evaluation 
and management of these conditions is beyond the scope of 
this text. However, a brief overview of neurologic complica-
tions in cardiac surgical patients within the context of ICU 
care is presented below.

Stroke complicates between 1 and 2% of isolated CABG 
procedures and is slightly more common after cardiac sur-
gery involving valve replacement or repair. Aortic arch sur-
gery involving the use of circulatory arrest is associated 
with stroke rates as high as 7% [80]. Thirty to forty percent 
of strokes are thought to occur intraoperatively, with the 
vast majority of the remainder presenting in the first 
24–48 h after surgery [80]. In the setting of a new focal 
neurological deficit (sensorimotor, visual, or language defi-
cit) after cardiac surgery, brain imaging should be obtained 
as soon as possible.

Diffusion-weighted brain magnetic resonance imaging 
(MRI) is clearly the study of choice for the early detection 
and characterization of stroke [81]. There are limitations in 
available monitoring and care during the extended period 
needed to complete this study, and therefore MRI should not 
be obtained in an unstable patient. Of note, sternal wires and 
surgical clips are MRI compatible. Although not explicitly 
MRI “approved,” there is no evidence that temporary epicar-
dial pacemaker leads preclude safe MRI imaging [82]. Non- 
contrast computed tomography (CT) of the brain is a more 
readily available and more rapid imaging modality compared 
with brain MRI but has very limited sensitivity for the early 
detection of stroke [81].

The timing of a focal neurological deficit can have impor-
tant management implications. If noted upon a patient’s 
emergence from sedation after cardiac surgery, it is less 

likely that a patient would be in the 6-h window for potential 
interventional therapy. In contrast, for a patient who is ini-
tially apparently neurologically intact but later develops a 
focal deficit, there may be options for therapeutic interven-
tion. In addition, in this latter scenario, there may be greater 
potential for recurrent events due to ongoing risk factors 
(e.g., atrial fibrillation, intracardiac thrombus), as opposed to 
stroke from intraoperative embolization or low flow [80].

IV systemic thrombolytic therapy is absolutely contrain-
dicated after cardiac surgery. However, where available 
expertise exists, neurointerventional procedure (catheter 
thrombectomy, local directed thrombolytic administration) 
may be an option when it can be determined with confidence 
that an ischemic neurological deficit has not been present for 
longer than 6 h in a cardiac surgical patient [83].

Supportive therapy for stroke after cardiac surgery is sim-
ilar to that for other ICU populations – including permissive 
HTN (to the extent deemed acceptable by the surgical team), 
and strict avoidance of hypotension, hypoxia, hyperglyce-
mia, and fever. There is no proven role for anticoagulation 
beyond antiplatelet therapy in the absence of another indica-
tion (e.g., atrial arrhythmia or mechanical prosthetic valve) 
[84]. In the rare circumstance of significant cerebral air 
embolism, there may be some benefit from hyperbaric oxy-
gen therapy [85].

When a cardiac surgery patient presents with a non-focal 
neurological deficit, such as confusion/delirium, seizures, 
reduced level of responsiveness, or coma, evaluation and 
treatment may differ slightly relative to that for a focal defi-
cit. Delirium occurs more often in patients with preexisting 
dementia or prior stroke, elderly patients, and those with 
known cerebrovascular disease. It may often simply be the 
consequence of residual effects from anesthetic agents, seda-

Fig. 13.10 (a) ECG shows 
findings typical of acute 
ST-segment elevation 
myocardial infarction, in the 
form of focal ST-elevation 
(most pronounced in leads V4 
and V5) with reciprocal 
ST-segment depression (most 
pronounced in leads III and 
aVF); (b) ECG shows 
findings more typical of acute 
pericarditis – relatively 
diffuse ST-segment elevation 
with a concave morphology 
and with PR-segment 
depression
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tives, and narcotics. Therefore, initial management usually 
consists of observation, avoidance of any CNS-depressant 
medications, and care to avoid aspiration or other secondary 
complications from reduced sensorium. If delirium does not 
improve/resolve with these measures alone, the ICU team 
should evaluate for metabolic causes (thyroid disease, renal 
failure, liver failure) and consider neurology consultation. 
The neurology consultant will typically facilitate an electro-
encephalogram and request a brain MRI in this setting.

Seizures are unusual after cardiac surgery and may be the 
result of electrolyte alterations, drug toxicity, or stroke. 
Coma may result from global anoxic brain injury, a large 
stroke, nonconvulsive status epilepticus, or severe metabolic 
derangements [86]. Less severe disturbances in higher cog-
nitive function (memory, attention, etc.) are very common 
after cardiac surgery, particularly when assessed by formal 
neuropsychiatric testing. Such deficits usually resolve over 
time, with little relevance for a patient’s ICU course.

One neurological complication specific to aortic surgery 
(particularly descending thoracic or thoracoabdominal aneu-
rysm repair) is lower extremity paralysis. Refinements in 
anesthetic and surgical technique have significantly reduced 
the incidence of this complication to below 5% in most series 
[87]. Postoperative adjuncts to minimize the risk of paralysis 
include permissive HTN and continued cerebrospinal fluid 
(CSF) drainage for select patients through the second or third 
postoperative day [88].

 Specific Management: Thrombocytopenia

Thrombocytopenia is a normal consequence of surgery with 
the use of CPB. In spite of numerous advances in bypass cir-
cuitry, filter design, and the conduct of bypass, CPB leads to 
predictable platelet deformity and destruction. 
Thrombocytopenia (as defined by postoperative platelet 
count <150,000 cells/μL) occurs in over one third of patients, 
with the effects of CPB (platelet consumption and hemodilu-
tion) being the predominant etiology [89]. Platelet counts 
from CPB-related thrombocytopenia tend to nadir on the 
second or third postoperative day, after which there is steady 
normalization over the next several weeks, and associated 
bleeding complications are rare [90]. The most common 
challenge related to thrombocytopenia after cardiac surgery 
centers around the potential for heparin-induced thrombocy-
topenia (HIT). Unlike CPB-related thrombocytopenia, HIT 
represents a life-threatening condition. Additional less com-
mon causes of thrombocytopenia in cardiac surgical patients 
mirror those encountered in other ICU populations, includ-
ing medication effects, sepsis, or multi-organ failure.

HIT, which has an estimated 2% incidence after cardiac 
surgery, is classified into direct interaction between heparin 
and platelets (Type I) and an IgG-related immunologic form, 

characterized by antibodies to the heparin-platelet factor 4 
complex (Type II). Type I HIT appears early after surgery 
(within the first 1–3 days) and is typically characterized by 
uneventful resolution within several days. In contrast, Type 
II HIT most often occurs 5–10 days after surgical heparin 
exposure. In cases where a patient with HIT has received 
heparin within the preceding 3 months of a cardiac surgical 
procedure, Type II HIT can present much more immediately 
after surgery due to the presence of existing antibodies [91].

Type II HIT is associated with a high risk of thrombotic 
complications (40–75%) and carries a mortality of at least 
25% in cardiac surgical patients [92, 93]. Therefore, early 
recognition and treatment are critical in this population. HIT 
must be considered in any cardiac surgical patient with a 
drop in platelet count of more than 50% after surgery, a 
reduction of 30% or greater to <100,000 cells/μL, or any 
thrombotic event within a month of surgery.

There are two available types of diagnostic testing for 
HIT: enzyme immunoassay for the detection of platelet fac-
tor 4-reactive HIT antibodies and “functional” testing to 
measure platelet activity in the presence of the patient’s 
serum and heparin (most often a “serotonin release assay” or 
a “heparin-induced platelet activation assay”). Functional 
testing has greater specificity but can be difficult to perform 
[94]. Because no single assay has 100% sensitivity and spec-
ificity for the diagnosis of HIT, functional and immune 
assays are best submitted in combination [94]. However, 
most institutions rely on reference laboratory testing for 
these studies, and there is a typical delay of at least several 
days before results are available.

When HIT is strongly suspected (fall in platelet count of 
more than 50% at an interval between 5 and 10 days after 
cardiac surgery), diagnostic studies should be sent, but treat-
ment should not be delayed for results. Effective treatment for 
HIT mandates the immediate discontinuation of all heparin- 
based medications (including heparin flushes, subcutaneous 
microdose heparin, and LMWH) and should ideally entail 
anticoagulation with an alternative medication class to miti-
gate the risk of thrombotic complications. Heparin alterna-
tives include the IV direct thrombin inhibitors – argatroban 
(hepatic excretion), lepirudin (renal excretion), or bivalirudin. 
Platelet transfusion should be avoided in the absence of clini-
cal bleeding (which is rare in HIT). IV anticoagulation should 
be transitioned to oral anticoagulation (with warfarin) after 
platelet counts have substantially recovered. Finally, close 
monitoring for thrombotic complications (some of which 
may require surgical therapy) is critical [95].

On rare occasion, a patient with a known history of HIT 
requires cardiac surgery. If the patient’s HIT predated the 
planned surgical procedure by at least 100 days, a single hepa-
rin re-exposure immediately prior to the institution of CPB is 
generally safe. Ideally, the absence of HIT antibodies should 
be confirmed prior to surgery. Thereafter, no heparin products 
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should be utilized in these patients during the postoperative 
period. In the setting of urgent or emergent cardiac surgery 
within 100 days of a known episode of HIT (or particularly 
when there are still significant serum antibodies present), the 
surgical team must choose to either utilize an alternative anti-
coagulant for CPB (argatroban, bivalirudin, or lepirudin, none 
of which are FDA approved for this indication) or to risk a 
significant (but poorly defined) likelihood of complications 
with early heparin re-exposure for CPB.

 Specific Procedures: CABG

The radial artery is used as a graft conduit in a small propor-
tion of CABG procedures in the USA, most often in the set-
ting of all-arterial grafting (with one or both internal mammary 
arteries). Radial artery grafts have a strong propensity for 
vasospasm [96]. Although specific institutional protocols 
vary, essentially all patients receiving a radial graft for CABG 
should be placed on a low-dose nitroglycerin or diltiazem IV 
infusion for the first 24 h (irrespective of systemic blood pres-
sure), after which IV therapy can generally be transitioned to 
an oral long-acting nitrate or diltiazem formulation [96].

The care of patients undergoing off-pump coronary artery 
bypass (opCAB) is not dramatically different from the stan-
dard care of other cardiac surgical patients. opCAB patients 
are generally less prone to coagulopathy and bleeding, 
although they may also be more prone to thrombotic compli-
cations [97]. Relative to CABG with CPB, opCAB patients 
less often experience issues with heart rate or rhythm after 
surgery and may not have epicardial pacemaker wires placed 
at surgery. Because opCAB patients are not “rewarmed” 
using the CPB heater-cooler unit, they may be more prone to 
hypothermia in the ICU. Finally, because the heart is not 
subjected to a period of ischemic arrest from aortic cross- 
clamping, opCAB patients may not experience the transient 
postsurgical decline in LV function that is often seen after 
cardiac surgical procedures utilizing CPB.

 Specific Procedures: Mitral Valve Repair

A relatively unique aspect of postoperative care after mitral 
valve repair is the risk of systolic anterior motion (SAM) of the 
mitral valve. SAM refers to displacement of the anterior mitral 
valve leaflet and/or subvalvular apparatus into the left ventricu-
lar outflow tract in systole, where it can lead to dynamic out-
flow obstruction (Fig. 13.11). Patients with degenerative/
myxomatous mitral valve disease are both the most common 
patients to undergo mitral repair and are the most prone to 
SAM physiology (due to redundant leaflet tissue and elongated 
mitral valve chords). In addition to myxomatous mitral disease 
with redundant valve tissue, excessive “downsizing” of the 

mitral valve annulus (with an “annuloplasty” ring or band) at 
the time of mitral repair can contribute to SAM.

SAM typically presents as a low cardiac output state and 
can coexist with recurrent significant mitral valve  regurgitation 
after a previously competent mitral repair. SAM should be a 
diagnostic consideration in any mitral repair patient who 
develops new hypotension and/or malperfusion after surgery 
and can be documented on a bedside TTE study. In most 
cases, SAM is medically manageable – through aggressive 
volume resuscitation, avoidance of tachycardia, avoidance of 
inotropic medications, and actively increasing systemic after-
load. Rarely, SAM may require return to the OR for revision 
of repair (or conversion to mitral valve replacement).

 Specific Procedures: Aortic Valve 
Replacement

Aortic valve replacement (AVR) is most commonly per-
formed for aortic stenosis (AS). Although transcatheter valve 
replacement is being used with increasing frequency in lieu of 
surgical AVR, AVR remains the second most common elec-

Fig. 13.11 Systolic anterior motion (SAM) of the anterior leaflet 
(open arrowheads) and subvalvular structures of the mitral valve after 
mitral repair with an annuloplasty ring (arrowheads); displacement in 
an anterior direction (denoted by arrows) can lead to obstruction of flow 
through the left ventricular outflow tract (LVOT); LA, left atrium; LV, 
left ventricle
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tive cardiac surgical procedure in the USA [98]. Patients with 
severe AS characteristically have significant left ventricular 
hypertrophy (LVH) and diastolic dysfunction, similar to those 
with long-standing/poorly controlled systemic hypertension.

Severe LVH is associated with reduced ventricular com-
pliance, which leads to a need for higher left ventricular 
end- diastolic pressure to achieve an adequate left ventricu-
lar volume (or preload). After successful AVR, LVH will 
regress over time but is obviously still present in the early 
postoperative period. AS patients will generally be depen-
dent on higher preload/intravascular volume and may mani-
fest severe lability when intravascular volume is low. AS 
patients also may have more stable hemodynamics and bet-
ter perfusion with lower heart rates, which allow for greater 
proportional time for diastolic filling. Because of reduced 
LV compliance, AS patients may be more dependent on 
active atrial contraction (relative to passive LV filling) and 
therefore may be more susceptible to hypotension and mal-
perfusion in the setting of a postoperative atrial arrhythmia.

Significant perivalvular leak is a rare technical complica-
tion of surgical AVR. In severe cases, a perivalvular leak may 
lead to reduced cardiac output and/or hemodynamic instability 
due to reduced effective forward blood flow. In cases where a 
perivalvular leak has a high velocity, it can be associated with 
red cell hemolysis [99]. In the setting of reduced cardiac out-
put or suspected hemolysis (anemia with schistocytes on a 
peripheral smear, reduced serum haptoglobin level, and/or 
increased indirect serum bilirubin level), an echocardiogram 
in the ICU is appropriate to assess for perivalvular leak.

Coronary obstruction can rarely occur after surgical AVR, 
generally because of the prosthetic device occluding one or 
both coronary ostia. This complication will generally mani-
fest in the immediate period during/after separation from 
CPB and mandates immediate surgical correction (either 
revision of the AVR or addition of CABG). However, right 
coronary artery (RCA) obstruction after AVR may be over-
looked in the OR and may manifest in the form of ECG 
changes and/or arrhythmias in the ICU. Any patient with 
new inferior ST-segment changes after AVR (particularly in 
association with arrhythmias or hemodynamic derange-
ments) should be evaluated by the surgical team for possible 
RCA obstruction.

Heart block may occur after AVR due to direct injury of the 
conduction system (located in the membranous septum, just 
below the aortic annulus) or due to edema. Permanent pace-
maker implantation, which is required in about 7% of patients 
after AVR, should generally be performed if a patient remains 
pacer-dependent beyond 5–7 days after surgery [100].

Anticoagulation is indicated after all mechanical AVR 
procedures and is used on a temporary basis by some sur-
geons after bioprosthetic AVR (particularly for patients with 
significant LV dysfunction or a history of atrial arrhythmias). 
Most surgeons will initiate oral warfarin therapy on the first 

or second day after mechanical AVR. The use of a heparin 
“bridge” while awaiting a therapeutic INR (2–3 for most 
mechanical aortic valve prosthetics) is variable between 
institutions and surgeons and balances the small risk of valve 
thrombosis/thromboembolism during the interval prior to a 
therapeutic warfarin level against the risk of late surgical 
bleeding from anticoagulation. Many surgeons will start 
either low-dose IV heparin or subcutaneous LMWH if a 
patient with a new mechanical aortic valve is not fully anti-
coagulated by 3–4 days after surgery.

 Specific Procedures: Mitral Valve 
Replacement

Just as with AVR, patients undergoing mitral valve replace-
ment (MVR) may develop reduced cardiac output and/or 
hemolysis in the setting of a significant perivalvular leak. 
When suspected, the presence or absence of a perivalvular 
leak can be determined by an echocardiogram in the 
ICU. However, adequate visualization of the mitral valve in 
a patient in the early period after cardiac surgery may neces-
sitate the use of TEE.

A rare complication after MVR (or mitral repair) is surgi-
cal injury to the left circumflex coronary artery, which might 
manifest with new lateral or inferolateral ECG changes, 
hemodynamic effects (in the setting of complete occlusion 
of a large/dominant circumflex), or subjective complaints 
(persistent non-incisional chest discomfort, nausea, etc.). If 
there is clinical concern for a circumflex injury after MVR, 
the surgical team should be consulted immediately to deter-
mine appropriate evaluation.

Just as with mechanical AVR, all patients with a mechani-
cal mitral prosthetic valve will require lifelong anticoagula-
tion. Also as with AVR, some surgeons will place 
bioprosthetic MVR patients on anticoagulation for several 
months after surgery. Conduction system injury may occur 
with mitral valve surgery, but permanent pacemaker place-
ment is less common than after AVR [101].

 Specific Conditions/Procedures: Atrial 
Arrhythmia Surgery

Surgical treatment for atrial arrhythmias may consist of 
either a “Cox maze” procedure or pulmonary vein electrical 
isolation (PVI), both of which utilize energy sources such as 
radiofrequency or cryo-treatment. Either a maze procedure 
or PVI may be performed at the time of another cardiac sur-
gical procedure or less commonly as a “stand-alone” inter-
vention. Because of the strong association between mitral 
valve disease and atrial arrhythmias, arrhythmia surgery is 
most often performed as an adjunct to mitral valve surgery 
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[102]. Rhythm disturbances are the norm after the maze pro-
cedure or PVI. A substantial proportion of patients require 
temporary postoperative pacing for either sinoatrial node 
dysfunction or heart block after a complete maze procedure, 
and 10–15% may require “permanent” endocardial pace-
maker lead placement [103].

Because the modalities utilized for the surgical treatment 
of arrhythmias are not consistently transmural until several 
months after surgery, transient atrial arrhythmias are present 
in the majority of patients in the early postoperative period 
[102]. Antiarrhythmic medications such as amiodarone, 
beta-blockers, or sotalol may be initiated in the early postop-
erative period, but due to the potential for sinus node dys-
function and/or heart block in this patient population, these 
medications should be initiated with caution.

Due to the effect of atrial energy sources (and possibly due to 
a reduction in atrial natriuretic peptide levels) after a maze pro-
cedure, fluid retention and edema are common. Patients should 
be treated with active diuresis in the early postoperative period.

 Specific Procedures: Aortic Procedures

Aggressive control of postoperative hypertension is of particu-
lar import after aortic surgery, which is often associated with 
multiple suture lines under systemic pressure. In addition, the 
extended CPB duration required for complex aortic surgical 
interventions and the need for more pronounced systemic 
cooling in some cases make coagulopathic bleeding more 
common than after isolated CABG or valve replacement.

Surgical procedures involving the aortic arch require the 
use of hypothermic circulatory arrest (HCA) techniques – or 
a period during which the need for direct surgical access to 
the aortic arch necessitates transient discontinuation of 
CPB. Although aortic arch procedures are often supple-
mented with surgical strategies for neuroprotection, the use 
of HCA during a cardiac surgical procedure is still associ-
ated with an increase in the risk of stroke [104].

Although increasingly being supplanted by endovascular 
techniques, surgery on the descending thoracic or thoracoab-
dominal aorta is associated with a risk for paraplegia due to 
spinal cord ischemia in the perioperative period. Paralysis 
may present in a delayed fashion after descending aortic sur-
gery, most often during/after a period of relative hypotension 
or hypoperfusion. In addition to intraoperative surgical strat-
egies to reduce the incidence of paraplegia (e.g., assisted cir-
culation, intercostal artery reimplantation), there are 
important postoperative measures intended to reduce the 
likelihood of this catastrophic complication. It is critical to 
maintain adequate systemic perfusion. Depending on the 
surgeon’s comfort with surgical hemostasis, some will 
employ a strategy of “permissive hypertension” in the 
ICU. By targeting MAPs as high as 80–90 mmHg, the risk 
for spinal cord ischemia is reduced. Lumbar CSF drainage is 

used by many surgeons and many centers for surgical proce-
dures involving the descending thoracic aorta and is intended 
to augment relative spinal cord perfusion pressures. CSF 
drainage is typically initiated preoperatively or intraopera-
tively and is continued for several days after surgery, gener-
ally targeting a CSF pressure of <10 mmHg [105].

 Specific Procedures: Ventricular Assist 
Device Placement

Placement of a temporary VAD may be required during 
cardiac surgery when the typical means for support (ino-
tropes, vasopressors, IABP counterpulsation) do not allow 
for a patient’s successful separation from CPB. The sce-
nario of a “post-pericardiotomy” VAD requirement most 
often occurs after an extensive/extended cardiac surgical 
procedure in a patient with severe preexisting cardiac dys-
function, when cardiac surgery is performed in the setting 
of a recent or ongoing large myocardial infarction, or when 
there are major intraoperative technical complications. In 
all of these settings, it is hoped that VAD support for a 
period of between several days and 1 week might allow for 
adequate cardiac recovery to facilitate a transition back to 
effective native perfusion. In some cases, VAD support 
after surgery may provide a “bridge” to urgent cardiac 
transplantation or for the placement of a longer-term car-
diac assist device. In reality, the mortality for any patient 
with a need for VAD support to separate from CPB is 
approximately 50% under any circumstance [106]. VAD 
patients have very high rates of bleeding requiring reoper-
ation and high rates of nosocomial infection. All VAD 
devices require some [variable] degree of anticoagulation 
during use (typically IV heparin).

An LVAD can reduce LV stress by 80% and reduce LV 
myocardial oxygen demand by nearly 40% [103]. LVAD 
implantation requires the surgical placement of a VAD 
“inflow” cannula in the left atrium or LV apex and a VAD 
“outflow” cannula in the ascending aorta (Fig. 13.12). 
After LVAD cannula placement and initiation of LVAD 
support, temporary sternal closure is achieved. Great care 
must be taken by the surgical team to adequately secure 
all VAD cannulae; as if a cannula is dislodged in the ICU, 
nearly immediate exsanguination will ensue (in addition 
to the immediate cessation of device function). Similarly, 
transport of any patient with a VAD in place represents a 
high-risk activity that demands adequate staffing and 
careful attention.

LVAD support is typically initiated in the OR at a flow rate 
of 2.2 L/min/m2, after which time flow rates are adjusted to 
support adequate systemic perfusion (and based on left atrial 
filling pressures). The specific management and troubleshoot-
ing of an LVAD circuit require an experienced perfusionist 
and/or cardiac surgeon. However, it is useful for the critical 
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care team to understand the most common reasons for inade-
quate VAD flow, which include hypovolemia, cardiac tam-
ponade, and cannula/device malposition or occlusion. 
Therefore, the initial approach to an unexpected decrease in 
LVAD flow rate entails an assessment of a patient’s volume 
status, assessment for bleeding/tamponade, and comprehen-
sive device interrogation by the cardiac surgical team.

In a patient with established LVAD support, LV function 
should be reassessed at regular intervals (typically 24–48 h), 
and if there is evidence of myocardial recovery, LVAD flow 
rates can be gradually reduced to “wean” the patient from 
mechanical support. If a patient is successfully liberated 
from LVAD support, return to the OR will be necessary for 
decannulation and chest closure. If a patient cannot be 
weaned from LVAD support within a week, more definitive 
means for support (transplantation or longer-term assist 
device) or withdrawal of care must be considered.

RVAD support requires the surgical placement of cannu-
lae in the right atrium and pulmonary artery (Fig. 13.12). 
Postsurgical RVAD support may be required for refractory 
RV failure in the setting of a large inferior myocardial infarc-
tion or due to surgical complications related to RV myocar-
dial protection and/or perfusion. More commonly, RVAD 
support must be initiated in a patient with an LVAD in place. 
One third of patients with LVAD support manifest or develop 
biventricular failure, requiring the addition of an RVAD 
[103]. The combined use of LVAD and RVAD support is 
known as a “biventricular assist device” (BiVAD; Fig. 13.12). 
A BiVAD will support both the systemic and pulmonary cir-
culations, but unlike ECMO support does not provide for 
oxygenation. RVAD support is initiated and weaned in a 
fashion similar to that for LVAD support.

 Specific Procedures: Extracorporeal 
Membrane Oxygenator Support

ECMO support may rarely be required in the early postop-
erative period after cardiac surgery. Unlike VAD support, an 
ECMO circuit includes an oxygenator. Criteria for the initia-
tion of ECMO support after cardiac surgery are similar to 
those for VAD support, except that ECMO is the preferred 
modality in a patient with refractory hypoxia. Depending on 
whether a patient has isolated refractory respiratory failure 
or coexisting respiratory failure and inadequate systemic 
perfusion, an ECMO circuit may be designed to support the 
pulmonary circulation alone (venovenous or “VV” ECMO) 
or to support both the systemic and pulmonary circulations 
(venoarterial or “VA” ECMO).

When ECMO is utilized for a patient who cannot be 
weaned from CPB, it typically utilizes the existing surgical 
CPB cannulae (right atrial cannula for ECMO drainage and 
aortic cannula for ECMO infusion (Fig. 13.13). An additional 
ECMO drainage cannula may be placed into the left atrium or 
left ventricle to ensure adequate LV decompression during 
ECMO support. When ECMO support is initiated for a patient 
not in the OR, VA ECMO typically entails placement of an 
internal jugular or femoral venous cannula (directed into the 
right atrium) and a femoral arterial cannula (Fig. 13.13). For 
VV ECMO initiation, a femoral inflow cannula (tip in right 
atrium) may be used with an interval jugular catheter for 
ECMO outflow, or bilateral femoral venous cannulae may be 
used (with one of the cannulae being a long cannula extend-
ing into the inferior vena cava/right atrium; Fig. 13.13). More 
recently, the development of a multi- lumen internal jugular 

Fig. 13.12 (a) Left image shows typical cannulation for a left ven-
tricular assist device, with drainage from left ventricular apex and 
return into the ascending aorta (alternate site for drainage is the left 
atrium, via the pulmonary vein); (b) center image shows typical can-
nulation for a right ventricular assist device, with drainage from the 

right atrium and return into the main pulmonary artery; (c) right image 
shows typical cannulation for biventricular assist device support. Blue 
area, right atrium/ventricle; red area, left atrium/ventricle and aortic 
arch
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venous cannula (Avalon Laboratories, Rancho Dominguez, 
USA) allows for VV ECMO using a single cannulation site.

In most cases, ECMO requires lower levels of heparin 
relative to VAD support [107] due to the use of a heparin- 
bonded circuit, although protocols for heparinization during 
ECMO vary widely. VA ECMO support, which is non- 
pulsatile, may be combined with IABP counterpulsation in 
some cases to augment coronary perfusion.

When a patient is on VA ECMO, ventilatory pressures and 
oxygen levels should be minimized. Vasopressor support will 
still generally be needed, but inotrope use should be minimized 
to allow for myocardial rest/recovery. As with VAD use after 
cardiac surgery, ECMO is only a means for temporary support. 
If a patient cannot be weaned from ECMO within 1 week 
after cardiac surgery, either the institution of more durable 
support or withdrawal of care is generally appropriate.

Fig. 13.13 Configurations 
for extracorporeal membrane 
oxygenation (ECMO); “A” 
depicts peripheral venoarterial 
ECMO cannulation utilizing a 
venous inflow cannula in the 
right atrium via the right 
femoral vein and a left 
femoral arterial outflow 
cannula; “B” depicts central 
ECMO cannulation 
(performed in the operating 
room, generally at the time of 
another cardiac surgical 
procedure), with the ECMO 
inflow cannula in the right 
atrium and inferior vena cava 
(IVC) and ECMO outflow via 
an aortic cannula; “C” depicts 
cannulation for venovenous 
ECMO using an inflow 
cannula in the right atrium/
IVC and an outflow cannula 
in the right internal jugular 
(IJ) vein (contralateral 
femoral venous cannulation is 
an alternative for ECMO 
outflow); “D” depicts 
venovenous ECMO utilizing 
a dual-lumen catheter placed 
into the right atrium and IVC 
via the right IJ vein
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 Specific Procedures: Cardiac Transplantation

Antirejection therapy and prophylaxis against early infection 
are critical priorities for the care of transplant patients but 
should be coordinated by the heart transplant team and are 
outside the scope of ICU care.

In spite of numerous advancements in surgical technique, 
myocardial preservation, and postoperative care, RV failure 
remains a significant complication in cardiac transplant 
recipients and constitutes a very common cause of early 
allograft failure [108]. Many heart transplant recipients have 
significant PA hypertension as a result of their advanced 
heart failure, presenting the donor heart with a sudden 
increase in afterload relative to the donor pulmonary 
circulation.

In addition to the risk of RV dysfunction, inadequate myo-
cardial protection and/or prolonged allograft ischemic time 
may lead to biventricular dysfunction or failure after trans-
plant. Accelerated or “hyperacute” rejection is an additional 
rare cause of early cardiac failure in this population. Together, 
these entities represent causes of primary graft failure (PGF), 
a syndrome in which the transplanted heart fails to meet the 
circulatory requirements of the recipient in the immediate 
posttransplant period after cardiac transplantation.

PGF manifests as persistent hypotension and low cardiac 
output in the early postoperative period, in spite of apparently 
adequate preload and filling pressures. RV failure should spe-
cifically be suspected with refractory  hypotension, elevated 
central venous pressure, and a decrease in PA pressures. It is 
critical to rule out cardiac tamponade in this setting, as tam-
ponade is not uncommon after transplant and may present 
with clinical findings similar to PGF [109]. The patient should 
also be assessed by the transplant team for hyperacute rejec-
tion in the setting of acute hemodynamic compromise early 
after cardiac transplant. The incidence of hyperacute rejec-
tion, which results from preformed antibodies, has been 
greatly reduced by the routine use of a pretransplant donor-
recipient crossmatch (which may guide pretransplant plasma-
pheresis and/or immunoglobulin therapy). The only effective 
treatment for hyperacute rejection is re-transplantation.

In milder cases of primary allograft dysfunction, inotropic 
agents may be sufficient to restore myocardial contractility 
and hemodynamic stability. The management of isolated RV 
failure after transplantation is similar to that described in this 
chapter’s section on RV failure in the general cardiac surgical 
population. This entails careful optimization of RV preload, 
ensuring adequate RV perfusion by maintaining adequate 
systemic blood pressure and avoiding secondary insult from 
hypoxia, acidosis, high ventilator pressures, or hypercapnia. 
In addition, PA hypertension should be managed aggres-
sively, with a very low threshold to initiate iNO therapy.

With more severe cases of graft failure, mechanical circu-
latory support may be needed to maintain adequate perfusion 
until graft function improves. Depending on the specific cir-
cumstance, this might entail LVAD support, RVAD support, 
BiVAD support, or VA ECMO.

With the conversion from a “biatrial” to “bicaval” surgical 
technique for cardiac transplantation at the vast majority of 
centers, the incidence of sinus node dysfunction or complete 
heart block has been significantly reduced, with less than 
10% of patients now requiring permanent pacemaker place-
ment [110]. The transplant donor heart is completely dener-
vated during transplantation. As a result, most transplant 
patients have higher than average resting heart rate. However, 
the period of cardiac graft ischemic time continues to predis-
pose these patients to conduction system injury and sinus 
node dysfunction in the early postoperative period [111]. 
Bradycardia should be managed with temporary epicardial 
pacing until sinus rhythm returns. Permanent pacemaker 
implantation should generally be deferred for 2–3 weeks 
after transplant to allow for potential recovery of native 
rhythm [111]. Atrial arrhythmias are less common after car-
diac transplantation than after most other cardiac surgical 
procedures [111]. When atrial arrhythmias do occur, the 
management strategy is similar to that described above for 
the general cardiac surgical population.

Because cardiac transplant patients have often had multi-
ple prior cardiac surgical interventions and are often antico-
agulated preoperatively, they are at an increased risk for 
bleeding complications after surgery. The small size of the 
donor heart relative to the recipient pericardium may allow 
for the collection of a relatively large volume of blood within 
the pericardium before there are clinical manifestations of 
tamponade.
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Targeted Temperature Management 
After Cardiac Arrest

Cindy H. Hsu and Hasan B. Alam

 Introduction

Cardiac arrest is one of the leading causes of death in the 
United States. Out-of-hospital cardiac arrests (OHCA) 
claim approximately 350,000 lives each year [15], while 
209,000 people are treated for in-hospital cardiac arrest 
(IHCA) annually [83]. Globally, deaths from cardiovascular 
disease is the leading cause of death, claiming 17 million 
lives annually, out of which 40–50% are from sudden car-
diac deaths [79]. Despite recent advancements in cardiopul-
monary resuscitation, the survival rate of cardiac arrest 
remains low. Survival to hospital discharge for all OHCA 
was 10.6%, and survival with good neurologic function was 
only 8.6%. Survival to hospital discharge for IHCA was 
23.8% [15].

Targeted temperature management (TTM), previously 
known as therapeutic hypothermia, is the active control of 
temperature at any target [24], which usually ranges from 
mild (34–35.9  °C) to moderate hypothermia (32–33.9  °C) 
during post-arrest arrangement. Previous studies have shown 
that TTM at 32–34 °C for 12–24 h in comatose cardiac arrest 
patients after shockable OHCA led to significant improve-
ment in survival [60] and neurologic function [17, 60] when 
compared to standard therapy. In addition, TTM implemen-
tation has also been shown to associate with improved out-
come after nonshockable cardiac arrests [91, 101, 122]. 
More recently, the TTM trial conducted by Nielsen et  al. 
showed that target temperature of 33 °C did not offer addi-
tional survival benefit when compared to 36  °C in uncon-
scious OHCA survivors [90]. This chapter will focus on the 
pathophysiology and practical considerations of TTM after 

adult non-traumatic cardiac arrest. The indications, imple-
mentation, and side effects of TTM are discussed here in 
order to assist readers in its application during post-arrest 
management.

 Mechanisms

Post-cardiac arrest syndrome (PCAS) is defined as a com-
plex syndrome consisting of brain injury, myocardial dys-
function, and systemic ischemia/reperfusion response after 
cardiac arrest [92]. TTM provides neuroprotection during 
PCAS through complex and multifactorial mechanisms. 
Hypothermia decreases cerebral blood flow and cerebral 
oxygen consumption approximately by 6–10% per 1  °C 
decrement [5, 41, 43, 54, 86, 96, 112, 121], thereby pre-
venting secondary cerebral injury after the initial anoxic 
insult [81, 102]. However, reduction of metabolic rate is 
only one of the many mechanisms underlying the protec-
tive effects of hypothermia. It also leads to reduction in 
post-arrest endothelial dysfunction, decreased free radical 
production, blunting of the post-reperfusion inflammatory 
cascade [105], and prevention of cerebral edema caused by 
blood-brain barrier disruption and increased vascular per-
meability following ischemia-reperfusion injury [29, 64]. 
Finally, hypothermia also inhibits both intrinsic mitochon-
drial and extrinsic extracellular apoptotic cell death path-
ways [136].

 Inclusion and Exclusion Criteria

Post-arrest TTM was initially implemented only for shock-
able OHCA. Its use has since expanded to include nonshock-
able OHCA and IHCA based on retrospective studies 
showing potential benefits in those patient cohorts [91, 101, 
122]. Table  14.1 highlights the 2015 American Heart 
Association (AHA) recommendations for post-arrest TTM 
based on the AHA Class of Recommendation (COR) and 
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Level of Evidence (LOE) system. These recommendations 
originated from an extensive evidence review process by the 
International Liaison Committee on Resuscitation (ILCOR). 
The AHA provides Class I (strong) recommendation for the 
application of TTM by maintaining temperature between 
32 °C and 36 °C (LOE B-Randomized) for comatose cardiac 
arrest patients who sustained an out-of-hospital shockable 
rhythm (LOE B-Randomized), nonshockable rhythm (LOE 
C-Expert Opinion), and IHCA (LOE C-Expert Opinion). 
Class IIa (moderate) recommendation was made for TTM 
maintenance for at least 24 h after reaching target tempera-
ture (LOE C-Expert Opinion), while Class IIb (weak) rec-
ommendation to actively prevent fever in comatose patients 
(LOE C-Limited Data) [24]. The absolute contraindications 
for TTM are more variable depending on institutional guide-
lines. Table  14.2 lists the common recommended TTM 
exclusion criteria.

 Clinical Implementation

TTM consists of three key phases – induction, maintenance, 
and rewarming. The understanding of physiology during 
each phase is essential for the optimization of patient man-
agement. Figure 14.1 illustrates the three TTM phases with 
their respective temperature, range, and duration.

 Induction

The induction phase starts from initiation of active cooling to 
when the patient reaches target temperature [100], which is 
typically between 32 °C and 36 °C. Rapid induction of hypo-
thermia can be achieved by infusion of 30–40 cc/kg 4 °C iso-
tonic fluid [108], providing that the patient does not have 
evidence of heart failure or pulmonary edema. Surface cool-
ing tools such as ice packs or pre-refrigerated surface pads 
and external cooling device can also be applied. In addition, 
endovascular catheters can induce rapid core cooling but 
require the placement of invasive catheters. In a retrospective 
analysis of the TTM trial, endovascular and surface cooling 
were equally effective during induction of mild hypothermia. 
However, surface cooling was associated with less precision 
during the maintenance phase. There was no difference in 
adverse events, mortality, or poor neurologic outcomes 
between patients treated with endovascular and surface cool-
ing devices [51]. Once induction has begun, an external cool-
ing device is applied to maintain the patient at target 
temperature. All devices work via a feedback loop that 
adjusts the temperature of the water circulating through the 
cooling system to maintain a constant target core body tem-
perature, which should be continuously monitored via an 
esophageal, bladder, or rectal temperature probe [8].

During the induction phase, the registered temperature 
will constantly lag behind actual core temperature, which 
means that the cooling device may continue to cool the 
patient when the target temperature has been reached. Faster 
cooling rate will cause greater lag time between registered 
and actual core temperature. Small overshoot of ≤1  °C is 
generally acceptable provided that core temperature is main-
tained above 30 °C [106].

Induction of hypothermia is generally easier in older 
patients than younger patients due to decreased ability to 
regulate body temperature, lower rate of metabolism, and 
lower body mass index associated with older age [38, 118]. 
Thus, the requirement of opiates and sedatives during TTM 
is generally higher for younger patients. Achieving hypo-
thermia in obese patients also takes more time due to their 
larger body mass index [106]. Side effects such as hypovole-
mia, electrolyte derangement, hyperglycemia, hemodynamic 
instability, and shivering are generally greatest during 

Table 14.1 Highlights from the 2015 American Heart Association rec-
ommendations for TTM after cardiac arrest [24]

1. Class I (strong) recommendations for
  (a) TTM to treat comatose post-cardiac arrest patients suffering 

out-of-hospital VF/pulseless VT (LOE B-Randomized)
  (b) TTM to treat comatose post-cardiac arrest patients suffering 

non-VF/pulseless VT (nonshockable) rhythms and IHCA 
(stronger recommendation than the 2010 guidelines) (LOE 
C-Expert Opinion)

  (c) Selection and maintenance of a constant temperature within 
the range from 32 °C to 36 °C (LOE B-Randomized)

2. Class IIa (moderate) recommendation for TTM to be maintained 
for at least 24 h after reaching target temperature (LOE C-Expert 
Opinion)
3. Class IIb (weak) recommendation that it may be reasonable to 
actively prevent fever in comatose patients (LOE C-Limited Data)
4. Class III (moderate – no benefit) recommendation against routine 
prehospital cooling of patients after ROSC with the rapid infusion 
of cold intravenous fluids (LOE A)

For more information, visit https://eccguidelines.heart.org/wp-content/
uploads/2015/10/2015-AHA-Guidelines-Highlights-English.pdf
Level of evidence (LOE), target temperature management (TTM), ven-
tricular fibrillation (VF), ventricular tachycardia (VT), return of sponta-
neous circulation (ROSC)

Table 14.2 Recommended exclusion criteria for TTM

Do-not-resuscitate/do-not-intubate status
Terminal illness
More than 12 h since return of spontaneous circulation (ROSC)
Glasgow motor score >5
Minimal premorbid cognitive status
Other reason for coma such as intracranial pathology (i.e., 
intracranial hemorrhage, ischemic stroke), subarachnoid 
hemorrhage, or sedation
Sepsis as etiology for arrest
Uncontrollable bleeding or significant trauma
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 induction phase [103, 104, 107]. This may be minimized by 
cooling the patients as rapidly as possible [106].

Animal studies have shown that earlier initiation of TTM 
and time to target temperature of within 4 h after return of 
spontaneous circulation (ROSC) can improve survival with 
good neurologic function [27]. In addition, the initiation of 
intra-arrest hypothermia may reduce brain injury [1, 67, 68, 
93, 123, 138]. However, these findings have not been consis-
tently observed in human subjects. In recent studies, shorter 
time to target temperature was associated with worse out-
come [56, 80, 99, 133], likely due to more significant injury 
and impaired thermoregulation in the shorter time to target 
temperature group. In a randomized, non-blinded controlled 
trial, intra-arrest hypothermia was induced with intravenous 
cold saline and external cooling device for OHCA patients. 
There was no observed short-term survival or functional dif-
ference at 1  month between the intra-arrest hypothermia 
patients and those who received routine post-arrest TTM 
[39]. Another trial found an increase in pulmonary edema 
and rearrest among patients treated with a goal of prehospital 
infusion of 2 L cold fluid [66]. These observations illustrate 
the complex relationship between early neurologic damage 
and post-arrest thermoregulation. Given the conflicting data, 
the AHA recommends against routine prehospital cooling of 
patients after ROSC with the rapid infusion of cold intrave-
nous fluids [24]. An ongoing randomized study (PRINCESS 
trial) plans to examine the efficacy of prehospital intranasal 
cooling.

 Maintenance

The maintenance phase extends from the achievement of tar-
get temperature to the initiation of rewarming. During this 

time, the goal is to tightly control core temperature with 
small or no temperature variation (range of ≤0.2–0.5  °C). 
Patients generally achieve relative stability during this time 
due to minimal temperature variation.

The duration of maintenance phase remains an area of 
active investigation. Although the maintenance phase usually 
lasts 24 h, animal studies have shown that TTM for 48 h led 
to improved survival and functional outcome [27]. An 
upcoming prospective randomized trial will shed light on 
this topic by comparing the survival differences between 
OHCA patients who receive 24 versus 48 h of TTM (TTH48 
study, NCT 01689077). Patient may stay in the maintenance 
phase for several days, particularly if there are cerebral 
edema or intracranial hypertension related issues [8].

 Rewarming

Rewarming phase is the period during which patients are 
gradually rewarmed to normothermia. It is a dynamic and 
challenging phase due to side effects associated with 
increase in temperature. This is especially true for patients 
with cerebral edema, as they have higher risk of intracranial 
hypertension during rewarming. Furthermore, normaliza-
tion of body temperature can cause systemic vasodilation 
and hypotension, thereby triggering cerebral vasodilation. 
In addition, warmer temperature will induce electrolyte 
extracellular shifts, making hyperkalemia a potential side 
effect.

In general, rewarming rate of no faster than 0.2–0.5 °C/h 
is recommended, and it can be reduced to 0.1 °C/h if there is 
intracranial hypertension. Rewarming should be performed 
under controlled fashion [8]. After rewarming, normother-
mia should be maintained to avoid pyrexia, which has been 

Fig. 14.1 Phases of targeted 
temperature management 
(TTM). A schematic diagram 
illustrating the first 72 h after 
return of spontaneous 
circulation (ROSC), assuming 
starting at normothermia and 
target temperature of 33 °C

14 Targeted Temperature Management After Cardiac Arrest



150

shown to associate with worse outcome after cardiac arrest 
[53, 70, 106]. The duration of normothermia varies, but most 
protocols suggest maintaining additional 48–72 h of normo-
thermia after rewarming.

 Core Temperature Measurement

A critical step in TTM is the accurate measurement of core 
body temperature. While pulmonary artery and jugular bulb 
catheters enable instantaneous and accurate measurement of 
core blood and brain temperature, respectively, they are inva-
sive and thus seldom performed for the sole purpose of tem-
perature measurement. Endovascular cooling catheters are 
able to simultaneously measure blood temperature at the 
catheter tip during temperature modulation. Esophageal tem-
perature probe, when inserted to the distal 1/3 of the esopha-
gus, can achieve the most accurate noninvasive measurement 
of core temperature and thus is preferred for continuous tem-
perature measurement during TTM. Compared to bladder or 
rectal temperature probes, esophageal temperature probes 
have less lag time between registered temperature and mea-
sured core temperature and are therefore least likely to cause 
overshooting during the induction phase of TTM. Tympanic 
membrane and nasopharyngeal temperature probes may 
reflect brain temperature better than more distant sites. 
However, they have higher risks for probe displacement and 
bleeding [106].

TTM implementation is best performed with protocol- 
driven therapy [49, 125]. Table  14.3 provides a practical 
checklist for TTM implementation during each phase. For 
compilation of different institutional TTM protocols, please 
refer to the Penn Post-Cardiac Arrest Care/Therapeutic 
Hypothermia Resources website (https://www.med.upenn.
edu/resuscitation/hypothermia/index.shtml).

 Side Effects

 Shivering

Shivering is the most common side effect of hypothermia. 
In conjunction with peripheral vasoconstriction, shivering 
provides hypothalamus-driven thermoregulation. In healthy 
humans, peripheral vasoconstriction is triggered at 36.5 °C 
and shivering at 35.5 °C [118]. Temperature threshold for 
vasoconstriction and shivering can be higher than normal 
in brain-injured [10] or febrile patients [105], thereby 
inducing these thermoregulatory responses at higher tem-
perature. If left untreated, shivering can impede the cool-
ing process and result in increased cerebral metabolic 
demand [9, 10], increased myocardial oxygen consump-
tion from tachycardia [48], and excessive work of breathing 

[106]. Shivering is best managed by adequate monitoring 
and stepwise administration of medication specifically tar-
geting shivering responses. Anti-shivering medications 
include fentanyl, meperidine, buspirone, dexmedetomi-
dine, propofol, clonidine, magnesium, and neuromuscular 
blockers [106].

 Electrolyte Derangements

Patients frequently develop low electrolytes during hypo-
thermia due to combination of cellular shifts, renal tubular 
dysfunction, and cold diuresis [107]. Hypothermia induces 
electrolyte influx into the intracellular compartments, result-

Table 14.3 Practical checklist for TTM implementation

Induction and maintenance
Use an esophageal probe for core temperature measurement if 
possible. Temperature sensing bladder catheter is preferred over 
rectal probe if an esophageal probe is not feasible or contraindicated
Induce hypothermia with bolus 30–40 cc/kg cold intravenous fluid 
if there is no evidence of heart failure or pulmonary edema
Apply external cooling device or insert endovascular cooling 
catheter
Maintain target temperature of 32–36 °C for at least 24 h
If the patient becomes unstable or has increased bleeding risk, 
target temperature of 36 °C can be considered
Do not let core temperature fall below 30 °C
Avoid electrolyte derangements including hypokalemia, 
hypophosphatemia, hypomagnesemia
Avoid hypovolemia from cold diuresis
Avoid hyperglycemia
Control shivering
Initiate continuous EEG during induction if possible
Obtain head computerized tomography scan if intracranial 
pathology is of concern
Rewarming
Rewarm slowly (0.2–0.5 °C/h, 0.1 °C/h if concern for cerebral 
edema)
Adjust insulin dosage and avoid hypoglycemia
Monitor for hyperkalemia
Control shivering
Maintain normothermia for 48–72 h after rewarming
Overall
Provide good intensive care
Avoid hypotension. Recommend maintaining systolic blood 
pressure ≥90 mm Hg and mean arterial pressure ≥65 mm Hg
Avoid hypoxemia
Maintain normocarbia. Adjust ventilator settings by using 
temperature corrected arterial blood gases and continuous end tidal 
capnography
Avoid and treat infections
Monitor for bleeding and coagulopathy. Consider using 
thromboelastography measured at the appropriate temperature
Adjust medication dosage according to patient temperature and 
organ dysfunction
Do no prognosticate until at least 72 h after rewarming

C. H. Hsu and H. B. Alam

https://www.med.upenn.edu/resuscitation/hypothermia/index.shtml
https://www.med.upenn.edu/resuscitation/hypothermia/index.shtml


151

ing in hypokalemia, hypomagnesemia, and hypophosphate-
mia [105]. However, these electrolytes are released into the 
extracellular spaces during rewarming. Thus, excessive 
potassium replacement should be avoided during the mainte-
nance phase to avoid rebound hyperkalemia during rewarm-
ing [103]. The rate of rebound hyperkalemia is associated 
with rate of rewarming [8]. Hypomagnesemia can increase 
the risk of arrhythmias, brain injury, and myocardial infarc-
tion [2, 4, 28, 82, 109, 115, 129, 134]. Cold diuresis can 
cause hypovolemia particularly during the induction and 
maintenance phases.

 Cardiac Function and Hemodynamics

At 33–35  °C, bradycardia and reduced myocardial con-
tractility cause reduced cardiac output and blood pressure. 
Temperature below 32 °C can lead to atrial and ventricular 
tachycardia and fibrillation [8, 16, 103]. In addition, hypo-
magnesemia can further predispose cardiomyocytes to 
arrhythmias and myocardial infarction. Studies of patients 
after cardiac arrest have found that a systolic blood pres-
sure less than 90 mm Hg [22, 125, 127] or a mean arterial 
pressure of less than 65 mm Hg is associated with higher 
mortality and diminished functional recovery [125]. 
Therefore, it is reasonable to avoid and immediately cor-
rect hypotension (systolic blood pressure <90 mmg Hg or 
mean arterial blood pressure  <65  mm Hg) during post-
arrest care, although optimal hemodynamic goals remain 
unclear and may be patient dependent (Class IIb, LOE 
C-Limited Data) [24].

 Acid Base

Carbon dioxide becomes more soluble in colder tempera-
ture; thus the pCO2 falls and pH rises during hypothermia. 
The reduction of metabolic rate during hypothermia further 
reduces oxygen consumptions and carbon dioxide produc-
tion. Therefore, hyperventilation will occur if ventilator set-
tings are left unchanged, leading to potential adverse 
consequences such as cerebral vasoconstriction [31, 32]. 
Patient’s acid base status should be monitored with frequent 
arterial blood gases especially during induction period to 
make the appropriate ventilator setting changes. The inter-
pretation of blood gas can either be maintained at 37  °C 
regardless of patient’s actual temperature (alpha-stat man-
agement) or corrected to account for colder temperature (pH- 
stat management). There is substantial controversy regarding 
which management is preferable. Only one method should 
be used for consistent patient management [8]. Continuous 
end-tidal capnography is also helpful for the prevention of 
prolonged hyperventilation.

 Insulin Resistance

Hypothermia leads to decreased insulin secretion and mod-
erate insulin resistance. Hyperglycemia may require signifi-
cant insulin infusion during hypothermia. Insulin resistance 
may be rapidly reversed during rewarming phase, leading to 
hypoglycemia if insulin dosage is not appropriately adjusted. 
Glucose levels should be monitored frequently during TTM 
[105, 106].

 Impaired Immune Function

Hypothermia inhibits leukocyte migration, phagocytosis, 
and secretion of proinflammatory cytokines. It can increase 
the risk of infection due to reduced leukocyte function, 
peripheral vasoconstriction, and hyperglycemia [105]. 
Although hypothermia-associated infection has not corre-
lated with worse outcome [106], care should be taken to pre-
vent bedsores, monitor surgical wounds, and minimize 
catheter site infections.

 Coagulation

The interplay between cardiac arrest-induced hypercoagu-
lopathy and potential bleeding diathesis caused by hypo-
thermia is complex. Cardiac arrest results in intravascular 
fibrin deposits and formation of microthromboses [36, 57]. 
Hypercoagulable state of cardiac arrest is thought to be trig-
gered by stasis, acidosis, glycocalyx shedding, and endothe-
lial release of clotting factors such as thrombin [46, 47, 50, 
63, 88]. On the other hand, hypothermia during TTM may 
cause platelet dysfunction, increased fibrinolysis, and 
decreased coagulation enzymatic activities that can contrib-
ute to bleeding. However, clinically relevant bleeding in 
hypothermia occurs more frequently in trauma than medi-
cally induced hypothermia. Standard coagulation tests will 
not show abnormalities unless they are performed at the 
patient’s actual core temperature [106]. Nevertheless, hypo-
thermia does not affect platelet function until below 35 °C 
[84, 130], and clotting factors are affected below 33 °C [97, 
128, 130]. Thus, TTM at 36  °C may be preferable for 
patients who are actively bleeding or at high risk for 
bleeding.

 Drug Metabolism

The combination of decreased volume of distribution, car-
diac output, and metabolism/ excretion of drugs during car-
diac arrest and hypothermia result in higher plasma 
concentrations for most medications during TTM. The renal, 
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hepatic, and biliary clearance of drugs administered during 
cardiac arrest and TTM are decreased [34]. Furthermore, 
hypothermia results in modifications of plasma protein- 
binding capacity to drugs. Lingering effects of sedatives may 
confound prognostication and even mimic brain death [131]. 
For example, studies have shown the decrease of propofol, 
remifentanil, and midazolam levels during rewarming, 
whereas no changes were observed for fentanyl concentra-
tion, indicating that pharmacokinetic changes to fentanyl 
occurs during induction and maintenance phases but persist 
during rewarming [19]. Some anti-shivering medications 
such as meperidine are longer acting, and their prolonged 
half-life during hypothermia may further interfere with 
prognostication.

 Adjunct Therapies

 Electroencephalography

Clinical seizures are common after cardiac arrest and predic-
tive of poor neurologic outcome. A post hoc analysis of the 
TTM trial reported 29% prevalence of clinical seizures dur-
ing days 1–7 after cardiac arrest [77]. Myoclonic seizures 
were the most common and predictive of poor outcome. The 
2015 AHA Guidelines recommend that patients be moni-
tored frequently or continuously with electroencephalogra-
phy (EEG) during TTM to identify and promptly treat 
seizures (Class I, LOE C-Limited Data). The same anticon-
vulsants for the treatment of status epilepticus caused by 
other etiologies may be considered after cardiac arrest (Class 
IIb, LOE C-Limited Data) [24]. Routine use of prophylactic 
anticonvulsant is not recommended due to potential side 
effects and uncertain benefits.

 Coronary Angiography

The indication for emergent cardiac catheterization after car-
diac arrest remains an area of debate. For OHCA survivors 
whose cardiac arrest was due to suspected cardiac etiology 
with a post-arrest electrocardiography (ECG) showing ST 
elevation myocardial infarction (STEMI), emergent cardiac 
catheterization is recommended for prompt identification 
and recanalization of the culprit coronary lesions (Class I, 
LOE B-Nonrandomized) [24]. However, the initial rhythm 
and ECG findings of cardiac arrest survivors can be poor pre-
dictor of acute coronary artery occlusion. A recent meta- 
analysis demonstrated that as much as 32.2% of patients who 
had been successfully resuscitated from cardiopulmonary 
arrest without ST elevation on ECG had an acute coronary 
lesion that would benefit from emergent percutaneous coro-
nary intervention [87].

The 2015 AHA Guidelines state that emergent coro-
nary angiography is reasonable for select adult patients 
after OHCA of suspected cardiac origin but without ST 
elevation on EKG (Class IIa, LOE B-Nonrandomized) 
[24]. The decision to perform coronary angiography 
should not include consideration of neurologic status due 
to the unreliability of early prognostic signs. An ongoing 
prospective study plans to examine the mortality benefit 
of transfer of OHCA survivors with non-ischemic EKG to 
cardiac arrest center for urgent coronary catheterization 
versus receiving care at local hospitals (ARREST trial, 
ISRCTN96585404). Another study will compare emer-
gent versus delayed coronary angiogram in OHCA survi-
vors with no obvious non-cardiac cause of arrest 
(EMERGE trial, NCT02876458). These trials will hope-
fully provide further insights regarding the characteristics 
of OHCA patients who will benefit from emergent percu-
taneous coronary intervention.

 Extracorporeal Cardiopulmonary Resuscitation 
(ECPR)

For a subset of patients with refractory cardiac arrest, extra-
corporeal cardiopulmonary resuscitation (ECPR) may pro-
vide temporary circulatory support until definitive treatment 
and myocardial recovery. Retrospective studies have reported 
that utilization of ECPR in refractory OHCA with survival 
rate ranging from 4% to 55% [6, 14, 30, 44, 45, 55, 62, 65, 
69, 74, 78, 116, 124, 135]. However, there is currently insuf-
ficient evidence to recommend routine use of ECPR for 
patients with cardiac arrest. In settings where it can be rap-
idly implemented, ECPR may be considered for select 
patients for whom the suspected etiology of the cardiac arrest 
is potentially reversible during a limited period of mechani-
cal cardiorespiratory support (Class IIb, LOE-C Limited 
Data) [24].

 Prognostication

Post-arrest prognostication is a multimodal approach that 
consists of clinical examination, biomarkers, EEG, somato-
sensory evoked potentials (SSEP), and brain imaging to pre-
dict patient outcome [91]. The absence of motor movements, 
extensor posturing [18, 21, 35, 113, 114, 117], or myoclonus 
[18, 21, 33, 73, 94, 113, 114] should not be used alone to 
predict outcome due to their high false-positive rate. In 
comatose patients who are treated with TTM, the absence of 
pupillary reflex to light at 72 h or more after cardiac arrest is 
useful to predict poor neurologic outcome. Other clinical 
findings associated with poor neurologic outcome include 
the presence of status myoclonus during the first 72 h after 
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cardiac arrest, the absence of the N20 SSEP cortical wave 
24–72 h after cardiac arrest or after rewarming, the presence 
of a marked reduction of the gray-white ratio on brain com-
puted tomography obtained within 2 h after cardiac arrest, 
extensive restriction of diffusion on brain magnetic reso-
nance imaging at 2–6  days after cardiac arrest, persistent 
absence of EEG reactivity to external stimuli at 72 h after 
cardiac arrest, and persistent burst suppression or intractable 
status epilepticus on EEG after rewarming [24].

Taken together, the earliest time to prognosticate a poor 
neurologic outcome is 72 h after rewarming, and the interval 
should be extended longer if the residual effect of sedation 
and/or paralysis confounds the clinical examination. Recent 
retrospective studies have shown that TTM was associated 
with variable delay in awakening beyond 3 days after ROSC 
or rewarming [42, 52, 89, 98, 110, 137]. In addition to hypo-
thermia, factors such as older age, renal insufficiency, and 
post-resuscitation shock were also independent predictors of 
delayed awakening after cardiac arrest [98, 110].

 Other Considerations

 Asphyxial and Hanging-Induced Cardiac Arrest

The effects of TTM for asphyxial and hanging-induced 
cardiac arrest remain unclear. Recent case reports [61, 72] 
and small retrospective studies [11, 20, 59, 71, 120, 132] 
have suggested that TTM may lead to good neurologic out-
come for adult survivors who sustained asphyxial cardiac 
arrest. Furthermore, studies in animals and newborns have 
demonstrated beneficial effects of TTM in reducing 
hypoxic encephalopathy caused by asphyxia [7, 75]. 
Cardiac arrests caused by asphyxia or hanging are often 
unwitnessed, received no bystander CPR, and have more 
dismal outcome. Given the relative low side effect profile 
associated with TTM, it is reasonable to implement post-
arrest TTM for these patients given their otherwise poor 
outcome.

 Pregnant Patients

Cardiac arrest related to pregnancy is rare. TTM may be con-
sidered on an individual basis after cardiac arrest in a coma-
tose pregnant patient. Few case reports [26, 37, 95] described 
the use of TTM for cardiac arrest during pregnancy, which 
led to mothers discharged with good neurologic outcome and 
variable fetal outcome. A comprehensive, team-based 
approach involving cardiologists, emergency physicians, 
intensivists, obstetricians, and neurologists should be used in 
evaluating and selecting pregnant patients who might benefit 
from TTM.

 Traumatic Cardiac Arrest

No clinical trials have studied the effect of TTM on traumatic 
cardiac arrest. While induced TTM is protective through sev-
eral different mechanisms in non-traumatic cardiac arrest, 
spontaneous hypothermia after traumatic injury and hemor-
rhagic shock is a marker for injury severity, greater transfu-
sion requirement, and worse outcome [3, 76, 119]. 
Hypothermia, acidosis, and coagulopathy constitute the 
lethal triad of poor outcome in trauma patients [23, 58]. 
Unfortunately, the outcome of traumatic cardiac arrest 
remains dismal [111] despite prompt hemorrhagic control 
and balanced resuscitation.

The rapid induction of deep hypothermia (less than 15 °C) 
has been shown to improve the outcome of exsanguinating 
cardiac arrest in animals [25, 126] for up to 90 min no-flow 
time in canine models [12, 13]. The Emergency Preservation 
and Resuscitation for Cardiac Arrest from Trauma (EPR- 
CAT, NCT01042015) trial is an ongoing multicenter phase 2 
study that examines the feasibility and outcome of deep 
hypothermia in penetrating traumatic cardiac arrest subjects. 
Inclusion criteria include those who sustained exsanguinat-
ing penetrating trauma and loss of pulse <5  min prior to 
arriving or in the emergency department and without imme-
diate ROSC after aortic cross-clamp. An arterial catheter will 
be inserted into the descending thoracic aorta, and a large 
quantity of ice-cold saline will be infused as rapidly as pos-
sible into the aorta with the goal of cooling the brain (tym-
panic membrane temperature) to <10 °C. Once the subjects 
have been sufficiently cooled, bleeding will be controlled 
surgically. They will then be resuscitated and rewarmed with 
full cardiopulmonary bypass. The goal is to improve neuro-
logically intact survival by inducing hypothermic preserva-
tion in trauma victims who have exsanguinated to cardiac 
arrest (https://clinicaltrials.gov/ct2/show/NCT01042015).

 Conclusion

It has been over 15 years since the publication of two land-
mark studies demonstrating improved survival and func-
tional outcome of TTM for OHCA patients. Despite 
established guidelines for the use of TTM in patients who 
suffer cardiac arrest [24], adoption of this practice has been 
low, especially for IHCA patients [85] and patients who had 
initial nonshockable rhythms [40]. Many topics such as the 
optimal target temperature, rate of induction, duration of 
maintenance phase, efficacy of intra-arrest cooling, and ben-
efit of TTM for IHCA and nonshockable rhythms remain 
areas in need for further investigation. Ongoing and future 
prospective TTM-related trials are highlighted in Table 14.4 
and can hopefully provide further guidance for the utilization 
of TTM in post-arrest management.
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Table 14.4 Ongoing and planned TTM studies

Study name Primary outcomes Study statusa

Mild induced hypothermia 
(33 °C) versus fever control 
(≤37.8 °C) only (TTM-2, 
NCT02908308)

Mortality at 
6 months

Not yet 
recruiting

Targeted temperature 
management after 
nonshockable cardiac arrest: 
32.5–33.5 °C versus 
36.5–37.5 °C (NSE- 
HYPERION, NCT02722473)

NSE values between 
day 1 and day 3

Recruiting

Targeted temperature 
management after cardiac 
arrest for 24 versus 48 h 
(TTH48, NCT01689077)

Neurologic outcome 
at 6 months 
(CPC1–2)

Finished 
recruitment

Influence of Cooling 
Duration On Efficacy in 
Cardiac Arrest Patients 
(ICECAP, randomized 
adaptive trial)

Modified Rankin 
score at 90 days

Not yet 
recruiting

Prehospital Resuscitation 
Intra Nasal Cooling 
Effectiveness Survival Study 
(PRINCESS, NCT01400373)

Neurologically 
intact survival 
(CPC1–2) at 90 days 
after cardiac arrest

Recruiting

NSE Neuron-specific enolase, CPC cerebral performance category, 
TTM targeted temperature management
aAs of April, 2017
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 Introduction

Respiratory failure is a common cause of ICU admission in 
the United States accounting for up to 30% of ICU admis-
sions [1, 2]. In recent years there has been an increasing 
trend in the number of admissions due to respiratory failure, 
approaching nearly two million admissions in 2009 [3]. 
Concurrently, the economic burden of respiratory failure has 
increased from $30.1 billion to $54.3 billion over the same 
time period with a calculated cost of $15,900 per case [3]. 
Approximately 30–40% of patients requiring mechanical 
ventilation die before discharge [4]. Patients who survive 
after requiring mechanical ventilation for treatment of respi-
ratory failure have lower life expectancies, higher readmis-
sion rates, and greater long-term disability compared to those 
who do not require mechanical ventilation [5, 6].

 Etiology of Respiratory Distress

Acute respiratory distress is a common clinical scenario for the 
clinician to encounter in the intensive care unit (ICU) as it 
serves as the final common pathway for a variety of disease 
processes. There are several causes for respiratory distress. 
Correct identification of the underlying cause will aid the clini-
cian in timely correction of the precipitating cause. Respiratory 
failure can also be divided into acute vs. chronic. Clinicians in 
the ICU will generally encounter acute respiratory failure 
which has developed acutely over minutes to hours.

Respiratory failure can be broadly subdivided into four 
types. Type 1 respiratory failure is hypoxemic, defined as an 
arterial oxygen tension less than 60 mmHg. Type 2 failure is 

hypercarbic, defined as arterial carbon dioxide tension greater 
than 50 mmHg. Type 1 respiratory failure is due to failure of 
oxygen exchange, whereas Type 2 failure is due to either an 
inability to adequately ventilate or the development of 
increased dead space ventilation. Type 3 respiratory failure is 
perioperative, and Type 4 respiratory failure is secondary to 
other underlying disease processes, generally resulting in car-
diovascular instability [7]. The severity of ARDS is classified 
by the PaO2/FiO2 ratio (arterial oxygen partial pressure/ 
fractional inspired oxygen) according to the Berlin criteria. A 
PaO2/FiO2 ratio of 200–300  mmHg is classified as mild 
ARDS, a PaO2/FiO2 ratio of 100–200 mmHg is indicative of 
moderate ARDS, and a PaO2/FiO2 ratio of less than 
100 mmHg is severe ARDS. The term acute lung injury (ALI) 
has been discontinued and is referred to as mild ARDS [8].

Respiratory failure can be defined by its underlying cause 
or mechanism, including airway obstruction, intrinsic lung 
disease, and/or extrinsic causes. Airway obstruction can be 
caused by aspiration due to chronic dysphagia or altered men-
tal status due to acute illness that does not permit normal clear-
ing of secretions and protection of the airway. Airway 
obstruction can also occur due to trauma, inflammation, infec-
tion, or anaphylaxis. In such scenarios mechanically clearing 
the airway or securing a protected airway is essential.

Intrinsic lung disease results in a ventilation perfusion 
mismatch. Both intrinsic and extrinsic lung disease can result 
in worsening compliance of the lung tissues and poor gas 
exchange, resulting in respiratory failure. In cases of acute 
illness, the lung parenchyma can experience an inflamma-
tory response resulting in acute respiratory distress syndrome 
(ARDS). This disease process may present on a spectrum of 
severity characterized by the severity of the inflammatory 
response which may be precipitated by a broad variety of 
insults (Table  15.1). This response leads to capillary leak, 
resulting in an exudative release into the lung parenchyma, 
ultimately causing fibrosis and impaired gas exchange [9]. 
ARDS is characterized by patchy bilateral infiltrates seen on 
chest CT scan or CXR in the setting of a precipitating factor 
in the preceding 7 days. Under the revised classification of 
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ARDS, pulmonary edema seen on chest imaging does not 
have to be ruled out to be secondary to hypervolemia or heart 
failure as both entities may be present in a patient [8].

Acute lung injury may also be precipitated by an inflam-
matory reaction mediated by blood product transfusion 
(TRALI) [10]. There are ongoing discussions of renaming 
this entity as transfused ARDS [11]. A ventilation/perfusion 
mismatch can also occur following a pulmonary embolism 
where a blood clot migrates into the pulmonary vasculature 
resulting in increased dead space, i.e., a zone that is venti-
lated but not perfused.

Extrinsic factors that can compromise respiratory func-
tion include disease processes resulting in increased intra- 
abdominal pressure, decreasing diaphragmatic excursion. 
Traumatic mechanisms including pneumothorax that cause 
collapse of lung and chest wall pain limiting chest wall 
movement as seen in multiple rib fractures. Patients with 
traumatic brain injury or upper level spinal cord injuries may 
not be able to breath due to central nervous system failure. 
Trauma patients who present with a Glasgow Coma Scale 
(GCS) score of 8 or less should be intubated for airway pro-
tection [12].

Certain patients are at increased risk of postoperative 
respiratory failure requiring reintubation. Respiratory failure 
in such scenarios may be due to several reasons including, 
residual anesthesia, atelectasis, and/or operative pain limit-
ing respiratory effort. Patients at the extremes of age under-
going prolonged procedures with greater comorbidities and 
undergoing thoracic procedures are at greatest risk of failing 
postoperative extubation [13].

 Assessment

Respiratory distress can be assessed by several objective and 
clinical criteria in the ICU. On physical exam patients may 
have tachypnea, labored breathing, nasal flaring, and the use 
of accessory breathing muscles. Patients demonstrating 
respiratory distress need the underlying cause addressed 
immediately. If the cause for respiratory distress cannot be 
quickly identified or corrected, the patients should be pro-
vided respiratory support and possibly mechanical ventila-
tion before complete respiratory collapse.

Respiratory distress can be rapidly assessed with chest 
radiography. Chest X-ray can reveal air space disease or 
space-occupying lesions. The easy availability of portable 
bedside chest X-rays has over time led to an excess of its 
utilization [14]. The practice of routine chest X-rays in all 
patient who mechanically ventilated has been revisited in 
recent years due to concerns regarding unnecessary radiation 
exposure and costs. Many studies have demonstrated the 
lack of utility in obtaining daily chest X-rays in the ICU for 
mechanically ventilated patients unless a change in clinical 
status dictates a need [15, 16].

CT scans can provide greater sensitivity in diagnosing 
chest disease but are not readily available and involve trans-
port to another hospital location, which may be suboptimal 
for patients requiring close continuous monitoring. CT scans 
have become the modality of choice in diagnosing pulmo-
nary embolisms and are more sensitive than chest X-ray in 
detecting rib fractures [17]. CT scans are also more sensitive 
than chest X-rays in detecting infiltrates [18].

In recent years, ultrasound imaging has become a useful 
and rapid tool to be used at the bedside to aid in the diagnosis 
of thoracic pathology without radiation exposure to the 
patient. Pneumonia in children and adults may be diagnosed 
by ultrasound [19, 20]. In the case of trauma patients, a pneu-
mothorax can be can be easily identified by ultrasound and 
reassessed for resolution after intervention at the bedside. 
Similarly, the progression of a pleural effusion can be tracked 
using serial ultrasound examinations [19, 20].

An arterial blood gas can quantify arterial oxygenation 
levels and acid-base disturbances secondary to respiratory 
alterations. Arterial oxygen and carbon dioxide levels can 
be used in determining type and severity of respiratory fail-
ure and to gauge the effects of a given intervention. 
Noninvasive monitoring with pulse oximetry and capnogra-
phy can continuously trend oxygenation saturation and car-
bon dioxide levels, but both have their limitations. Pulse 
oximetry measures oxygen saturation and not arterial oxy-
gen tension. Along the oxygen dissociation curve, there may 
be large increases or decreases in arterial oxygen tension 
along the upper and lower parts of the horizontal portions of 
the sigmoid curve with little change in oxygen saturation 
(Fig. 15.1). Pulse oximetry may also not be reliable in low 
flow states as the sensor will have difficulty detecting a sig-
nal. Motion artifact and noninvasive blood pressure moni-
toring may also interfere with pulse oximetry readings [21]. 
Continuous capnography is useful in monitoring changes in 
carbon dioxide exhaled in mixed gas and is useful in verify-
ing endotracheal tube position, assessing return of a perfus-
ing rhythm during cardiopulmonary resuscitation and for 
evaluating changes in dead space. Capnography is affected 
by cardiac output and hypothermia and may be unreliable in 
the critically ill patient [21].

Table 15.1 Etiologies of ARDS

Direct injury or inflammation Systemic ischemia-reperfusion injury
Intrinsic causes Extrinsic causes
Pulmonary contusion Multiple trauma
Pneumonia Sepsis
Aspiration Massive transfusion
Inhalational injury Pancreatitis

Post-cardiopulmonary bypass
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Patients with hypoxia refractory to supplemental oxygen 
and/or hypercapnia not easily corrected, poor mental status, 
or anatomic injury that prevents the patient from protecting 
their airway are absolute indications for the initiation of 
mechanical ventilation. The plethora of objective data easily 
available to the clinician cannot be a substitute for good clin-
ical judgment regarding the need for intubation and institut-
ing mechanical ventilation. Sound clinical judgment is 
important to decide to initiate of mechanical ventilation 
before objective data reflect a state of extremis. It is prefera-
ble for the clinician to err on the side of caution and institute 
mechanical ventilation versus delay till the clinical situation 
deteriorates particularly in patients where a rapidly correct-
able etiology of respiratory failure is not quickly identified.

 Management

Effective management of acute respiratory distress in the 
ICU requires recognizing the underlying cause and institut-
ing treatment directed toward correcting the underlying 
pathology. Respiratory distress can be managed with inter-
ventions short of mechanical ventilation when the clinical 
situation is not dire and time is available to institute and 
assess the results of the therapeutic intervention. Airway 
obstruction resulting in physical obstruction of the airway 
can be managed with a digital sweep of the oropharynx or a 
jaw thrust to open the airway and allow for air passage. 
Upper airway obstruction can be temporarily relieved by the 
placement of nasal trumpets or an oral airway to relieve 
upper airway obstruction, which can then be supplemented 
with assisted ventilation to help with air exchange till a 
secure airway is established.

Respiratory distress resulting from intrinsic lung disease 
may be quickly correctable. In cases of pulmonary edema, 

intravascular volume reduction with the use of diuretics may 
quickly relieve distress. Similarly, cases of atelectasis may 
be opened with noninvasive ventilation. In such instances, 
invasive mechanical ventilation may be deferred as therapeu-
tic interventions are given a chance to demonstrate efficacy. 
Some patients in such scenarios may benefit from noninva-
sive ventilation as a bridge till the underlying problem is cor-
rected, if they have appropriate mental status, are 
hemodynamically stable, and do not have copious upper air-
way secretions or upper airway obstruction. The presence of 
recent upper GI surgery is a relative contraindication due to 
the potential gaseous distention on a recent anastomosis. 
Selected patients should be given a trail of 1–2 h for improve-
ment in respiratory status beyond which they are likely to fail 
conservative management [22, 23]. In recent years there has 
been growing interest in the use of high-flow nasal cannula 
as an alternate noninvasive method of respiratory support. 
Studies suggest that it may be a more comfortable method of 
support with improved work of breathing. Its role in acute 
hypoxic respiratory failure is controversial as it may not pre-
vent the need for mechanical ventilation [24, 25]. Its applica-
tion may be more suitable in the setting of post-extubation 
support [26]. In other instances of intrinsic disease such as 
acute lung injury or pneumonia, the underlying pathology 
will take a longer course of treatment to resolve. Patients in 
respiratory distress in such circumstances warrant early 
institution of mechanical ventilation.

Certain extrinsic causes of respiratory failure can also be 
quickly addressed with rapid resolution. Pneumothorax 
resulting in pulmonary collapse and mediastinal shift caus-
ing decreased cardiac return and hypotension can be evalu-
ated at the bedside by physical examination or with 
ultrasound. In an emergency, needle decompression of the 
tension pneumothorax with a large bore needle in the ante-
rior chest along the midclavicular line in the second intercos-
tal space will quickly release the tension until a thoracostomy 
tube can be placed. Similarly, large effusions causing pulmo-
nary collapse can be relieved with tube thoracotomy or a pig-
tail catheter and can often be inserted under ultrasound 
guidance. Traditional teaching has advocated the use of large 
diameter tubes to drain suspected bloody fluid to prevent 
tube clogging. This dictum has been challenged in recent 
years, and smaller-sized tubes may also be adequate [27, 28]. 
Chest wall immobility may also cause respiratory failure. 
Rib fractures are commonly seen in emergency rooms and 
are associated with increasing mortality with the increasing 
number of fractures and age [29, 30]. Effective pain manage-
ment is essential in such scenarios to allow adequate pulmo-
nary effort to prevent atelectasis, pneumonia, and respiratory 
failure [31]. Other extrinsic causes of respiratory failure such 
as increased abdominal pressure will require operative inter-
vention or percutaneous drainage for decompression and to 
address the underlying precipitating pathology.
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Fig. 15.1 Oxygen hemoglobin saturation curve (Reproduced with per-
mission from Elsevier Books, Koeppen and Stanton [82])
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 Intubation

If respiratory distress cannot be quickly corrected or if the 
patient is in extremis, mechanical ventilation will be required. 
Once the decision is made to institute mechanical ventila-
tion, orotracheal intubation should be performed by an expe-
rienced clinician. The anticipated difficulty of intubation can 
be easily assessed using the Mallampati score by inspecting 
the oral airway view (Fig. 15.2). Patients with Mallampati 
scores of three or four have potentially difficult airways and 
predict sleep apnea [32, 33]. Many devices using video- 
assisted technology are now available to help optimize the 
visualization of the airway. However, the improved visual-
ization during direct laryngoscopy does not necessarily 
increase the success of intubation [34, 35]. In cases where 
the airway is tenuous and sedation and relaxation may cause 

collapse of the airway, nasotracheal intubation may be per-
formed over a bronchoscope while the patient is awake. The 
practice of holding cricoid pressure to decrease the risk of 
aspiration during rapid sequence intubation has not been 
supported by strong evidence [36].

In cases when an airway cannot be established with intu-
bation and the patient is in extremis, a surgical airway will be 
required, generally a cricothyroidotomy. A vertical incision 
is made through skin over the cricothyroid membrane, and 
the membrane is transversely opened to gain entry into the 
airway. A horizontal incision runs the risk of lacerating the 
anterior neck veins and causes bleeding that will obscure the 
field. A smaller endotracheal tube can be placed in the air-
way till it is converted to a tracheostomy in a more controlled 
setting. Formal surgical sets may be available to perform the 
procedure, but if not available the procedure may be per-
formed with a disposable scalpel. The back handle of the 
scalpel can be used to open the membrane by inserting the 
blunt end and twisting open the membrane to access to the 
airway and allow insertion of an endotracheal tube.

 Mechanical Ventilation

Once the airway has been established, the clinician will have 
to choose a mode of ventilation. A basic understanding of 
mechanical ventilation physics will help the clinician make 
ventilator choices. Broadly speaking, a ventilator can be set to 
deliver a respiratory tidal volume based upon a preset volume 
setting (volume control) or can be set to deliver a respiratory 
tidal volume that is limited by airway pressure (pressure con-
trol). The stiffness of the lung, or lung compliance, is mea-
sured by change in volume divided by change in pressure. 
From a physics perspective, efforts at improving the function 
of the diseased lung are efforts in improving lung compliance. 
In volume control ventilation airway pressure is dependent 
upon the preset volume and compliance is constant. For the 
novice clinician setting, volume control settings may appear 
more intuitive. Minute ventilation can be directly set by 
choosing tidal volume and respiratory rate. Volume control 
mode ensures a guaranteed tidal volume and minute ventila-
tion but does not take into account lung compliance and may 
result in barotrauma if airway pressure is not factored into the 
ventilator settings. In patients with low lung compliance, 
pressure control ventilation may be more appropriate. In both 
modes respiratory rate and fraction of inspired oxygen can be 
preset as well as positive end- expiratory pressure (PEEP). 
PEEP allows for alveoli to stay open at the end of expiration, 
augmenting functional residual capacity and thus permitting 
better gas exchange and oxygenation [37, 38]. Higher levels 
of PEEP however may impede cardiac venous return and con-
tribute to hypotension [39].

Fig. 15.2 Mallampati score. Mallampati classification: class I, the uvula 
and soft palate are fully visible; class II, the hard and soft palate and upper 
portion of the uvula are visible; class III, the soft and hard palate and base 
of the uvula are visible; class IV, only the hard palate is visible 
(Reproduced with permission from Elsevier Books, Islam et al. [83])
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In pressure control ventilation, the compliance is con-
stant, and the pressure is set resulting in variable delivered 
volume. Pressure control ventilation may result in variable 
tidal volumes which may change with time as the lung com-
pliance changes but prevents barotrauma. Pressure control 
ventilation may be more challenging to troubleshoot for the 
inexperienced clinician. Increasing PEEP and respiratory 
rate may attenuate ventilator difficulties. As PEEP is 
increased, the driving force between preset pressure and the 
PEEP decreases thus lowering the driving pressure which 
may result in lower delivered tidal volumes. Similarly 
increasing respiratory rate beyond a certain point may result 
in decreasing tidal volumes as an incomplete emptying 
between breaths will result in an auto-stacking. Because the 
system is set at a preset pressure setting, the stacking will not 
result in a rise of airway pressures but a decrease in driving 
pressure and hence in delivered volume [37, 38].

Excessive oxygen delivery resulting in hyperoxia can 
cause oxygen toxicity resulting in interstitial fibrosis, atelec-
tasis, and tracheobronchitis [40, 41]. Systemically hyperoxia 
can cause vasoconstriction and the creation of toxic free 
radicals [42, 43]. Recent studies that setting FiO2 at a lower 
level may have a survival benefit over higher oxygen set-
tings. Patients targeted to maintain PaO2 between 70 and 
100  mmHg or arterial oxyhemoglobin saturation (SpO2) 
between 94% and 98% versus a conventional approach 
achieving PaO2 values up to 150  mmHg or SpO2 values 
between 97% and 100% had lower ICU mortality and lower 
incidence of shock, liver failure, and bacteremia [44].

Mortality in severe ARDS can approach 40–50% [45–47]. 
The ARDSNET study demonstrated a survival benefit for 
patients with ARDS when ventilated with a lung-protective 
strategy. Patients placed on a lower tidal volume and higher 
respiratory rate have improved survival compared to patients 
placed on conventional settings [48]. The survival benefit is 
attributed to decreased barotrauma resulting in a decreased 
inflammatory cascades being created [49, 50].

Airway pressure release ventilation (APRV) is a lung- 
protective ventilation strategy that is a time-cycled pressure- 
controlled mode of ventilation. APRV is an open lung 
ventilation mode that works by cycling the ventilator cycle 
between a preset high (Phigh) and low pressure (Plow) to avoid 
over- and under-distention of alveoli. The ventilator is cycled 
to be set preferentially to be spent at high pressure (Thigh) at a 
significantly longer time relative to the low pressure setting 
(Tlow) to prevent alveoli collapse and allow for recruitment 
through repetitive cycles [51, 52]. In essence, APRV is in 
effect inverse ratio ventilation, with the expiratory phase 
driven by the patient’s chest recoil. APRV has many pur-
ported physiological benefits including increased cardiac 
return, improved oxygenation, decreased sedation require-
ments, and improved lung aeration [53–55]. However, APRV 
has not shown to have a survival benefit over ARDSNET 

protocol [56]. Patients on APRV ventilation may also take 
longer to be extubated compared to other conventional 
modes of ventilation. This increased time may be due to 
additional time taken to wean settings on this mode to pre-
vent derecruitment of alveoli [57]. As patients are weaned 
from APRV, the Phigh is lowered and compensated by an 
incremental increase in Thigh so as to prevent collapse of alve-
oli that have been recruited. As the wean progresses, the 
mode approaches continuous positive airway pressure 
(CPAP) settings, and patients are extubated once low settings 
and standard criteria are achieved.

Another alternative to APRV mode of ventilation is to use 
high-frequency oscillatory ventilation (HFOV). HFOV first 
found clinical application in neonates, and its use has been 
expanded to adults in ARDS.  HFOV is based upon the 
 principle that high-frequency low tidal volumes can be used 
to achieve gas exchange thereby keeping the lung uniformly 
inflated over an extended period of time. In HFOV very 
small tidal volumes are delivered (2 ml/kg ideal body weight) 
with a relatively high constant mean airway pressure. In 
HFOV mode certain variables can be controlled including 
respiratory rate, the amplitude of ventilation, bias gas flow 
rate, inspiratory time, and FiO2. The settings can be titrated 
based upon ABG results. The use of HFOV requires heavy 
sedation and paralytics to prevent ventilator dyssynchrony 
and to improve tolerance. HFOV mode can also be combined 
with the use of nitric oxide and prone positioning [58]. High- 
frequency oscillatory ventilation has not been shown to 
reduce 30-day mortality from ARDS compared to conven-
tional mechanical ventilation and is not recommended as a 
first-line therapy [59].

In recent times the use of extracorporeal membrane oxy-
genation (ECMO) has expanded for use in patients in severe 
respiratory failure. Though not new technology, advances in 
critical care have made this modality a viable option in cer-
tain cases. Patients to be considered candidates for ECMO 
must have failed optimal treatment, have a reversible pathol-
ogy, have an expectation to return to a functional state, be 
able to tolerate anticoagulation, and have an expectation to 
have good neurological outcome. An ECMO setup consists 
of four components: the cannula, a circuit, a pump, and a gas 
exchange device. ECMO can be performed via a venous- 
arterial (VA) route or a venous-venous (VV) route. VA 
ECMO is used to provide complete cardiopulmonary sup-
port. In most instances of respiratory failure, VV ECMO is 
utilized. VV access can be obtained by placing a catheter in 
the femoral vein and jugular vein or by placing a dual lumen 
catheter in the internal jugular vein with the distal end in the 
IVC and proximal port in the SVC. The system pump drives 
blood through the gas exchange membrane. Most gas 
exchange membranes consist of a tube with gas flowing 
through the tube, and blood flows outside the tube allowing 
for gas exchange by diffusion. The circuit tubing is coated to 
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prevent blood adhesion and thrombus formation. The opti-
mal ventilation mode while on ECMO has not been eluci-
dated and varies by institutional policy [60]. Larger 
prospective studies are needed to determine the survival ben-
efit of ECMO in the setting of severe respiratory failure [61].

There is also interest in the use of prone mechanical ven-
tilation in severe respiratory failure. This strategy of lung 
recruitment places the patient in a prone position for pro-
longed periods of time during mechanical ventilation. This 
allows for recruitment of alveoli in the dorsal-dependent por-
tions thereby allowing improved oxygenation. Prone posi-
tioning may result in derecruitment of ventral airspace, but 
this is compensated by greater recruitment of previously col-
lapsed alveoli in the dorsal airspace [62]. Recent studies 
have demonstrated a survival advantage with prone ventila-
tion in particular when used early in ARDS patients [63, 64]. 
Prone ventilation is not without its risks. Patients are at risk 
for developing pressure ulcers and unplanned extubation.

 Ventilation Weaning

Weaning from mechanical ventilation is possible once the eti-
ology of the respiratory failure has been treated. In recent 
years there has been greater understanding about ICU prac-
tice paradigms that can facilitate earlier liberation from 
mechanical ventilation. The traditional practice of placing 
mechanically ventilated patients on continuous sedation 
increases the incidence of delirium and prolongs ventilator 
time. Patients should be treated with intermittent narcotics as 
needed with a goal of achieving adequate analgesia and seda-
tion without oversedation. Benzodiazepine exposure should 
be minimized as these drugs can contribute to delirium. 
Patients who require continuous sedation should have their 
sedation discontinued once a day to reassess to need for seda-
tion [65–67]. This “sedation holiday” should be combined 
with a spontaneous breathing trial for a combined benefit of 
achieving earlier ventilator liberation [68]. Patients on 
mechanical ventilation benefit from a protocol-driven 
approach to ventilator liberation. Protocols that are not driven 
by physician discretion but parameter-guided respiratory 
therapist protocol lead to quicker ventilator liberation [69].

Many parameters can be obtained while a patient is on 
mechanical ventilation. The most sensitive and specific 
parameter to predict successful extubation is the rapid shal-
low breathing index. A breathing trial on minimal support for 
30 min has a high sensitivity (0.97) for success and the best 
positive predictive value (0.78) for successful extubation 
compared to respiratory rate, minute ventilation, tidal vol-
ume, maximal inspiratory pressure, and static of dynamic 
compliance. Extending the trial to longer periods beyond 
30  min does not improve sensitivity of the test as most 
patients who fail do so within the first 30 min [70, 71].

Patients will occasionally self-extubate resulting in 
unplanned discontinuation of mechanical ventilation. 
Approximately half of patients who self-extubate will suc-
ceed in remaining free of mechanical ventilation [72]. 
Unplanned extubation can result in increased rates of aspira-
tion, pneumonia, and laryngeal edema. Some studies suggest 
self-extubation most commonly occurs during nursing shift 
changes. Younger surgical patients may be at higher risk for 
self-extubation as well as patients with lower levels of seda-
tion and higher GCS scores [73].

 Post-extubation Support

Respiratory support after extubation may improve success of 
remaining off mechanical ventilation with the most benefit 
being demonstrated among COPD patients. COPD patients 
electively placed on noninvasive ventilation post-extubation 
have decreased mortality, time on mechanical ventilation, 
ICU length of stay, and need for tracheostomy [74]. Among 
the general population, patients considered at high risk for 
reintubation (age >65, cardiac failure as cause if respiratory 
distress, APACHE score greater than 12 on day of extuba-
tion) have also been shown to benefit from elective noninva-
sive ventilator support after extubation, decreasing mortality 
[75]. Some patients are not candidates for noninvasive venti-
lator support due to increased secretions or concerns of fore-
gut anatomy after surgical interventions. Another promising 
intervention to support extubated patients is the use of high- 
flow nasal cannula oxygen. Recent studies suggest this 
modality is non-inferior to noninvasive ventilation in pre-
venting reintubation among high-risk patients. High-flow 
nasal cannula may be more apt for its use in post-extubation 
support compared to hypoxic respiratory failure [25, 26].

 Chronic Respiratory Failure

Despite efforts to optimize a patient’s respiratory function, 
some patients will not be successfully weaned off mechani-
cal ventilation. Patients requiring long-term or permanent 
mechanical ventilation benefit from tracheostomy place-
ment. It is debatable what the optimal practice paradigm is 
for tracheostomy placement in terms of which patient popu-
lation benefits from early tracheostomy placement and what 
the definition is for early versus late tracheostomy timing. 
There has been conflicting data regarding the optimal prac-
tice [76–79]. Studies among trauma patients demonstrate 
decreased critical care utilization among early tracheostomy 
patients compared to delayed tracheostomy, a finding which 
may be applicable to other critically ill populations. Some 
studies have suggested a mortality benefit among trauma 
patients without brain injury and greater benefit to traumatic 
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brain injury patients by decreasing mortality, ICU stay, ven-
tilator time, and ventilator-associated pneumonia events 
[77, 78]. Other studies have shown no mortality benefit for 
early tracheostomy among critically ill patents [79]. 
However, a Cochrane review of critically ill patients only 
found suggestive evidence favoring early tracheostomy. 
Additional randomized controlled studies are needed among 
specific populations to better define the optimal practice 
paradigm [80].

 Long-Term Outcomes

Many patients remain dependent on mechanical ventilation 
despite optimal medical treatment. Though a time period to 
define prolonged mechanical ventilation is not agreed upon, 
many studies have used a time period greater than 21 days 
[6]. Patients requiring prolonged ventilation have multiple 
transitions of care, persistent profound disability, and 
increased health-care costs approaching $3.5 million at the 
end of 1 year of survival [3]. Patients requiring prolonged 
mechanical ventilation have a higher 1-year mortality than 
those requiring shorter periods of mechanical ventilation. 
Among patients above 65 years of age, 1-year mortality can 
be 67%. Elderly patients who survive their critical illness 
have greater than expected disability based upon prior func-
tional status compared to those who did not require mechani-
cal ventilation. There is limited high-quality data to help 
identify prognostic factors to predict 6-month survival 
among those requiring long-term mechanical ventilation [3, 
5, 6, 80]. A recent retrospective meta-analysis identified age, 
vasopressor use, thrombocytopenia, acute kidney injury/fail-
ure, pre-existing kidney disease, and inability to liberate 
from ventilation as strong predictors of 6-month mortality 
[81]. Patients and surrogate decision makers should be 
informed of long-term outcomes before embarking upon 
long-term mechanical ventilation treatment plans.

 Conclusions

Respiratory distress is a common entity encountered in the 
ICU.  Rapid diagnosis and intervention can help achieve 
optimal results. Evidence-based protocols for ventilator 
weaning and sedation result in decreased mechanical venti-
lation time. However, despite optimal treatment, many 
patients will not recover to their baseline function and will 
result in long-term ventilator dependence and disability. 
Establishing informed goals of care from patients and sur-
rogate decision makers can help achieve goals compatible 
with the patient’s wishes.
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Noninvasive Ventilation

Eric Bui

 Introduction

Noninvasive ventilation (NIV) is defined as a method of 
delivering ventilatory support to a patient without the use of 
an invasive airway such as an endotracheal, nasotracheal, or 
tracheostomy tube. Noninvasive ventilation can be provided 
with negative or positive pressure. In the early twentieth cen-
tury, negative pressure ventilation was the predominant 
modality [1]. These large, tank-style ventilators enclosed a 
patient’s entire thorax and created a negative pressure to help 
passively expand the patient’s chest wall and lungs. Due to 
increased experience with the technique as well as improved 
ventilator technology, noninvasive positive pressure ventila-
tion (NPPV) has now become the preferred method of NIV.

NPPV has been shown to be effective in treating chronic 
conditions such as obstructive sleep apnea and chronic 
obstructive pulmonary disease (COPD). As the use of NPPV 
has become more widespread and understood, the technique 
has been applied to a much wider spectrum of respiratory 
conditions and clinical scenarios, including those commonly 
seen in the critical care setting. The use of NPPV has been 
described in acute hypoxemic/hypercapnic respiratory fail-
ure, post-extubation failure, patients who are difficult to 
wean from the ventilator, and even acute respiratory distress 
syndrome (ARDS).

The appeal of NPPV is self-descriptive; it is noninvasive 
in nature. Many complications are associated with invasive 
ventilation. These include but are not limited to increased 
rates of hospital-acquired pneumonia, hospital days, ICU 
days, and mortality. Intubation itself is not a benign proce-
dure and can cause direct trauma to airways and the orophar-
ynx. Furthermore, patients who are endotracheally or 
nasotracheally intubated lose the ability to communicate ver-
bally and eat normally. If these potential complications and 

limitations of traditional invasive ventilation can theoreti-
cally be prevented by the use of NPPV without jeopardizing 
patient safety, then the decision on which modality to use 
becomes clearer. The question becomes how to identify the 
patients that will benefit most from NPPV.

This chapter will discuss the practical applications of 
NPPV in the critical care setting, including appropriate indi-
cations and contraindications for its use.

 Mechanism of Action

The physiology and theory of NPPV will be briefly addressed 
here. The principle of applying NPPV is similar to that of 
invasive positive pressure ventilation. The positive airway 
pressure provided forces air into the airways with the result 
of opening collapsed airways and alveoli. This recruits areas 
of under-ventilated or collapsed lung helping to correct ven-
tilation/perfusion (V/Q) mismatch, leading to improvement 
in oxygenation and lung compliance. Increased lung compli-
ance reduces the work of breathing for the patient. The deliv-
ered positive pressure also off-loads the muscles of 
respiration, contributing to improvement in respiratory 
mechanics. Other purported benefits include improvement of 
cardiac function in patients with congestive heart failure 
(CHF). The proposed mechanism of this is due to the 
increased intrathoracic pressure caused by the positive pres-
sure delivered via NPPV. This increased intrathoracic pres-
sure helps to decrease the venous return to the heart 
(decreased preload) and augment the ejection of blood by the 
left ventricle (decreased afterload).

There are many different ways that NPPV can be deliv-
ered, but the process essentially is distilled down into posi-
tive airway pressure being applied during a respiratory cycle. 
The two most common methods of delivering NPPV are con-
tinuous positive airway pressure (CPAP) and bi-level posi-
tive airway pressure (BPAP). Although some controversy 
exists as whether or not CPAP is truly a mode of NIV, for the 
purposes of this chapter, it will be included as such.
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CPAP is a constant pressure that is delivered throughout 
both the inspiratory and expiratory phase of the respiratory 
cycle. It is often used in the treatment of sleep apnea, where 
the constant pressure provided prevents the upper airways 
from collapsing during sleep. This is the most rudimentary 
form of NPPV and requires the patient to initiate all breaths. 
Because the pressure does not change between the inspira-
tory and expiratory phases, it does not augment tidal vol-
umes (i.e., it provides no pressure support).

BPAP provides separate inspiratory and expiratory posi-
tive airway pressures during the respiratory cycle. The 
inspiratory pressure is set higher than the expiratory pres-
sure, and the difference between these two values (pressure 
support) is what augments tidal volume. The expiratory 
positive airway pressure is analogous to setting the PEEP 
for invasive mechanical ventilation. BPAP is a much more 
versatile mode of NPPV and does not necessarily require 
patient-initiated breaths, as a set “backup” rate can be 
dialed in. BPAP is the most commonly used mode of NPPV, 
and due to its flexibility, it is the preferred modality in the 
ICU.

 Patient Selection

While noninvasive ventilation is an attractive option to pro-
vide ventilatory support with many potential upsides, it 
should never replace traditional invasive ventilation when 
that is what the clinical situation calls for. Table 16.1 lists 
contraindications to NPPV.

Patient selection is of the utmost importance when the 
decision is made to initiate NPPV, particularly in the ICU 
setting. The role of NPPV in critical care is still not well 
defined. Specific applications will be discussed later in the 
chapter. In general however, patients with the following 
characteristics generally will have greater success with 
NPPV application [2]:

• A rapidly reversible cause of hypoxemia
• Mild to moderate respiratory acidosis (pH 7.1–7.35)
• Moderate to severe dyspnea
• Tachypnea (greater than 24 breaths per minute for COPD, 

greater than 30–35 breaths per minute for hypoxemic 
respiratory failure)

The decision to initiate NPPV should be made early once 
a patient starts showing initial signs or symptoms of impend-
ing respiratory failure. Early application of NPPV will yield 
the highest rates of success. Waiting until a patient becomes 
too unstable or requires more advanced airway management 
before considering NPPV wastes a potential opportunity to 
circumvent such a scenario from occurring.

 Specific Conditions

 Chronic Obstructive Pulmonary Disease 
(COPD) and Cardiogenic Pulmonary Edema

The vast majority of studies pertaining to the use of NPPV 
have been in the treatment of respiratory failure related to 
COPD exacerbation and cardiogenic pulmonary edema.

Multiple randomized controlled studies and meta- 
analyses have shown marked benefits when using NPPV 
(generally BPAP) in the treatment of COPD exacerbation 
when compared to standard oxygen therapy and invasive 
mechanical ventilation [3–7]. Significant reductions in 
mortality, rate of intubation, and hospital length of stay 
have been demonstrated, although long-term outcome 
improvement has yet to be shown. A recent meta-analysis 
of NPPV in the acute care setting showed that its use 
reduces morality by almost half when compared to stan-
dard treatments [8]. NPPV appears to be more beneficial in 
moderate to severe cases of COPD exacerbation (defined as 
a baseline pH of <7.3) and thus is an appropriate modality 
for use in ICU patients who are admitted with respiratory 
failure due to COPD. NPPV is considered a first-line ther-
apy in this patient population, with strong data to support 
its use [3–8].

Similar data exists for those who have respiratory failure 
secondary to cardiogenic pulmonary edema. NPPV has 
been shown to decrease rates of intubation and improve 
respiratory mechanics in this subset of patients [9–13]. The 
data regarding mortality is somewhat less compelling than 
that for COPD, though several reviews concluded that the 
use of NIV for cardiogenic pulmonary edema does improve 
overall survival [8, 14, 15]. Regardless, NPPV is considered 
a viable, first-line treatment for respiratory failure in these 
patients with high-quality evidence to support its use. It 
should be noted that the majority of studies done examining 
the use of NPPV in patients with acute cardiogenic pulmo-
nary edema were done using CPAP as the primary modality. 
One RCT comparing CPAP to BPAP in these patients 
showed a higher incidence of myocardial infarction in the 
BPAP arm, but this may have been due to patient selection 
issues. Overall mortality between the two groups was no 
different [16].

Table 16.1 Contraindications to NPPV

Cardiopulmonary arrest Severe hypoxemia
Inability to protect airway Airway obstruction
Hemodynamic instability Massive hematemesis/hemoptysis
Severe acidosis Facial trauma/burns
Inability to fit NPPV apparatus Patient noncompliance
Recent upper GI surgery
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 Weaning from the Ventilator and Post- 
extubation Respiratory Failure

Early liberation of patients from the ventilator remains a pri-
ority of ICU care. Although invasive mechanical ventilation 
is frequently lifesaving and unavoidable, it is not a benign 
intervention, and prolonged intubation can lead to many det-
rimental (and some would say preventable) consequences.

Traditionally, ventilator-weaning trials are performed 
while the patient is still intubated. This may involve sponta-
neous breathing trials, pressure support modes, synchronized 
intermittent mechanical ventilation (SIMV), or other tech-
niques. Regardless of the method, the patient is monitored, 
and a decision is made on whether or not the patient is ready 
for extubation. If the patient fails, they are left intubated on 
the ventilator, often for at least another 24 h until a subse-
quent weaning trial is performed.

The concept of using NIV to wean patients from the ven-
tilator has appeal because the process of weaning occurs 
after the patient has been extubated. This may be a difficult 
concept to grasp at first. Some might assume that extubation 
equates to liberation from the ventilator; however, it would 
be remiss to forget that NPPV is still mechanical ventilation, 
only delivered without an invasive airway in place.

A 2013 Cochrane review examining NPPV as a weaning 
strategy for intubated patients contained 16 trials deemed to 
be of “moderate to good quality” concluded that weaning 
strategies that included NPPV “may reduce rates of mortality 
and ventilator-associated pneumonia without increasing the 
risk of weaning failure or re-intubation” [17]. The majority 
of patients in these studies (approximately two thirds of the 
total study population) were COPD patients with respiratory 
failure, so these results may be limited when applied to a 
broader patient population. Regardless, data exists that 
shows that NPPV could be a viable option to get patients 
extubated sooner.

The use of NPPV in post-extubation respiratory failure at 
first might seem similar to its use as a strategy to wean 
patients from the ventilator. However the key difference is in 
how this population is defined. NPPV has been described for 
use in patients who develop respiratory failure after extuba-
tion, presumably after passing a weaning trial while intu-
bated, or immediately after extubation to circumvent the 
development of post-extubation respiratory failure. It is 
important to make this distinction because the data differs 
between these two groups.

A meta-analysis of 10 trials containing 1382 patients 
done in 2014 examined the efficacy of using NPPV to man-
age post-extubation respiratory failure. It concluded that in 
the subgroup of patients who developed respiratory failure 
after extubation, NPPV did not reduce the rate of re- 
intubation, nor did it reduce mortality [18]. In fact, there was 
a trend toward worse outcomes in this group. For those 

patients deemed to be at “high risk” for post-extubation 
respiratory failure (but are able to successfully pass a SBT 
during invasive ventilation), early application of NIV seems 
to show some benefit by reducing rates of re-intubation and 
mortality. The definition of “high risk” however is not uni-
form and subject to interpretation. Given the current evi-
dence, the use of NPPV for the management of post-extubation 
failure should be done judiciously and only by clinicians 
with experience using it in the ICU setting. It should never 
delay re-intubation if clinically indicated.

 Postoperative Respiratory Failure

Postoperative respiratory failure is  a similar but distinct 
entity to post-extubation respiratory failure. It is defined as 
the continued need for mechanical ventilation immediately 
postoperatively or the need for re-intubation after postopera-
tive extubation. Postoperative respiratory failure differs from 
other causes of respiratory failure in several ways. Surgery 
and general anesthesia lead to dysfunction of respiratory 
muscles, especially the diaphragm, resulting in impaired 
respiratory mechanics, atelectasis, hypoxia, hypoventilation, 
and the potential for subsequent respiratory failure. 
Additionally, the type of surgery and patient comorbidities 
often will contribute to the constellation of factors that lead 
to postoperative respiratory failure. A large multicenter 
Veterans Affairs (VA) study developed a model, which iden-
tified risk factors for postoperative respiratory failure 
(Table 16.2) [19].

A recent randomized clinical trial published in 2016 
examined the effect of NIV on rates of tracheal re-intubation 
in patients with postoperative hypoxemic respiratory failure 
after undergoing abdominal surgery [20]. NIV was com-
pared to oxygen delivered by mask at up to 15  L/min to 
maintain adequate saturation. NIV was shown in this popula-
tion to significantly decrease the rates of re-intubation, ven-
tilator days, and rates of nosocomial infection. No mortality 
benefit was observed. These results are similar to those found 
in a previous review on the subject, which included surgical 
patients of all disciplines and was not limited only to those 
receiving abdominal surgery [21].

The available data suggests that NIV may be a useful 
adjunct as both a prophylactic and therapeutic treatment for 

Table 16.2 Risk factors for postoperative respiratory failure

Abdominal aortic aneurysm repair Thoracic surgery
Neurosurgery Upper abdominal surgery
Peripheral vascular surgery Neck surgery
Emergent surgery Albumin level < 30 g/L
Blood urea nitrogen level > 30 mg/dL Dependent functional status
COPD Age
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patients presenting with postoperative respiratory failure. 
Unfortunately many of the available studies are of low qual-
ity, and further research is required in order to make a stron-
ger recommendation on its use in this specific population.

 Hypoxemic Respiratory Failure

Hypoxemic respiratory failure encompasses a very large, 
heterogeneous population of patients, as the causes of this 
condition are numerous and varied. The definition of hypox-
emic respiratory failure is not uniform but has been defined 
as hypoxemia (SpO2 < 90% or PaO2/FiO2 ratio < 200) while 
breathing 50% supplemental oxygen via venturi mask [22, 
23].

Many of the large meta-analyses that have been done 
reviewing the use of NPPV in the acute care setting include 
studies examining its use to treat respiratory failure from 
acute lung injury, trauma, ARDS, pneumonia, and other eti-
ologies as well as the previously described conditions of 
COPD and cardiogenic pulmonary edema. The analyses con-
clude that overall in adult patients with acute respiratory fail-
ure, NPPV led to a lower intubation rate, shorter ICU length 
of stay, and lower rates of mortality when compared to con-
ventional therapy [8, 18, 24].

The data supporting the use of NPPV for patients with 
respiratory failure due to COPD or cardiogenic pulmonary 
edema is quite robust. Fewer studies exist that have exam-
ined NPPV for treating hypoxemic respiratory failure in the 
absence of these two conditions. Data does exist however 
showing that NPPV can be effective in managing these 
patients. One study assigned patients with hypoxemic respi-
ratory failure to receive either conventional invasive mechan-
ical ventilation or NPPV via a standardized protocol. It was 
found that NPPV improved gas exchange just as effectively 
as invasive mechanical ventilation, measured as an improve-
ment in the PaO2/FiO2 ratio. The NPPV arm also had signifi-
cantly shorter stays in the ICU and fewer serious 
complications [22].

A randomized trial was subsequently done by a separate 
group examining the use of NPPV as a primary treatment for 
severe hypoxemic respiratory failure (the mean PaO2/FiO2 
ratio of the study population was approximately 100 mmHg) 
and its effect on both survival and need for intubation [23]. 
Patients were randomized to receive either NPPV or high- 
concentration oxygen therapy. The study demonstrated that 
overall, patients treated with NPPV had a significantly lower 
need for intubation and had improved ICU and 90-day sur-
vival. These benefits were especially pronounced in patients 
with pneumonia. Conversely, in the subgroup of patients 
with respiratory failure due to ARDS, NPPV did not decrease 
rates of intubation or improve 90-day survival [23].

In 2013, an observational cohort study was published that 
looked to identify predictors of NPPV failure in patients with 
hypoxemic respiratory failure and determine the rates of fail-
ure when NPPV was used as a first-line treatment [24]. The 
patients included had hypoxemic respiratory failure in the 
absence of COPD and cardiogenic pulmonary edema. The 
study population was then divided into those who met clini-
cal criteria for ARDS and those who did not. The ARDS 
group was further subdivided into those with mild, moderate, 
and severe ARDS based on the Berlin criteria. Similar to 
what was observed in the previously mentioned study, 
patients with ARDS had a significantly higher rate of intuba-
tion than those who did not. However those with no ARDS or 
mild ARDS had no difference in rates of intubation. Mortality 
was also higher in patients with ARDS. The authors identi-
fied that patients with active cancer, lower GCS scores, 
shock, moderate or severe ARDS, and lower levels of PEEP 
while on NPPV were predictive of failure [24].

It appears that NPPV does have a role in the treatment of 
hypoxemic respiratory failure not due to COPD or cardio-
genic pulmonary edema and is especially effective for 
patients with pneumonia. Those with more severe disease 
such as ARDS or presenting in shock are still better served 
by invasive mechanical ventilation. The data seems to show 
that NPPV can be an effective strategy for hypoxemic respi-
ratory failure, but selecting the appropriate patient will be a 
large determinant of its success.

 Trauma

Respiratory failure in trauma patients is frequently multifac-
torial. Patients may have injuries to the chest wall such as rib 
fractures or sternal fractures that make breathing painful and 
alter respiratory mechanics, pulmonary contusions that cause 
impairment in gas exchange at the alveolar level, pneumo-
thoraces, and other injuries that cause overall deconditioning 
of the patient. Because of this, trauma patients are a hetero-
geneous population by definition, and the use of NPPV is 
difficult to apply broadly. In 2002 the British Thoracic 
Society Standards of Care Committee gave a grade C (low) 
recommendation on the use of NPPV for patients with chest 
wall trauma who remain hypoxic despite the use of oxygen 
therapy and adequate analgesia, citing a lack of evidence 
[14]. Since this guideline was published, several studies and 
meta-analyses have been performed which suggest that in 
patients who have suffered chest trauma, NPPV can reduce 
rates of intubation, ICU length of stay, mortality, and overall 
complications when compared with high-flow oxygen ther-
apy and invasive ventilation. It should be noted however, that 
many of these studies contain small sample sizes, the number 
of studies themselves is small, and the quality of the evi-
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dence is of low to moderate quality (few randomized 
 controlled trials). A more recent clinical practice guideline 
published in 2011 by the Canadian Critical Care Society 
gave no recommendations on the use of NPPV in patients 
with chest trauma, citing a lack of strong evidence [15].

Given the lack of quality evidence to support the applica-
tion of NPPV in trauma patients with hypoxemic respiratory 
failure, it is difficult to give a broad recommendation on its 
use in this population. NPPV should be used on a case-by- 
case basis for in appropriately selected trauma patients. 
Further studies on the use of NPPV in the trauma population 
are needed to better delineate the subset of patients that 
would benefit most from this modality.

 Application of Noninvasive Ventilation

Once a patient has been identified that is a suitable candidate 
for NPPV, the next step is to initiate treatment as soon as pos-
sible. Early application of NPPV is one of the keys to its 
success.

NPPV is administered by face mask, and the two most 
common types are nasal masks and full face masks. Nasal 
masks are triangular-shaped devices that fit over the nose and 
form a seal over the face with an inflated cuff. The nasal 
mask is better tolerated over long periods of time due to a 
decreased sensation of claustrophobia and the ability to eat 
and converse normally. Nasal masks are more suited for 
chronic conditions. Full face masks are the preferred inter-
face for delivering NIV in the acute setting [15]. They con-
sist of a mask that covers both the nose and mouth, which 
leads to less air leakage through the mouth. A good mask fit 
is very important to the successful implementation of 
NPPV. Excessive air leak, especially when using ventilators 
that cannot compensate for it, will lead to suboptimal venti-
latory support. If a mask is uncomfortable or a poor fit, 
patients will be less likely to tolerate noninvasive therapy 
and may require invasive mechanical ventilation.

There are many types of ventilators from different manu-
facturers that use proprietary nomenclature, but for all 
intents and purposes, BPAP is our preferred modality of 
NPPV for use in the critical care setting. Once the appropri-
ate patient has been selected and a good mask fit established, 
initial ventilator settings are then selected. Selecting venti-
lator settings for NPPV is similar to doing so for invasive 
ventilation. An initial inspiratory positive airway pressure 
(IPAP) of 10  cm H2O and an expiratory positive airway 
pressure (EPAP or PEEP) of 5 cm H2O are a good starting 
point for most patients. FiO2 is set at 100% and titrated 
down to the lowest number that provides the desired oxygen 

saturation on pulse oximetry. After a period of observation, 
adjustments can be made to achieve appropriate clinical 
endpoints. In general a tidal volume of 6–8 ml/kg should be 
targeted while watching the patient’s respiratory rate. If 
desired, a backup respiratory rate can be dialed in for 
patients who have difficulty initiating spontaneous breaths. 
A summary of adjustments to the initial ventilator settings 
based on clinical picture can be found in Table 16.3.

Once NPPV has been started, patients should be continu-
ously monitored for clinical improvement and tolerance of 
the treatment. Blood gasses can be drawn as needed to track 
changes in gas exchange. Signs of recovery in respiratory 
status within 1–2  h after initiation of treatment tend to be 
predictive of success. If the patient does not appear to be 
improving and the clinician is confident that the interface is 
working appropriately and ventilator settings have been opti-
mized, converting to traditional invasive ventilation should 
be strongly considered. Failure to do so can lead to unneces-
sary complications and even death.

 Summary

Noninvasive ventilation provides many of the same benefits as 
traditional invasive ventilation while potentially mitigating the 
negatives that come with having an intubated patient. Thus it is 
understandable why there is so much interest in applying NIV 
to a broader spectrum of respiratory disorders. NIV has been 
proven in the literature to be extremely effective for the treat-
ment of COPD exacerbation and respiratory failure attributed 
to cardiogenic pulmonary edema and should be considered a 
first-line strategy for these specific respiratory disorders.

What is less clear is the role of NIV in treating or prevent-
ing other causes of respiratory failure encountered in the 
critical care setting. The available data is promising and 
should encourage clinicians to incorporate it into their arma-
mentarium for treatment of respiratory conditions they might 
encounter. The challenge at this moment appears to be iden-
tifying the patients will benefit the most from NIV and 
applying it early to get maximum benefit from its use. More 
high-quality studies will need to be done to help clarify this 
picture going forward.

Table 16.3 NIV adjustments

Hypercapnia Increase IPAP in increments of 1–2 (max 25 cm 
H2O)

Dyspnea Increase IPAP in increments of 1–2 (max 25 cm 
H2O)

Hypoxia Increase EPAP in increments of 1–2 (max of 
10–15 cm H2O)
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Conventional Mechanical Ventilation

Elizabeth Warnack and Marko Bukur

 Introduction

In 1670, John Mayow, an English scientist, developed the 
concept of external negative pressure ventilation that became 
widespread during the polio epidemic in the mid-twentieth 
century [20]. Negative pressure ventilation, or the “iron 
lung,” developed by Drinker and Shaw in 1929, required the 
patient’s body be enclosed within a tight box, with the head 
on the outside [11]. A pump evacuated gas creating negative 
pressure mimicking normal physiologic breaths. However, 
due to the cumbersome size of the containers and extensive 
maintenance requirements, this fell out of favor. The concept 
of positive pressure ventilation developed during the 1950’s 
became the prevailing mode of ventilation that is currently 
used today. Supplemental pressure is given externally to the 
patient’s airway, through an endotracheal or tracheostomy 
tube, and is greater than the pressure surrounding the rest of 
the patient’s body; therefore air is forced into the lungs, 
expanding alveoli and improving oxygenation [15].

Mechanical ventilation is indicated when patients’ spon-
taneous ventilation is inadequate to maintain aerobic cellular 
metabolism. Many different disease processes, including 
injury and major surgery, may lead to the need for mechani-
cal ventilation. While the ventilator provides breathing assis-
tance, it will not cure the underlying disease process. 
Therefore, the goal of mechanical ventilation is to support 
the majority of patients while treating the inciting 
condition.

There are several different modes of mechanical ventila-
tion. As every patient is different, there is not one perfect ven-
tilation strategy that will fit every patient. Thus, physicians in 
the critical care setting should be familiar with all modes of 
conventional ventilation and know their limitations and draw-
backs. This chapter focuses on ventilator strategies for acute 
respiratory failure using conventional techniques and is not 
meant to be an exhaustive review of the latest techniques. 
Rather, we hope to provide  an evidence- based pragmatic 
approach to mechanical ventilation, based on our experience.

 Physiology of Mechanical Ventilation 
and Acute Respiratory Failure

 Normal Lung Physiology

In its most simplistic form, the function of the lungs is to 
absorb the cardiac output like a sponge and perform gas 
exchange between oxygen and carbon dioxide. Understanding 
a few key physiologic concepts will allow the reader to 
appreciate the rationale behind their manipulation through 
mechanical ventilation.

Gas exchange in the alveoli is defined by the alveolar gas 
equation:

 
PAO FiO Patmos PH O PaCO RQ2 2 2 2= ´ -[ ]( ) - ( )/  

where PAO2 is alveolar O2, Patmos is atmospheric pressure 
(760 mm Hg at sea level), PH2O is water vapor pressure at 37 
degrees (47 mm Hg), and RQ is the respiratory quotient, or 
the ratio of CO2 eliminated divided by O2 consumed. FiO2, or 
fraction of inspired oxygen, is generally set at 21%, or 0.21. 
In a healthy patient at sea level, where FiO2 is 0.21, Patmos 
is 760 mm Hg, PH2O is 47 mm Hg, and RQ is 0.8, the normal 
PAO2 is approximately 100 mm Hg. The A-a gradient is the 
difference between the alveolar and the arterial oxygen ten-
sion, or PAO2-PaO2. In a normal healthy patient, this ranges 
from 5 to 10. The A-a gradient increases with age and can 
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also be increased in V/Q (ventilation/perfusion) mismatch, or 
pulmonary shunting.

Normal systemic oxygen delivery depends on a variety of 
factors. The equation for oxygen delivery, or DO2, delineates 
these factors:

 DO CO CaO ml2 2 10= ´ ´ / min,  

where CO is cardiac output and CaO2 is the oxygen content 
in arterial blood. Arterial oxygen content largely depends on 
hemoglobin (Hgb) and oxygen saturation (SaO2), as shown 
below:

 CaO Hgb SaO2 21 34= ´ ´. .  

Therefore, the equation for oxygen delivery can be rewrit-
ten to substitute these values for CaO2:

 
DO CO Hgb SaO2 21 34 10= ´ ´ ´( )´. .  

Normal oxygen delivery ranges from 900 to 1100 ml/min. 
It follows that disease processes which cause anemia, a 
decrease in O2 saturation or cardiac output, will decrease 
oxygen delivery to the rest of the body.

The minute ventilation is another important concept in 
lung physiology. Minute ventilation is defined as the volume 
of gas entering or leaving the lungs in a given amount of 
time. It is defined as the tidal volume (in liters) multiplied by 
the respiratory rate. For example, a tidal volume of 0.5 L and 
a respiratory rate of 12 breaths per minute, the minute 
ventilation would be 6 L/min, a value that is normally 80% 
of the cardiac output (i.e., V/Q of 0.8).

There are four zones of the lung, defined by West et al. in 
1964 [23], that describe the anatomical relationship between 
ventilation and perfusion. These zones are defined by the 
relationships between alveolar pressure (PA), pulmonary 
artery pressure (Pa), pulmonary interstitial pressure (Pi), and 
pulmonary vein pressure (Pv). In zone I, the alveolar pressure 
is greater than the pulmonary artery pressure, which is greater 
than the venous pressure (PA > Pa > Pv). Zone I does not 
occur in the healthy human lung, as the arterial pressure is 
always greater than the alveolar pressure. This physiology is 
most commonly seen during positive pressure ventilation and 
results in ventilation exceeding perfusion which increases 
physiologic dead space (more on this topic later). In zone II, 
pulmonary artery pressure is greater than alveolar pressure, 
which is greater than venous pressure (Pa > PA > Pv). Zone 
III represents the area of highest blood flow in the lung. In this 
zone, arterial pressure is greater than venous pressure, which 
exceeds alveolar pressure (Pa  >  Pv  >  PA). The gradient 
between the arterial and venous flow therefore determines 
flow. Of note, Swan-Ganz catheters are placed in this region 
of the lung. Zone IV, the last zone, occurs when arterial pres-

sure is greater than pulmonary interstitial pressure, which 
exceeds venous pressure, which exceeds alveolar pressure. In 
this zone, reduced blood flow occurs when pulmonary vascu-
lar resistance increases, which can be caused by disease pro-
cesses such as pulmonary edema.

Understanding lung volumes is another important key to 
understanding mechanical ventilation (see Fig.  17.1).There 
are two essential volumes that must be understood to master 
mechanical ventilation. The first is the tidal volume, or the 
volume of air entering and exiting the lungs during a single 
inspiratory cycle. This is one of the key parameters set when 
initiating conventional mechanical ventilation. Inspiratory 
reserve volume is the amount of air that can be inhaled with 
maximal effort, in excess of the tidal volume. Expiratory 
reserve volume is the amount of air in excess of tidal expira-
tion that can be exhaled with maximum effort. After a maxi-
mal expiration, the amount of air that remains in the lungs is 
termed residual volume. The functional residual capacity 
(FRC) is the other key summation of two volumes that can be 
manipulated through mechanical ventilation. FRC is the 
amount of air remaining in the lungs after normal tidal expan-
sion. This therefore represents the residual volume plus the 
expiratory reserve volume. The FRC can be increased through 
the use of positive end-expiratory pressure (PEEP) or other 
increases in mean airway pressure which lead to improved 
oxygenation. The vital capacity is the amount of air that can be 
exchanged after maximal inspiration and expiration, a param-
eter that may be checked during the weaning process [24].

The compliance of the lung is another important topic in 
lung physiology as it is applied to ventilator settings. Compliance 
is defined as the change in lung volume over the change in trans-
pulmonary lung pressure. A lower lung compliance means that 
greater pressure must be developed to produce the same level of 
lung expansion. Acute respiratory distress syndrome (ARDS) 
(see Fig. 17.2) is a classic example of a disease process that 
causes decreased compliance through lung inflammation. In 
patients ventilated using volume control, compliance can be 
quantified by taking the tidal volume and dividing this value 
over the change in plateau pressure and PEEP:

Compliance
tidal volume ml cc

plateau pressure cmH O PEEP cm
=

( )
( ) -

/

2 HH O2( )( ) .

The plateau pressure can be measured using an inspira-
tory pause at the end of inspiration on most modern ventila-
tors. This formula represents the compliance of the lung 
when there is no air flow (i.e., at the end of inspiration), so it 
is termed “static compliance.” Similarly, when the patient is 
being ventilated through a pressure-controlled cycle, the 
compliance can be determined by dividing the exhaled tidal 
volume by the airway pressure gradient:
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 Compliance
exhaled tidal volume ml cc

end inspiratory pressure
=

( )/

ccmH O PEEP cmH O2 2( ) - ( )( )
.  

Normal values are 50–80 cc/cm H2O, given a typical tidal 
volume of 500  cc over a change in pressure of 10  cm 
H2O.  Stiff, less compliant lungs are typically within the 
range of 10–20 cc/cm H2O. Compliance should be checked 
daily in mechanically ventilated patients, as decreasing val-
ues can foreshadow worsening cardiopulmonary function, 
while improvements indicate better pulmonary mechanics. 

One limitation to static compliance is that it can only be 
measured at just one lung volume. ARDS and other patho-
logical states may affect some areas of the lung more 
severely than others, causing this compliance value to vary 
significantly within a range of lung volumes during each 
respiratory cycle.

 Abnormal Lung Physiology

Acute respiratory failure can be caused by a variety of factors, 
such as hypoxia, hypercarbia, upper airway, and metabolic 
disease. All of these abnormalities can be supported by 
mechanical ventilation while the underlying cause is treated. 
Hypoxia can be caused by V/Q mismatch secondary to shunt-
ing and increased dead space. V/Q mismatch refers to the 
ratio of ventilation (V) compared to blood flow (Q) in the 
lungs. When the V/Q ratio is less than one, blood flow is 
excessive relative to ventilation. This is referred to as intra-
pulmonary shunting. This is most commonly secondary to 
inhaled gas that does not reach the alveoli in disease states 
such as pneumonia, pulmonary contusion, or ARDS. Shunts 
have a poor response to supplemental oxygen, particularly 
when the percentage of shunt is high. Actual calculation of 
shunt percentage requires a pulmonary artery catheter and is 
not frequently done. The P/F (PaO2/FiO2) ratio may be used 
as a simple surrogate. The normal P/F ratio is 
PaO2 = 100 mmHg/21% O2 (0.2) ~ 500 and when this value 
falls below 200 correlates with a shunt of >20% [5].

The inverse situation occurs when the V/Q ratio is greater 
than one, i.e., the ventilation is greater than blood flow. This leads 

IRV

VC

ERV

RV

IRV - Inspiratory Reserve Volume
FRC - Functional Residual Capacity
VC - Vital Capacity

TV

FRC

TV - Tidal Volume
RV - Residual Volume
ERV - Expiratory Reserve Volume

Fig. 17.1 Schematic of lung 
volumes. IRV inspiratory 
reserve volume, FRC 
functional residual capacity, 
VC vital capacity, TV tidal 
volume, RV residual volume, 
ERV expiratory reserve 
volume

Fig. 17.2 Radiograph of acute respiratory distress syndrome
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to alveolar gas that does not participate in ventilatory exchange 
and is also referred to as dead space ventilation. It is important to 
remember that dead space also occurs physiologically in the 
large airways (trachea and bronchi) and can be estimated as 1 ml 
per centimeter of height. Dead space ventilation can also occur 
when the alveolar capillary interface is destroyed, such as in 
COPD or when alveoli are overdistended with excessive positive 
pressure ventilation or with large pulmonary emboli.

When there is V/Q mismatch, the A-a gradient is often 
elevated, and hypoxia occurs. Interestingly, the physiologic 
response to hypoxia in the lungs diverts blood away from 
alveoli with lower oxygen content. This phenomenon is 
called hypoxic pulmonary vasoconstriction. The pulmonary 
arteries constrict in the presence of hypoxia and redirect 
blood flow to alveoli that are better oxygenated. This is a 
compensatory measure to improve the V/Q ratio and increase 
the total area involved in oxygen exchange.

Other causes of acute respiratory failure include hypercar-
bia and upper airway disease processes. Hypercarbia can be 
caused by either increased CO2 production or hypoventilation. 
Increased CO2 production can be seen in carbohydrate over-
feeding or in patients with severe lung disease that are ventila-
tor dependent. Hypoventilation is seen most classically in 
patients with intoxication (i.e., narcotics or ethanol) but can 
also be seen in a variety of neuromuscular diseases, when 
respiratory muscles are too weak to appropriately ventilate 
CO2. Upper airway causes such as neck trauma or inflamma-
tion and foreign body obstruction can also contribute to acute 
respiratory failure. Lastly, metabolic causes, such as sepsis, 
acidosis, or extensive burns, can lead increased physiological 
demands that need supportive mechanical ventilation.

 Physiologic Changes that Occur with Positive 
Pressure Ventilation

Positive pressure ventilation alters the normal negative pres-
sure environment that occurs physiologically in the pleural 
space. Preload volume tends to be reduced through two 
mechanisms. First, the pressure differential between the 
abdomen and thorax is decreased, leading to decreased 
venous return. Transmural pressure across the ventricular 
wall can also be affected, leading to decreased compliance 
and decreased filling. Additionally, medications frequently 
used for induction prior to intubation often lead to decreased 
vascular tone, leading to a drop in blood pressure in patients 
that have marginal volume status. Changes in afterload also 
occur with the addition of positive pressure. Though the 
added intrathoracic pressure impedes ventricular filling dur-
ing diastole, it facilitates emptying during systole. As long as 
hypovolemia is avoided during positive pressure ventilation 

and excessive intrathoracic pressures are avoided, cardiac 
output will not change excessively.

Mechanical ventilation can cause pathologic changes in 
the lung itself. These changes are typically lumped together 
into a catchall category known as ventilator-induced lung 
injury or (VILI). There are several mechanisms by which 
VILI occurs, and they are most likely to manifest in patients 
with primary lung pathology but may occur in any mechani-
cally ventilated patient. Volutrauma represents the most clas-
sic mechanism by which VILI is mediated and is due to high 
inflation volumes that cause alveolar overdistention with dis-
ruption and secondary inflammation. New ventilator proto-
cols have heightened clinician awareness to this iatrogenic 
injury and will be discussed in detail in a later section (see 
Volume Control A/C). Barotrauma, or pressure-mediated 
damage to alveoli, may occur with low tidal volumes in non-
compliant lungs and can be avoided through vigilant moni-
toring of inflation pressures. Barotrauma may also cause 
pneumothorax or pneumomediastinum (see Fig.  17.3). 
Overdistension and rupture of alveoli occur in as many as 
5–25% of ventilator- dependent patients [22]. Underinflating 
alveoli can also be harmful secondary to atelectrauma. 
Through repeated opening and closing of lung units, this 
causes a mechanical shear type of injury. Application of 
PEEP is helpful in preventing this type of injury. Lastly, bio-
trauma is the process of cytokine release and neutrophil acti-
vation that occurs in the alveolar space secondary to VILI 
and can produce systemic manifestations that are similar to 
the systemic inflammatory response syndrome (SIRS).

Fig. 17.3 Iatrogenic pneumothorax during mechanical ventilation. 
Arrow denotes the collapsed lung
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 Modes of Conventional Ventilation

The various types of conventional mechanical ventilation will 
be discussed below. Most variations share the same general 
principles. In controlled ventilation, either the pressure or the 
volume can be set by the physician, and the other ventilator 
parameters depend on these settings. For example, if volume 
is set, the other variable, pressure, cannot be controlled and is 
therefore a function of the compliance and resistance of the 
lungs themselves. This relationship between volume and 
pressure can be explained by the equation of motion:

 

Muscle pressure ventilator pressure volume compliance
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where, in mechanical ventilation, muscle pressure  =  0, 
ventilator pressure = PEEP, volume = end-expiratory volume, 
and flow = 0. Compliance and resistance are constants, inher-
ent properties of the lungs [3].

The relationship between pressure, volume, and flow is 
displayed graphically on the ventilator. Volume, pressure, 
and flow are tracked against time on the x axis (see Figs. 17.4 
and 17.5). Positive flow values, above the x axis, correspond 
to inspiration, and negative flow values correspond to 
expiration. Units are liters (L) or milliliters (mL) for volume, 
cm H2O for pressure, and L/s for flow. Time, on the x axis, is 
in seconds. In volume control, volume is a set, with the 
maximum volume representing tidal volume. Pressure is an 
upward linear line during inspiration as volume increases 
and drops to zero during expiration. The flow rate is a 
constant value in the volume control setting. The effects of 
decreased lung compliance are also depicted graphically and 
results in a higher airway pressure for a set tidal volume.

In pressure control, the pressure graph is a straight hori-
zontal line as it is set at a constant value by the operator. The 
volume curve increases with inspiration and decreases with 
expiration, and flow is a function of this volume over time. 
Here decreased compliance is depicted by a lower tidal vol-
ume for a given set pressure.

 Assist Control

Assist control (A/C), as suggested by its name, implies that 
breaths given by the ventilator can either be assisted (i.e., the 
ventilator assists a breath generated by the patient) or con-
trolled (i.e., the ventilator gives a controlled breath indepen-
dent of patient effort). This is a variant of controlled mechanical 
ventilation (CMV) in which all breaths are given by the venti-
lator. There are no unsupported breaths in A/C, either pressure 
or volume can be set by the physician, and the same volume or 

pressure will be given with each breath regardless of whether 
it is initiated by the patient or by the ventilator. The patient is 
allowed to initiate a mechanical breath by generating a trigger 
which is set by the physician. Overall, A/C is advantageous 
when patients cannot meet their own metabolic needs.

 Triggers
A trigger may be set by either flow or pressure. Flow triggering 
allows the ventilator to sense changes in inspiratory flow to initi-
ate delivered breaths. Flow triggering is generally the default 
method chosen for most mechanically ventilated patients. 
Typical flow sensitivity settings are between 1 and 10 L/min and 
are ventilator specific. If the flow setting is too low, auto-trigger-
ing may occur without a patient-initiated breath (i.e., movement 
of the patient or ventilator tubing), and this can lead to multiple 
breaths being delivered together. This can be corrected by 
increasing the flow trigger or switching to a pressure trigger.

When a pressure trigger is set, a decrease in airway pres-
sure starts a mechanically generated breath. The sensitivity of 
the ventilator is the threshold that has to be met for the trigger 
variable to initiate inspiration and generally is 2–3 cm H2O 
below the PEEP set on the ventilator. For example, with the 
conventional PEEP setting of 5 cm H2O, the patient would 
need to reduce the airway pressure to 2 cm H2O (assuming a 
pressure trigger setting of 3 cm H2O). Using the pressure trig-
ger becomes problematic in patients with disease states that 
impair the exhalation of gases from the lower airways (i.e., 
obstructive lung diseases or ARDS) which can lead to a phe-
nomenon known as occult PEEP/auto-PEEP (see section on 
PEEP). When occult PEEP is present, this causes the patient 
to generate a greater negative inspiratory force for any set 
pressure trigger and leads to dyssynchrony between the 
patients initiating and receiving a breath. This can be detected 
by observing a delay between a patient’s spontaneous respira-
tory effort and the breath delivered by the ventilator. In these 
cases, switching to a flow trigger may be more appropriate.

 Respiratory Cycle and Inspiratory/Expiratory (I/E) 
Ratio
In addition to selecting a trigger in controlled mechanical 
ventilation, the respiratory cycle can also be adjusted through 
manipulation of the inspiratory/expiratory (I/E) ratio. 
Physiologically this ratio is normally 1:2–3, as inspiration is 
an active process and expiration a passive one. In obstructive 
airway pathology (i.e., COPD, acute asthma exacerbation), 
this may become even more prolonged and is an important 
consideration to remember when ventilating these patients to 
prevent the development of auto-PEEP. The I/E ratio can be 
made longer by increasing inspiratory flow or by decreasing 
either the respiratory rate or tidal volume. Inverting the nor-
mal 1:2 ratio to 2:1 (twice as much time spent in inspiration 
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compared to expiration) is called inverse ratio ventilation 
(IRV). Prolonged inflation time prevents alveolar collapse 
and improves gas exchange. While this method increases 
PO2, it may lead to increases in PCO2 as well, due to decreased 
time for ventilation. This phenomenon, named permissive 
hypercapnia, is acceptable in some patients but should be 
avoided in patients with obstructive lung pathology and trau-
matic brain injury, where elevations in CO2 can be detrimen-
tal to the patient. Generally, IRV requires sedation and 
paralysis, as alert patients will not tolerate this well.

 Flow Rates and Patterns
The inspiratory flow rates and patterns that deliver the 
mechanically ventilated breaths are also ventilator parame-
ters that physicians should be aware of. In most patients a 
flow rate of 60  L/min provides adequate gas exchange. 
However, in those that have “air hunger,” or a minute ventila-
tion ≥10 L/min, flow rates up to 100 L/min are not uncom-
mon. Flow patterns are dependent on the type of breath being 
delivered (i.e., volume or pressure controlled). Figure 17.6 
depicts a flow time curve that demonstrates the constant 

Fig. 17.4 Pressure, flow, and 
volume curves for volume 
control ventilation (Note the 
increased pressure for a given 
tidal volume when 
compliance is poor)

Fig. 17.5 Pressure, flow, and 
volume curves for pressure 
control ventilation (Note the 
decreased tidal volume for a 
given pressure when 
compliance is poor)
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“square wave” shape in a volume-controlled breath, while a 
pressure- controlled breath follows a “descending ramp” 
shape. Note the effect that this change in flow rate has on 
inspiration. A descending ramp follow pattern increases 
inspiratory time. Most modern ventilators will allow selec-
tion of either flow pattern, even in the volume control setting. 
The relative benefit of the “descending ramp” pattern is that 
flow decreases throughout the breath and is therefore more 
comfortable, as opposed to the constant flow of the “square 
wave” pattern. Because the inspiratory time is longer in the 
“descending ramp” pattern, it must be used with caution in 
patients with obstructive lung pathology, as this can lead to 
auto-PEEP.

 PEEP and Auto-PEEP
As previously mentioned, PEEP improves alveolar oxygen-
ation by preventing alveolar collapse and increasing the 
FRC. However, PEEP can also reduce venous return and car-
diac output when applied at high levels in those with impaired 
volume status or right ventricular function. Neurosurgeons 
are often concerned about the levels of PEEP applied in 
patients with respiratory failure due to potential increases in 
intracranial pressure. While this could occur in hypovolemic 
states, several clinical and animal studies have demonstrated 
that PEEP can be administered safely at levels exceeding 
17  cm H2O without compromising the cerebral perfusion 
pressure and jugular venous saturation or increasing the 
intracranial pressure [7, 10].

Pressure volume loops can help guide the operator to 
set the optimal PEEP for a given patient. A pressure vol-
ume curve sets pressure on the x axis and volume on the y 
axis (Fig.  17.7). Compliance is therefore represented by 
the slope of the line. To determine PEEP, examine the 
lower and upper inflection points of the pressure volume 
curve. The lower inflection point represents the point 
where the resistance of the patient’s airways is overcome 

(with high resistance, this point shifts to the right). This is 
the critical opening pressure of the alveoli. At pressures 
below this level, there is a risk for atelectrauma, as previ-
ously described. Approaching the upper inflection point, 
alveoli continue to open and airway pressure rises, until 
alveoli reach their maximum volume. The upper inflection 
point represents the point at which the alveoli become 
maximally distended, and further pressure increases can 
lead to hyperinflation and predispose to volu−/barotrauma. 
The optimal PEEP setting is found between these two 
inflection points and can be calculated using the formulas 
described in the section on compliance. Further increases 
in PEEP are beneficial when both the compliance and P/F 
ratio improve. If these enhancements are not observed 
with additional PEEP, then ventilation is likely occurring 
at or beyond the upper inflection point. Additionally, the 
reader may find assistance in determining a starting level 
of PEEP for patients with hypoxemic respiratory failure 
(particularly ARDS) by consulting the ARDSNet and 
ALVEOLI PEEP tables published in the New England 
Journal of Medicine [17].

While PEEP is generally beneficial to patients, there are 
instances where it can be harmful. Exhalation is a passive 
process, and there is some collapse of the airways during this 
time. Airway collapse can become exaggerated in certain 
disease states (COPD and asthma being the most common), 
leading to complete closure of the airways. This leads to a 
state where the lungs are filled with air but are not allowed to 
evacuate, causing a buildup of pressure that can cause lung 
damage and have hemodynamic consequences. This condi-
tion has several synonymous names, i.e., auto-PEEP, 
dynamic hyperinflation, occult PEEP, and intrinsic PEEP. 
Patients that have this will often appear uncomfortable and 
will be unsynchronized with the ventilator, due to forceful 
exhalation in an attempt to empty inhaled gas. Wheezing will 
often be present.

Fig. 17.6 Inspiratory flow 
patterns (Note longer 
inspiratory time with 
descending ramp pattern)
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The presence of auto-PEEP can also be detected by ana-
lyzing the flow/time waveforms on the ventilator as shown in 
Fig.  17.8. In patients with normal pulmonary physiology, 
expiratory flow will return to zero prior to the next inflation 
cycle. However, when auto-PEEP occurs, expiratory flow is 
still occurring when the ventilator is delivering its next 
breath. The amount of auto-PEEP present can be estimated 
by performing an expiratory pause at the end of expiration. 
An important caveat, auto-PEEP can only be quantified in 
this manner if the patient is not breathing spontaneously, due 
to the difficulty timing of the end of expiration. Note the dif-
ference between applied and auto- PEEP as shown in the 
pressure time diagram (Fig. 17.9). When auto-PEEP is pres-
ent, the expiratory pressure does not return to zero or is 
greater than the PEEP level set on the ventilator.

Once the diagnosis of auto-PEEP is confirmed, adjust-
ments in mechanical ventilator settings should be made. The 
goal should be to maximize the amount of time the patient 
has to expire in the respiratory cycle and can be accom-
plished by lowering tidal volumes, increasing inspiratory 
flow rates, and shortening inspiratory time. Reducing the 
patient’s respiratory rate is also helpful and may require 
sedation and paralysis. Contrary to intuition, it is not helpful 
to remove all applied PEEP. If this is done, it would promote 
alveolar collapse in expiration and lead to further air trap-
ping. Thus, the amount of applied PEEP should be set at a 
level that approximates the level of auto- PEEP measured. 

Since this is difficult to quantify in patients that are not para-
lyzed, the PEEP level can be set and titrated to a level that 
eliminates the end-expiratory flow observed on the flow time 
diagram in Fig. 17.8.

 Modes of Assist Control (A/C) Ventilation

Volume Control A/C
If volume is chosen as the controlled variable, the tidal vol-
ume and inspiratory flow are set by the operator, and the air-
way pressure will be determined by the compliance and 
resistance of the lung. A compliant lung will therefore have 
low peak pressures. Respiratory rate (RR), PEEP, and FiO2 
are also chosen by the operator. RR is generally set at 10–12 
breaths/minute and tidal volume at 6–8 ml/kg of predicted 
body weight. The equation for predicted body weight is 
based upon height and gender as shown below:

 
PBW females height inches( ) + ( ) -éë ùû: . .45 5 2 3 60  

 
PBW males height inches( ) + ( ) -éë ùû: . .50 2 3 60  

The patients’ minute ventilation is based upon the product of 
RR and tidal volume and can be adjusted based upon the CO2 
noted on arterial blood gas. It is important to note again that the 
patient can breathe spontaneously in this setting, but once a 
breath is triggered, a fully supported breath will be given.

Fig. 17.7 Pressure volume 
loop. Point C represents the 
critical opening pressure, 
while point B represents the 
point of overdistention. A 
inspiratory pressure, B upper 
infection point, C lower 
infection point

Fig. 17.8 Flow time 
waveforms for the detection 
of auto-PEEP (Note the 
failure of expiratory flow to 
return to zero when auto- 
PEEP is present)
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Special considerations apply for ventilator settings in 
patients with ARDS.  The ARDSNet trials set forth guide-
lines for lung protective strategies in patients with ARDS. The 
“ARDSNet paper” was published in New England Journal of 
Medicine in May 2000 and is the only trial to demonstrate a 
mortality benefit in ARDS [2]. This was a multicenter, ran-
domized trial which took place at ten university center hos-
pitals. Patients were randomized to be ventilated using two 
different tidal volume targets (12  ml/kg predicted body 
weight vs. 6 ml/kg). The primary outcome was death, and 
secondary outcome was number of days without ventilator 
use. The mortality was significantly lower in the group 
treated with lower volumes compared to the traditional vol-
umes group (31% vs. 39.8%). In addition, the number of 
ventilator-free days was greater in the smaller tidal volume 
group.

To achieve optimal ventilator settings in patients with 
ARDS, the operator should set the tidal volume at 8 ml/kg 
of predicted body weight, and then adjust 1 ml/kg every 2 h 
until the goal tidal volume (6 ml/kg) is achieved. After set-
ting tidal volume, the next step is to observe plateau pres-
sure, which is determined by lung compliance. Plateau 
pressure is determined by pausing the ventilator at end 
inspiration and checking the pressure. The goal in ARDS is 
35 cm H2O or less, to avoid excessive barotrauma. If pres-
sure is greater than 30 cm H2O, the tidal volume is decreased 
1 ml/kg until pressure is under 30 cm H2O or the tidal vol-
ume reaches 4 ml/kg. Once plateau pressure is maximized 
and tidal volume is minimized, minute ventilation is gener-
ally adjusted through the respiratory rate. Arterial blood 
gases can be used to guide respiratory rate adjustments. In 
cases of severe ARDS, maintaining oxygenation (SpO2 
88–90%) and limiting tidal volumes/inflation pressures take 
precedence over normal ventilation (i.e., permissive hyper-
capnia). The FiO2 should also be reduced to nontoxic levels 
(less than 60% if possible), to prevent free radical damage 
through application of PEEP to improve oxygenation. An 
excellent algorithm for this is provided on the ARDSNet 
website (www.ardsnet.org) which provides PEEP tables for 
given FiO2 requirements. While the above strategy is useful, 

it should not be applied to certain subsets of patients. 
Traumatic brain injury is one subset in which the rise in 
PCO2 can be detrimental, as this leads to cerebral vasodila-
tion and elevation of intracranial pressure. Patients with 
obstructive airway disease may also tolerate permissive 
hypercapnia poorly, given that their baseline PCO2 may be 
much greater, and these patients have reduced ability for 
renal compensation.

The main advantage of volume controlled A/C is the abil-
ity to control the tidal volume, independent of the mechani-
cal properties of the lungs, which may vary greatly in critical 
illness. Disadvantages include the ability to generate high 
inspiratory pressures with changes in lung mechanics, as 
pressure cannot be controlled. Respiratory alkalosis is also 
common since all breaths are supported by the ventilator. 
This may cause patient-ventilator dyssynchrony and exces-
sive work of breathing.

Pressure Control A/C
In this setting, the pressure is controlled instead of vol-
ume and is termed “pressure control.” The operator sets 
the desired respiratory rate, inspiratory time, and target 
pressure. Dependent variables are therefore flow and vol-
ume. Some patients prefer this setting due to the higher 
initial flows delivered as compared with volume control. 
Pressure control settings also allow for the delivery of 
inverse ratio ventilation to improve oxygenation, but this 
often requires heavy sedation or paralysis. Advantages to 
this mode include the ability to control pressure settings 
and theoretically avoid barotrauma. Ideally the driving 
pressure should be set so peak pressure is 35 or less, and 
PEEP should be included in this calculation. In patients 
with ARDS or acute lung injury, the operator should also 
be mindful of the volumes the patient is receiving with the 
given driving pressure. These volumes should be in the 
4–6  ml/kg range as per the ARDSNet guidelines. The 
major disadvantages of pressure control are the inability 
to control volume and minute ventilation, which can 
change insidiously depending on patients’ disease state 
and lung compliance.

Fig. 17.9 Pressure time 
diagram illustrating 
differences in PEEP
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 SIMV

Synchronized intermittent mandatory ventilation, or SIMV, 
is a common alternative to assist control. SIMV was initially 
introduced as a weaning tool and allows for independent 
patient breathing, or spontaneous breaths, which can be syn-
chronized with mandatory breaths delivered by the ventila-
tor. Like A/C, either pressure or volume can be controlled 
by the operator. Volume control IMV is often used for 
patients with relatively normal lung function recovering 
from critical illnesses, who are not ready for a spontaneous 
breathing trial.

In SIMV, the operator sets a mandatory breath rate, usu-
ally 10–12 breaths per minute. If the patient breathes more 
rapidly than the set rate, the patient is allowed to take “extra” 
spontaneous breaths that are only partially supported by the 
ventilator. A pressure support value can be set by the opera-
tor, usually at around 10 cm H2O, to help overcome the resis-
tance of the ventilator circuit. During these spontaneous 
breaths, the tidal volume generated depends upon the 
compliance of the patients’ lungs and can vary breath to 
breath (see Fig. 17.10). The pressure support can be lowered 
as the patient’s condition improves. On the other hand, if the 
patient does not initiate breaths, then all breaths are 
mechanically given, identical to controlled mechanical 
ventilation.

SIMV may be a more comfortable mode of ventilation for 
some patients who are able to generate spontaneous breaths, 
as opposed to getting fully supported breaths on assist 
control. This may be preferable for rapidly breathing patients 
with evidence of air trapping, as only a fraction of patient’s 
inspiratory efforts will trigger a fully supported ventilator 
breath. The main disadvantage to this mode is that it is only 
useful when patients are pulling adequate tidal volumes on 
pressure-supported breaths; otherwise, there is a dramatic 
increase in the patient’s work of breathing.

 Pressure Support Ventilation

As mentioned above, pressure support can be used in con-
junction with SIMV or can be used alone as the predominant 
mode of weaning from mechanical ventilation. In this mode, 
patients have complete control over their respiratory rate and 
inflation time. The pressure is set at a level high enough to 
overcome resistance to flow in the ventilator tubing, so that 
tidal volume is augmented during spontaneous breathing. 
The operator sets a starting inspiratory pressure and level of 
PEEP that is delivered in a decelerating flow pattern and con-
trolled by patient effort. Unlike pressure control ventilation, 
where set pressure is continuous throughout the inspiratory 
cycle, this setting allows for a reduction in inspiratory flow 
(usually when inspiratory flow is <25% of the patient’s peak 
effort) and switches the cycle to expiration. During inspira-
tion, for example, the ventilator will deliver 12 cm H2O of 
pressure, and during exhalation this pressure will drop to the 
set level of PEEP. The amount of tidal volume delivered will 
depend on the patient’s lung compliance. If the compliance 
is 50  ml/cm H2O, the delivered volume will be (12  ×  50) 
600 ml. The ability to overcome work of breathing is one of 
the advantages of pressure support. A disadvantage is the 
inability of a single pressure support value to meet the chang-
ing levels of patient demand. If the level is set too high, the 
patient may do very little work of breathing, and if set too 
low, the patient struggles and fatigues. Careful attention to 
this parameter is important when initiating weaning.

 Daily Management of the Ventilated Patient

After determining initial ventilator settings, arterial blood 
gases are used to guide ventilator management. If the patient 
has low oxygen saturations or pO2 on ABG, the FiO2 may be 
increased as a temporizing measure, while the underlying 

Fig. 17.10 Pressure and 
volume diagrams for a patient 
on SIMV (Note the variation 
in tidal volume for the 
pressure-supported breaths)
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cause is investigated. Increasing the functional residual 
capacity (FRC) through manipulation of the mean airway 
pressure should be the main strategy used to correct hypoxia. 
The mean airway pressure can be increased by increasing the 
PEEP or delta P on pressure-controlled modes or by adjusting 
the I/E ratio to lengthen the time spent in inspiration. Low 
CO2 can be ameliorated by decreasing the respiratory rate or 
decreasing the set tidal volumes. For hypercapnia, increasing 
the respiratory rate may decrease CO2 levels. However, if the 
patient is tachypneic, the hypercapnia may be due to increased 
dead space ventilation, and appropriate workup is required. 
Generally it is helpful to manipulate one ventilator variable at 
a time in most patients in response to an ABG. After an equal-
ization period of approximately 30 min, a repeat ABG should 
be drawn to assess the efficacy of ventilator changes. If the 
ABG is acceptable at this point, monitoring the patient’s SpO2 
and end-tidal CO2 (if available) obviates the need for routine 
frequent ABGs. However, in patients with severe ARDS, 
changing lung compliance (particularly when ventilation 
occurs in a pressure control mode), or patients who are chem-
ically paralyzed should be monitored more frequently.

Post intubation chest X-rays (CXRs) are essential to 
check endotracheal tube positioning, which should be no 
more than 5 cm above the carina. Right main stem intubation 
can occur when intubation occurs in the emergency setting 
or via migration of a previously well-placed tube leading to 
collapse of the left lung (Fig. 17.11). Traditional ICU man-
agement has dictated that a daily CXR be obtained for all 
intubated ICU patients. However there has been a trend to 
cut down on unnecessary costs associated with routine daily 
CXRs. A recent prospective observational study by Inaba 
et  al. demonstrated that eliminating automatic daily CXRs 
decreased costs without affecting length of stay, morbidity, 
or mortality [18]. Interestingly, CXRs ordered based upon 
clinical changes had a greater frequency of new findings 
compared to those ordered routinely during the course of 
study.

An effort has also been made to cut down on unnecessary 
daily lab orders for intubated, critically ill patients. A paper 
by Ko, Murry et  al. in 2015 applied a Lean Six Sigma 
approach to cut down on unnecessary lab draws in the SICU 
of a large academic medical center [12]. Daily checklists, 
staff educations, and visual reminders were employed to 
emphasize the importance of appropriate lab tests. This 
included the standardization of continuous capnography for 
ventilated patients. The number of complete blood counts, 
basic metabolic panels, and CXRs all significantly decreased. 
SICU mortality did not significantly change, but cost savings 
were estimated at $59,137/month, and estimated excess 
phlebotomy prevented was approximately 4  L blood per 
month. These findings have significant cost implications 
beyond the amount spent on routine bloodwork as phlebot-

omy accounts for up to 30% of anemia in the ICU and asso-
ciated unnecessary transfusions.

Ventilator bundles can help decrease the rate of ventilator- 
associated pneumonia and have become a routine practice in 
many ICUs. A ventilator bundle includes the following: head-
of-bed elevation, daily sedation vacations and assessment of 
readiness to extubate, peptic ulcer prophylaxis, DVT prophy-
laxis, and daily oral care with chlorhexidine [16]. Proper oral 
care is essential, as aspiration from the oropharynx is believed 
to be the inciting incident in most cases of ventilator-associ-
ated pneumonia. Continuous subglottic suctioning is avail-
able now on many endotracheal tubes and should be 
implemented where available. Bundles are most effective 
when followed in their entirety, and checklist implementation 
has been shown to assist with compliance as well as signifi-
cant, sustainable reductions in ventilator- associated pneumo-
nia and catheter-related blood stream infections [21].

In addition to oral care, intermittent suctioning may help 
clear respiratory secretions, particularly when these are thick 
and inspissated. Although frequently ordered, nebulized beta 
and anticholinergic agents are not effective means of 
“respiratory therapy.” For thick secretions, mucolytics such 
as mucomyst may be directly injected into the airway to 
loosen secretions. Persistent thick secretions with elevations 
in peak inspiratory pressures are consistent with concretions 
in the endotracheal tube that can lead to ineffective ventilation 
and obstruction due to mucous plugging (see Fig.  17.12). 
Therapeutic bronchoscopy is indicated in cases such as 
these.

Sedation vacations, physical therapy, and early mobiliza-
tion are helpful in weaning mechanically ventilated patients. 

Fig. 17.11 Right mainstem intubation with collapse of the left lun 
(Note the tube is over 2 cm deep to the carina. The mediastinum has 
also shifted to the left from right lung hyperinflation)
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A randomized controlled trial by Kress et  al. showed that 
daily interruption of sedative infusions in critically ill patients 
undergoing mechanical ventilation significantly improved 
outcomes. The study examined a control group in which sed-
ative infusions were interrupted only at the discretion of ICU 
clinicians versus the intervention group, in which sedative 
infusions were interrupted until patients were awake, on a 
daily basis. The study found that daily interruption of sedative 
drugs decreased the duration of mechanical ventilation and 
ICU length of stay [14]. Therefore routine sedation interrup-
tion and reassessment of sedative requirements should be per-
formed daily unless contraindications exist (i.e., malignant 
intracranial hypertension, chemical paralytic requirements, or 
status epilepticus).

The beneficial effects of early rehabilitation therapy on 
patients with mechanical ventilation have been well demon-
strated [9]. These benefits include shorter duration of 
mechanical ventilation, shorter ICU and hospital length of 
stay, and improved physical function scores compared to 
controls. Several authors have demonstrated that early ambu-
lation is feasible in mechanically ventilated patients [1]. 
Once patients are deemed medically stable by set criteria, 
progressive physical therapy sessions allow increased activ-
ity level, from sitting to standing to walking. Though highly 
beneficial to patients, these programs are highly labor and 
resource intensive, leading to poor widespread implementa-
tion. Development of such programs requires buy-in from 
multiple services (i.e., nursing, physical therapy, and respira-
tory therapy) and overcoming preconceived bias regarding 
the safety of activity in this critically ill cohort.

 Troubleshooting

For any concerning status change in the ventilated patient 
in the ICU, the ABCs (airway, breathing, circulation) 
should be assessed first. Chest X-rays and arterial blood 
gases should also be considered as part of the initial venti-
lator troubleshooting workup, as they will be able to dif-
ferentiate between many of the various respiratory 
pathologies listed below.

If there is a concern for airway patency, first ensure the 
ventilator tubing is free of kinks, obstructions, or condensation 
accumulation. ETT misplacement or dislodgement is always 
a possibility, and the patient’s most recent chest X-ray should 
be assessed to determine the location of the endotracheal 
tube. Ventilator mode and settings should also be evaluated. 
For example, the patient may be tiring on spontaneous 
settings and may need to be switched to volume- or pressure- 
controlled modes. Evidence of cuff leak should also be 
assessed. Breath sounds should be checked to ensure that 
they are equal bilaterally. Respiratory rate and O2 saturation 
should be assessed. If the patient is desaturating or becomes 
hemodynamically unstable, it is best to disconnect the patient 
from the ventilator and manually bag. Difficulty in bagging 
could signify an obstructed airway or increased lung 
resistance. If bagging ameliorates the problem, the issue is 
likely with the ventilator itself, and its settings should be 
adjusted. If this does not help, diagnoses such as excessive 
auto-PEEP and tension pneumothorax should be considered 
and appropriate action taken.

Ventilators are equipped with different pressure alarms, 
which may signify various issues with the airway or lungs. 
For example, an alarm for high airway pressure can signify 
endotracheal tube obstruction or simply that the patient is 
coughing and raising airway pressure. Low-pressure alarms 
may occur if the patient becomes disconnected from the vent 
or a leak in the system develops [6]. A high mean airway 
pressure alarm can be either due to issues with lung compli-
ance or airway problems. The peak inspiratory pressure is 
obtained during inspiration and represents resistance to air-
flow, so an increase in peak inspiratory pressure relative to 
plateau pressure signifies an issue with the airway itself. The 
ventilator tubing may be kinked, or the patient may have 
developed upper airway obstruction secondary to increased 
secretions or bronchospasm. The plateau pressure is obtained 
during an inspiratory pause, eliminating airflow; therefore an 
elevation in plateau pressure relative to peak inspiratory 
pressure reflects an issue with compliance, in either chest 
wall or alveoli. Examples of causes of decreased compliance 
include pneumothorax, abdominal compartment syndrome, 
ARDS, pneumonia, and auto-PEEP dyssynchrony. Other 
ventilator alarms can refer to the input power, i.e., loss of 
electrical power or loss of pneumatic power, or issues with 
ventilator set volume or inspiratory/expiratory time [8].

Fig. 17.12 Mucous plugging leading to collapse of the left lung

E. Warnack and M. Bukur



189

Mechanical ventilation may be anxiety-inducing and thus 
the agitated patient is not uncommon. It is important to 
determine the underlying cause of patient discomfort. Pain, 
anxiety, and delirium may contribute to agitation, especially 
in the postoperative or post trauma setting, and the physician 
should not immediately sedate or paralyze the patient without 
first searching for a correctable underlying cause. Ventilator 
dyssynchrony can lead to patient agitation. The physician 
should check for synchrony between patient efforts and 
delivered breaths. If breathing is asynchronous, the type of 
flow trigger may need to be adjusted or the flow rate or 
pattern may be too low or inappropriate for the patient. Auto- 
PEEP may also be present if the patient is providing 
inspiratory effort but unable to initiate a mechanical breath 
from the ventilator.

Several agents may be employed to ameliorate anxiety. 
Benzodiazepines, which bind to GABA receptors, cause 
amnesia and sedation. Benzodiazepines work well for 
those patients with alcohol or drug withdrawal, but these 
drugs can rapidly accumulate and promote delirium, espe-
cially in elderly patients. Propofol, which also binds to 
GABA receptors, has amnestic and sedative effects but no 
analgesic properties. Advantages to propofol include its 
rapid onset of action and short half-life. However, it can 
cause respiratory depression and hypotension. 
Dexmedetomidine, an alpha 2 receptor agonist, has seda-
tive, amnestic, and mild analgesic properties and causes 
cooperative sedation, meaning a patient can be aroused 
despite deep sedation levels and also does not impair respi-
ratory drive. It causes less delirium compared with benzo-
diazepines and may hasten extubation. The main side 
effects of dexmedetomidine are bradycardia and hypoten-
sion due to its anti-adrenergic effects.

 Weaning from Mechanical Ventilation

 Readiness Criteria

Patients should be assessed daily for ability to wean from the 
ventilator. Each institution has its own set of readiness 
criteria, but some generally accepted parameters are 
described here. These criteria include respiratory, 
cardiovascular, and neurologic parameters. For the 
respiratory requirements, PaO2/FiO2 should be around 200, 
CO2 should be within the normal range (or at baseline for 
COPD), and SpO2 should be greater than 90 on PEEP <8 and 
FiO2  <  40–50%. The patient should be hemodynamically 
stable, without active myocardial ischemia, and on minimal 
pressors to achieve normotension. The patient must also be 
arousable and able to initiate breaths and clear secretions 
with a strong cough. Comorbid conditions should be 
corrected if possible; and major signs of sepsis should not be 

present. Of note, several studies have demonstrated that 
weaning from mechanical ventilation using weaning protocol 
implemented by respiratory therapists is safe and can be 
more effective than physician-directed weaning. A 
randomized controlled trial by Kollef et  al. randomly 
assigned patients to receive either protocol-directed or physi-
cian-directed weaning from mechanical ventilation [13]. The 
median duration of ventilation for patients in the protocol 
group was shorter, and hospital cost savings in protocol- 
directed group vs. physician-directed group were 
significant.

 Weaning Parameters

Once the patient has met the above readiness criteria, wean-
ing parameters can be used to determine who will be able to 
wean from a ventilator. This is generally accomplished while 
the patient is on a spontaneous breathing trial (see section 
below). These are physiologic tests which can be used as 
adjuncts to the readiness criteria above. There are multiple 
parameters that the clinician should be familiar with, as well 
as their associated limitations. No one parameter predicts 
success unequivocally, and clinician experience often out-
weighs any one given measurement. Minute volume was 
classically used to predict extubation outcome. Minute ven-
tilation in healthy individuals at rest is 5–6 L/min, and this 
increases in mechanically ventilated patients in proportion to 
respiratory demand. A minute ventilation of greater than 
10  L/min is often associated with an increased metabolic 
demand that spontaneous respiration is unlikely to support. 
This parameter may be skewed by patient anxiety during the 
breathing trial and therefore has a low negative predictive 
value. Tachypnea during the breathing trial is a common 
occurrence and can be from anxiety or weakness. 
Differentiating between the two can be particularly 
challenging. In general, those patients that are anxious will 
have normal or increased tidal volumes, while those that are 
weak or have insufficient reserve will have tidal volumes that 
progressively decline throughout the breathing trial.

Negative inspiratory force (NIF) is another weaning param-
eter that can be measured by asking the patient to maximally 
inspire and taking the pressure at the opening of the ETT. A 
large inspiratory force is expressed by a more negative num-
ber. A study by Sahn and Lakshminarayan demonstrated that 
60% of patients with maximal inspiratory pressures less than 
−30 were successfully weaned, but all patients with NIF more 
than −20 failed [19]. This parameter may be underestimated 
in patients with head injury or language barriers, due to insuf-
ficient patient understanding and effort.

The rapid shallow breathing index (RSBI), otherwise known 
as the Tobin index, is the most commonly used weaning param-
eter. The RSBI is equal to the respiratory rate divided by the 

17 Conventional Mechanical Ventilation



190

tidal volume in liters. In patients who do not tolerate weaning, 
breaths are often rapid and shallow, and these patients will 
therefore have a high RSBI. Given a normal respiratory rate of 
10 and tidal volume of 500 ml, the normal RSBI is (10/0.5) 20. 
Using a cutoff ratio of 105, a value that is less than 105 has an 
80% positive predictive value of successful extubation, while 
>105 has a negative predictive value of over 95%, making this 
the most “accurate” of the weaning parameters [26].

The cuff leak is another important parameter to check, par-
ticularly when patients have been intubated for more than 
72 hours, due to the risk of laryngeal edema after extubation. 
To measure the cuff leak, the ETT cuff is deflated, and the 
volume of inhaled gas that escapes through the larynx is mea-
sured by placing the patient on a volume control setting and 
checking the measured amount of exhaled gas. For example, 
if a preset volume of 500 ml is chosen and 300 ml returns 
through the ventilator circuit, the calculated leak would be 
(200/500) 40%. A cuff leak of less than 30% is concerning for 
potential laryngeal edema. It is important to note that the 
methods for performing the leak test have not been standard-
ized, and thresholds for determining leak vary. Therefore, this 
test may not be a reliable method for determining extubation 
success, but a positive test may be used as an indicator of 
increased vigilance at time of extubation. Laryngeal edema is 
a major cause of failed extubation and occurs in 5–22% of 
patients who have been intubated longer than 36 h [25]. When 
this occurs, it is the preference of the authors to give the 
patient three doses of 40 mg of methylprednisolone 6 h apart 
and attempt extubation at this point. This treatment regimen 
has been shown to result in subjectively less upper airway 
edema and lower rates of failed extubation [4].

 Spontaneous Breathing Test

The spontaneous breathing test can determine which patients 
are ready for extubation. This is the “gold standard” method 
of weaning as the rate of success is greater than traditional 
SIMV and occurs about three times more quickly. In a spon-
taneous breathing trial (SBT), patients can either be con-
nected to the ventilator or removed completely and attached 
to a T-piece. The SBT should last between 30 and 120 min 
but may be extended if patients have been ventilated for a 
prolonged period of time. To pass an SBT, the patient must 
maintain a hemodynamically stable state, without desatura-
tion, and show no signs of increased respiratory effort such 
as marked diaphoresis or agitation. If the patients pass the 
SBT, they are then taken off the ventilator.

Pressure support ventilation at minimal settings can be 
used in an SBT to wean patients from the ventilator and is 
often the most common method used for weaning. Here the 
pressure support level is generally set at 5–8 cm H2O, just 
enough to overcome the resistance of the ventilator circuit 

tubing. This small amount of support does not significantly 
alter the work of breathing imposed on the patient. This 
mode is advantageous because it allows for measurement 
of weaning parameters simultaneously during the trial.

When using the T-piece, the patient is disconnected from 
the vent and a T-shaped breathing circuit, which provides 
high-flow O2 at a rapid rate and passes away expired CO2, is 
connected to the patient. No single SBT method (i.e., low 
level of PSV or set at 5–8 cm H2O or T-piece trial) is superior 
to the other, and the type of weaning method chosen should 
be dictated by local availability and clinician preference. 
Daily SBTs, regardless of method chosen, should be used to 
wean patient from the ventilator once the patient has met the 
aforementioned readiness criteria.

Once the patients have passed the SBT, they can be 
extubated. Generally, enteral nutrition is held for about 
4 hours preceding extubation, the head of the bed is ele-
vated, and suction is placed at bedside. The patient is suc-
tioned, the ETT cuff is deflated, and the tube is removed. 
The patient is then placed on supplemental oxygen and 
monitored closely.
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Advanced Modalities and Rescue 
Therapies for Severe Respiratory Failure

Charles S. Parsons and Charles H. Cook

 Overarching Concepts

Patients with severe ARDS who fail conventional ventilator 
strategies are a difficult clinical problem with an associated 
high mortality (35–40%) [1]. While the advent of mechanical 
ventilatory support has allowed clinicians to salvage many 
patients that were previously likely to expire, this capabil-
ity has come at a price, and during the past 25 years, there 
has been increasing recognition of the harmful side effects 
of mechanical ventilation. In particular, three types of injury 
from positive pressure ventilation have been identified: 
(1) overdistention of alveoli and the related high- pressure 
changes at alveolar membranes (volutrauma/barotrauma), 
(2) injury caused by repeated cycles of recruitment and de-
recruitment (atelectrauma), and (3) injury due to release of 
local inflammatory mediators (biotrauma). Collectively, these 
have been termed ventilator- induced lung injury (VILI) [2]. 
Many of the advanced techniques described in this chapter 
were advanced to try to minimize VILI, and understanding 
these mechanisms of VILI is central to optimal application 
of these techniques.

In 2000 the “ARDSNet” study underscored the impor-
tance of volutrauma. This study demonstrated improved 
mortality from 39.8% to 31.0% for patients with ARDS 
using a low tidal volume strategy (VT = 6 mL/kg) when com-
pared to conventional ventilation (VT = 12 mL/kg) [3]. Low 
tidal volume ventilation has since become the standard of 
care for patients with ARDS. Interestingly, despite these 

data, a recent large observational database analysis (LUNG 
SAFE Trial) of 459 ICUs in 50 countries revealed that 35.1% 
of patients with ARDS receive tidal volumes greater than 
8 mL/kg predicted body weight [1]. While low tidal volume 
ventilation may lack the excitement of a new ventilator 
modality or medical approach, its importance cannot be 
overemphasized.

In an attempt to minimize atelectrauma, there has been 
increased focus on the amount of positive end-expiratory 
pressure (PEEP) used to treat ARDS. Proponents of PEEP 
argue that it recruits collapsed or diseased lung to help with 
gas exchange and improves ventilation-perfusion (V/Q) mis-
match while minimizing atelectrauma from cyclical opening 
and closure of recovering or damaged alveoli, which in turn 
may decrease resultant biotrauma. In the ARDSNet trial, 
PEEP was adjusted based on a pre-specified FiO2-to-PEEP 
protocol [3]. Subsequent investigations have sought to eluci-
date the optimal amount of PEEP by a variety of methods. 
Talmor et al. studied the use of esophageal balloon manom-
etry to titrate PEEP based on trans-pulmonary pressures in 
the thoracic cavity [4]. Numerous others have compared 
various high-PEEP strategies to low-PEEP strategies with-
out a clear benefit [5–9]. Currently, no consensus exists as to 
the proper amount of PEEP to apply in ARDS; however 
most authors agree that in moderate-to-severe ARDS, higher 
levels of PEEP are likely beneficial, and work to confirm this 
is ongoing.

Incorporating these individual concepts into practice, 
there are several “strategies” that have emerged. The combi-
nation of low tidal volumes and high PEEP have been col-
lectively referred to as the “open lung approach” (OLA) 
[10]. A similar strategy of low tidal volumes (VT) and higher 
levels of PEEP that also seeks to minimize end-inspiratory 
plateau pressure has been termed lung protective ventilation 
(LPV) [11]. Broadly speaking, these strategies have become 
the foundation for ventilator management in ARDS.

In the event that these lung protective strategies are insuf-
ficient in achieving acceptable oxygenation, clinicians have 
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several choices in two broad categories of  intervention. First 
the clinician may consider the use of advanced  ventilation 
strategies such as pressure-controlled ventilation (PCV) 
including airway pressure release ventilation (APRV) or 
high-frequency oscillatory ventilation (HFOV). In addition 
there are adjunctive treatments such as prone positioning, 
neuromuscular blockade, and selective pulmonary vasodila-
tors that may be added. Finally, failing all of these, ECMO 
is emerging as a modality that can be used. It is notable that 
these choices are not mutually exclusive, and patients with 
unique ventilator strategies often concomitantly receive 
combinations of multiple therapies. In the chapter that fol-
lows, the reader will be provided more detailed descriptions 
of these “advanced” treatments for patients with severe 
ARDS.

 Airway Pressure Release Ventilation (APRV)

 Concept Background

Airway pressure release ventilation (APRV) was first 
described by Downs and Stock in 1987 as continuous posi-
tive airway pressure (CPAP) combined with a time-cycled 
expiratory release to allow ventilation of carbon dioxide [12, 
13]. APRV is really an extension of inverse I:E ratio ventila-
tion work published in the 1980s that had suggested improved 
oxygenation while maintaining lower peak inspiratory pres-
sures (PIP) [14]. Unlike normal respiration that consists of a 
short inspiratory phase and prolonged expiratory phase, dur-
ing APRV the majority of the respiratory cycle is spent with 
the lung inflated (THigh, 85–90% of respiratory cycle) at high 
mean airway pressures (PHigh), with brief time-cycled releases 
(TLow) or expiratory phase at low pressure (PLow) (Fig. 18.1). 
During these releases, exhalation occurs, albeit very briefly. 
In this way, mean airway pressure (MAP) is maintained at 
high levels to facilitate oxygenation. The concept of MAP is 

important to understanding the purported benefits of APRV 
and is calculated as follows:

 
M P T P T T TAP High High Low Low High Low= ´( ) + ´( ) +( )/  

Thus as lungs spend the majority of every minute at high 
pressure (TH) during APRV, the mean airway pressure is pro-
portionally higher, translating into more time when the lung 
is open and available for gas exchange compared to the rela-
tively short inspiratory duration during standard ventilation. 
This is thought to be most beneficial when lungs are stiff and 
noncompliant, as in ARDS.

Another important concept in APRV is that spontaneous 
inspiratory and expiratory cycles can occur independently 
from the time cycle set in APRV. In fact, during the high- 
pressure (PH/TH) phase in a spontaneously breathing patient, 
spontaneous respiration can continue while the lung is 
“open,” decreasing work of breathing, enhancing gas 
exchange, and allowing further carbon dioxide removal [15]. 
Such breathing can therefore augment gas exchange that 
occurs during the airway release and APRV low-pressure 
phase (PL/TL) (Fig. 18.1).

After its description, there was considerable variability in 
how APRV was implemented, with most variability around 
duration of the CPAP high-pressure phase in relation to the 
airway release phase. A major obstacle to early APRV imple-
mentation was that ventilators during the era of its descrip-
tion did not yet offer the modality. Inclusion of APRV and its 
analogs as new modes in ventilators and popularization of a 
protocolized strategy by Habashi et al. during the mid-2000s 
further advanced the mode. This “Habashi protocol” recom-
mended the use of prolonged THigh and very brief TLow dura-
tion based on lung mechanics and slopes of expiratory flow 
curves [15]. The protocol also outlined initial settings and 
titrations according to dynamic physiologic parameters. This 
protocol for APRV continues to be one of the most com-
monly encountered formats of APRV in clinical practice.
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Many of the benefits of APRV are thought to be a conse-
quence of its use in spontaneously breathing patients. It 
allows patient-initiated ventilation during the high-pressure 
phase, while the lungs are maximally recruited, promoting 
decreased V/Q mismatch, preferential aeration of dependent 
lung adjacent to a functioning diaphragm, and decreased 
intrapulmonary shunting [17]. Numerous studies have also 
suggested that APRV also reduces the need for sedation and 
neuromuscular blockade when compared to standard modes 
of ventilation [18, 19]. This is thought to be consequent to 
better patient comfort as well as ease of weaning to conven-
tional spontaneous modes of ventilation as the patient’s sta-
tus improves. Although spontaneous breathing is thought to 
offer an advantage, it is not “required,” and in paralyzed or 
heavily sedated patients, APRV is really analogous to 
pressure- controlled ventilation [20].

 Technique

Initial settings in APRV are a function of the underlying 
compliance of the lung. In many cases, patients may be on 
pressure-controlled modalities with high PEEP prior to tran-
sitioning to APRV. Static pressure volume curves are utilized 
to ensure that lung inflation is maximized at or near func-
tional residual capacity (FRC). TL should be minimized but 
still allow adequate exhalation (absence of flow) to prevent 
breath stacking and avoid auto-PEEP [20]. It is usually desir-
able to maintain MAP at least at the level being used before 
transitioning to APRV. It is therefore important to note the 
MAP in the preceding mode prior to choosing APRV settings 
(Table 18.1).

There is some debate about additional support for sponta-
neous breaths taken during APRV. Although additional pres-
sure support can be added to aid spontaneous breathing 
during inspiration during PHigh, APRV purists discourage this 

support, concerned about detrimental effects on airway pres-
sure and alteration of physiologic sinusoidal flow during 
spontaneous breaths [20]. Many, however, will accept some 
form of tube compensation (when available) as it is not 
thought to contribute significantly to additional inspiratory 
pressures.

As patients recover and lung compliance improves, FiO2 
should be weaned to 40–60%. PHigh is next gradually 
decreased and Thigh increased, colloquially known as “drop-
ping and stretching.” Cessation of APRV usually occurs 
when the FiO2 has reached a normal level (30–50%) and 
PHigh is ≤16 cmH2O, at which point patients can be transi-
tioned to pressure support ventilation or CPAP that maintains 
similar MAP. There are some enthusiasts, however, who will 
continue the modality much longer, at least until the “stretch” 
becomes impractical.

The safety of APRV has been well established in diverse 
populations, including post-cardiac surgery patients, vascu-
lar surgery patients, prone patients with ARDS, children, and 
even the morbidly obese [17, 21–24]. APRV must however 
be used with caution in select situations. Increasing mean 
airway pressure and intrathoracic pressure can potentially 
lead to hemodynamic instability due to impaired venous 
return, although numerous reports have suggested that APRV 
may actually have no effect or even favorably affect hemo-
dynamic parameters, including cardiac output, oxygen deliv-
ery, and splanchnic blood flow [23–25]. Additionally, APRV 
is contraindicated in patients with severe obstructive lung 
disease and a prolonged expiratory time due to the short 
release phase and the risk of breath stacking and auto-PEEP 
[20]. Because of the pressures being applied, pneumothora-
ces can quickly develop tension physiology, so vigilance is 
required for patients undergoing APRV that experience sud-
den hemodynamic instability. Overall, the modality requires 
expertise and training at all levels, including respiratory 
therapists, residents, fellows, and faculty.

Proponents of APRV argue that high levels of continuous 
positive airway pressure inflate the lung for a prolonged 
period, facilitating recruitment of alveolar units and minimiz-
ing atelectrauma and ventilator-induced lung injury (VILI) 
from repeated opening and closure of the alveoli. If true, this 
suggests APRV as an ideal modality for the treatment of 
ARDS. However, as discussed below, human trials have not 
consistently shown a benefit of APRV in such patients.

 Evidence

There are multiple studies that show clear improvement in 
oxygenation with the use of APRV, but it remains unclear if 
these improvements translate to an effect on mortality, ICU 
stay, or other outcome measures [14, 17, 22, 26–28]. Varpula 
et al. have reported results from a randomized trial of APRV 

Table 18.1 Settings in APRV

Setting Abbreviation Description Initial setting

Time 
high

TH Time (seconds) at 
high pressure 
(CPAP)

4–6 s

Pressure 
high

PH Pressure (cmH2O) 
maintained for TH, 
equivalent to CPAP

20–30 cmH2O 
(below upper 
inflection point 
of static PV 
curve)

Time 
low

TL Time (seconds) at 
low pressure

0.2–0.8 s

Pressure 
low

PL Pressure (cmH2O) 
maintained for TL, 
equivalent to 
low-pressure CPAP 
or PEEP

0–5 cmH2O 
(above lower 
inflection point 
on static PV 
curve)
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versus synchronized intermittent mechanical ventilation 
(SIMV) in patients with ARDS that showed decreased inspi-
ratory pressures with APRV but no difference in physiologic 
parameters, ventilator-free days, or clinically significant out-
comes including mortality [29]. Subsequently, Maxwell 
et al. reported results from their randomized control trial of 
APRV versus low tidal volume ventilation in trauma patients 
with ALI, also showing no significant differences in clinical 
outcomes [30]. Despite these results, a recent retrospective 
review by Andrews et al. in 2013 suggested that “early use of 
APRV reduced both incidence and mortality associated with 
ARDS as compared with …conventional mechanical venti-
lation for treatment of ARDS” [28]. The authors further sug-
gest the intriguing possibility that early application of APRV 
may prevent development of ARDS [28]. If confirmed in 
future studies, APRV might be of benefit as a first-line 
modality, rather than a rescue approach for failing patients.

Complicating analysis of APRV outcomes is the variabil-
ity in what has historically termed “APRV,” as there is no 
consensus definition or protocol for the modality. Variability 
in trademarks used by ventilator manufacturers, such as 
“Bi-Level,” “Bi-Vent,” and “APRV/Biphasic,” and differ-
ences in the application of APRV (e.g., 75% TH:TL vs 90% 
TH:TL ratio) further limit comparison [31]. Given this, it 
would be advantageous for future studies to utilize standard 
nomenclature to facilitate comparison of results.

As our cumulative experience approaches 30 years, APRV 
has been widely applied in a number of diverse patient popu-
lations. Despite clear evidence of a mortality benefit, APRV 
at least remains a useful adjunct in patients with severe 
hypoxia where conventional ventilation requires high peak 
inspiratory pressures. Future work should reveal if more 
widely adopted APRV can actually prevent some cases of 
ARDS. For now, APRV and the physiologic principles behind 
it are valuable to the clinician who favors an “open lung” 
strategy in caring for patients with severe respiratory failure.

 High-Frequency Oscillatory Ventilation 
(HFOV)

 Concept Background

High-frequency oscillatory ventilation (HFOV) utilizes an 
oscillator pump to rapidly deliver very small tidal volumes 
(1–4 mL/kg) at high frequency (3–15 Hz) around a set mean 
airway pressure (PAW or mPAW). The technique was initially 
developed in the early 1970s as an experimental model to 
limit hemodynamic consequences associated with conven-
tional positive pressure ventilation [32–34]. Similar to 
APRV, HFOV seeks to maintain mean airway pressures at 
levels higher than those achieved in conventional ventila-

tion. Alveolar units are recruited at high mean airway pres-
sures near the maximum FRC, facilitating oxygenation and 
decreasing V/Q mismatch. By using relatively small tidal 
volumes, HFOV is thought to limit volutrauma and atelec-
trauma due to minimal opening and closing of alveolar units. 
In combination, this has been theorized to prevent the subse-
quent downstream inflammatory cascade (biotrauma).

Unlike other modalities, HFOV does not rely on 
 physiologic tidal volumes for ventilation and gas exchange, 
with tidal volumes routinely chosen below the volume of 
anatomic dead space. Gas exchange during HFOV therefore 
occurs via a complex interplay of micro-ventilation and con-
vective currents along the airways [35]. Several of these 
mechanisms have been summarized in Fig. 18.2 below, 
including turbulence of flow in the large airways that facili-
tates gas mixing; the pendelluft effect, whereby gas moves 
“between lung regions with different compliance and time 
constraints”; radial mixing based on venturi currents; longi-
tudinal dispersion from rapid central jets of airflow; and aug-
mented molecular diffusion as gas is absorbed at the 
alveolar-capillary membrane [36].

 Technique

Initial settings for HFOV were a source of debate among trial 
authors that culminated in publication of a detailed protocol for 
implementation of HFOV by Fessler et al. [37]. Fundamental 
settings for HFOV include the mean airway pressure (mPAW, 
usually 28–30 cmH2O), inspired oxygen concentration (FiO2), 
amplitude (ΔP = 90 cmH2O), oscillatory frequency (usually 
3–5 Hz), inspiratory/expiratory ratio (I:E, usually 1:2), and bias 
gas flow (usually 30–40 lpm). Recruitment maneuvers are fre-
quently required during initiation of HFOV to facilitate lung 
expansion. Hypercapnia is tolerated down to a pH of 7.25, and 
in the event excessive respiratory acidosis develops, increasing 
ventilation is “achieved with frequency as the primary adjust-
ment, rather than the oscillation pressure amplitude” [37]. 
Weaning of HFOV settings involves lowering FiO2 and mean 
airway pressures as the lungs improve.

Proponents of HFOV argue that there is a clear improve-
ment in oxygenation, at least in the first 24 h after initiation 
of HFOV [38, 39]. Low tidal volume ventilation, of which 
HFOV is an extension, has been suggested to decrease volu-
trauma and VILI in ARDS [3]. Furthermore, HFOV enables 
elevated positive mean airway pressure which in turn mini-
mizes cyclic opening and collapse (atelectrauma) of lung 
units, as well as facilitating lung recruitment [35].

In contrast to other modes of ventilation, there are several 
obstacles to the use of HFOV. Currently, there are very few 
adult HFOV ventilators that are commercially available [34]. 
Like APRV, elevated mean airway pressures associated with 
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HFOV can have adverse hemodynamic consequences, 
requiring particular caution in patients receiving vasopres-
sors or hemodynamic instability [37]. Similarly, obstructive 
airway disease is a contraindication to HFOV due to risk of 
breath stacking and auto-PEEP. Unlike PCV and APRV, 
HFOV requires heavy sedation and often paralysis due to 
patient intolerance and is therefore less desirable for sponta-
neously breathing patients.

 Evidence

HFOV was initially applied enthusiastically to neonatal 
patients with respiratory distress syndrome of prematurity; 
however early trials showed mixed results. In 1989, the HIFI 
Study Group reported in a multicenter randomized trial that 
HFOV “did not reduce the incidence of bronchopulmonary 
dysplasia, did not produce more effective gas exchange, was 
not associated with decreased ventilator support, and did not 
reduce overall mortality” [40]. Importantly, it should be 
noted that this study preceded routine administration of 
exogenous surfactant for NRDS. A subsequent randomized 
trial by Johnson et al. in 2002 supported these findings, 
showing no significant difference in outcomes when com-
paring HFOV to conventional mechanical ventilation [41]. 
In contrast, Gerstmann et al. (1996) in a prospective random-
ized trial of 125 newborns showed a reduction in both acute 
and chronic lung injury when HFOV with surfactant and 

recruitment maneuvers was utilized when compared to con-
ventional ventilation [42]. Numerous subsequent trials have 
been performed, with similarly mixed results [43].

In 1997 Fort et al. published the first case series of adult 
patients with ARDS who were rescued with HFOV [44]. 
This pilot study suggested that HFOV was both safe and 
effective in patients with ARDS that had failed conventional 
ventilation. Enthusiasm for the use of HFOV to treat adult 
patients with ARDS coincided with increasing understand-
ing of the pathophysiology of ARDS and VILI, specifically 
the low tidal volume strategy suggested by ARDSNet. 
HFOV, which by design utilizes very low tidal volumes, 
seemed a logical extension of this philosophy and therefore 
garnered significant interest as a treatment for adult ARDS.

HFOV use was further bolstered by two subsequent studies. 
Derdak et al. published the first multicenter randomized con-
trolled trial in 2002 comparing HFOV to conventional ventila-
tion [38]. This study suggested that HFOV improves early 
oxygenation in ARDS, albeit without a statistically significant 
improvement in overall mortality. A similar randomized trial 
also suggested benefit of HFOV over conventional ventilation in 
more severe cases of ARDS, although it was stopped prema-
turely due to lack of enrollment [39]. During this period of 
enthusiasm, the chugging sound of the HFOV ventilators was 
heard more frequently in adult critical care units than ever before.

Following these promising results, two subsequent large, 
well-designed multicenter randomized trials, the OSCAR 
and OSCILLATE trials, brought into question the utility of 

Fig. 18.2 HFOV, schematic representation of oscillator circuit, control variables, and mechanisms of gas exchange [35]

18 Advanced Modalities and Rescue Therapies for Severe Respiratory Failure



198

HFOV for treatment of adult ARDS. The OSCAR trial com-
pared HFOV to usual-care controls in 795 patients and ulti-
mately showed no significant difference in all-cause mortality 
at 28 days (41.7% in HFOV vs 41.1% in conventional venti-
lation, p = 0.85) [45]. Subsequently, the OSCILLATE trial of 
548 patients with moderate-to-severe ARDS was stopped 
prematurely due to worsened mortality difference in the 
HFOV group (47% in HFOV vs 35% in low tidal volume/
high PEEP) [46]. The OSCILLATE authors concluded that 
“early application of HFOV, as compared with a ventilation 
strategy of low tidal volume and high positive end- expiratory 
pressure, does not reduce, and may increase, in-hospital 
mortality” [46].

Following publication of these well-designed trials, numer-
ous authors have questioned the use of HFOV in adult patients 
with moderate-to-severe ARDS [47, 48]. Despite initial 
enthusiasm for HFOV, at the current time, the use of HFOV 
has not been shown to offer any advantages to adult patients 
with ARDS when compared to low tidal volume ventilation 
and may even be deleterious, and therefore the use of HFOV 
in adult ARDS is currently not recommended [35, 49].

For neonatal ARDS, a recent Cochrane Review includes 
an updated meta-analysis of the 19 randomized trials to date 
comparing HFOV to conventional ventilation for acute pul-
monary dysfunction in preterm infants. Their results suggest 
that HFOV may provide a “small reduction in chronic lung 
disease” in newborns, but the effect size was weak due to 
numerous inconsistent studies. They further noted that “most 
trials reporting long-term outcome” have not identified sig-
nificant differences [43]. Despite this modest effect, HFOV 
is still routinely used in the neonatal setting.

 Prone Positioning

 Concept Background

The potential benefits of alternative positioning on lung aera-
tion in ARDS were first suggested by Piehl et al. four decades 
ago [50]. The idea is to reposition patients to redistribute 
West zones and thereby improve ventilation- perfusion mis-
match by recruiting atelectatic lung. For supine ventilated 
ICU patients, the biggest practical redistribution can occur 
by positioning them facedown (prone) for a specified period 
of time. Periodically placing patients prone was theorized to 
promote alveolar recruitment by constantly transitioning 
antedependent and dependent lung zones, thereby minimiz-
ing dependent atelectasis. This redistribution of ventilation 
to a more homogenous pulmonary system is thought to 
reduce overdistention (barotrauma) of the ventral alveolar 
units that are preferentially ventilated in the supine position, 
as well as decrease inflammatory responses due to atelec-
trauma in the dependent lung [51–53].

 Technique

Placing patients in the prone position requires multiple per-
sonnel, ideally trained and experienced in the technique. As 
described by Guérin et al., the first step is to ensure that all 
lines and the ventilator circuit are of sufficient length, pro-
tected, and well secured prior to turning a patient. The patient 
must be adequately sedated and hemodynamically stable 
prior to placing in the prone position. Pressure points, includ-
ing the knees, iliac crests, forehead, and thorax, are protected 
with adhesive skin protectors or other padding to prevent 
pressure sores, and the eyes are similarly protected by taping 
shut. At least three staff are required, one person at the head 
to ensure the endotracheal tube is secured and the head 
remains neutral and the other two on each side to slide and 
position the patient. The ipsilateral arm is tucked prior to 
turning the patient on their side, after which EKG electrodes 
are placed on the back, and then the patient is then fully 
turned to the prone position. Once in the prone position, the 
head is turned to either side ensuring adequate access to the 
endotracheal tube. Importantly, the head is positioned to 
alternating sides every 2 h to prevent pressure ulceration [54].

There have been a number of commercially available 
rotary beds designed specifically for prone positioning that 
in our experience do facilitate the process. These beds can 
simplify and expedite patient rotation, a feature particularly 
helpful in the case of emergencies such as cardiac arrhyth-
mias or inadvertent extubation. However, as rightly pointed 
out by Gattinoni and others, prone positioning does not 
require such special equipment, with the caveat that it is per-
formed by specifically trained personnel and undertaken 
with great care to minimize the risk of any potential life- 
threatening complications [53]. Limitations to the wide 
applicability of this technique include the added care require-
ments and training needed to safely perform this maneuver 
and the need for alternative management strategies for emer-
gencies. Strict contraindications to prone positioning include 
spinal instability and elevated intracranial pressure; however 
there are a number of relative contraindications, including 
open abdominal wounds, unstable fractures, pregnancy, and 
hemodynamic instability, among others [53].

 Evidence

In the late 1990s with increasing understanding of the patho-
physiology of VILI, prone positioning became more popular 
as a possible treatment for ARDS [55]. This was based 
mostly upon several pilot studies that suggested prone posi-
tioning improves oxygenation in cases of severe hypoxemic 
respiratory failure (reviewed in [56]). However, until 
recently, high-quality data supporting a mortality benefit for 
proning patients with ARDS were lacking.
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Since the late 1990s, five randomized controlled trials 
have been published evaluating prone positioning in 
moderate- to-severe ARDS [57–60]. The two earliest trials 
utilized short duration prone positioning (6–8 h/day for 
4–5 days) in patients with mild-to-moderate ARDS 
(PaO2:FiO2 ratios 127–152) and found no difference in mor-
tality [57, 58]. It is noteworthy that both protocols predated 
low tidal volume strategies and included patients with only 
moderate ARDS, which combined with short duration might 
in retrospect explain the lack of effect on mortality. 
Subsequently, Mancebo et al. reported work from their 
 prematurely stopped trial (low enrollment) that suggested 
improved mortality with longer duration prone positioning 
in patients with moderate-to-severe ARDS using a volume- 
controlled strategy [59]. Unfortunately their sample size pre-
cluded statistical significance, a handicap shared by the 
similarly designed trial reported by Taccone et al. in 2009 
[60]. Finally, the recent PROSEVA trial suggests that early 
prone positioning actually improves outcomes in patients 
with moderate-to-severe ARDS, by demonstrating signifi-
cantly lower 28-day mortality (16.0% vs 32.8%, HR 0.39, 
p < 0.001), a difference that persisted at 90 days (23.6% vs 
41.0%, p < 0.001) [54]. Interestingly, patients in this trial 
spent more time prone than they did supine (16 h/day) dur-
ing the roughly 4-day-long intervention. It is also important 
to recognize that their strict selection criteria included only 
patients with moderate-to-severe ARDS, having the lowest 
average PaO2:FiO2 ratio on enrollment of 100, and all 
patients received a low tidal volume ventilation strategy 
(Tv ≤ 6 mL/kg). To date, this is the strongest evidence that 
placing patients with severe ARDS prone improves 
mortality.

It is also critical to recognize the specific risks associated 
with prone positioning. By far the most common complica-
tion reported is that of pressure ulcers, with rates as high as 
30% [56]. Perhaps the most fearsome complication in 
patients with moderate/severe ARDS is that of accidental 
extubation, which has been reported in almost 7% of patients 
[56]. As one might predict, there are also dislodgements of 
central venous catheter (4.8%) and thoracic drains (1.4%), as 
well as reports of pneumothorax (4.8%) [56]. It is therefore 
worth repeating the admonitions by Gattinoni and others that 
prone positioning in these critically ill patients be performed 
with great care.

In summary, prone positioning appears to provide some 
mortality benefit in patients with severe ARDS. It has there-
fore been endorsed as an adjunct to low tidal volume strate-
gies in patients with advanced respiratory failure due to 
ARDS [61]. Although greatly facilitated by specialty beds, it 
is a simple maneuver that does not require such equipment, 

provided that staff are adequately trained. This technique can 
be performed safely in a wide variety of intensive care units; 
however providers must be aware of its attendant complica-
tions. Further study needs to be performed to see if this mor-
tality benefit will persist in the era of “open lung” ventilation 
with high PEEP.

 Neuromuscular Blocking Agents (NMBAs)

 Concept Background

Neuromuscular blocking agents have been utilized for over 
30 years in the management of severely ill patients on 
mechanical ventilation. In 1995, the Society of Critical Care 
Medicine (SCCM) published the first guideline that includes 
the use of NMBAs for ARDS in critically ill patients, and 
NMBAs are also included in subsequent guideline updates 
in 2002 and 2016 [62, 63]. A recent study on the current 
epidemiology and treatment of ARDS reported that NMBAs 
are used in approximately 38% of patients with severe 
ARDS [1].

Several putative mechanisms for the beneficial effect of 
NMBAs in severe respiratory failure have been proposed. 
NMBAs neutralize patient-ventilator dyssynchrony by para-
lyzing the diaphragm and intercostal musculature, minimiz-
ing the work of breathing. NMBAs have been theorized to 
decrease barotrauma and atelectrauma related to increased 
chest wall and lung compliance while also improving V/Q 
mismatch. Supporters of NMBA use point to improvements 
in oxygenation with continuous cisatracurium therapy [64]. 
In addition, the use of NMBAs has been shown to decrease 
inflammatory mediators when used in ARDS and by infer-
ence presumably biotrauma [65].

The main contraindications to NMBA use have histori-
cally been the associated risks of cardiac side effects, hista-
mine release, and associated myopathy from continued use. 
Due to vagolytic activity of NMBAs, tachycardia is a fre-
quent side effect of administration, which can exacerbate 
coronary disease and myocardial oxygen demand. Caution 
should be used in administration to patients with pre-existing 
tachycardia or known severe coronary disease. The use of 
steroid-based preparations such as vecuronium has been 
associated with increased rates of ICU-related myopathy and 
weakness [66–68]. It should be noted that cisatracurium does 
not typically cause histamine release and causes only mild 
tachycardia, thus favoring its use. Finally, the use of NMBAs 
also requires continuous sedation, which tends to be heavy to 
avoid the risk of recall. Heavy sedation has myriad side 
effects addressed elsewhere in this text.
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 Technique

Current guidelines support the use of cisatracurium as a con-
tinuous infusion for neuromuscular blockade in the ICU. In 
our practice, a single bolus dose of 0.15–0.2 mg/kg is given 
over 3–5 min, followed by a continuous infusion at 0.05–
0.3 mg/kg/h. Prior to initiating neuromuscular blockade, a 
peripheral nerve stimulator (PNS) should be placed to moni-
tor train-of-four (TOF) response. Importantly, PNS monitor-
ing alone is inadequate to safely monitor response to 
NMBAs, and PNS monitoring must be accompanied by fre-
quent advanced clinical assessments [63]. Concomitant 
physical therapy should be performed to mitigate the risk of 
myopathy due to immobility, and frequent turns with skin 
assessments are mandatory during NMBA therapy. Finally, 
NMBAs lack analgesic, sedative, or amnestic properties, and 
therefore adequate sedation must be ensured prior to  initiating 
neuromuscular blockade. Such sedation is most commonly 
administered during neuromuscular blockade.

 Evidence

To date, three large randomized multicenter trials have been 
published examining the role of NMBAs in ARDS, all from 
the Papazian group. In 2004, they found that patients with 
PaO2:FiO2 ratios <150 had improved oxygenation after 
administration of NMBA when compared to controls [64]. 
Subsequent work further supports the benefit of neuromus-
cular blockade for 48 h in the early treatment of severe 
ARDS (PaO2:FiO2 ratio <150) [69]. Although mortality did 
not significantly differ between the treatment groups, when 
groups were stratified based on severity of illness (APACHE 
II score), PaO2:FiO2 ratio, and plateau pressure, a significant 
improvement in mortality was suggested. Importantly, there 
was no difference in the incidence of ICU myopathy between 
the two groups in this study. Further studies are ongoing to 
solidify the role for NMBAs in the treatment of ARDS, with 
numerous authors currently supporting early use of NMBAs 
in the treatment of severe ARDS (P:F ≤ 150) [63].

 Selective Pulmonary Vasodilators (SPV)

 Concept Background

Selective pulmonary vasodilators (SPV), including inhaled 
nitric oxide (iNO) and inhaled prostacyclins such as epopro-
stenol (iEPO), have been used extensively as adjunctive 
treatments for severe hypoxic respiratory failure. SPV cause 
pulmonary vascular vasodilation that improves perfusion to 
the ventilated lung (decreasing V/Q mismatch), thereby 
improving gas exchange. iEPO and other prostacyclins bind 

to endothelial cell prostaglandin receptors, while nitric oxide 
acts via soluble guanylate cyclase enzyme, both with the end 
result of causing smooth muscle relaxation in endothelial 
cells via a cAMP-mediated pathway. As inhaled agents with 
extremely short half-lives (45 s–3 min), both drugs have lim-
ited systemic side effects and upon inhalation act rapidly on 
the pulmonary vasculature [70].

 Technique

iNO and iEPO are administered in-line with the ventilator 
circuit and require specialized training in their administra-
tion. Because it is cheaper and requires less equipment (sim-
ple nebulizer), iEPO is typically the first therapy used. 
Therapy can be initiated at 50 ng/kg/min and then weaned as 
tolerated. Numerous studies suggest that the optimal dose to 
yield clinically significant increase in PaO2 and reduction in 
pulmonary artery pressures is 20–30 ng/kg/min in adults and 
30 ng/kg/min in pediatric patients [70–72]. When therapy is 
no longer necessary, the dose is typically halved until 
≤12.5 ng/kg/min and then stopped. Care must be taken not to 
wean iEPO too rapidly as rebound pulmonary hypertension 
can occur.

iNO administration requires specialized equipment that 
mixes and meters the gas into the ventilator circuit. For 
iNO, patients that respond will do so almost immediately 
with improved oxygenation and decreased pulmonary arte-
rial pressures. Therapy is typically started at 5–10 ppm 
and over the course of 5 min titrated up to clinical effect 
or the maximum dose of 40 ppm. Given the significant 
costs associated with iNO, if substantial improvement in 
oxygenation or pulmonary hypertension/cardiac output is 
not observed, then iNO should be rapidly weaned and dis-
continued over the ensuing 5–10 min. In contrast, when 
patients manifest a favorable clinical response, therapy 
may be continued until their clinical condition allows 
discontinuation. In this setting, iNO is generally weaned 
5–10 ppm/h as patients tolerate.

 Evidence

Enthusiasm for the treatment of ARDS with inhaled nitric 
oxide coincided with work in the 1990s that showed pulmo-
nary vasodilation, improved pulmonary vascular resistance, 
and improved oxygenation in patients with ARDS [73, 74]. 
Three early multicenter trials examined the benefit of nitric 
oxide in the treatment of ARDS and found that despite a 
clear improvement in oxygenation, there was no clear 
impact on mortality [75–77]. Subsequent work by Taylor 
et al. showed that low-dose nitric oxide therapy results in 
“short- term oxygenation improvements but has no substan-
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tial impact on the duration of ventilatory support or mortal-
ity” [78]. A recent Cochrane Systematic Review of inhaled 
nitric oxide suggests no significant benefit in overall mortal-
ity when patients with ARDS were treated with inhaled 
nitric oxide [79]. While oxygenation is consistently 
improved at 24 h of treatment, this benefit is not sustained 
and does not appear to translate into improvements in venti-
lator-free days. In addition, the review shows sufficient 
high-quality evidence to suggest a worrisome association 
between inhaled nitric oxide and acute renal failure when 
used for ARDS [79].

Data supporting the use of iEPO are significantly lacking. 
There are published data suggesting that iEPO and iNO 
improve oxygenation and PaO2:FiO2 ratios with near identi-
cal efficacy in patients with ARDS [70, 71]. Similar to iNO, 
there are no data showing improvement in outcomes. The 
single prospective iEPO trial, done in children with ALI, 
shows the now familiar improvement in oxygenation with-
out improvement in 28-day mortality [72]. Accordingly, the 
most recent Cochrane for iEPO concluded that there is “no 
current evidence to support or refute the routine use of aero-
solized prostacyclin for patients with ALI and ARDS” [80].

At this juncture it is unclear whether inhaled SPV should 
be routinely used for severe ARDS. While there are solid 
data showing improved oxygenation, no clear mortality 
benefit has been demonstrated. Questions of efficacy aside, 
the primary limitation of these agents is cost. Specifically, 
inhaled nitric oxide treatment is extremely expensive, often 
costing several thousand dollars per day of therapy. By 
comparison, iEPO has been shown to be substantially 
cheaper (4.5–17 times less) than iNO treatment [81]. Despite 
these costs, these agents are commonly used and are there-
fore included in the refractory hypoxemia pathway. For 
patients reaching this point in the algorithm, available data 
suggest that these agents may be removed from future path-
ways, going directly from other modality failures to extra-
corporeal support.

 Extracorporeal Membrane Oxygenation 
(ECMO)

 Concept Background

Robert Bartlett is commonly credited with developing 
ECMO and reported its first successes in children [82]. 
Successful prolonged extracorporeal membrane oxygen-
ation (ECMO) for severe respiratory failure in an adult was 
first reported in 1972 by Hill et al. [83]. Despite initial 
enthusiasm, two early randomized prospective trials of 
veno-venous ECMO for severe hypoxic respiratory failure 
and carbon dioxide removal did not show a survival benefit 

[84, 85]. However, in the ensuing decades, technical 
advancements with ECMO circuits and cannulae, improve-
ments in the understanding and treatment of severe ARDS, 
and persistent excellent outcomes in the neonatal population 
led to renewed interest in the use of ECMO for severe 
hypoxic respiratory failure and ARDS in adults. A turning 
point came in 2009 with the worldwide H1N1 influenza pan-
demic, during which numerous patients presented with 
severe hypoxemic respiratory failure, with up to 1/3 receiv-
ing ECMO as a life-saving salvage therapy for their refrac-
tory respiratory failure [86, 87]. Since the H1N1 pandemic, 
interest and research in ECMO have intensified, and ECMO 
has been expanded to a diverse array of indications, includ-
ing the prehospital setting for cardiac arrest [88]. Numerous 
challenges still exist, most notably how to identify those 
patients most likely to benefit from this invasive and poten-
tially morbid intervention.

 Technique

In its simplest form, an ECMO circuit consists of large bore 
(27–31 Fr) inflow and outflow cannulae that circulate blood 
through an external membrane oxygenator via a centrifugal 
pump. During veno-venous ECMO (VV-ECMO), deoxygen-
ated blood is diverted from the venous circulation by a per-
cutaneous cannula. Blood oxygenation and gas exchange 
occur during circulation through a large surface area hollow- 
fiber membrane oxygenator. Oxygenated blood is then 
warmed and introduced into the circulation via the outflow 
cannula (Fig. 18.3a). Newer cannula designs have allowed 
diversion and return of deoxygenated/oxygenated blood 
through a single dual-lumen cannula as shown in Fig. 18.3b. 
In situations of mixed or combined pulmonary and cardiac 
failure, a venous-arterial ECMO (VA-ECMO) circuit or 
mixed (VVA-ECMO) circuit may be utilized with venous 
extraction and arterial return via an arterial outflow cannula 
(not shown). A related technique involves extracorporeal cir-
culation with extraction of carbon dioxide with limited oxy-
genation (and no pump) and is termed extracorporeal CO2 
removal (ECCO2-R).

Following cannulation and initiation of extracorporeal 
support, mechanical ventilation is continued at very low tidal 
volumes, a practice that has been termed “lung rest.” Most 
authors suggest ultra-protective tidal volume ventilation 
with low tidal volumes, a respiratory rate of 4–5 bpm, low 
PEEP (10 cmH2O), and PIP (<20 cmH2O above PEEP), 
although no consensus exists [89].

While benefits of ECMO include temporary systemic 
oxygenation with lung rest that can lessen biotrauma and 
allow resolution of acute inflammation, there are numerous 
risks, and therefore patient selection remains tantamount to 

18 Advanced Modalities and Rescue Therapies for Severe Respiratory Failure



202

Blender

Oxygenator

Blender

Oxygenator

Pump

Console

Pump

Console

Cross-section of bicaval
dual-lumen cannula

a b

Fig. 18.3 2 Methods veno-venous extracorporeal oxygenation using (a) dual cannulae or (b) a single dual-lumen cannula [90]

success in those with severe ARDS. Indications include 
severe hypoxemia (PaO2:FiO2 ratio <80 mmHg on FiO2 
>0.9, despite aggressive PEEP), uncompensated  hypercapnia 
(pH < 7.15), and prohibitively high end-inspiratory plateau 
pressures (>35–45 cmH2O) [90]. Due to the risk of thrombo-
sis and clotting of the ECMO circuit, systemic anticoagula-
tion is necessary during ECMO therapy, so contraindications 

include recent or ongoing intracranial hemorrhage, severe 
bleeding, recent high-risk surgery, and other settings that 
preclude safe systemic anticoagulation. Relative contraindi-
cations to VV-ECMO include cases where there is not a rea-
sonable expectation of near-term recovery of pulmonary 
function, including cases of severe underlying systemic dis-
ease. Several scoring systems have been developed to assess 
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suitability for VV-ECMO, most recently the RESP-score 
which has been validated in adults with severe hypoxemia 
[91]. Because ECMO is an advanced therapy that requires 
24-h supervision by highly trained specialists, most agree 
that its use should be limited to specialized centers that have 
achieved experience with the therapy [90, 92].

 Evidence

To date, only three randomized trials have been published 
regarding the use of extracorporeal therapy in ARDS [84, 85, 
92]. The two earliest trials did not show a significant benefit 
of extracorporeal therapy in ARDS [84, 85]. However, both 
studies predate modern advances in the treatment of ARDS, 
including the low tidal volume and high-PEEP “open lung” 
strategy, perhaps making the results poorly generalizable to 
modern VV-ECMO treatment.

The CESAR trial in 2009 brought renewed enthusiasm 
for extracorporeal support for adults with severe respiratory 
failure and ARDS [92]. CESAR was a prospective, random-
ized trial in the United Kingdom in which 180 patients were 
enrolled and randomly allocated to consideration for treat-
ment by ECMO (n = 90) versus conventional management 
(n = 90). Although only 75% of the ECMO group ultimately 
received the treatment, 63% (57/90) of patients allocated to 
consideration for treatment by ECMO survived to 6 months 
without disability compared with only 47% (41/87) of those 
allocated to conventional management (relative risk 0.69; 
95% CI 0.05–0.97, p = 0.03).

Despite these encouraging results, the outcomes for adult 
ECMO remain sobering. Reported mortality ranges from 
25% in highly selected patients to as high as 60% [86]. A 
recent meta-analysis of VV-ECMO in ARDS reported a 
pooled mortality from 12 studies that was 37.7% (CI 
95% = 31.8–44.1; I2 = 74.2%), with the best mortality in 
patients with H1N1 (24.8 vs 40.6%; p = 0.027) [93]. While 
these mortality rates might at first seem unreasonably high, it 
is important to remember that most of these patients were 
failing advanced conventional therapies and many faced near 
certain death.

The most recent variation of extracorporeal technology 
utilizes extracorporeal pumpless arteriovenous approaches 
that remove CO2, also known as ECCO2-R. When combined 
with low tidal volume ventilation, this technology has been 
shown to be effective at CO2 removal associated with mod-
est improvement in oxygenation [94]. A recent prospective 
trial of this strategy suggests potential benefit in patients 
with severe hypoxemia (PaFiO2:FiO2 ≤ 150 mmHg) [95]. 
Importantly, mortality was low (16.5%), although this is 
undoubtedly a consequence of selection bias, as many of the 
sickest ARDS patients would not likely tolerate such therapy.

Any survival or outcome benefits must also be balanced 
by morbidities that can occur from ECMO. The most com-
mon complications are bleeding- and cannula-related com-
plications [93]. A recent meta-analysis of VV-ECMO 
suggests bleeding complications in 20–40% of patients [93]. 
Cannula-related complications have been reported in as 
many as 1/3 of patients undergoing VA-ECMO and include 
both limb ischemia and hemorrhage [96]. Fortunately, these 
cannula-related complications do not appear to have a large 
impact on mortality, but they are nevertheless a considerable 
source of morbidity for these patients. Infections are another 
significant comorbidity, with 10–12% of patients undergo-
ing ECMO experiencing hospital-acquired infections [97]. 
Finally, for patients undergoing VV-ECMO, a recent report 
suggests that 7% of these patients will suffer neurologic 
injury, with intracranial hemorrhage being the most com-
mon [98].

ECMO is slowly gaining more widespread adoption for 
the treatment of severe respiratory failure [99]. Given the 
limitations of the CESAR trial, it will be interesting to see 
whether their published benefits will be generalizable to 
other more heterogeneous health-care systems that provide 
ECMO therapy [100]. There is currently an ongoing large 
prospective randomized trial, the “Extracorporeal Membrane 
Oxygenation for Severe Acute Respiratory Distress 
Syndrome (EOLIA)” trial, that will hopefully further eluci-
date the benefits of ECMO therapy in patients with severe 
ARDS (clinicaltrials.gov, identifier: NCT01470703).

 Refractory Hypoxemia Pathway

It is recommended to develop a stepwise approach to man-
agement of refractory hypoxemia. Figure 18.4 outlines one 
such approach, where PEEP with or without recruitment 
maneuvers is first used to improve hypoxemia. Next, alter-
nate strategies including prone positioning, APRV or HFOV, 
or neuromuscular blockade may be attempted. Pulmonary 
vasodilators may also be trialed although evidence is admit-
tedly limited for this intervention. Failing all of these modal-
ities, VV- or VA-ECMO should be considered if the patient 
is an acceptable candidate.

 Summary

This chapter has focused on several commonly used advanced 
therapies available for respiratory failure. Low tidal volumes 
(4–8 mL/kg predicted body weight) with lower inspiratory 
pressures (plateau pressure <30 cmH2O), as well as prone 
positioning, are well-established interventions for ARDS. 
Current evidence does not support HFOV for treatment of 
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adult ARDS. An “open lung” strategy with recruitment 
maneuvers or APRV as well as neuromuscular blockade may 
be helpful, particularly in severe ARDS. While inhaled pul-
monary vasodilators showed initial physiologic promise, 
they have failed to deliver improvements in outcomes. 
Finally, VV-ECMO should be considered for suitable patients 
that experience hypoxemia that is refractory to advanced 
therapies.
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Acute Respiratory Distress Syndrome 
(ARDS)

Trista D. Reid and David A. Spain

 Introduction

Acute respiratory distress syndrome (ARDS) is one of the 
more challenging conditions faced by clinicians in the inten-
sive care unit (ICU), affecting a significant portion of mechan-
ically ventilated patients. The syndrome, an acute 
inflammatory lung injury characterized by diffuse alveolar 
damage and hypoxic respiratory failure, develops in approxi-
mately 10% of all ICU admissions and 23% of intubated 
patients [1]. The burden of disease is significant, with the 
incidence of ARDS cited as high as 86 per 100,000 person-
years and with a mortality of 40–50% in patients who develop 
this disease process [1, 2]. Many ARDS survivors have sig-
nificant physical and neuropsychological impairments that 
are difficult to quantify. The financial burden is more tangi-
ble; the costs incurred on the healthcare system from pro-
longed ICU stays are substantial, and the individual patients 
continue to have medical costs that average about $5000 to 
$6000 per year per patient, long after the acute insult has 
resolved. In addition, survival and discharge from the hospital 
are only partial victories; one third of these patients are dis-
charged to nursing homes, and 40% are readmitted to the hos-
pital within 2 years of discharge [3, 4]. Given the impressive 
morbidity and mortality associated with ARDS, a compre-
hensive understanding of this condition is a vital component 
in the ICU clinician’s arsenal. This chapter will discuss in 
depth the causes of ARDS, the available diagnostic tools cur-
rently used, and the evidence-based management strategies to 
combat this disease process.

 Definition

As a syndrome rather than a discreet disease, ARDS is com-
prised of a collection of symptoms, inevitably leading to a 
very nuanced and complex definition. The syndrome was ini-
tially described in 1967, with an official definition proposed 
by the American-European Consensus Conference (AECC) 
in 1994 [5, 6]. The definition was recently changed in 2011 
with the goal of developing a more precise classification to 
improve reliability and validity in predicting mortality. 
Known as the Berlin Definition, this updated designation 
describes ARDS as an acute, diffuse inflammatory lung 
injury that causes alveolar damage, leading to hypoxia, 
increased vascular permeability, and decreased lung 
compliance.

The criteria divide the degree of lung injury into three cat-
egories based on the arterial partial pressure of oxygen to 
fraction of inspired oxygen ratio (PaO2/FiO2 ratio). Mild 
ARDS is defined as a PaO2/FiO2 ratio of 200  mmHg to 
300 mmHg with positive end-expiratory pressure (PEEP) or 
continuous positive airway pressure (CPAP) greater than or 
equal to 5. The mild subset of ARDS allows for PEEP pro-
vided by noninvasive positive pressure ventilation. Moderate 
ARDS is defined as a PaO2/FiO2 ratio of 100  mmHg to 
200 mmHg with a PEEP greater than or equal to 5, while 
severe ARDS is defined as a PaO2/FiO2 ratio of less than or 
equal to 100 mmHg with a PEEP greater than or equal to 5. 
The Berlin Definition adds a component of timing to the syn-
drome, stipulating that the condition must develop within 
1 week of a known clinical insult or new or worsening respi-
ratory symptoms. The process must be associated with bilat-
eral opacities on chest imaging (chest radiograph or 
computed tomography scan) that are not fully explained by 
effusions, lobar/lung collapse, nodules, cardiac failure, or 
fluid overload. If no risk factors are present, an objective 
assessment such as echocardiography must be done to 
exclude hydrostatic edema [7]. Of note, the previous pulmo-
nary artery wedge pressure criterion was removed as part of 
the newer definition secondary to diminishing use of pulmo-
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nary artery catheters, as well as the understanding that con-
comitant fluid overload or cardiac failure may superimpose 
ARDS and thus these entities are not mutually exclusive. 
(Fig. 19.1, Table 19.1).

 Causes

While 20% of ARDS cases do not have a discernable cause, 
most can be attributed to either direct lung injury or indirect 
damage provoked by systemic factors. The most common 
inciting events include aspiration and sepsis. Other provoca-
tions include bacterial and viral pneumonia, near drowning, 
smoke inhalation, pulmonary contusions, trauma in general, 
pancreatitis, blood transfusion, burns, medication overdose, 
cardiopulmonary bypass, and fat embolism. Additional risk 
factors for the development of ARDS include age, smoking, 
alcohol use, lactic acidosis, and hypoalbuminemia.

 Diagnosis

As with most disease processes, diagnosis begins with the 
history and physical exam. Patients with ARDS develop 
dyspnea and hypoxic respiratory failure several hours to 
days after an inciting event. Physical exam may reveal fairly 
nonspecific findings of rales, tachypnea, tachycardia, and 
worsening oxygen requirements. Ruling out other treatable 
causes of dyspnea and hypoxia in the surgical patient is 

important. Tailored to each individual, a workup should 
consider the possibility of acute coronary syndrome, pulmo-
nary embolism, postoperative intra-abdominal leak or infec-
tion, and pulmonary edema from volume overload, among 
others. Depending on the patient, this investigation may 
involve a full set of labs including complete blood count, 
complete metabolic panel, lipase, cardiac enzymes, cul-
tures, brain natriuretic peptide, electrocardiogram, and 
imaging such as echocardiogram, plain films, or computed 
topography scan (CT). Blood gas analysis and radiographic 
confirmation of ARDS are inherent in the Berlin Definition 
and should be obtained. Regardless of whether or not ARDS 
has developed, correcting the underlying problem will expe-
dite recovery.

Ultimately, the diagnosis of ARDS is dictated by the 
Berlin Definition guidelines. The calculated PaO2/FiO2 ratio 
is less than 300, and the severity is subdivided below this 
threshold as previously outlined. Diffuse or patchy bilateral 
pulmonary opacities develop on chest radiography (CXR) 
secondary to proteinaceous interstitial edema. Both CXR 
and CT are acceptable for diagnosis, although CT is a slightly 
better diagnostic tool. If the modality used is CT, consolida-
tion is seen in the dependent regions of the lung early in the 
disease process, with a scattered background of ground-glass 
attenuation. Later, patchy reticular and ground- glass patterns 
can be seen, often in the nondependent areas of the lungs. 
This delayed presentation is often associated with pulmo-
nary cysts or bullae. The imaging studies may completely 
normalize within 10–14 days; however as many as 76% of 
patients with ARDS will continue to have residual evidence 
of the syndrome on imaging [8, 9] (Figs. 19.2 and 19.3).

 General Management Strategies

The management of ARDS is still in evolution. Because the 
syndrome is heterogeneous and provoked by disparate 
etiologies, not every patient is affected in the same way. 
Certain treatment regimens may work well in particular 
patient populations yet produce a limited response among 
others. As a result of this heterogeneity, some of the data 
available are contradictory or flawed, and many questions 
about treatment remain unanswered. The care is supportive 
at this point, focusing on allowing time for the damaged 
lungs to heal and addressing underlying correctable causes. 
The remainder of the chapter will focus on practical 
considerations in management and will discuss those 
evidence-based therapies that have been proven to reduce 
mortality, as well as some remedies that are in practice but 
have not yet demonstrated a mortality benefit.

Fig. 19.1 Typical appearance of ARDS on chest radiography: hetero-
geneous bilateral patchy opacities (Case courtesy of A.Prof Frank 
Gaillard, Radiopaedia.org, rID: 35985)
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The Berlin Definition
of ARDS

Mild ARDS
200 mm Hg < PaO2/FIO2 ≤
300 mm Hg with PEEP or

CPAP ≥ 5 cm H2O, can be non-
invasive positive pressure

ventilation

Moderate ARDS
100 mm Hg < PaO2/FIO2 ≤
200 mm Hg with PEEP ≥ 5

cm H2O 

Severe ARDS
PaO2/FIO2 ≤ 100 mm Hg
with PEEP ≥ 5 cm H2O 

Timing
Within 1 week of insult

or new/worsening
respiratory symptoms

Imaging
Bilateral opacities not explained by
effusion, lobar collapse, nodules,
cardiac failure, or fluid overload

Table 19.1 Berlin Definitions for ARDS

Fig. 19.2 Typical appearance of ARDS on chest radiograph: diffuse 
bilateral fluffy infiltrates (Published with permission from 
learningradiology.com)

Fig. 19.3 Typical appearance of ARDS on CT: diffuse heterogeneous 
ground-glass opacities with thickened interlobular septa, more dense 
consolidation in dependent areas (Courtesy of European Respiratory 
Review Dec 2014;23(134):519–30; https://doi.org/10.1183/09059180. 
00001314)
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 Low Tidal Volume Ventilation

In 2000, the Acute Respiratory Distress Syndrome Network 
(ARDSNET) published results that revolutionized ventilator 
management in ARDS. A total of 861 patients from 10 US 
centers were randomized to traditional tidal volumes of 12 
milliliters per kilogram (mL/kg) versus low tidal volumes of 
6  mL/kg. The study determined that lower tidal volume 
ventilation reduced mortality from 39.8% to 31% and 
improved both ventilator-free days and days without non- 
pulmonary organ or system failure [10]. These findings are 
supported by several meta-analyses that have also shown 
decreased mortality with lower tidal volume ventilation; thus 
the low tidal volume strategy has become standard in ARDS 
management [11, 12]. Based on the goals in the ARDSNET 
trial, most centers aim for tidal volumes of 4–6 mL/kg and 
target plateau pressures less than or equal to 30 cm H2O. The 
plateaus can be checked after any change to the ventilator or 
every 4 h. Plateau pressures greater than 30 may be adjusted 
by decreasing tidal volumes to as low as 4 mL/kg as needed.

Lower tidal volume ventilation may lead to a reduction in 
overall minute ventilation and resultant elevation in partial 
pressure of carbon dioxide (pCO2). Termed “permissive 
hypercapnia,” a certain amount of respiratory acidosis is 
conceded in order to prevent alveolar hyperinflation and is 
generally tolerated by the patients. Clinicians can minimize 
dead space in ventilator tubing and increase the respiratory 
rate to as high as 35 breaths per minute as needed to prevent 
excessive acidosis. However, most centers will allow the pH 
to fall to as low as 7.2 without correction, regardless of the 
pCO2. While some might argue that even lower levels of pH 
could be tolerated, letting the pH drift below this threshold 
raises concerns for exacerbating arrhythmias, acute coronary 
syndrome, cerebral edema, seizures, and hypotension, 
among other deleterious sequelae [13].

Besides acidosis and hypercapnia, lower tidal volumes 
may provoke asynchrony and breath stacking. Higher 
respiratory rates used to counteract the reduction in minute 
ventilation can result in auto-PEEP.  Tactics to alleviate 
breath stacking include increasing sedation levels or, if this 
approach fails, modestly increasing tidal volumes to 7–8 mL/
kg while continuing to maintain a plateau airway pressure of 
less than 30 cm H20. Although auto-PEEP is usually not a 
significant issue, when it occurs the ultimate solution may be 
to lower the respiratory rate and permit hypercapnia or alter 
the inspiratory-to-expiratory ratio to allow more time for 
expiration. If the problem is tachypnea produced by the 
patient over-breathing the set ventilator rate, escalating 
sedation may help.

 Improving Oxygenation: PEEP and Other 
Strategies

In terms of oxygenation in ARDS, the objective is to titrate 
the FiO2 below 0.7 while maintaining an arterial oxygen 
content greater than 55  mmHg and saturations of greater 
than 88%. The PEEP is set to at least 5 cm H2O. Theoretically, 
a higher level of PEEP would prevent atelectrauma by 
reducing cyclical airway collapse and potentially homogenize 
ventilation, lessening ventilation perfusion mismatch. 
Increasing the PEEP will enhance oxygenation to help 
achieve these oxygenation goals; however currently the 
evidence does not support any improvement in mortality 
with changes in PEEP.  A 2013 Cochrane review meta- 
analysis of 2565 patients with patients randomized to high 
versus low PEEP demonstrated better oxygenation in the 
high PEEP arm and no difference in mortality or ventilator- 
free days between the two groups. The researchers noted a 
trend toward improved mortality among the high PEEP 
group, without any indication of barotrauma caused by the 
augmented PEEP [14].

A 2010 meta-analysis demonstrated an improvement in 
oxygenation and ventilator-free days, as well as reduction in 
ICU mortality among patients treated with higher levels of 
PEEP. However, no appreciable change in hospital mortality 
was noted, and in subgroup analysis, only patients with a 
PaO2/FiO2 ratio of ≤200 mmHg truly seemed to benefit in 
terms of ICU mortality [15]. Considering these data, 
clinicians may use PEEP as needed to reduce FiO2 and to 
preserve oxygenation targets, but the impetus to raise PEEP 
above these goals is uncertain.

In the subpopulation of patients with moderate to severe 
ARDS who are persistently hypoxemic, elevating the PEEP 
to as high as 22–24 cm H2O may be advantageous, and in 
these cases, a higher PEEP strategy may be the answer. In the 
Assessment of Low Tidal Volume and Elevated End- 
Expiratory Volume to Obviate Lung Injury (ALVEOLI) trial, 
PEEP as high as 34  cm H2O was employed in severely 
hypoxic patients [16]. Table  19.2 outlines the stepwise 
approach in escalating PEEP and FiO2 developed in this trial 
and used by some centers to achieve oxygenation goals of 
PaO2 55–80  mmHg and oxygen saturation of 88–95%. As 
discussed above, the higher PEEP approach can be instituted 
depending on individual patient characteristics.

In patients that are persistently hypoxic in spite of increas-
ing levels of PEEP, some additional approaches are avail-
able. If the hypoxia is partially driven by dyssynchrony on 
the ventilator, deepening sedation, proning the patient, or 
addition of paralytics may be beneficial. Some of these 
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options are further discussed at length below. Increasing the 
inspiratory time may allow for additional alveolar recruitment 
and increased mean airway pressure, although this tactic 
may not be applied in every patient; the concomitant decrease 
in expiratory time can lead to worsening hypercapnia and 
acidosis, as well as auto-PEEP, air trapping, and barotrauma.

 Open Lung Ventilation

While uncertainty surrounds the appropriate level of PEEP 
to use in ARDS patients, some studies have attempted to 
bundle ventilator interventions. Open lung ventilation is a 
combination of low tidal volume ventilation and higher 
PEEP to prevent overinflation while at the same time 
preventing cyclic alveolar collapse. A few smaller 
investigations have shown a decrease in mortality with this 
tactic, although methodological flaws have prevented the 
strategy from being fully accepted. The previously discussed 
meta-analyses that examined high versus low PEEP did use 
low tidal volumes in both groups and did not demonstrate a 
survival benefit. Further inspection of this technique is 
required.

 Driving Pressure

Lung-protective mechanical ventilation strategies can have 
variable components that do not always work in concert. 
Often manipulation of one of these factors leads to unintended 
effects, such as elevation of the plateau pressure when the 
PEEP is increased or breath stacking or severe acidosis at 
lower tidal volumes. The proportion of lung available for 
ventilation is different for each patient; so, using a tidal 
volume based on predicted body weight could over- or 
underestimate ventilator needs.

Armato et al. looked at the ratio of tidal volume to respi-
ratory system compliance as a way to indicate the func-
tional size of the lung and to optimize lung-protective 
ventilation [17]. The researchers determined that this ratio, 
known as driving pressure (ΔP), was the variable most 
strongly associated with survival. Tidal volume and PEEP 

were not independently associated with survival unless 
they led to a decreased in ΔP. Although causality cannot be 
completely established based on the study, this evidence 
supports the hypothesis that variations in compliance and 
ΔP are relevant in lung-protective strategies. Additionally, 
these findings may explain why higher PEEP seems to be of 
benefit in patients with greater lung recruitability; eleva-
tions in PEEP may be effective only if an unchanged tidal 
volume is delivered at a lower driving pressure [17, 18]. 
Other data has revealed that ΔP, plateau pressure, and com-
pliance are equally predictive of mortality; thus having 
knowledge of one or all three of these factors can help drive 
management [19].

Based on all the data accumulated on low tidal volumes, 
open lung ventilation, high vs low PEEP, and ΔP, lung- 
protective strategies focus on multiple variables and should 
be tailored to the individual patient. Keep the tidal volumes 
in the 4–6 mL/kg range if possible while reducing plateau 
pressures to less than or equal to 30. If using driving pressure, 
the aim is to maintain ΔP in the less than or equal to 13 cm 
H2O range. Allow for hypercapnia, preserving a pH of greater 
than or equal to 7.2. Patients with severe ARDS who have 
greater lung recruitability may benefit from higher PEEP, 
and higher PEEP may be used to lower the FiO2 below 0.7 
while conserving a PaO2 of greater than or equal to 55 and an 
oxygen saturation of greater than or equal to 88%. Even in 
individual patients, the disease process is dynamic, and 
having a protocol to adjust as compliance changes is 
beneficial. Of note, having a written procedure for ARDS 
management in the ICU has correlated with better compliance 
to lung-protective ventilation strategies [20].

 Additional Management Adjuncts

 Recruitment Maneuvers

Recruitment maneuvers assist in oxygenation by expanding 
collapsed alveoli through a transitory burst of continuous 
positive pressure at 30–40 cm H2O for 40–60 s. Alternatively, 
the respiratory therapist can give three consecutive sighs per 
minute with a plateau pressure of 45 cm H2O. These exercises 

Table 19.2 ARDSNET use of low and high PEEP

Lower PEEP arm
FiO2 0.3 0.4 0.4 0.5 0.5 0.6 0.7 0.7 0.7 0.8 0.9 0.9 0.9 1.0
PEEP 5 5 8 8 10 10 10 12 14 14 14 16 18 18–24
Higher PEEP arm
FiO2 0.3 0.3 0.4 0.4 0.5 0.5 0.5–0.8 0.8 0.9 1.0
PEEP 12 14 14 16 16 18 20 22 22 22–24

Adapted from Browder et al. [33]
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have been shown to increase the PaO2 but do not affect 
mortality in ARDS [21]. Although the tactic does not change 
mortality, it can be constructive in patients that have been 
briefly disconnected from the ventilator or experienced 
de-recruitment of some other form. Be aware that the maneu-
vers can cause hypotension secondary to transient decreased 
venous return, and repeated attempts can cause overinflation 
of the fragile alveolar sacs.

 Prone Positioning

Another tool in the ICU clinician’s armamentarium is prone 
positioning. A 2013 trial randomized 466 patients with 
severe early ARDS to supine versus prone positioning, which 
involved the patients being completely prone for at least 16 
consecutive hours a day. The 28-day and 90-day mortality 
were significantly improved in the prone arm, without 
increase in adverse events such as cardiac arrest, unplanned 
extubation, or mainstemming of the endotracheal tube [22].

Several issues preclude this strategy’s generalized use. 
Certain postsurgical patients such as patients with open 
abdomens, complex abdominal wall reconstructions, and 
large hernia repairs and morbidly obese patients may not be 
candidates for proning. Particularly in certain populations in 
the United States where the overall percentage of obese 
patients is higher, recruiting the manpower to prone an 
overweight patient may be logistically infeasible. Some 
centers do not have the personnel required to prone a large 
number of patients. That being said, in a poorly oxygenated 
patient with early severe ARDS and an appropriate body 
habitus, clinicians should consider proning if safe and 
resources are available to do so.

 Neuromuscular Blockade

Neuromuscular paralysis is an available stratagem in ARDS, 
but this practice does have some limitations. A 2010 investi-
gation performed in France evaluated patients diagnosed 
with severe ARDS within the previous 48 h and randomized 
them to either 48 h of cisatracurium or placebo. The cisatra-
curium arm demonstrated significantly improved 28-day and 
90-day mortality, as well as increased ventilator- free days 
and organ-failure-free days [23]. The study had some flaws 
and was underpowered, yet some basic practical concerns 
also must be considered, including the potential develop-
ment of critical illness polyneuromyopathy (CIPM). While 
the trial noted no significant difference in the development of 
ICU paresis with short-term paralysis versus placebo, neuro-
muscular blocking agents have been linked to CIPM, which 
has in turn been associated with increased mortality, length 
of stay in the ICU and hospital, and ventilator dependence.

In addition, patients who are paralyzed must also receive 
adequate levels of sedation, which can lead to hypotension 
and worsen delirium. Cisatracurium itself may cause 
bradycardia, hypotension, or flushing. Given these practical 
considerations, cisatracurium should be used judiciously and 
on an individualized basis. Unlike some neuromuscular 
blocking agents, cisatracurium can be used in renal and 
hepatic failure. In patients with early severe ARDS who are 
having issues with oxygenation or dyssynchrony on the 
ventilator, cisatracurium may be helpful. The patients that do 
undergo paralysis should be minimized to less than 48 h on 
the agent. If using train-of-four monitoring, the goal is one to 
two twitches out of four. If train-of-four monitoring is not 
available, clinical assessment alone may be acceptable; 
studies comparing train-of-four monitoring versus clinical 
assessment of neuromuscular blockade in the ICU have 
demonstrated mixed outcomes. As mentioned, deep sedation 
should be achieved before initiating blockade, and many 
centers employ bispectral index (BIS) monitoring.

 Extracorporeal Membrane Oxygenation 
(ECMO)

Although not every center will have ECMO available, this 
salvage therapy can be considered in patients with persistent 
hypoxia in spite of maximal support. Initial studies of ECMO 
in ARDS did not look promising; however since the 1970s, 
ECMO techniques and protocols have been refined and selec-
tion criteria have changed. Veno-venous access is now used 
for pulmonary specific processes, lower levels of anticoagula-
tion are employed, and the patients are rested on the ventilator 
with lung-protective strategies. The Conventional Ventilator 
Support Versus ECMO for Severe Adult Respiratory Failure 
(CESAR) randomized controlled trial looked at adult patients 
with potentially reversible severe respiratory failure as evi-
denced by a Murray score of more than three or pH of less 
than 7.2. The investigation noted survival without severe mor-
bidity at 6 months to be significantly improved from 47% in 
the conventional group to 63% in the ECMO group [24]. 
Although the survival benefit could be attributable to ECMO, 
it may also have been secondary to transfer to a large ECMO 
center with protocols in place. Current trials are in progress to 
elucidate this question further.

Contraindications to ECMO include inability to be anti-
coagulated, metastatic cancer or other disease processes that 
are likely to significantly shorten the patient’s lifespan, 
severe brain injury or intracranial hemorrhage, high pressure 
or high FiO2 ventilation for greater than 7 days, or other irre-
versible lung conditions that are unlikely to improve with 
time. ECMO should be considered in patients with severe 
ARDS with PaO2/FiO2 ratios persistently less than 80 despite 
the application of high levels of PEEP, Murray score greater 
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than three, hypercapnia with acidemia of pH less than 7.15 in 
spite of ventilator optimization, or excessive plateau pres-
sures greater than 35–45 cm H2O depending on the patient’s 
body habitus.

 Ventilator Modes

In general, the optimal ventilator mode is one that allows full 
support, such as assist control. Although volume limited ven-
tilation facilitates clinician adherence to a low tidal volume 
strategy, pressure control is also adequate as long as the tidal 
volumes are stable within the target range. The choice may 
be driven by clinician familiarity with a particular mode.

Airway pressure release ventilation (APRV) is an inverse 
ratio, pressure-controlled, intermittent mandatory ventilation 
that allows spontaneous breathing and occasionally is used 
as a rescue therapy to recruit more alveoli in persistently 
hypoxic patients. While this mode enhances oxygenation 
temporarily, studies have not shown any benefit in mortality. 
No major harms have been noted; thus this setting may be 
used in ARDS. While smaller outdated studies had demon-
strated potential promise in high-frequency oscillatory venti-
lation (HFOV) in ARDS management, a larger multicenter 
randomized controlled trial revealed that HFOV may actu-
ally augment mortality in early ARDS [25]. Based on these 
findings, HFOV is no longer recommended in adult ARDS 
patients.

 Other Management Considerations

 Inhaled Nitric Oxide

The pulmonary vasodilatory prowess of inhaled nitric oxide 
(iNO) is a well-described supplemental approach to 
enhancing oxygenation. Unfortunately, this medication will 
augment PaO2 and oxygen saturations without any 
improvement in mortality. A 2004 trial of 385 patients with 
ARDS randomized the patients to 5 parts per million of iNO 
versus placebo and noted no change in any clinically relevant 
outcomes, including mortality. Institution of iNO did result 
in a temporary increase in PaO2; however this difference did 
not last beyond 24–48 h [26]. In addition, the high costs of 
the drug are prohibitive; most centers have difficulty 
justifying $115–130 /hour for a medication that does not 
change outcomes in ARDS.

 Steroids

Similarly, the use of steroids in ARDS is not indicated. 
Multiple trials of early corticosteroid administration in 
ARDS revealed no benefit in survival. Likewise, an 

ARDSNET trial looking at methylprednisolone therapy 
delivered 7 days or more after the onset of ARDS noted no 
improvement in mortality. Corticosteroids did improve the 
number of ventilator-free and shock-free days, as well as 
improved oxygenation, respiratory system compliance, and 
blood pressure; however in patients enrolled at least 14 days 
after the onset of ARDS, a significantly increased mortality 
was discovered [27].

 Antiviral and Antibiotic Therapy

Although no data support the routine use of antiviral medica-
tions or antibiotics in all patients with ARDS, timely admin-
istration of antivirals in the case of H1N1 influenza infections 
(within 48 h) and antibiotics for bacterial pneumonia is rec-
ommended. Principally, in H1N1-induced ARDS, patients 
are more likely to have severe ARDS and require ECMO; 
thus current guidelines advocate for antivirals early in the 
disease course. Intravenous antibodies and other immune 
modulating therapies have no survival benefit in ARDS.

 Esophageal Balloon and Transpulmonary 
Pressures

Particularly in obese patients, setting an appropriate level of 
PEEP is difficult, beyond the basic uncertainties surrounding 
proper PEEP levels in ARDS.  Preferably, the ventilator 
should supply enough transpulmonary pressure (airway 
pressure–pleural pressure) to oxygenate the patient while 
preventing cyclic airway collapse. Measuring pressures via 
an esophageal balloon placed 40 cm from the incisors can be 
a surrogate for pleural pressure. A small randomized 
controlled trial used esophageal manometry to guide PEEP 
titration, noting higher levels of PEEP, improved PaO2/FiO2 
ratios, and better compliance in the esophageal balloon arm 
with only a trend toward improved mortality [28]. Routine 
use of manometry is not indicated in ARDS based on these 
findings, although esophageal balloons may be useful in 
obese patients with hypoxia to help steer pressure goals. 
Larger trials may elucidate this issue further.

 Fluid Management

Regarding fluid management in ARDS, a judicious approach 
is suggested while still treating septic shock adequately and 
maintaining urine output. To date, the data do not definitively 
support a reduction in mortality with conservative fluid 
management. In theory, a diminution in pulmonary edema 
should yield better gas exchange. The ARDSNET group 
looked at conservative versus liberal fluid management and 
did note an improvement in the oxygenation index and lung 

19 Acute Respiratory Distress Syndrome (ARDS)



216

injury scores, as well as an increase in ventilator-free days. 
Conservative fluid management did not lead reduce mortal-
ity or augment non-pulmonary organ failures [29].

 Nutrition

Early enteral nutrition is recommended as soon as feasible in 
mechanically ventilated patients. In 2012, the EDEN trial 
determined that a strategy of initial trophic enteral feeding 
for up to 6 days did not improve ventilator-free days, 60-day 
mortality, or infectious complications but was associated 
with less gastrointestinal intolerance compared to full enteral 
feeding [30]. Given the higher caloric demands on the body 
during states of stress, the clinician should initiate full enteral 
feeds if tolerated. Some evidence exists to support use of an 
inflammatory modulating formula rich in ω-3 fatty acids 
(eicosapentaenoic acid and gamma-linoleic acid) in ARDS; 
however more data are needed to verify these findings [31].

 Mobilization

In general, early mobilization of ICU patients leads to 
improved functional outcomes and, in some studies, 
decreased length of ICU and hospital stay. In patients that 
have acutely decompensated, bedrest with head-of-bed 
elevation may be the only safe option initially. Therapists 
should still perform active and passive range of motion on 
these patients. Ultimately, mobilization may improve 
functional status in stable ARDS patients that are appropriate 
for this intervention [32].

 Conclusions

ARDS remains a nuanced and complex disease process, and 
management must be tailored to the individual patient. Low 
tidal volume ventilation of 4–6  mL/kg is the mainstay of 
mechanical ventilator therapy, allowing for permissive 
hypercapnia and targeting plateau pressures of less than or 
equal to 30. The exact PEEP target is uncertain; however in 
patients that are experiencing hypoxia below a PaO2 of 55 or 
oxygen saturations less than 88%, increasing levels of PEEP 
will improve oxygenation and may be beneficial in a subset 
of severe ARDS patients. Driving pressures and compliance 
should be taken into consideration, although more 
investigations are needed in these areas. Adjuncts such as 
proning and neuromuscular blockade are useful tools but 
may not be appropriate for every patient. The clinician 
should focus on maximum support on the ventilator initially, 
although a specific ventilator mode has not been identified to 

improve mortality. ECMO is an acceptable rescue strategy in 
populations that qualify.

Treating the underlying cause of the patient’s decompen-
sation is important, whether that care involves judicious fluid 
resuscitation, source control, and antibiotics for sepsis or 
stopping an offending medication causing pancreatitis. Early 
enteral nutrition and mobilization may be instituted when 
tolerated and safe based on clinical judgment. Finally, a writ-
ten institutional protocol for ARDS ensures better compli-
ance with the interventions that are known to improve 
mortality in ARDS. The intensive care clinician community 
is continuing to gain insight on how to combat this grave 
syndrome, and management strategies will hopefully become 
more refined as further studies are completed.
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Care of the Postoperative Pulmonary 
Resection Patient

John Kuckelman and Daniel G. Cuadrado

 Indications for Admission to the ICU

 Indication for Surgery

Lung cancer remains the predominate indication for pulmo-
nary resection. Estimates from the American Cancer Society 
in the United States for 2017 report that 220,500 new cases 
of lung cancer will be diagnosed. Of these, only 10–15% 
present with disease that is potentially surgically curable. 
The same risk factors for the development of lung cancer 
place these patients at risk for other comorbid diseases such 
as coronary artery disease (CAD) and chronic obstructive 
pulmonary disease (COPD).

Anatomic pulmonary resection remains the gold standard 
treatment in medically operable patients with early-stage 
malignancies. Based on the NCCN guidelines, determination 
of resectability, surgical staging, and resection should be per-
formed by a board-certified thoracic surgeon with patients 
undergoing a multidisciplinary evaluation.

Current recommendations guiding the preoperative evalu-
ation of patients for pulmonary resection along with 
improved minimally invasive techniques will expand the 
number of patients that are offered pulmonary resection for 
non-small cell lung cancer (NSCLC) [1]. We can expect the 
number of patients who would have once been deemed phys-
iologically inoperable to decrease. By increasing the number 
of early-stage diagnosis with low-dose CT scan (LDCT) 
lung cancer screening programs, we can expect an increasing 
population of higher-risk surgical candidates [2].

 Admission Criteria: Planned Versus Unplanned

Routine postoperative admission to the ICU has been sug-
gested for patients over the age of 70, ASA > II and preexisting 
fibrotic lung disease [3]. In general, ICU admission should be 
reserved for postoperative organ failure, high-risk patients, and 
complex surgical resections. Around 6.3–18% of patients 
undergoing pulmonary resection will require unplanned admis-
sion to intensive care postoperatively [4–7]. Table 20.1 lists the 
criteria for considering planned admission to intensive care.

Examination of the Society of Thoracic Surgeons (STS) 
database and other large series demonstrate that the periop-
erative mortality rate for all resections is around 2–4% [8, 9]. 
Independent predictors of mortality include pneumonec-
tomy, bilobectomy, ASA, renal dysfunction, induction ther-
apy, steroids, age, and urgent procedures [8]. Pneumonectomy 
in particular carries an inhospital and 90-day mortality rate 
of upward of 10% [8–10].

Patients undergoing diagnostic lung biopsy for interstitial 
lung disease represent a unique population deserving additional 
attention. A recent review of around 12,000 patients undergoing 
lung biopsy in the United States shows that these patients have 
a mortality of 1.7% for elective procedures [11]. This increases 
dramatically for nonelective procedures up to 16% [12].

Postoperative complications remain the main reason for 
admission to the ICU.  Complications requiring reoperation 
are uncommon occurring in around 4% of cases. Bleeding rep-
resents the majority of these cases and is most often associated 
with technical issues or preoperative anticoagulants [13].

More than half of patients requiring salvage intensive care 
postoperatively require some degree of respiratory support. 
Those requiring mechanical ventilation, renal replacement 
therapy, or both have mortality rates upward of 70% [14].

Cardiopulmonary bypass is a well-established adjunct in 
allowing for extended thoracic resections [15, 16]. 
Extracorporeal membrane oxygenation (ECMO) as a means 
of salvage from cardiopulmonary failure may be an option in 
select institutions; however, long-term data in this popula-
tion are lacking [17–19].
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 Functional Status

The preoperative physiologic assessment of patients being 
considered for pulmonary resection is performed using a 
systematic approach. As noted in the clinical practice guide-
lines published in Chest in 2013, age alone is not a factor, 
and it is recommended that all patients with resectable dis-
ease be evaluated for surgery [1].

The forced expiratory volume in 1 second (FEV1) and 
diffusing capacity for carbon monoxide (DLCO) are obtained 
during standard pulmonary function tests (PFTs) and pro-
vide a good noninvasive initial assessment. The predicted 
postoperative (PPO) FEV1 and DLCO can be calculated tak-
ing into account the number of bronchopulmonary segments 
to be resected. In patients in which PPO FEV1 and PPO 
DLCO are >60% predicted, no further testing is required 
prior to resection [1].

Low-technology exercises tests, such as the stair climb 
(>12 m), can be utilized in cases were either PPO FEV1 or 
DLCO is >30 but <60% predicted. Formal exercise testing 
with cardiopulmonary exercise testing (CPET) and a calcula-
tion of maximal oxygen consumption (VO2 max) is reserved 
for patients with PPO FEV1/DLCO <30% predicted. A 
VO2max <10 ml/kg/min or 35% predicted is a contraindica-
tion to major resection as it is associated with a high rate of 
mortality [1].

Patients with a preexisting cardiac disease, symptoms 
consistent with angina, heart failure, or the inability to climb 
two flights of stairs should receive a formal cardiology evalu-
ation. As recommended in the Chest guidelines, smoking 
cessation, cardiac evaluation, and preoperative pulmonary 
rehabilitation are ways to mitigate poor outcomes in high- 
risk candidates.

 Procedural Considerations

Surgical complexity varies greatly, and the resection needed 
depends on tumor size, adjacent organ involvement, prior 
ipsilateral operations, and proximity to the hilar vessels. The 
surgical approach may range from thoracotomy (posterolat-
eral, axillary, muscle sparing), sternotomy, video-assisted 
thoracoscopic surgery (VATS), and robotic video-assisted 
thoracoscopic surgery (RVATS).

A recent review of the National Cancer Database examined 
patients undergoing surgery for stage I–IIIA NSCLC. During 
the 2-year time period from 2010 to 2012, 62,000 lobectomies 
were performed. The vast majority were performed via thora-
cotomy (73%) followed by VATS (21%) and robotic (6%) 
[20]. Other than a 1-day reduction in hospital stay, VATS and 
robotic lobectomy are equivalent in terms of morbidity, mor-
tality, and long-term oncologic outcomes [21].

For patients undergoing anatomic lobectomy, segmentec-
tomy, or non-anatomic resection, the rate of morbidity and 
mortality is low [8]. When comparing VATS to open lobec-
tomy, patient undergoing VATS have a mortality and pulmo-
nary morbidity rate of 2.5–26.2% compared to 7.8–45.5% 
with thoracotomy [22]. In patients with predicted postopera-
tive FEV1 or DLCO <40%, mortality and complication rates 
are reduced by more than half with VATS over an open 
approach [23].

Extensive resections such as pneumonectomy or extra-
pleural pneumonectomy have higher rates of morbidity and 
mortality [8–10]. Sleeve resections are performed as a paren-
chymal sparing approach in anatomically favorable tumors 
but require bronchial anastomosis. Although more techni-
cally complex, sleeve resection offers better early- and long- 
term survival in large part due to preservation of lung 
function [12].

 Neoadjuvant Therapy

Patients with locally advanced, but resectable, disease can be 
considered for surgery following either chemotherapy or 
concurrent chemoradiation. In reviewing patients that have 
undergone neoadjuvant therapy followed by resection, there 
was no difference between those who had completed neoad-
juvant therapy with respect to morbidity and mortality [24]. 
The presence of neoadjuvant therapy alone is not an indica-
tion for elective ICU admission.

Timing of surgery after induction chemoradiotherapy is a 
common consideration given the deconditioning that occurs 
with the initial treatment. The majority of patients are taken 
to surgery between 3 and 6  weeks after chemoradiation. 
There is a significant drop in survival in patients that have a 
greater than 6 week break between chemoradiation and sur-
gery [25].

Table 20.1 Factors for consideration of planned postoperative admission to intensive care

Patient factors Physiologic factors Procedural factors
Pulmonary fibrosis PPO FEV1/DLCO <30% Pneumonectomy
Induction chemoradiotherapy VO2max <15 ml/kg/min Carinal resection
Elevated ASA/poor performance status Preoperative PaCO2 >50 mmHg Extended resection with cardiopulmonary bypass
Urgent/emergent surgery Lung transplant
BMI > 40
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Patients who have tumors that would require pneumonec-
tomy for an R0 resection after induction therapy and restag-
ing have been completed are considered a high-risk group. 
Based on the Intergroup 0139 trial, the operative mortality 
rate in this population was 27% for pneumonectomy [26]. 
Subsequent series have shown survival rates much higher for 
right-sided pneumonectomy than left (20% vs 9%) [27].

 Failure to Rescue

Unplanned admission to the intensive care unit following 
pulmonary resection is an independent predictor of mortality 
[4, 5]. As previously stated, the leading admission diagnosis 
is respiratory failure, followed by cardiac, renal, and neuro-
logical events.

Failure to rescue patients from the before mentioned com-
plications following lung resection ranges from 0.7% to 
3.2% [28]. Farjah et  al. noted in their study that variation 
between high- and low-mortality centers was present despite 
similar complication rates. Similar reviews have further 
illustrated this difference emphasizing the importance of the 
critical care management of this patient population [29].

This same difference in mortality holds true not only for 
lung cancer but also for cancers of the bladder, esophagus, 
colon, pancreas and stomach [30]. The commonality in these 
studies is that higher volume centers are better equipped to 
detect, manage, and rescue patients from there postoperative 
complications. Although a further discussion debating asso-
ciated patient outcomes related to surgical volume is beyond 
the scope of this discussion, an emphasis on the common 
issues facing pulmonary resection patients is worth further 
review.

 Common Issues

 Respiratory

Single lung ventilation is required for the majority of pulmo-
nary resections. This establishes an abnormal physiologic 
state that leads to decreases in oxygen partial pressure, acti-
vation of inflammatory processes, hypoxic pulmonary vaso-
constriction, changes in cardiac output and barotrauma on 
the ventilated lung [31]. Measurements of cerebral oxygen-
ation demonstrate significant decreases in cerebral saturation 
during single lung ventilation [32, 33].

Patients undergoing procedures requiring lung isolation 
have postoperative complication rates of 20% with evidence 
of acute lung injury (ALI) in anywhere from 4% to 15% 
depending on the extent of resection [34]. In fact, the leading 
cause of postoperative death in these patients is from ALI 
and ARDS [35, 36].

Atelectasis, surgical manipulation, and trauma occur on 
the operative lung, while the ventilated lung is exposed to 
baro- and volutrauma. Any preexisting underlying lung dis-
ease further exacerbates the effects of this insult. For exam-
ple, patients with pulmonary fibrosis typically have 
noncompliant lungs, whereas patients with severe emphy-
sema may have significant air trapping [37].

Intraoperative management of the ventilated lung is based 
on protective ventilation strategies. Tidal volumes (Vt) of 
6  cc/kg are considered protective; however, reductions to 
4–5  cc/kg may be required to minimize barotrauma [38]. 
Positive end-expiratory pressure (PEEP) is also routinely uti-
lized for further protection of the lung [39].

 Ventilator Management

Postoperative patients requiring continued mechanical venti-
lation as well as those intubated for respiratory failure require 
standard protective ventilation strategies [40]. Postoperative 
ARDS is an uncommon complication following pulmonary 
resection with an incidence of around 3% [41]. The inci-
dence is higher among patients undergoing pneumonectomy 
(7.9%) when compared to lobectomy or a lesser resection 
(2.9%). As has been previously mentioned, the mortality rate 
is high and increases as the extent of the resection increases. 
Post-pneumonectomy ARDS has a mortality rate of 50–80% 
[38, 41].

Preventative strategies, such as noninvasive ventilation 
(NIV) for prevention of pulmonary complications, have had 
mixed results providing no overwhelming evidence for 
decreasing complication rates or mortality [42–44]. The 
early administration of NIV has been successful in some 
series with an overall success rate of 85.3% [45]. Underlying 
cardiac disease and lack of initial response to NIV were pre-
dictive of failure in this cohort.

ECMO utilization in ARDS following pulmonary resec-
tion is currently limited to case reports and small case series 
[46, 47]. Cardiopulmonary bypass is an intraoperative 
adjunct for complex resections of the trachea, tumors invad-
ing the heart, large mediastinal tumors, and lung transplant 
[15, 16, 18].

 Postoperative Pneumonia

Postoperative pneumonia (POP) occurs in 2–30% of patients. 
Chronic obstructive pulmonary disease, male gender, and 
extent of resection are independent risk factor [48]. Among 
COPD patients, 19.% have positive bacterial cultures com-
pared with 10.5% for patients without COPD [49]. As a 
result, these patients have a fivefold increase incidence of 
postoperative pneumonia (POP).

20 Care of the Postoperative Pulmonary Resection Patient
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The bacteriology for postoperative pneumonias is  
most commonly community-acquired Haemophilus and 
Streptococcus species [48]. Appropriate preoperative antibi-
otics, early mobilization, good analgesia, and aggressive 
pulmonary toilet are keys to prevention as are smoking ces-
sation. Liberal use of toilet bronchoscopy for management 
of retained secretions is standard practice for thoracic sur-
geons and should be employed as needed [50]. 
Minitracheostomy has been demonstrated to have a reduc-
tion in postoperative pneumonia but carries a complication 
rate of 5.6–57% [51].

 Chest Tube Management

Few issues are as fraught with superstition, myth, and dogma 
as the management of chest tubes. The standard practice of 
connecting chest tubes to −20  cm H2O suction should be 
reserved for cases in which drainage or apposition of the 
pleural space are critical such as pleurodesis or decortication 
[52]. Following pulmonary resection, resolution of an air 
leak is reduced on water seal when compared to continuous 
suction [53]. Patients who develop subcutaneous emphy-
sema or large pneumothoraces on water seal will require a 
return to suction. Patients who have persistent air leaks on 
water seal can safely be discharged home with a chest tube in 
place to a Heimlich valve [54].

Early chest tube removal is an important part of postop-
erative recovery, removing a significant source of pain and 
allowing for better mobilization. In the absence of an air 
leak, chest tubes can be removed even with serous drainage 
of less than 500 cc/day [55]. Re-intervention rates for pleural 
space complications with this approach is less than 3%.

Mechanical ventilation is not a contraindication to the 
removal of a chest tube. In a study of mechanically ventilated 
trauma patients, 3% of patients required re-intervention for 
post-pull pneumothoraces [56]. The overall patient status, 
volume of drainage, and presence or absence of an air leak 
are the important factors when considering chest tube 
removal in the ventilated patient.

 Fluid Management

Perioperative fluid administration in excess of 3  l over the 
first 24 h has been shown to increase the incidence of ALI 
[57, 58]. A significant decrease in the incidence of ALI has 
been seen with differences of intraoperative fluids adminis-
tration of 1.2 l versus 1.6 l [7].

Strategies to minimize fluid administration without com-
promising end-organ perfusion are important. However, the 
rates of intraoperative fluid administration should not be in 
excess of 6 ml/kg/h [59].

Epidural analgesia, a common pain management tool for 
post-thoracotomy pain, can further complicate this due to 
hypotension. One must weigh the risks of fluid resuscitation 
for hypotension with the risks of impaired pulmonary toilet 
and mobilization by turning down the epidural infusion. 
Paravertebral catheters can ameliorate the need to treat hypo-
tension with equivalent analgesia [60]. The use of peripheral 
infusion of phenylephrine often helps to bridge the gap 
between management of hypotension and the restriction of 
fluid resuscitation.

Acute kidney injury (AKI) is associated with an increase 
in pulmonary complications, hospital length of stay, and 
mortality [5, 61]. The risk appears to be decreased with 
VATS when compared to open thoracotomy. Fluid restric-
tion, comorbidities, and overaggressive forced diuresis all 
contribute to the development of AKI.

 Cardiac

The relationship between thoracic surgery and tachyarrhyth-
mias has been well established [62]. Atrial fibrillation is the 
most common arrhythmia following noncardiac thoracic sur-
gery with an incidence of 12.3–19% [63, 64]. Risks factors 
associated with the occurrence of atrial fibrillation include 
male sex, pneumonectomy, age >70 years, history of conges-
tive heart failure (CHF), history of atrial fibrillation, and 
transfusion.

In isolation, atrial fibrillation is a relatively low-risk com-
plication and a treatable arrhythmia. However, it is often a 
marker for the onset of further complications [64]. It is asso-
ciated with an increased length of hospitalization and overall 
costs. As with all patients with atrial fibrillation, those with 
an elevated risk for stroke require anticoagulation unless 
contraindicated.

The etiology of postoperative atrial fibrillation (POAF) is 
multifactorial. It is typically seen on the second to fourth 
postoperative day and is usually self-limited with the major-
ity of cases resolving by 6 weeks. Origination of the initiat-
ing aberrant foci is typically from the pulmonary veins [65]. 
While clearly surgical manipulation of the pulmonary veins 
during resection can be causative, local and systemic activa-
tion of the inflammatory cascade also plays a role [66]. In 
fact, stimulation of both the sympathetic and parasympa-
thetic nervous system can initiate POAF [67].

Management of POAF following pulmonary resection is 
similar for any patient with POAF with one notable excep-
tion. A study published in Chest in 1994 illustrated the risk 
of the development of ARDS following pneumonectomy 
with a cumulative dose of amiodarone over 2150 mg [68]. As 
with all patients with atrial fibrillation, management of 
hemodynamically unstable patients with DC cardioversion is 
appropriate.
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Prevention of atrial fibrillation has been often studied but 
is also often underutilized [69]. Beta-blocker withdrawal is a 
well-recognized cause of POAF, and beta-blocker therapy 
should be continued up to the time of surgery and immedi-
ately afterward [67]. Magnesium replacement through intra-
venous infusion should be used judiciously to maintain 
normal serum levels [70]. Statin therapy in statin naïve 
patients has been demonstrated to reduce not only atrial 
fibrillation but also overall complications [69, 71].

 Lung Transplant

Critical care management of lung transplant patients deserves 
specific attention. Since the first reported series of lung 
transplants done in the 1980s, there have been significant 
improvements in outcomes for these patients. These advances 
are largely due to an improved understanding of what is 
required before, during, and after their operation [72]. 
Pulmonary transplant represents a formidable challenge 
when considering the complexities surrounding the human 
lung. Surgical technique is unique as is the immunologic and 
infectious implications of utilizing a colonized organ for 
transplantation. This section aims to briefly familiarize the 
reader with perioperative issues specific to lung transplant 
with the hopes of providing guidance for effective execution 
of critical care during their stay in the ICU.

 Preoperative Considerations

Recipient selection is typically accomplished regionally by 
multidisciplinary teams at high-volume centers. The 
International Society for Heart and Lung Transplantation 
(ISHLT) provides guidelines on patient selection. Patients 
who have severe pulmonary pathology, which is refractory to 
medical management, and are likely to perish in less than 
2 years typically qualify for transplantation. Ideally, recipi-
ents have minimal or no other organ dysfunction, no comor-
bidities, and an acceptable psych profile with adequate social 
support [73]. Transplant is absolutely contraindicated in 
patients with uncontrollable infections or those who have 
been diagnosed with a malignancy within the preceding 
2 years. Candidates with a BMI >35 or any substance depen-
dency to include smoking, alcohol, or illicit drug use are also 
disqualified. Lung transplant is typically avoided in patients 
older than 65 who have low physiologic reserve and patients 
colonized with particularly virulent or resistant pathogens as 
outcomes tend to be poor [73].

The most common indications for lung transplant include 
idiopathic pulmonary fibrosis (IPF), chronic obstructive pul-
monary disease (COPD), interstitial lung disease (ILD), cys-
tic fibrosis (CF), and bronchiectasis. Preoperative critical 

care may be active in some patients. Although ventilation 
dependence does portend poor outcomes, it does not pre-
clude patients from transplantation. Further, venous-venous 
extracorporeal membrane oxygenation (ECMO) can be used 
as a bridge to transplant in some patients. One distinct advan-
tage of using ECMO is that it allows patients to be off the 
ventilator and an active participant in preoperative prepara-
tions [74, 75].

The critical care team should also be familiar with appro-
priate preparation of lungs in potential donors. The perfect 
lung donor is young (age <55) and with physiologically nor-
mal lung tissue. However, liberalization of strict criteria has 
been accepted to increase the donor pool. Final decisions on 
prospective donor candidates are usually determined by the 
operating surgeon [75]. Potential donors from patients with 
brain death should be managed in such a way that their left 
ventricular ejection fraction remains above 45% and mean 
arterial pressure should be maintained at 60 mmHg with a 
central venous pressure and pulmonary capillary wedge 
pressure no higher than 8 and 12 mmHg, respectively. There 
is no level-one evidence to support a specific type of fluid 
over another; however, intuitively colloids may help mini-
mize pulmonary edema. Acidosis should be corrected if pH 
is less than 7.2, and this may be accomplished with hyper-
ventilation or the addition of bicarbonate solutions to resus-
citative fluids. Most transplant surgeons prefer lung protective 
strategies for ventilation as this has been shown to increase 
donor eligibility [76]. Finally, donor lung function may be 
improved with the administration of methyl prednisone by 
way of decreasing pulmonary edema [77].

 Pertinent Operative Aspects

Lung transplant may be accomplished by using single, bilat-
eral or lobar transplantation with or without the use of car-
diopulmonary bypass (CPB or v-v ECMO). Variations in the 
intraoperative technique used as well as the anesthesia care 
provided during the operation often have implications in the 
postoperative care. Every transplanted lung is accomplished 
with the creation of three separate anastomoses which 
include the bronchus, the pulmonary artery, and the pulmo-
nary vein. The indication for transplant often dictates the 
length of the operation as it relates to the dissection needed 
for transplantation, type of transplant completed, and need 
for bypass. Each of these factors ultimately affects the clini-
cal picture postoperatively.

 Cardiopulmonary Bypass

Mechanical circulation is required in just under half of all 
patients undergoing lung transplant. Although CPB has been 
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traditionally used, ECMO is now the modality of choice as it 
accomplishes the same bypass need for a lung operation as 
does CPB but has decreased postoperative morbidity and 
mortality [78]. Bypass is absolutely necessary in pediatric 
population as well as adults whom are undergoing transplant 
for pulmonary vascular disease. Patients with pulmonary 
fibrosis, pulmonary hypertension, and those bridged to trans-
plant on ventilation or ECMO are more likely to require 
bypass. Patients who become hemodynamically unstable or 
hypoxic during the operation will often be converted 
mechanical circulation [79]. Patients returning to the ICU 
after bypass, particularly CPB, are at increased risk of bleed-
ing and thus blood transfusions, primary graft dysfunction, 
delayed extubation, and renal failure [78, 80, 81]. It is imper-
ative that any information related to CPB is communicated 
during the transition of care to the ICU team.

 Type of Transplant

Bilateral transplant is the most commonly performed pulmo-
nary transplant for all indications (75%) as it provides the 
best long-term outcomes. It is required for patients receiving 
transplant for pulmonary hypertension, infectious disease, 
and bronchiectasis [82]. It is typically performed using a 
transverse thoracosternotomy (clam shell). Single-lung ven-
tilation is utilized first in the native lung then transitioned to 
the recently placed allograft, while each lung is removed and 
replaced sequentially.

Single-lung transplantation has the benefit of providing a 
greater number of individuals with lungs but is less com-
monly used as long-term outcomes are worse when com-
pared to bilateral lung transplant. This operation is obviously 
less extensive and may be ideal in older or more debilitated 
patients. The choice to use single-lung transplant is center 
specific. This method may be more commonly utilized in 
patients with COPD. However, bilateral transplant still rep-
resents the vast majority of transplants completed for this 
population [82]. Single-lung transplant is accomplished 
through a posterior lateral thoracotomy, and the native lung 
is singly ventilated throughout the procedure. Hyperinflation 
of the native lung is a known postoperative issue, and in 
some cases overexpansion of the native lung may progress to 
compression of the newly transplanted lung, inhibiting 
respiration.

Lobar transplantation and live donor transplantation is 
rare in North America. It is typically only utilized as last 
resort in the small subset of patients who have located appro-
priate donor with regard to HLA serotyping and are also not 
likely to survive long enough for a cadaveric donor to become 
available.

 Primary Graft Dysfunction

Primary graft dysfunction (PGD) due to reperfusion injury 
leading to diffuse alveolar damage is one of the most feared 
early complications of pulmonary transplantation. Despite 
prevention and treatment of this issue being an area of focus 
in the transplant community, it remains the leading cause of 
early death and is present in up to 25% of patients after lung 
transplant [82–84].

After the lung is transplanted, the effects of ischemia- 
reperfusion injury may be appreciated. Ischemia-reperfusion 
is a phenomenon that creates a physiologic environment that 
ultimately heralds tissue destruction. During times of no per-
fusion there is an upregulation of pro-inflammatory media-
tors causing thrombogenesis, cellular apoptosis/necrosis, 
complement activation, vasoconstriction, and immune- 
mediated destruction. In concern to leukocytes specifically, 
donor macrophages are first activated during ischemia, 
which is followed by attacks from recipient neutrophils and 
finally CD4+ T lymphocytes. The severity of this process is 
dependent on relative ischemic time and the state of the 
donor lung at the time of harvest [85–87].

 Risk Factors

A number of factors are thought to contribute to the develop-
ment of PGD. Generally, any change that induces or increases 
inflammation of the donor lung at any point throughout the 
entire transplantation process increases the risk of 
PGD. Many of the principles previously discussed for prepa-
ration of the donor lungs are aimed at preventing 
PGD. Protective lung strategies should be utilized when pos-
sible to prevent barotrauma from mechanical ventilation 
[76]. Further, hemodynamic regulation to maintain perfusion 
prior to procurement is critical. The administration of gluco-
corticoids prior to harvest may be beneficial in decreasing 
tissue insult due to inflammation [77]. During procurement, 
minimizing cold ischemia time is crucial in reducing the 
effects of oxidative stress, accumulation of intracellular 
sodium and calcium, and the release of cytokines such as 
tumor necrosis factor-a as well as various other pro- 
inflammatory molecules [88].

Independent risk factors have been identified that are 
related to both donor and recipient characteristics. Donor 
lungs that come from older females of African-American 
ethnicity seem to be at higher risk for PGD as do those that 
have a smoking history [89]. Increased risk for developing 
PGD has been identified in recipients who have pulmonary 
hypertension or patients receiving their lungs who have 
higher pulmonary artery pressures due to fibrosis, although it 
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may be that these populations are more likely to need for 
CPB during their cases and thus are more likely to develop 
PGD as a sequelae of mechanical circulation. Innately, recip-
ients with preformed autoantibodies are also at higher risk of 
developing PGD [89].

 Diagnosis, Prevention, and Treatment

Primary graft dysfunction is ultimately a diagnosis of exclu-
sion. It should be suspected in any patient with unexplained 
hypoxia and pulmonary infiltrates within the first 3 days fol-
lowing their transplant operation. Differential diagnoses to 
be ruled out include pulmonary edema, pneumonia, pulmo-
nary embolism or thrombus, aspiration, and hyperacute 
rejection. Once the diagnosis has been made, a grading sys-
tem shown in Fig. 20.1 has been proposed by the ISHLT and 
may help identify patients who will benefit from early 
aggressive management [90].

Prevention of PGD is geared to limiting the effects sur-
rounding the pathophysiology. Minimizing the cold ischemia 
time is perhaps the most controllable variable and thus every 
effort should be made to prevent prolongation of the isch-
emic time. There is some data in animal models suggesting 
that slow reperfusion (over a 10-min period intraoperatively) 
decreases the effects of reperfusion injury. The addition of 
prostaglandins to preservative fluids may also be beneficial 
according to some animal models [91–93]. Although it has 
been suggested, the use of inhaled nitrous oxide (iNO) does 
not seem to have any preventative effects on the development 
of PGD.

Unfortunately, the treatment of PGD is mainly support-
ive. Strategies to improve oxygenation are similar to those 
used for acute respiratory distress syndrome (ARDS) using 
low tidal volumes and positive end-expiratory pressure 
(PEEP). Severe dysfunction (PGD Grade 3) may require 
treatment by decreasing the ventilation-perfusion mismatch 
with iNO.  In addition to improved oxygenation, iNO 
decreases pulmonary artery pressures and has been shown to 
decrease the number of days mechanical ventilation is 
required. Methemoglobinemia is a common side effect of 
iNO.  Prompt identification and treatment with methylene 

blue is necessary to reverse this complication. Recent and 
growing data suggests that ECMO should be initiated early 
(within 24 h) in patients with severe PGD and may be a life-
saving intervention in this subset of patients [92].

 Airway Complications

The bronchial anastomosis is the operative element most 
susceptible to postoperative complications. As such, the sur-
gical technique used for the creation of the bronchial anasto-
mosis is an area that has been thoroughly evaluated for lung 
transplant. Currently, the preferred method involves an end- 
to- end anastomosis that no longer incorporates coverage 
with an omental flap or a bronchial artery anastomosis [94, 
95]. This technique has led to the lowest reported airway 
complication rates in pulmonary transplant history, but air-
way complications still represent the most common postop-
erative complication with rates as high as 18%. Bronchial 
necrosis, due to a relative decrease in blood supply, is seen to 
some degree in nearly all post-op lung transplant patients. 
The effects of necrosis can range from sloughing of the 
mucosa to total anastomotic dehiscence [96].

Patients with necrosis limited to the mucosa are typically 
asymptomatic, while development of anastomotic dehis-
cence may present as a persistent air leak, dyspnea, or diffi-
culty weaning from the vent. Necrosis and breakdown are 
often discovered after investigation with flexible bronchos-
copy [96]. Asymptomatic necrosis confined to bronchial 
mucosa can be effectively managed conservatively with anti-
biotics and close observation. Patients who experience a 
small partial dehiscence may be managed with the tempo-
rary placement of an uncovered metallic stent with the hope 
the stent will induce granulation tissue [97]. Unfortunately 
stents have not been found to be consistently successful in 
the management of dehiscence and those who fail to improve 
with stent placement may benefit from primary repair with 
biologic glue products [98].

Bronchial necrosis may lead to local infection and 
abscess formation that can ultimately progress to fistulae 
 development between the bronchus and surrounding spaces 
or vessels. Fistulae formation is uncommon but associated 

Fig. 20.1 International Society for Heart and Lung Transplant proposed primary graft dysfunction (PGD) severity grading scale. CXR chest 
X-ray, PaO2 arterial oxygen, FiO2 inspired oxygen
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with high morbidity [96]. Clinically, patients will appear to 
be worsening, potentially with new or increasing pneumo-
thorax, hypotension, and fever. A CT scan of chest usually 
confirms the diagnosis. Fistulae communication with a ves-
sel may present with hemoptysis and signs of sepsis. Fistulae 
development represents a difficult problem with no one 
right answer. Drainage of any fluid collections and the ini-
tiation of appropriate antibiotics are imperative. Small fistu-
las may be managed with bronchoscopic application of 
fibrin glues or stent placement. Large fistulas frequently 
require surgical correction with either a surgical flap or 
reconstruction [96].

Bronchial necrosis and infection predispose lung trans-
plant patients to airway stenosis. Though this is not typically 
an acute issue, it is the most common long-term airway com-
plication seen, and regular surveillance, endoscopic dilation, 
and occasionally stent placement are required to prevent van-
ishing bronchus or complete occlusion of the airway [99, 
100].

 Standard Critical Care Management

Typical day-to-day intensive care of the postoperative lung 
transplant patient does not vary greatly from the care pro-
vided for patients undergoing major pulmonary resection as 
previously discussed in this chapter. However, there are a 
few salient points worth mentioning with regard to ventilator 
support and the management of fluids that should be more 
specifically addressed.

 Mechanical Ventilation

The vast majority of patients will remain intubated after their 
transplant and be observed for a period in the intensive care 
unit prior to extubation. The typical post-op lung transplant 
patient will be able to wean quickly from mechanical venti-
lation, and early extubation is preferred whenever possible. 
When prolonged ventilator support is required, lung protec-
tive strategies using lower tidal volumes and positive end- 
expiratory pressure (PEEP) should be employed [101]. 
However, there are some caveats in lung transplant popula-
tions. Those receiving transplant for pulmonary hyperten-
sion should remain intubated for the first 24 h at minimum to 
best address any hypoxia or hemodynamic instability [101]. 
Minimal amounts limited to only physiologic levels of PEEP 
should be utilized in patients undergoing single-lung trans-
plant. This is particularly true when transplant is performed 
for predominantly obstructive disease pattern as the use of 
PEEP can cause overinflation of the remaining native lung 
[101]. Hypoxia despite appropriate ventilator support should 
be swiftly evaluated keeping in mind that PGD is the most 
common cause of hypoxia post-lung transplant.

 Fluid Management

It is common for patients returning to the ICU after lung 
transplant to be hemodynamically labile. Most recipients 
will arrive with appropriate invasive monitoring devices 
including pulmonary arterial catheters and arterial lines. All 
patients will arrive with some degree of pulmonary edema 
concomitantly due to loss of lymphatic drainage and inflam-
mation driven vessel permeability. Resuscitation should 
strike a fine balance directed at maintaining tissue perfusion 
and cardiac output while avoiding fluid overload. There is 
not conclusive evidence advocating for one type of resuscita-
tive fluid over another, but most centers prefer albumin col-
loid as it provides the theoretical advantage of promoting 
fluid shifts out of the interstitium.

Unexplained hypotension should be considered to be 
postoperative bleeding until proven otherwise which should 
be promptly investigated then treated with the appropriate 
intervention and product resuscitation. Systemic inflamma-
tion causing transient but severe vasoplegia leading to pro-
found hypotension is not uncommon after transplantation 
particularly if CPB has been utilized. Vasoplegia may be 
resistant to standard vasopressors, and the use of methylene 
blue should be considered for refractory hypotension [102, 
103].

Patients with high pulmonary artery pressures may pres-
ent a formidable challenge postoperatively, and vigilant and 
decisive management of any lability should be employed. 
Management of these patients typically begins in the operat-
ing room by the anesthesia team with the monitoring of right 
heart function using transesophageal echocardiography. 
Right ventricular afterload can be effectively reduced by the 
use of pulmonary dilators such as milrinone or inhaled agents 
such as NO and prostacyclin [72, 104, 105]. These agents 
will usually be continued upon arrival to the ICU but should 
be weaned within the first 24–48 h as tolerated.

 Immunosuppression

Postoperative management of immunotherapy is best 
approached with the aid of experienced pulmonologist and 
immunotherapy specialist. A full review of the methods and 
agents used are beyond the scope of this discussion. Issues 
pertinent to the critical care setting include induction immu-
nosuppression, recognition, and management of hyperacute 
and acute rejections as well as a brief review of the opportu-
nistic infections transplant patients are susceptible to.

 Induction Immunotherapy

The use of induction immunotherapy has increased since 
2001 and, according to the 2013 ISHLT registry, is currently 
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being used in over half of lung transplant patients [82]. 
Induction immunosuppression is the early use of potent 
agents to curb the effects of early T-cell mediated destruction. 
Arguably, this begins intraoperatively with the stress dosing 
of steroids administered just prior to perfusion of the new 
lung. Induction therapies are generally tailored on a patient-
by-patient basis. The mechanism of action for these agents is 
by either inhibition of the effects of IL-2 or directly inhibition 
of T lymphocytes. A list of potential agents and associated 
side effects are listed in Table 20.2. There is no consensus on 
whether induction therapy should be routinely used and no 
conclusive studies supporting one agent over another. Some 
evidence does suggest a slight increase in survival in the first 
2  weeks following transplant based on reports from the 
ISHLT looking at all transplants done in 2014 [82]. The same 
registry provides evidence that rejection within the first year 
may be lower in patients who received induction therapy 
when compared to no induction therapy (26% vs 34%, respec-
tively) [82]. However, these positive outcomes do not account 
for confounders such as increased risk of infection or the 
resulting airway stenosis from early infection. Larger pro-
spective randomized trials will need to be done before any 
solid recommendations can be made.

 Rejection

Hyperacute or humoral rejection from preformed antibodies 
is exceedingly rare in the age of highly sensitive preoperative 
HLA antibody testing. Although case reportable, when it 
does occur, it presents within minutes to hours after trans-
plant and can be devastating. Clinical indicators include pro-

found hypoxia accompanied by pink frothy sputum, 
hypotension, and diffuse coagulopathy. If identified, early 
plasmapheresis and aggressive immunotherapy with allograft 
removal should be completed. Even with prompt and accu-
rate treatment, prognosis is extremely poor [72].

Acute rejection typically occurs in the first 6 months fol-
lowing transplant, but there have been reports of presentation 
as early as a few weeks. When present during the acute post-
operative period, it can prolong ICU stay, and aggressive 
immunotherapy may predispose patients to opportunistic 
infections and renal insufficiency. Immunotherapy may need 
to be curtailed to treat worsening infections or renal failure. 
It is evident that this back and forth can create the potential 
for a viscous cycle which may ultimately result in significant 
morbidity [72].

 Infection

Lung transplant represents a unique cohort of transplant 
patients in that the transplanted organ is naturally colonized. 
This simple fact predisposes the transplanted environment to 
constant inoculation by bronchial organisms. Utilization of 
a multidisciplinary approach, involving transplant infectious 
disease specialist, is recommended. Prophylactic antibiotics 
that cover for common gram-positive and gram-negative nos-
ocomial infections are given prior to incision and typically 
continued for at least 72 h postoperatively. Cultures should 
be obtained preoperatively from both the donor and recipi-
ent, and both prophylactic and treatment antibiotics should 
be tailored based on drug resistance data and local antibio-
grams. Prophylaxis with trimethoprim- sulfamethoxazole  

Table 20.2 Commonly used induction immunotherapy used in major pulmonary transplant centers

Drug Dosinga Mechanism Adverse effects Notes
Basiliximab 20 mg on DOS T-cell inhibition 

through CD25 
inhibition and IL-2 
inhibition

Well tolerated with few side 
effects

Used most commonly in 
transplant centers20 mg on POD4

Anti-thymocyte 
globulin

1.5 mg/kg (rabbit ab) or 
7.5–15 mg/kg (horse ab) 
over 6 h on DOS and then 
every 24 h × 3 days

Nonspecific T-cell 
inhibition via 
polyclonal 
antibodies

Thrombocytopenia, 
leukocytopenia. Effects of 
polyclonal ab: Serum sickness, 
nephritis. Cytokine release 
syndrome

Requires premedication with 
steroids, acetaminophen and 
diphenhydramine 1 h prior to 
infusion

Alemtuzumab 30 mg over 2 h 
intraoperatively

T and B cell 
inhibition via 
CD52

Prolonged lymphopenia Not well studied

Daclizumab 1 mg/kg on DOS then every 
2 weeks × 5 doses

T-cell inhibition 
through CD25 
inhibition and IL-2 
inhibition

Well tolerated with few side 
effects

Not available in the USA

Muromonab-CD3 
(OKT3)

2.5–5 mg/day × 7–14 days T-cell depletion via 
CD3

Cytokine release storm Not available in the USA

Note: References [106] and [107]
aThere is no consensus on dosing. The dosing shown here are recommendations based on commonly used doses at transplant centers. DOS day of 
surgery, POD post-op day, USA United States

20 Care of the Postoperative Pulmonary Resection Patient



228

has the added benefit of covering multiple opportunistic 
pathogens such as Pneumocystis jirovecii in addition to strep 
species. A higher instance of multidrug- resistant flora may be 
seen in patients with cystic fibrosis and bronchiectasis spe-
cifically pseudomonas and rapidly growing nontuberculous 
mycobacteria, and treatment should be based on preoperative 
cultures in these populations [72]. Clinically significant viral 
infections are rare in the acute postoperative period, but recip-
ients should be provided prophylaxis to the common influ-
enza virus as well as cytomegalovirus (CMV).
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Stress Gastritis and Stress Ulcers: 
Prevention and Treatment

Lisa M. Kodadek and Christian Jones

 Introduction

 Historical Perspective

Critically ill patients in intensive care unit (ICU) settings are 
at risk for stress-related gastrointestinal (GI) mucosal injury 
including stress gastritis and stress ulcers. These complica-
tions may occur quickly following severe physiologic insult 
such as traumatic injury, hemorrhage, sepsis, major surgery, 
or burns. Prior to widespread use of antisecretory agents 
such as histamine-2 receptor antagonists (H2RA) and proton 
pump inhibitors (PPI), operations for gastric bleeding were 
well known to the surgeons caring for critically ill patients 
[1]. One series published in 1971 reported hemorrhage from 
stress-related gastric ulcers in 300 patients, of whom 13% 
required operative intervention; mortality among those 
requiring an operation was 47% [2]. Operative intervention 
was not only associated with this high mortality but also with 
a high risk of rebleeding in 50–100% of patients following 
the procedure [1]. The difficulty of the problem was noted by 
Ferguson and Clarke in 1966 with this understatement: 
“Surgical therapy for acute hemorrhagic gastritis has not 
been entirely satisfactory” [3].

One of the earliest reports leading to the advent of medi-
cal prophylaxis of stress-related mucosal injury was pub-
lished in 1969 [4]. This series examined 150 consecutive 
patients admitted to a surgical intensive care unit setting and 
found a 5% incidence of “lethal hemorrhage from acute 
stress ulceration of the stomach.” The authors noted that 
these patients had acute gastric ulcers almost exclusively 
confined to the gastric fundus. This pattern of injury, distinct 
from chronic gastric ulcers which more commonly affected 
the antrum or antral-fundic junction, suggested a different 
pathogenesis than either chronic gastric or duodenal ulcer 
disease. Furthermore, this pattern of gastric injury was highly 

lethal: Seven of the eight patients in this series who devel-
oped gastric ulcers died from hemorrhage, respiratory fail-
ure, and sepsis for a mortality rate of 87.5%. A subsequent 
randomized controlled trial found that critically ill patients 
receiving antacid prophylaxis had a 4% incidence of gastric 
hemorrhage, but nearly 25% of patients receiving no prophy-
laxis experienced gastric hemorrhage [5]. A role for medical 
prophylaxis of stress-related mucosal hemorrhage was clear.

The first widely adopted approach to preventing stress- 
related GI mucosal bleeding, supported mainly by literature 
from the 1980s and early 1990s, was the administration of 
routine stress ulcer prophylaxis in all critically ill patients 
[6–9]. However, pharmacologic stress ulcer prophylaxis is 
not without risk, and the baseline rate of stress gastritis and 
stress ulcers appears to be decreasing over time [10]. This 
may be related to changing practices in the care of critically 
ill patients that emphasize the use of enteral nutrition when 
possible; some studies suggest that patients tolerating enteral 
nutrition may not require prophylaxis [10–13]. It remains 
unclear when the risks of prophylaxis treatment outweigh the 
benefits and thus in which critically ill patients stress ulcer 
prophylaxis is still needed. This chapter will briefly review 
the epidemiology and pathophysiology of stress-related GI 
mucosal injury but will primarily focus on the prevention of 
this complication as well as diagnosis and treatment. Current 
evidence and guidelines will be reviewed, and areas of ongo-
ing investigation will be highlighted.

 Epidemiology

It is difficult to determine the exact incidence of stress gastri-
tis and stress ulcers since the patient populations at risk are 
heterogeneous and the findings or outcomes of interest are 
highly variable [14]. Most critically ill patients, 75–100% in 
available series, show evidence of stress gastritis or ulcer-
ation on endoscopy completed 24–72 h after onset of critical 
illness [15–19]. While changes to the gastric mucosa during 
critical illness are common, most of these changes are 
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 probably not clinically significant and will heal without fur-
ther sequelae [17]. Clinically important GI mucosal bleeding 
requiring blood transfusion or other interventions is uncom-
mon among patients receiving stress ulcer prophylaxis. 
Studies from the 1990s noted an incidence of clinically 
important bleeding of 1.7–6% of ICU patients [20, 21], but 
this incidence appears to be decreasing over time. More 
recent studies suggest that the incidence of clinically impor-
tant GI mucosal bleeding varies from 0.1 to 4% [11, 14, 22, 
23]. This may be a result of changes in the approach to care 
of critically ill patients including improved resuscitation and 
nutrition [10, 14]. Finally, it is important to remember that 
some patients may have GI mucosal pathology that predates 
their critical illness but manifests only after they become 
critically ill; serious hemorrhage may occur in these patients 
and may not be modifiable by stress ulcer prophylaxis [16].

 Pathophysiology

Stress-related GI mucosal injury includes stress gastritis, 
defined as diffuse superficial erosions limited to the gastric 
mucosa, and stress ulcers, which are focal lesions that erode 
deeper into the gastric submucosa. Stress ulcers have a 
higher risk of clinically important bleeding since these 
lesions are deeper and may involve larger blood vessels 
within the submucosa [24]. The pathophysiology of stress- 
related GI mucosal injury is complex, and it remains unclear 
whether stress gastritis is always a clear precursor for stress 
ulceration. However, it has been postulated that disruption of 
gastric mucosal integrity, as occurs in stress gastritis, with 
subsequent ischemia-reperfusion injury and/or failure of the 
glandular epithelium to protect and repair itself may then 
lead to more severe damage manifesting as a stress ulcer [25, 
26].

Although Helicobacter pylori infection is an important 
cause of peptic ulcer disease, it has not been implicated in 
the pathogenesis of stress-related GI mucosal injury [25]. 
Instead, the basic pathophysiology of both stress gastritis 
and stress ulcers relates to impairment or loss of normal gas-
tric mucosa defense mechanisms and resultant mucosal 
injury and ischemia. The gastric mucosa is constantly 
exposed to hydrochloric acid and pepsin which function to 
breakdown tissue as part of normal digestion. The mucosa 
maintains its structural integrity and function in this acidic 
environment through various defense mechanisms, including 
a pre-epithelial mucus-bicarbonate-phospholipid barrier, an 
epithelial barrier of cells connected by tight junctions, blood 
flow through mucosal microvasculature, and production of 
factors including prostaglandins and nitric oxide by epithe-
lial cells [27]. Stress gastritis and ulcers result when these 
defenses are threatened or overwhelmed. Reduced mucosal 
blood flow secondary to splanchnic hypoperfusion is thought 

to be a major factor in the development of stress-related 
mucosal injury. Splanchnic hypoperfusion may result from 
any number of factors common in critical illness such as 
hypovolemia, decreased cardiac output, vasoconstriction, 
and pro-inflammatory cytokines [28]. This hypoperfusion 
may then lead to impaired production of protective bicarbon-
ate, mucus, and prostaglandins and may also cause direct 
mucosal ischemia. Reduced blood flow may also decrease 
gastrointestinal motility, leading to prolonged exposure of 
gastric mucosa to acidic material. Reperfusion injury may 
also be involved in the pathogenesis of stress gastritis and 
stress ulcers; long periods of hypoperfusion followed by res-
toration of blood flow may cause elevated levels of nitric 
oxide synthase leading to hyperemia, an inflammatory 
response, and possible cell death. Stress gastritis and stress 
ulcers develop as a result of these changes, all common dur-
ing critical illness.

 Sequelae and Outcomes

Stress-related mucosal bleeding is divided into three classes: 
occult bleeding, overt bleeding, and clinically important 
bleeding [24]. Occult bleeding is heme-positive gastric aspi-
rate or stool and may be of minimal consequence. Overt 
bleeding is hematemesis, melena, hematochezia, or “coffee 
ground” gastric aspirate. Clinically important bleeding is 
defined as overt bleeding complicated by hemodynamic 
changes, drop in hemoglobin by 2 or more g/dl, transfusion 
requirement of two or more units of blood within 24 h, and 
need for operative intervention [25]. Overt bleeding may 
occur in as many as 5% of ICU patients [24, 25]. However, 
only a small proportion of patients (0.1–4%) experience clin-
ically important bleeding [11, 14, 22–25]. When clinically 
important bleeding does occur, it has a significant impact on 
patient outcomes [29]. Mortality is up to fourfold higher in 
those patients suffering from significant mucosal bleeding 
compared to patients without complications [30]. 
Furthermore, each episode of clinically important bleeding 
results in an increased length of ICU stay up to 8 additional 
days, an average of 7 additional lab tests, an average of 11 
blood product transfusions, and an overall mean cost per epi-
sode of $12,000 [30].

 Prevention

 Risk Factors

A large observational study of 2252 ICU patients published 
in 1994 established respiratory failure and coagulopathy as 
the most important independent risk factors for clinically 
important stress-related mucosal bleeding [31]. A more 
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recent international observational study published in 2015 
examined risk factors for clinically important bleeding 
among 1034 patients from 97 ICUs in 11 countries [32]. This 
study determined that the following variables were indepen-
dently associated with clinically important GI bleeding: 
three or more coexisting diseases, renal replacement therapy, 
coexisting coagulopathy, acute coagulopathy, and higher 
organ failure score. Additional major risk factors include 
traumatic brain injury and major burn (>35% total body sur-
face area) [33]. Other risk factors have been established with 
less definitive evidence and include polytrauma with Injury 
Severity Score (ISS) greater than 15, sepsis, acute liver fail-
ure, high-dose corticosteroids, age greater than 50 years, and 
male gender [33, 34].

 Prophylaxis with Enteral Feeding

Some data suggest patients tolerating enteral nutrition may 
not require stress ulcer prophylaxis (SUP) as they have much 
lower baseline rates of stress ulceration and hemorrhage [10–
13]. Enteral feeds may serve as prophylaxis through direct 
cytoprotection of the GI mucosa and alkalinization of gastric 
contents [35, 36]. Current guidelines report that there is either 
insufficient evidence at this time to make any recommenda-
tion about enteral feeding and SUP or that enteral feeding 
alone may be insufficient as SUP [33, 37]. However, new data 
are challenging these recommendations. A recent study 
examined trauma ICU patients who received both mechanical 
ventilation and full enteral nutrition without administration of 
SUP [13]. The incidence of clinically important bleeding was 
very low at 0.50% in this population. The authors concluded 
that trauma patients at risk for stress- related mucosal bleed-
ing did not benefit from continued pharmacologic SUP once 
they tolerated enteral nutrition. A 2010 systematic review and 
meta-analysis aimed to determine the benefit and risks of 
SUP and the moderating effect of enteral nutrition [10]. 
Seventeen studies (enrolling 1836 patients) were included. 
The authors found that SUP with H2RA reduced the risk of 
GI bleeding, but this treatment effect was noted only in the 
subgroup of patients who did not receive enteral nutrition. 
The authors concluded that SUP may not be required in 
patients receiving enteral nutrition. However, no randomized 
controlled trials to date have prospectively investigated the 
relationship between SUP and enteral nutrition, which limits 
the ability to make definitive recommendations.

 Prophylaxis Regimens

Various pharmacologic treatments are available for prevent-
ing clinically important mucosal GI bleeding. Options for 
SUP include sucralfate and barrier medications, histamine-2 

receptor antagonists (H2RA), and proton pump inhibitors 
(PPI). Antacids, however, are not considered appropriate 
prophylaxis secondary to concerns about side effects and 
labor-intensive dosing [33, 34]. Worldwide, PPI is prescribed 
by the majority of intensivists as the preferred SUP regimen 
[32].

 Sucralfate and Barrier Medications
Sucralfate and other barrier medications function to protect 
the gastric mucosa by coating the mucosa, stimulating mucus 
and bicarbonate secretion, improving blood flow, and 
enhancing release of protective prostaglandins [34]. 
Sucralfate may be administered via nasogastric tube which 
may be of use in some patient populations. However, multi-
ple daily doses are required (typically 1 g every 6 h), and NG 
tubes may become clogged by the medication [38]. 
Furthermore, sucralfate protects gastric mucosa without rais-
ing gastric pH. However, since sucralfate is not systemically 
absorbed, it may decrease absorption of other medications 
administered by mouth. Oral medications must be adminis-
tered at least 2 h before sucralfate [34]. Other adverse effects 
of sucralfate include constipation and aluminum toxicity, 
especially in patients with renal failure or those patients 
receiving renal replacement therapy [33, 39].

A randomized controlled trial of 1200 patients showed 
sucralfate to be inferior to H2RA for the prevention of clini-
cally important bleeding; rates of pneumonia, ICU stay, and 
mortality did not differ among the treatment groups [20]. 
However, two meta-analyses found sucralfate to be associated 
with lower rates of pneumonia when compared with antacids 
and H2RA [9, 40]. A recent retrospective cohort study also 
found lower rates of pneumonia among patients receiving 
sucralfate versus H2RA or PPI [41]. Although associated with 
lower rates of pneumonia, sucralfate is usually considered less 
effective than H2RA and PPIs in preventing clinically impor-
tant bleeding. Sucralfate is not generally recommended for 
routine stress ulcer prophylaxis [20, 37, 42].

 Histamine-2 Receptor Antagonists (H2RA)
Histamine-2 receptor antagonists (H2RA) function by 
reversible competitive inhibition of histamine H-2 receptors. 
Histamine, in addition to gastrin and acetylcholine, stimu-
lates the gastric parietal cell hydrogen-potassium ATPase 
proton pump responsible for the secretion of acid. H2RA can 
substantially reduce the amount of acid secretion, but they 
are not capable of complete inhibition of acid production 
[43]. H2RA have been shown in meta-analysis to be better 
than placebo in reducing the incidence of clinically impor-
tant stress-related mucosal GI bleeding [9]. H2RA have also 
been shown to be superior to sucralfate for SUP [20]. 
However, other studies have failed to show any significant 
difference in reduction of clinically important bleeding when 
comparing H2RA, placebo, and sucralfate [11, 44–46].
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H2RA raise gastric pH, which has been associated with 
higher rates of pneumonia [9, 40, 41]. H2RA have been asso-
ciated with development of tolerance, drug interactions, 
some neurologic complications, and thrombocytopenia. 
Tolerance to H2RA acid inhibition and rebound acid hyper-
secretion may occur as soon as 72 h after first administration 
[47, 48]. This effect is attributed to upregulation of the num-
ber of H2 receptors over time and does not respond to 
increased doses of the medication. Drug interactions may 
occur since H2RA inhibit cytochrome P-450 drug metabo-
lism. This may lead to decreased clearance and associated 
toxicity of drugs such as warfarin, ketoconazole, theophyl-
line, phenytoin, diazepam, and caffeine [49, 50]. Neurologic 
complications such as headache, confusion, delirium, slurred 
speech, and hallucinations have been reported, especially in 
elderly patients [51, 52]. H2RA is a known cause of throm-
bocytopenia, and this condition is reversible with discontinu-
ation of the medication [53]. However, there are many other 
more common reasons ICU patients develop thrombocytope-
nia, so it is important to consider other explanations for this 
finding. If it is determined that thrombocytopenia is second-
ary to H2RA administration, an alternative antisecretory 
medication such as PPI should be prescribed.

 Proton Pump Inhibitors (PPI)
Proton pump inhibitors (PPI) function to block the hydrogen- 
potassium ATPase proton pump, which is the final common 
step responsible for gastric acid secretion. For this reason, 
PPI provide the most potent acid inhibition available [54]. 
PPI are administered as prodrugs which remain inactive until 
the drug is taken up by parietal cells through the basolateral 
membrane. In the presence of acid, the prodrug is protonated 
and then undergoes a conformational change into the active 
form of the drug. Once active, the drug forms a covalent 
bond with cysteine residues on the hydrogen-potassium 
ATPase proton pump, thereby causing the pump to become 
inactivated [38]. PPI will only inactivate active proton 
pumps, and only about 70–80% of pumps are active at one 
time. Thus, it may take up to 3 or 4 days to realize the maxi-
mal acid inhibitory effect of PPI [38].

There have been a number of trials comparing PPI and 
H2RA [49, 55–57]. One of the earliest randomized con-
trolled trials compared omeprazole and ranitidine in ICU 
patients at risk for stress-related GI mucosal bleeding [58]. 
This study found a statistically significant higher incidence 
of clinically important bleeding among patients prescribed 
H2RA (31%) as compared to PPI (6%). However, this trial 
was criticized since the incidence of clinically important 
bleeding was much higher than expected among those 
patients receiving H2RA, and the H2RA cohort had a higher 
number of risk factors than the PPI cohort. A trial comparing 
PPI, H2RA, sucralfate, and placebo found no difference 
among the treatment groups in terms of incidence of clini-

cally important bleeding [45]. Another multicenter trial 
found PPI to be noninferior to H2RA when considering clin-
ically important bleeding as the outcome of interest [59].

Several meta-analyses have compared PPI and H2RA, but 
the results are limited by aspects of methodology which dif-
fered substantially among the included trials and likely 
impacted outcomes [16, 55–57, 60, 61]. A meta-analysis pub-
lished in 2013 included 14 trials enrolling 1720 patients [61]. 
This study found PPI to be more effective than H2RA at 
reducing clinically important bleeding and overt bleeding, but 
there were no differences between PPI and H2RA in risk of 
pneumonia, ICU mortality, or ICU length of stay. Two addi-
tional meta-analyses have found that PPI prophylaxis signifi-
cantly decreased rates of clinically important bleeding 
compared to H2RA, again without any difference in pneumo-
nia rates [55, 56]. However, a 2010 meta-analysis found no 
difference between PPI and H2RA in terms of incidence of 
clinically important bleeding, pneumonia, or mortality [57].

PPI are generally well-tolerated and have an acceptable 
safety profile. The neurologic changes, tolerance, and throm-
bocytopenia associated with H2RA have not been associated 
with PPI [38, 62]. Furthermore, there is less risk for drug 
interactions mediated by cytochrome p-450 enzymes with 
use of PPI [38]. Patients with significant thrombocytopenia 
(<50,000 mm−3) should probably be given PPI as opposed to 
H2RA [60]. PPI are more commonly associated with 
Clostridium difficile infection than H2RA [10, 38, 63, 64]. 
However, none of the trials included in a recent meta- analysis 
comparing PPI and H2RA reported on rates of Clostridium 
difficile infection [61].

 Risks of Prophylaxis
Renewed interest in the topic of appropriate SUP prescrip-
tion may be related to the risks of prophylaxis, which are not 
trivial. Each of the available SUP medications has unique 
risks, as previously discussed. In general, Clostridium diffi-
cile infection, ventilator-associated pneumonia, and throm-
bocytopenia are the most commonly recognized risks of 
SUP. Gastric acid is an important defense mechanism against 
bacterial colonization [65]. Administration of SUP causes 
acid inhibition, which leads to decreased gastric acidity. In 
an alkalinized environment, there may be overgrowth of bac-
teria, bacterial translocation, changes in gastrointestinal 
flora, and impairment of normal host defenses [66]. These 
changes are likely related to the increased incidence of 
Clostridium difficile infection among patients receiving 
SUP.  A likely mechanism behind the increased risk of 
ventilator- associated pneumonia also relates to decreased 
gastric acidity. Since H2RA and PPI alkalinize the gastric 
contents, this may lead to bacterial overgrowth and 
 oropharyngeal/airway colonization. Microaspiration of colo-
nized bacteria may then lead to higher rates of pneumonia. A 
recent retrospective cohort study examined the causative 
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organisms in cases of ventilator-associated pneumonia 
among patients receiving different types of SUP regimens 
[41]. In patients receiving sucralfate (which does not change 
the gastric pH), there was a lower rate of pneumonia, and the 
causative organisms were oropharyngeal flora. In patients 
receiving either PPI or H2RA (which raise gastric pH), there 
was a higher rate of pneumonia, and the causative organisms 
were Pseudomonas species, methicillin-resistant 
Staphylococcus aureus, and gram-negative bacilli. SUP regi-
mens have an associated cost, and the benefits of such treat-
ment, as well as the risks and associated costs of infectious 
complications from SUP therapy, must be carefully consid-
ered [16, 67]. For this reason, widespread and routine use of 
SUP in all critically ill patients is being reevaluated, and the 
safety of withholding SUP is being investigated [68, 69].

 Guidelines for Prophylaxis
While it is agreed that critically ill patients who are at risk for 
clinically important stress-related mucosal GI bleeding 
should receive appropriate prophylaxis, more specific rec-
ommendations generate considerable debate. To this end, 
several organizations have published consensus guidelines 
with indications for stress ulcer prophylaxis and preferred 
regimens as summarized in Table  21.1. The most recently 
published 2014 guidelines from the Danish societies recom-
mend against routine use of stress ulcer prophylaxis (SUP) 
in all critically ill patients [37]. When SUP is indicated, they 
recommend use of PPI as opposed to other types of SUP 
regimens. The 2012 Surviving Sepsis Guidelines offer simi-
lar recommendations: there is a strong recommendation for 
SUP using either PPI or H2RA for patients with bleeding 
risk factors, and there is a weak recommendation that patients 
without risk factors should not receive SUP [42]. Regarding 
a preferred SUP regimen, the Surviving Sepsis Guidelines 
make a weak recommendation based on lower-quality evi-
dence that PPI should be used rather than H2RA [42]. The 
Eastern Association for the Surgery of Trauma (EAST) 
guidelines, published in 2008, recommend SUP for patients 
based on risk factors with varying levels of clinical certainty 
[33]. The highest level of certainty and strongest evidence 
support use of SUP in patients requiring mechanical ventila-
tion and/or those patients with coagulopathy, traumatic brain 
injury, and major burn injury. SUP is recommended for 
patients with multi-trauma, sepsis, or acute renal failure with 
a moderate degree of clinical certainty. Patients with Injury 
Severity Score >15 and those being treated with high-dose 
corticosteroids should also receive SUP, but the degree of 
clinical certainty is not established. Finally, EAST does not 
distinguish at all between H2RA, PPI, and cytoprotective 
agents in terms of a preferred prophylaxis regimen.

While these guidelines reflect the currently available evi-
dence, it is important to note that SUP is an active area of 
ongoing investigation. The Re-evaluating the Inhibition of 

Stress Erosions (REVISE) multicenter pilot trial in Canada, 
Saudi Arabia, and Australia has been designed to investigate 
the feasibility of a large randomized controlled trial to deter-
mine the safety and efficacy of withholding SUP by compar-
ing administration of PPI versus placebo [68]. A similar 

Table 21.1 Indications for stress ulcer prophylaxis and regimens from 
evidence-based guidelines

Organization, year of 
publication

Indications for stress 
ulcer prophylaxis (SUP)

Preferred 
prophylaxis 
regimen

Danish Society of 
Intensive Care 
Medicine and the 
Danish Society of 
Anesthesiology and 
Intensive Care 
Medicine, 2014 [37]

Recommend not using 
SUP routinely for adult 
critically ill patients in 
the ICU (GRADE 1Ca)
Insufficient evidence to 
make any 
recommendation on 
SUP and nutrition
Insufficient evidence to 
make recommendations 
on SUP in specific ICU 
subpopulations such as 
trauma, burn, septic, or 
cardiothoracic patients

Recommend use 
of PPI when SUP 
is indicated in 
adult critically ill 
patients in the 
ICU (GRADE 
2Ca)

Surviving Sepsis 
Campaign, 2012 
[42]

Recommend SUP 
using H2RA or PPI for 
patients with septic 
shock who have 
bleeding risk factors 
(GRADE 1Ba)
Patients without risk 
factors should not 
receive SUP (GRADE 
2Ba)

Recommend use 
of PPI rather than 
H2RA (GRADE 
2Ca)

Eastern Association 
for the Surgery of 
Trauma, 2008 [33]

SUP recommended for 
patients with 
mechanical ventilation, 
coagulopathy, 
traumatic brain injury, 
or major burn injury 
(Level Ib)
SUP recommended for 
patients with multi- 
trauma, sepsis, or acute 
renal failure (Level IIb)
SUP recommended for 
patients with injury 
severity score >15 or 
high-dose steroid 
treatment (Level IIIb)
In selected populations, 
no SUP is necessary 
(Level IIIb)

No difference 
between H2RA, 
cytoprotective 
agents, and PPI 
(Level Ib)
Antacids are not 
recommended 
(Level Ib)
Aluminum- 
containing agents 
should not be 
used in patients 
on dialysis (Level 
IIb)
Enteral feeding 
alone may be 
insufficient (Level 
IIIb)

SUP stress ulcer prophylaxis, ICU intensive care unit, PPI proton pump 
inhibitor, H2RA histamine-2 receptor antagonist
aGRADE: Grading of Recommendations Assessment, Development 
and Evaluation (Quality of evidence ranges from high (A) to very low 
(D), and strength of recommendation is either strong (1) or weak (2).)
bLevel I, strongest evidence for effectiveness and represent principles of 
patient management that reflect a high degree of clinical certainty; 
Level II, moderate degree of clinical certainty; Level III, degree of clin-
ical certainty is not established
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randomized controlled trial in Europe, Stress Ulcer 
Prophylaxis in the Intensive Care Unit (SUP-ICU), will also 
examine outcomes among patients randomized to either PPI 
or placebo [69]. The primary outcome of interest is 90-day 
mortality, and secondary outcomes include proportion of 
patients with clinically important bleeding, pneumonia, and 
Clostridium difficile infection. As these and other trials pro-
vide new data, guideline revisions may be necessary to 
ensure the highest-quality evidence-based care is provided to 
critically ill patients.

 Routine Prophylaxis Recommendations
A practical approach to prevention of clinically important 
stress-related GI bleeding should utilize published guide-
lines but must also recognize limitations in currently avail-
able scientific evidence. There is no SUP regimen that is 
clearly or definitively superior to others. Typical SUP regi-
mens include:

• Pantoprazole 40 mg intravenous once daily (PPI)
• Famotidine 20 mg intravenous twice daily (H2RA)

There are several risk factors that are clearly linked with 
development of stress gastritis and stress ulcers. Critically ill 
patients being cared for in the ICU setting with one of more 
of the following indications should receive SUP:

• Respiratory failure (Expected mechanical ventilation 
>48 h)

• Coagulopathy (platelets  <  50,000  mm−3, INR  >  1.5, or 
aPTT > 2 times control)

• Traumatic brain injury
• Major burn injury (>35% total body surface area)

Discontinuation of SUP should be considered if patients 
are no longer at risk for clinically important bleeding or no 
longer critically ill. Although the scientific evidence is incon-
clusive, discontinuation of SUP may also be considered in 
select mechanically ventilated patients once full enteral 
nutrition is tolerated.

 Diagnosis and Treatment

 Signs and Symptoms

As noted above, signs of stress gastritis and stress ulcers may 
include new occult or overt bleeding. Additionally, anemia of 
uncertain origin may be an initial indication of upper GI 
bleeding, but diseases with this finding are widespread in the 
surgical ICU; consideration for stress gastritis or ulceration 
may occur later than concern for surgical site bleeding or 
traumatic hemorrhage. Alternatively, significant bleeding 

may be associated with hemodynamic changes or an acute 
drop in hematocrit [25]. While frank perforation resulting in 
peritonitis and sepsis is possible, in the stress gastropathy 
patient, this is seldom the first sign.

 Definitive Diagnosis

Radiographic imaging is rapid, and surgeons are accustomed to 
evaluating radiographic images themselves, but imaging has 
limited utility in evaluating stress gastropathy. In the absence of 
perforation, CT and X-ray are unlikely to demonstrate any 
abnormality. Angiography is useful for an intervention in the 
patient with significant bleeding but is prudent for diagnosis 
only in the patient who has previously undergone intervention 
and appears to be rebleeding. On the other hand, esophagogas-
troduodenoscopy (EGD) is both diagnostic and potentially 
therapeutic and should be performed urgently on any critically 
ill patient with suspected upper GI bleeding. On endoscopy, 
stress-related gastritis is identified by multiple subepithelial 
petechiae. These lesions may progress to erosions or discrete 
ulcerations, often in the gastric fundus. Lesions do not usually 
perforate and more often cause focal loss of superficial epithe-
lium, coagulative necrosis of the mucosa, and bleeding from 
superficial mucosal capillaries [28].

 Treatment Options

 Medical
Little direct intervention is indicated for uncomplicated 
stress gastritis. Normal stress ulcer prophylaxis is appropri-
ate, and gastric feeding may improve irritation. Gastric 
lavage with ice-cold saline or Ringer’s lactate is often sug-
gested as effective treatment [70] but has little supporting 
evidence and should not be performed [71]. Principles of 
urgent management for stress-related GI mucosal injury are 
nearly identical to those for any significantly bleeding 
patient, including resuscitation with fluid and blood prod-
ucts, correction of acidosis, correction of coagulopathy, and 
restoration or maintenance of normothermia. Additionally, 
nasogastric or orogastric tube placement is indicated for gas-
tric decompression and removal of gastric contents and 
blood products; overdistension may potentiate mucosal irri-
tation and injury. Intravenous PPI should be administered as 
a continuous drip until bleeding is controlled. In patients 
who manifest signs of sepsis, broad-spectrum antibiotics 
should be administered.

 Endoscopic
Critically ill patients suspected of having upper gastrointesti-
nal bleeding, even minor or occult, should undergo urgent 
endoscopic evaluation. Should an isolated location of bleeding 
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be observed, electrocautery, hemoclips, or injections of vaso-
pressin or epinephrine can be administered in an attempt to 
control the bleeding. Even with initial control of bleeding, the 
need for re-intervention remains high but is without major 
additional risk; serial endoscopy with intervention is nearly 
always preferred to surgery for the hemodynamically stable 
patient with a bleeding stress ulcer. Once bleeding is con-
trolled, there is little benefit to continuous infusion of PPI; 
twice-daily dosing is appropriate. In cases of hemorrhagic 
gastritis, which is not usually associated with a discrete lesion, 
endoscopic therapy is unlikely to be successful.

 Angiographic
Angiographic embolization is useful for the hemodynami-
cally stable patient with apparent ongoing bleeding after 
EGD, either due to inability to visualize the bleeding endo-
scopically or inability to control it via endoscopic interven-
tion. As with endoscopy, rebleeding is common, and 
repeated attempts at angioembolization and endoscopic 
intervention are appropriate as long as the patient remains 
stable. In cases of bleeding from diffuse stress gastritis, the 
rich blood supply to the stomach results in variable control 
of bleeding with interventional radiographic embolization 
of a single vessel. Selective intra-arterial infusion of vaso-
constrictors may be effective in controlling more diffuse 
bleeding [72].

 Surgical
Indications for operative intervention include bleeding with 
hemodynamic instability, ongoing transfusion requirements, 
and suspected gastric ulcer perforation. Patients with associ-
ated gastric perforation require definitive surgical manage-
ment to control abdominal contamination and sepsis. 
Surgical management of stress gastritis and stress ulcers 
presents a major challenge, because patients who require 
surgical intervention are typically in acute hemorrhage shock 
and/or acutely septic. A “damage-control” staged operative 
approach may be necessary in some settings [73]. While 
operative intervention is similar to surgery for perforated 
peptic ulcers, patients with stress ulcers who develop perfo-
ration may have more injury to surrounding gastric mucosa 
and thus may require a more extensive surgical resection; 
examination of the mucosa surrounding the perforation is 
critical.

The surgical approach to control of hemorrhage may 
include anterior gastrotomy and oversewing of bleeding ves-
sels or gastric resection. Depending on the location of hem-
orrhage, partial gastrectomy or subtotal gastrectomy may be 
necessary. Vagotomy and pyloroplasty were a common 
approach prior to the advent of prophylaxis medications and 
are still commonly used in the rare circumstance that opera-
tive intervention is required for stress ulcer management [74, 
75]. In the event of life-threatening diffuse hemorrhagic gas-

tritis, only total gastric devascularization has demonstrated 
significant success in controlling bleeding while retaining 
the stomach. However, the mortality of patients requiring 
this procedure remains high [76, 77]. The most extreme 
intervention, reserved for immediately life-threatening hem-
orrhage, is total gastrectomy.

 Summary

Gastric mucosal changes related to the stress of critical ill-
ness are common in patients treated in the surgical ICU, but 
the incidence of clinically significant bleeding from stress 
gastritis and stress ulcers is dramatically lowered with pro-
phylactic administration of PPI or H2RA. Judicious use of 
these medications in only those patients at high risk for 
bleeding may help prevent complications such as ventilator- 
associated pneumonia, Clostridium difficile colitis, thrombo-
cytopenia, and poor uptake of enteric medications. Should 
bleeding from stress gastritis or stress ulcers occur, urgent 
endoscopy is indicated for diagnosis and potential therapy, 
with angiographic embolization considered a second-line 
option if this fails. Surgery is reserved for the hemodynami-
cally unstable patient with unabated hemorrhage, with total 
gastrectomy having the highest rate of success but resulting 
in considerable mortality.
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 Introduction

A well-nourished 55-year-old female with a past medical 
history of hypertension, hypercholesterolemia, and major 
depression is admitted to the surgical intensive care unit 
(SICU) of a tertiary care hospital following an emergent lap-
arotomy with Hartmann’s procedure for sigmoid volvulus 
causing sigmoid perforation and fecal peritonitis. Upon 
arrival to the ICU, she is in septic shock requiring vasopres-
sors. She is undergoing mechanical ventilation with the use 
of low tidal volumes and positive end-expiratory pressure 
(PEEP). Analgesia is provided by a continuous fentanyl infu-
sion. The patient is found to have generalized oozing around 
arterial and central venous catheter insertion sites. This is 
most likely due to low-grade disseminated intravascular 
coagulation and does not currently merit any specific treat-
ment other than supportive care and holding chemical venous 
thromboembolism (VTE) prophylaxis.

What approach would you use to provide initial 
nutrition support (if any) for this patient?
Optimal nutritional support is fundamental to modern inten-
sive care unit (ICU) care, as critically ill patients often 
exhibit a catabolic stress state that is associated with 
increased morbidity and mortality. Historically one of the 
main problems with providing high-quality ICU nutrition 
was the lack of a robust and high-quality evidence base, 
with very few large randomized trials conducted. However, 
over the past two decades, there has been an explosion of 

outstanding nutrition research including multiple large and 
multicenter randomized trials. The problem faced by the 
modern ICU physician now is not the lack of an evidence 
base, but rather the difficulty in parsing the continually 
increasing body of literature on this topic. In addition, 
despite the recent decades of experience and research, the 
evidence for deciding who needs support, how much and 
when to deliver it, the optimal route and contents, and the 
underlying pathophysiologic mechanisms remain heavily 
debated. Accordingly, there exists widespread variation in 
enteral (EN) and total parenteral nutrition (TPN) utilization 
across all ICUs. Fortunately, there are several high-quality 
sources for ICU nutritional information, guidelines, and 
detailed synthesis and analysis of the existing literature. The 
first are the joint American Society of Parenteral and Enteral 
Nutrition (ASPEN)/Society of Critical Care Medicine 
(SCCM) nutrition guidelines, most recently updated and 
published in 2016 [1]. The second are the Canadian Critical 
Care Nutrition (CCCN) guidelines, last updated and pub-
lished in 2015 [2]. In addition to the published literature 
review and guidelines, the Canadian group has an outstand-
ing website dedicated to ICU nutrition (www.criticalcarenu-
trition.com) that includes nutrition and feeding guides and 
calculators, protocols, slide presentations, and educational 
materials. A third useful reference is the European Society 
of Parenteral and Enteral Nutrition (ESPEN) Guidelines for 
Surgery that were recently released in 2017 (www.espen.
org/education/espen-guidelines).

Recent data has demonstrated that nutritional support 
protocols can result in significantly improved patient out-
comes when they incorporate best practices and are appro-
priately tailored to the patient [3]. Some of the most common 
primary benefits include a decrease in  local and systemic 
infections, attenuation of systemic inflammation, and 
improved metabolic/physiologic profiles. Of note, these ben-
efits observed with early nutritional therapy do not appear 
directly correlated with the dose (both volume and caloric) 
of delivered nutrition. These findings suggest that nutritional 
therapy in the critically ill patient serves as a proactive 
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 therapeutic strategy to ameliorate or modulate the immune 
response, maintain gastrointestinal integrity and physiology, 
and ultimately alleviate the severity of the underlying disease 
process. One of the most important concepts to understand is 
that the critically ill patient does not resemble a normal 
healthy patient physiologically or metabolically and thus 
should not be fed like one [4]. Although it is often thought of 
as a positive and benign intervention, the improper delivery 
of nutritional therapy can result in multiple significant 
adverse effects that can nullify any positive effects and result 
in unnecessary added morbidity. Figure 22.1 outlines a “top 
10 list” of ICU nutritional practices to avoid of change based 
on the most current evidence and experience.

 Nutritional Assessment

Identifying whether a critically ill patient will benefit from 
nutritional therapy requires a thorough understanding of sev-
eral patient factors and the interactions between these patient 
factors. By carefully evaluating these factors, a multidisci-
plinary team can then seek to estimate the patient’s likeli-
hood of receiving some or all of the benefits from nutritional 
therapy. These benefits should then be weighed against the 
potential risks and adverse effects of the nutritional interven-
tion. This evaluation, however, does not automatically 
default to a favorable risk to benefit profile for all critically ill 
patients; there are myriad circumstances where nutritional 

Fig. 22.1 Top 10 nutritional 
practices to avoid or change
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supplementation might not be beneficial, such as EN infu-
sion on patients with escalating vasopressors or TPN in 
patients with fungemia. The following illustration 
(Table 22.1) provides several important factors, both positive 
and negative, that should be considered in weighing the risk 
to benefit analysis prior to implementation:

After reviewing the factors in Table 22.1 within a specific 
patient, the team should make a purposeful decision regard-
ing the patient’s nutritional risk status, the importance of 
starting supplementation, and if required, the optimal route 
for delivery. To address the large number of variables that go 
into this often complex decision, as well as the frequent non-
linear interactions and correlations between variables, sev-
eral standardized and validated scoring systems have 
emerged for guiding the team with estimating nutritional risk 
in a critically ill patient. One of the more commonly utilized 
methods is the Nutrition Risk in Critically Ill (NUTRIC) 
assessment tool [5]. The NUTRIC is calculated from a sim-
ple assignment of 0–3 points for each of the following six 
variables: age, Acute Physiology and Acute Chronic Health 
Evaluation (APACHE) II score, the Sequential Organ Failure 
Assessment (SOFA), number of comorbidities, days from 
hospital to ICU admission, and IL-6 level (Table  22.2). A 
score above five identifies individuals at high risk of major 
nutritional deficiency, prolonged mechanical ventilation, and 
mortality [6]. Because IL-6 is not readily available in most 

ICUs, the score may be modified by omitting the IL-6 com-
ponent or by substituting it with the C-reactive protein (CRP) 
biomarker. Patients with a high NUTRIC score of 6–10, indi-
cating a high risk of malnutrition, may benefit from early 
enteral therapy or immediate initiation of total parenteral 
nutrition (TPN) if they are unable to receive enteral feeding 
[3, 6]. While the NUTRIC score has been validated as a pre-
dictor of nutritional deficiency and adverse outcomes, it 
should be used as a tool that expands the clinician’s arma-
mentarium, and not in isolation as an absolute determinant 
for the timing or volume of nutritional support one should 
deliver. One critically important thing to understand is that a 
higher NUTRIC score does not necessarily mean that a 
patient needs more calories and should not reflexively be 
interpreted as an urgency to deliver higher than normal pro-
tein or calories.

One of the first steps in initiating nutritional support in the 
ICU is calculating or estimating the caloric and protein 
requirements. Although this would seem to be a relatively 
straightforward issue, there remains no consensus on the 
method of assessment or the caloric targets that should be 
utilized. The 2016 ASPEN/SCCM guidelines recommend 
the use of indirect calorimetry to measure the energy require-
ments when available, and providing there are no contraindi-
cations. However, the evidence behind this recommendation 
is rated as “very low,” and there are multiple relatively com-
mon ICU factors that can compromise the accuracy of this 
test. If indirect calorimetry (IC) is utilized, the ICU physi-
cian must be aware of the limitations and confounders for 
this study. IC has been demonstrated to generally overesti-
mate caloric requirements compared to predictive equations 
and can be confounded by factors such as diet-induced ther-
mogenesis if the study is performed while the patient is being 

Table 22.1 Variables to consider prior to nutritional intervention

Key patient and disease factors Potential risks of EN or TPN
Baseline nutritional status Volume overload syndromes
  Weight loss, laboratory 

markers, cross-sectional 
imaging

Hyperglycemia

  Anthropometric measurements Glucose shunting to lactate 
production

Age Lipogenesis
Existing comorbidities Protein shunting to 

nitrogenous waste, urea
Current diagnosis/cause of critical 
illness

Azotemia (rising BUN)

Severity of illness Increased CO2 production, 
impaired ventilator weaning

  APACHE, SAPS, ISS, MELD Central line-associated 
infections

Vasopressor dependent and dose 
required

Fungal infections

Length of critical illness Emesis and aspiration
Gut integrity, function, surgical 
interventions

Pro-inflammatory (TPN/lipids)

Estimated duration until able to 
resume oral intake

Bowel distension, edema, 
abdominal pain

Need for additional procedures or 
interventions

Electrolyte abnormalities

Available routes for feeding 
access or delivery

Bowel ischemia (rare)

Table 22.2 Nutrition Risk in Critically Ill (NUTRIC) score [6]

Variables Range Points
Age <50 0

50–75 1
>75 2

APACHE II <15 0
15–19 1
20–28 2

≥28 3

SOFA <6 0
6–9 1

≥10 2

Comorbidity (#) 0–1 0

≥2 1

Hospital to ICU Admission (days) 0–1 0

≥1 1

IL-6 <400 0

≥400 1

Low score (0–5) = patients with low risk of malnutrition
High score (6–10) = patients with high risk of malnutrition
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fed. The alternatives, if IC is not available or in the presence 
of factors that impact its reliability, are predictive equations 
or simplistic weight-based equations. Neither has shown 
superiority, although predictive equations derived from 
healthy volunteers (like the Harris-Benedict equations) are 
generally less accurate than those derived from hospitalized 
cohorts (like the Penn State equation) [1]. We would recom-
mend use of the more simplified weight based calculations, 
particularly for calculating the initial energy requirements 
and caloric goals for an ICU patient. Full caloric feeding is 
generally between 25  kcal/kg and 35  kcal/kg, and lower- 
calorie targets (such as permissive underfeeding) can then be 
taken as percentages of this initial caloric goal calculation. 
For patients with large weight changes (massive fluid over-
load, edema, anasarca), the original body weight should be 
utilized. For obese patients, an ideal body weight should be 
calculated and used in the equation. Finally, do not forget to 
take into account the calories that are already being delivered 
to the patient in the form of dextrose-containing solutions, 
lipid-based medications such as propofol, and any ongoing 
enteral or parenteral feeding.

 Initiating Nutrition

The two most common areas of contention and debate sur-
rounding nutrition in the critically ill patient involve (1) the 
optimal timing for starting supplemental nutrition and (2) the 
benefits or disadvantages of EN versus TPN. The specific 
population of interest for providing either form of nutrition 
focuses on critically ill adult patients who have expected 
ICU stays of greater than 2–3 days. For the patient who is not 
critically ill, with no pre-existing malnutrition, and who is 
expected to resume oral intake within several days, there 
have been no demonstrated benefits of either aggressive EN 
or TPN support. We can reasonably assume that this patient 
population would derive very few (if any) potential benefits 
of EN or TPN but would still be at risk for the potential 
adverse effects and complications associated with caloric 
supplementation. For the remainder of the critically ill popu-
lation, we can safely assume that any patient with an active 
illness requiring high levels of care is at a high risk for either 
having or developing both macro- and micronutrient defi-
ciencies and a so-called caloric deficit. In addition, identify-
ing patients with pre-existing malnutrition (body mass index 
<19, history of poor oral intake, weight loss >10–15% of 
baseline, pre-illness albumin <3, cancer with known 
cachexia) should prompt initiation of nutritional supplemen-
tation at the earliest possible time. These factors are already 
considered in the validated nutritional risk scoring systems 
such as the NRS and NUTRIC, and we would recommend 
automatically calculating one or both on every ICU admis-
sion [7–10].

Although there is no universal agreement for when to ini-
tiate feeding in all ICU patients, there is a general consensus 
to start enteral feedings early for optimal care, defined as 
within 24–48 h in the critically ill patient who is unable to 
maintain volitional intake unless there is some absolute con-
traindication [2, 3]. Studies have consistently demonstrated 
that early enteral feedings confer benefits in reduced infec-
tions, organ failure, decreased length of stay, and possible 
reduction in mortality rates, when compared to delayed ini-
tiation of enteral feeding or the use of TPN.  Interestingly, 
these benefits of early EN appear to be relatively indepen-
dent to the actual nutritional dose (amount of calories deliv-
ered) but are likely related more to the non-nutritional 
benefits such as minimizing adverse changes in gut permea-
bility, minimizing immunosuppression, or even positively 
impacting the gut microbiome [11, 12]. Therefore, it is more 
important to have some level of enteral feeding delivered 
early in the hospital course of the critically ill patient in order 
to achieve at least minimal caloric targets and minimize mor-
bidity. EN feeds can be initiated through the stomach or the 
lower gastrointestinal tract. Of note, while initiating through 
the small bowel is associated with a reduced risk of pneumo-
nia, the benefit of early EN through the stomach outweighs 
its associated risks. It is therefore acceptable to begin EN 
feeds in the stomach until infusion can be diverted to the 
lower gastrointestinal tract [3, 13].

For the subset of patients that require TPN due to either 
complication or contraindication to EN, there is unfortu-
nately a paucity of evidence associated with the benefit of 
early administration. Clinicians should consider the pre- 
existing nutritional status of the critically ill patient. If no 
evidence of significant malnutrition or elevated nutrition risk 
(by NRS or NUTRIC score) exists, then TPN should be con-
sidered after 5–7  days of inability to initiate or tolerate 
EN.  However, if there are signs that point toward protein/
calorie malnutrition upon admission or those deemed high 
risk for nutritional deficiency, TPN should be started imme-
diately. For patients scheduled to undergo major surgery and 
with evidence of current malnutrition, then nutritional sup-
plementation with EN (or TPN if enteral contraindicated or 
not tolerated) should be administered preoperatively for at 
least 5–7 days if possible.

The other aspect that is often discussed is the whether one 
should wait for return of bowel function prior to initiation. A 
significant proportion of critically ill patients, 30–70%, can 
have gastrointestinal dysfunction based on a variety of fac-
tors [14]. However, current literature and consensus guide-
lines suggest that return of bowel function (i.e., bowel 
sounds, flatus, bowel movement) is not necessary for initia-
tion of EN [3]. For patients who have undergone gastrointes-
tinal surgery, it is still important that a collaborative decision 
is reached between the multidisciplinary team that is caring 
for the patient.

M. J. Martin et al.
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Intensivists are also often faced with the critically ill 
patient requiring vasopressors. While clinicians have 
 traditionally steered away from beginning EN in patients on 
vasopressors due to the ischemia and/or reperfusion injury 
risk, the literature has supported the early delivery of EN in 
patients who are on stable and low doses of vasopressors [12, 
15]. However, one should be cautious in the hemodynami-
cally unstable patient requiring an escalation of vasopressors 
or those maxed out on multiple high-dose vasopressors. In 
addition to being unlikely to tolerate enteral nutrition, there 
is a risk of bowel-related complications such as ischemia, 
dilation with perforation, or anastomotic breakdown with 
aggressive attempts at forcing enteral nutrition.

 Enteral Versus Parenteral

The debate over the indications, benefits, and risks of enteral 
versus total parenteral delivery of nutritional support has 
raged for decades and continues to be a focus of scientific 
investigation. Although the enteral route is the seemingly 
more “natural” and common sense method of delivery, it 
does have significant limitations and unwanted side effects in 
many critically ill patients, particularly surgical patients. 
Accordingly, after landmark reports described using paren-
teral nutrition to successfully support infants with short gut 
syndrome, adult intensivists widely embraced TPN as a sim-
pler and equally effective alternative to EN.  However, as 
more experience with TPN was gained and multiple con-
trolled trials were performed, there were consistent findings 
of worse outcomes in the TPN cohorts, prompting the pendu-
lum to swing back to EN as the clearly superior route. It is 
important to note that these adverse outcomes were primarily 
infectious complications, including central line-associated 
infections and pneumonia, and were used to justify recom-
mendations to avoid using TPN if at all possible. Currently, 
there is still general support for the superiority of EN over 
TPN among patients who are able to receive and tolerate 
enteral feeding, particularly in terms of a reduction in infec-
tious complications. However, the pendulum is again swing-
ing back to a more balanced perspective and greater 
acceptance of TPN as a viable option in the critically ill 
patient. This increasing acceptance is due to multiple factors, 
most notably that complications formerly associated with 
TPN such as central line-associated infections and ventilator- 
associated pneumonia have been drastically reduced with 
modern ICU care. This has been demonstrated in several 
recent prospective randomized trials that have shown no 
increased incidence of infections or other adverse outcomes 
among patients randomized to receive TPN [16, 17]. Other 
factors include the current focused attention on glycemic 
control and the current availability of a mixed lipid emulsion 
including fish oil, MCT, olive oil and soy oil that became 

available in teh USA in 2016. In addition, a very recent meta- 
analysis of studies of enteral versus TPN demonstrated that 
there was no difference in mortality between the two routes, 
but there was a decrease in infectious complications and 
length of stay associated with enteral feeding [18]. However, 
this difference appears to be attributable to studies where the 
TPN groups were given significantly more average caloric 
intake versus enteral feeding. When caloric delivery was 
equal between enteral and TPN, there was no difference in 
either mortality or morbidities [18].

The other proposed advantage of EN over TPN is the 
maintenance of gut mucosal integrity and the prevention of 
bacterial translocation across the gut wall and into the lym-
phatic and systemic circulation. These benefits from EN rel-
ative to TPN have been validated in animal models. 
Furthermore, while there is little to no direct evidence link-
ing short- to medium-term TPN use (less than 4–6 weeks) 
with gut mucosal atrophy/breakdown or bacterial transloca-
tion, there are multiple serious adverse effects when TPN is 
used for prolonged periods of months to years (>4–6 weeks). 
These adverse effects include vascular access complications 
(infection, thrombosis), cholestasis and hepatocellular injury, 
glucose and electrolyte disturbances, and gut mucosal disuse 
atrophy. In addition, there is a growing body of literature that 
implicates the gut as a primary driver of local and distant 
organ injury in critical illness and that changes to the normal 
endogenous bacterial gut flora (aka “the microbiome”) might 
be one of the primary factors in this process [19, 20]. In these 
situations where a patient is on prolonged TPN, aggressive 
attempts at initiating EN or improving tolerance to EN are 
warranted in order to avoid the severe potential complica-
tions with long-term TPN use.

Several factors have been found to improve the delivery 
of higher volumes/calories of EN and are recommended for 
all ICU patients. These include (1) the initiation of EN at a 
slow rate (10–20 cc/h) and then slow advancement to the cal-
culated “goal” rate, (2) the use of prokinetic agents, (3) the 
use of higher thresholds of gastric residual volumes (>500), 
and (4) the post-pyloric feeding if there are persistent high 
gastric residuals/emesis/distension or in patients who are at 
high risk for aspiration. The optimal method to ensure maxi-
mized use of adequate nutritional support is having all the 
above included in a local protocol or algorithm using best- 
practice and evidence-based guidelines [21, 22]. However, 
suboptimal caloric delivery is unfortunately more the rule 
rather than the exception in most ICUs, due to interruption of 
feedings for procedures, trips for imaging studies, and high 
gastric residuals or other signs of feeding intolerance. The 
most effective proven system and protocols/practices to 
overcome these daily realities of modern ICU care have been 
elaborated in the PEP uP studies [21–23]. These include a 
nurse-driven “top-down” feeding approach that targets a 
daily volume of feeding (or calories) rather than a set hourly 
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rate. Following any interruptions of feedings, the bedside 
nurse is empowered to calculate the new feeding rate to 
achieve the daily caloric goal using the formula: [new feed-
ing rate  =  (daily volume goal  - volume delivered)/hours 
remaining in day. This has been consistently shown to result 
in improved delivery of total calories and improved rates of 
achieving 100% delivery of daily caloric feeding goals [21–
23]. Once again the pendulum has started to swing back to 
starting slow with EN to obtain those non-nutritional bene-
fits, then over 4 to 5 days attempting to progress to goal 
rather than the rapid push to attain goals.

 When to Use TPN

The previous sections have summarized the benefits of using 
EN over TPN whenever appropriate for patients. However, 
there will be times where patients should not undergo EN for 
various contraindications and may subsequently instead 
require TPN. Unfortunately, there is currently less of a con-
sensus regarding the utilization and timing of TPN in the 
critically ill patient. This is mostly because the risk to benefit 
ratio does not appear to be as strong or as clearly demon-
strated for TPN compared to EN nutrition.

An objective approach to decision-making with respect to 
TPN utilization and timing begins with determining the 
nutritional status of the patient. As described earlier, the 
NUTRIC score is one method to help identify if a patient is 
at low or high risk for nutritional deficiency [2]. The litera-
ture supports delaying TPN for the first week in patients who 
are at low risk for nutritional deficiency [24]. In fact, studies 
have demonstrated that early TPN in this subset of critically 
ill patients has been associated with increased morbidity 
[25]. However, for those found to be at high risk of nutri-
tional deficiency, the recommendation is to begin TPN 
immediately upon ICU admission if EN is not feasible. A 
meta-analysis specifically evaluating malnourished patients 
in the ICU found a significant decrease in complications 
when TPN was initiated early [26, 27]. While the exact tim-
ing of TPN is not always clear, expert consensus recom-
mends beginning TPN after 7–10  days regardless of 
nutritional status in patients who are not in the high-risk cat-
egory by the initial risk assessment [1, 2].

During the initiation of TPN, it is important to consider 
the dosing of PN, especially in those patients who are found 
to be malnourished or at high risk for nutritional deficiency. 
Studies have found that minimizing excess energy intake 
early in the ICU stay may reduce morbidity (i.e., infection, 
hospital LOS) [28]. The SCCM/ASPEN and Canadian 
guidelines both recommend that during the initial adminis-
tration of TPN, hypocaloric dosing (≤20 kcal/kg/d or 80% of 
estimated energy needs) with adequate protein (≥1.2 g pro-
tein/kg/d) should be delivered [1, 2].

 Estimating Caloric Requirements 
and Selecting the Optimal Dose

Although determining the optimal dose of PN or EN to 
deliver to a critically ill patient may seem relatively straight-
forward, in practice this remains poorly understood, widely 
debated, and highly complex. The traditional teaching on 
this subject has almost exclusively focused on estimating the 
“caloric needs” of the ICU patient. Much less consideration 
has been given to estimating their physiologic and metabolic 
readiness and their ability to tolerate a caloric load. It is criti-
cal to understand that critical illness-induced catabolism is 
entirely different than simple protein/calorie malnutrition (or 
“starvation”) and leads to disruption and dysfunction of the 
host’s intrinsic nutrition processing capacity and antioxidant 
defense systems. As a result, nutritional supplementation is 
not just a matter of supplying adequate calories and nutri-
tional substrates. For example, the critical illness response 
will primarily shuttle these nutrients into maladaptive and 
inefficient pathways that result in energy expenditure and the 
creation of useless or even harmful by-products such as lac-
tate, urea, nitrogenous waste products, oxidative agents, and 
fat mass. Thus, initiating early feeding in these patients, par-
ticularly high-calorie feeding during peak periods of illness, 
may have the paradoxical effect of inducing cellular, tissue, 
and organ injury, without providing any substantive nutri-
tional benefit. This is supported by numerous lines of evi-
dence detailing the ultimate fate of supplied nutrients, the 
adverse effects of overfeeding in the ICU, and the consis-
tently equivalent outcomes between patients receiving lower 
amounts of calories versus moderate and higher amounts. 
The best and most appropriate methods of nutritional sup-
port in the ICU patient must consider both sides of this equa-
tion, with equal attention paid to nutritional needs and to 
nutritional readiness or tolerance.

There are many available options and widely varying 
practices between providers in estimating the caloric require-
ments and calculating the optimal caloric dose of enteral or 
parenteral nutrition to deliver to the critically ill patient. The 
three main methods that are utilized in the majority of ICUs 
are (1) indirect calorimetry, (2) predictive equations, and (3) 
simplified weight-based calculation. There is a paucity of 
level 1 evidence examining the optimal method for estimat-
ing caloric needs and for guiding the delivered doses of sup-
plemental nutrition. A review of two randomized trials 
comparing indirect calorimetry to predictive equation or 
weight-based calculation demonstrated no effect on mortal-
ity, but there were concerns that indirect calorimetry-guided 
strategy resulted in increased infections and longer ICU 
lengths of stay [29]. Using indirect calorimetry-guided dos-
ing did result in an increased average daily caloric delivery, 
but this is not necessarily a beneficial outcome and in some 
cases could contribute to a higher complication profile. There 
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has been no demonstrated evidence that the more complex 
predictive equations have any benefit over simple weight- 
based approaches, and a general range of 20–35 kcal/kg/day 
of nonprotein calories is widely accepted and utilized. For 
initiation of feeding or for feeding in the severely ill or 
acutely worsening patient, a lower caloric target may be cho-
sen, with subsequent adjustment based on the patients over-
all clinical status, trajectory of disease, and response to 
nutrition therapy. It is also important to understand that the 
ICU patient is not static and will have significantly changes 
in the degree of illness, underlying metabolism and physiol-
ogy, and metabolic response to nutrition over the course of 
their stay. Therefore, the nutritional assessment and calcula-
tion of caloric goals should not be a onetime only effort and 
should be frequently reevaluated and recalculated to take 
into account the dynamic nature of critical illness and the 
return to more normal physiology and nutritional require-
ments/tolerance in patients recovering from major insults 
(Fig. 22.2) [4].

Finally, there has been great interest in evaluating the 
independent effects of the primary nutrient sources (fat, pro-
tein, carbohydrates) and the numerous added supplements, 
as well as varying ratios and combinations of these compo-
nents. Some of the current recommendations regarding the 
composition of TPN and EN, as well as the role of various 
additives and supplements, are listed in Table 22.3. A com-
plete description of this topic is beyond the scope of this 
chapter, but several key summary points are as follows:

 1. Carbohydrate, protein, and fats/lipids are the backbone 
nutritional components, and there appears to be no evi-
dence for very low or very high protein or carbohydrate/
fat ratio strategies, although there is some evidence sup-
porting higher early protein delivery as beneficial.

 2. Intravenous lipids, particularly soybean oil-based com-
pounds (currently used in the USA), have many pro- 
inflammatory effects and have been associated with 
adverse outcomes in ICU patients. Interval and lower dos-
ing of these lipids to avoid essential fatty acid deficiency 
is adequate in most patients. A mixed intravenous lipid 
emulsion is now available in the USA and should be con-
sidered in these hyperdynamic patients.

 3. “Immune-enhancing” formulas have no proven benefit in 
unselected ICU patient populations and may be associ-
ated with worse outcomes in certain subpopulations (i.e., 
sepsis). There is some evidence that specific formulas 
containing fish oils, borage oils, and antioxidants are ben-
eficial in patients with acute lung injury or ARDS, 
although most of this benefit has been proven in medical 
patients rather than surgical populations.

 4. Glutamine supplementation by parenteral or enteral routes 
should not be routinely used in critically ill patients, and 
particularly in patients with shock or multiple organ fail-
ure. There may be some benefit in the burn patient popula-
tion, but further study results (ongoing RE- ENERGIZE 
trial) are needed to clarify the safety vs benefit profile.

 Trophic Feeding, Hypocaloric Feeding, 
and Permissive Underfeeding

As noted previously in this chapter, there have been multiple 
studies that have suggested that many of the benefits of ICU 
nutrition are not dependent on the overall amount of deliv-
ered calories or the aggressiveness of achieving 100% of the 
target or goal calories. There has also been evidence suggest-
ing several potential adverse effects of delivering higher 
caloric content, including volume overload, hyperglycemia, 

Fig. 22.2 Graph 
demonstrating targeted or 
“personalized” nutrition 
delivery in a standard ICU 
patient as they progress 
through the standard phases 
of critical illness and that also 
considers the disease severity 
and the presence of pre- 
existing severe malnutrition 
(Reproduced with permission 
from Wischmeyer [4])
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metabolic stress, renal injury, immunosuppression (primar-
ily from lipids), and increased respiratory expenditures. This 
has led to significant debate about the correct targets for total 
calories and for protein delivery in the critically ill patient, 
particularly in the early acute phase of illness. In these 
patients we must balance the need for nutritional delivery to 
provide critical organ support versus the potential for deliv-
ered nutrients to fail to be utilized for energy needs, or even 
to result in harmful metabolic by-products. This has led to 
multiple recent prospective randomized studies evaluating 

alternative lower-calorie feeding strategies in general ICU 
patients or in select ICU subpopulations. These “permissive 
underfeeding” strategies generally provide a significantly 
lower volume of initial feeding that is then slowly increased 
based on some time schedule or on the patient’s response and 
illness acuity. These approaches can generally be grouped 
into one of two categories: trophic or hypocaloric.

The trophic feeding strategy is exemplified by the EDEN 
trial, a multicenter randomized study conducted in ICU 
patients with acute lung injury [30]. The trophic strategy 

Table 22.3 Summary of the 2015 Canadian Critical Care Nutritional guidelines as compared to the previous (2013) guidelines. Changes from 
previous are highlighted in bold [2]

Topic Recommendation Change Reason for rec or change
EN versus TPN Recommend use of EN over TPN if GI tract 

intact and functional
Downgrade Downgraded from “strongly recommend” due 

to better outcomes in more recent TPN trials
Timing of EN Start early EN within 24–48 h No change Strong evidence for benefit
Timing of TPN Early TPN not indicated in nutritionally low-risk 

patients, insufficient data for others
No change For high-risk patients or not tolerating EN, 

decision of when to start TPN made on case-by-
case basis

Determining energy/
calorie needs

Insufficient data to support indirect calorimetry 
versus predictive equations for est. caloric need

No change

Hypocaloric EN Hypocaloric feeding should be considered in 
patients at low nutrition risk

Upgrade Several new PRCT showing identical outcomes 
and improved tolerance with hypocaloric feeds

Arginine supplemented 
EN

Do not recommend arginine supplementation in 
ICU population

No change No proven benefit in PRCT

Fish oils, borage oil, 
and antioxidant 
supplemented EN

Should be considered in patients with ALI or 
ARDS

No change Improved pulmonary and overall outcomes in 
PRCTs in ALI/ARDS population

Glutamine 
supplement: EN

Recommend that glutamine not be used in 
ICU patients

Downgrade Evidence of harm among patients with shock, 
MSOF

Glutamine 
supplement: TPN

Recommend that glutamine not be used in 
ICU patients

Downgrade Evidence of harm among patients with shock, 
MSOF

High fat/low CHO or 
low fat/high CHO EN

Insufficient data to recommend in ICU patients No change

High protein vs low 
protein EN

Insufficient data to recommend in ICU patients No change

Use of motility agents 
for EN

Recommend the use of metoclopramide if EN 
intolerance

No change Erythromycin not recommended due to safety 
concerns

Small bowel vs gastric 
feeding

Small bowel feeding may be assoc. with 
decreased pneumonia; small bowel feeding 
indicated in high risk for gastric intolerance or 
demonstrated gastric intolerance

No change Based on 11 level 2 studies, including 1 new 
PRCT. Rec small bowel feeding tube placement if 
local logistics facilitate; otherwise, reserve for 
gastric intolerant patients

Gastric residuals: 
threshold and timing 
of residual checks

Threshold of 250 to 500 cc checked every 4 or 
8 h should be considered to optimize delivery 
of EN

Upgrade Data demonstrating lower thresholds (<250 cc) 
have no benefit in preventing emesis/aspiration 
and serve to decrease caloric delivery

Combined TPN + EN Recommend against combined 
EN + TPN. Consider on a case-by-case basis if 
not tolerating adequate EN and all strategies to 
improve EN delivery exhausted

No change

TPN vs standard care TPN should not be used routinely but should 
be considered for nutritionally high-risk pts. 
with contraindication to early EN

Upgrade Based on improved complication profile in 
recent TPN studies and evidence of benefit in 
malnourished subgroups

Lipids with TPN Withholding lipids high in soybean oil should be 
considered in pts. who are not malnourished, are 
tolerating some EN, or require TPN < 10 days; 
insufficient evidence for all others

No change Large reductions seen when withholding soybean 
oil lipids in infectious complications; trends 
toward reduced mortality, LOS, and mech 
ventilation
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involved initiating enteral feeding at 20 cc/h for 6 days, and 
then advanced to full caloric goals after 6  days. This was 
compared to the “full” nutritional support group who 
received enteral feeds targeted to 25–30 kcal/kg/day of non-
protein calories and 1.2–1.6 g/kg/day of protein. Therefore, 
the trophic strategy delivered significantly lower amounts of 
both calories and protein. Of interest, there were no differ-
ences in outcome measures between the two groups, and the 
trophic strategy causes less gastrointestinal intolerance than 
the full feeding approach. In addition, there were no signifi-
cant differences noted in longer-term (1  year) survival or 
physical functioning [31]. Critics of this approach cite the 
extremely low amounts of protein delivered in the early 
phase of acute illness and argued for the potential superiority 
of a strategy delivering lower total calories but maintaining 
full protein delivery. This “hypocaloric” approach was stud-
ied in the PERMIT trial, where 894 patients were random-
ized to receive 50% of calculated goal calories plus full 
protein, versus standard feeding at 100% of calculated goals 
[32]. There was no identified difference in any primary out-
come measure between the two groups, although the hypoca-
loric group had significantly less hyperglycemia and lower 
insulin requirements. A post hoc analysis that compared 
results when patients were categorized as either low or high 
baseline nutritional risks again showed no difference in out-
comes by the assigned feeding strategy [33]. Similar results 
have also been demonstrated in a smaller study of surgical 
ICU patients [34]. As shown in Tables 22.3 and 22.4, both 
the ASPEN/SCCM and Canadian Critical Care Nutrition 
guidelines have now incorporated hypocaloric and trophic 
feeding strategies as acceptable alternatives for patients who 
are not deemed to be at high nutritional risk by the NRS or 
NUTRIC score. However, some have argued that there may 
be longer-term deficits in outcomes and physical functioning 
if we underfeed high-risk ICU patients, and several retro-
spective or secondary analyses have supported this concern 
[6, 22, 35]. This remains an area of current debate, with some 
arguing to feed every ICU patient at full goal rates, while 
others support selective use of hypocaloric feeding strategies 
as safe and less complicated for most ICU patients. Our bias 
is to initially use a hypocaloric feeding approach (50% cal-
culated calories but full protein delivery) for initial feeding 
of most ICU patients, with targeted increase to 100% caloric 
delivery based on the patients underlying risk, disease sever-
ity, and course of illness.

 Trauma/Burns

Trauma patients comprise an important subset of the criti-
cally ill patient. These patients are often complex and can 
present with a variety of factors that might make early nutri-

tion delivery difficult. In fact, the significant metabolic 
response associated with trauma results in the breakdown of 
lean body mass unlike what is seen during starvation. This 
change in metabolism is compounded by a variety of other 
factors such as the immobility of trauma patients and the 
subsequent difficulty in providing adequate nutritional ther-
apy. Similar to other critically ill patients, starting nutrition 
early within the first 24–48  h after resuscitation has been 
found to improve outcomes [36, 37]. A meta-analysis dem-
onstrated a reduction in mortality with early feeding in 
trauma patients [36]. Clinicians should consider lower 
energy provision during the initial phases with a plan to ramp 
up to goals that range in the neighborhood of 20–35 kcal/
kg/d. The amount of protein sits on the higher end of the 
range from 1.2 to 2 g protein/kg/d.

Traumatic brain injury (TBI) has been a widely discussed 
topic among this subset of patients. Like other trauma 
patients, those with TBIs can have greatly improved out-
comes with early feeding (reference). While some evidence 
suggests that the benefit of early nutrition does not depend on 
the route of admission (EN vs TPN), expert consensus still 
recommends EN if possible as the first line of nutritional ther-
apy. These patients can have a measured energy expenditure 
that is 100–200% of the predicted baseline resting energy 
expenditure (REE) [38]. There is also some data that suggests 
the utilization of arginine-containing immune- modulating 
formulations to supplement standard enteral formulas; how-
ever, at this point, it has not been extensively studied to make 
any strong evidence-based recommendations [39].

The other important group of patients we often seen are 
those with an open abdomen. Contrary to popular belief, the 
open abdomen patient can and should be started on early 
nutrition with the caveat that no bowel injury is present or 
that bowel continuity has been restored [40]. In addition, due 
to the significant exudative volume that is emitted from an 
open abdomen, adding 15–30 g of protein per liter should be 
considered. It is critical that the plan for initiating enteral 
feeding in the open abdomen patient be discussed with the 
responsible managing surgeon, and that the patient be closely 
monitored for signs of intolerance, worsening distension, or 
any other complication. This is particularly critical in the 
presence of newly formed anastomoses, which can become 
devastating entero-atmospheric fistulae if there is a leak 
caused by significant bowel distension due to aggressive 
enteral feeding.

Burn injury patients have also been found to require a sig-
nificant amount of nutritional requirement. It can be difficult 
to estimate the exact energy needs, and expert consensus rec-
ommends measuring this via indirect calorimetry, as this is 
the most accurate method for doing so. Similar to trauma, 
patients with burn injuries require a higher level of protein 
ranging from 1.5 to 2 g/kg/d, which is recommended by the 
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numerous guidelines including the American Burn 
Association [41]. As with other critically ill patients, EN 
compared with TPN has been associated with a reduction in 
morbidity and mortality [42], and early initiation (within 
4–6 h of injury) of EN may be associated with a lower inci-
dence of complications [43, 44]. Table 22.4 shows a sum-
mary of the ASPEN/SCCM nutrition guidelines that includes 
recommendations for special subpopulations including 
trauma, sepsis, obesity, and acute pancreatitis.

 Parting Thoughts

Nutritional support in the intensive care unit or critically 
ill patient may be a key factor in determining both the 
short- and longer-term outcomes and the risk of major 

morbidity or mortality. The choice of the best route of 
feeding, dose, composition, supplementation, and adjust-
ment strategy will vary highly, and the complex decision-
making requires the understanding of multiple patient and 
disease factors and their interactions within each other. 
Simplistic policies that take a universal approach and 
attempt to provide full caloric support regardless of the 
patient status and disease severity will often result in over-
feeding and have no benefit (or even harm) to the patient. 
For additional information and for much more in-depth 
analyses and evidence-based recommendations, we would 
recommend the Canadian Critical Care Nutrition guide-
lines (www.criticalcarenutrition.com), which have just 
been updated in 2015, as well as the ASPEN/SCCM nutri-
tion guidelines, which were published in 2009 and have a 
newly released 2016 update [1–3, 29].

Table 22.4 Summary of the new 2016 SCCM/ASPEN guidelines [1]

Nutrition assessment Risk assessment should be performed (using NRS or NUTRIC) to identify “high-risk” patients
Determine energy requirements Indirect calorimetry if available; equation or simple weight-based calculations if not
Initiation of feeding 1. Early EN within 24–48 h of ICU admission is preferred

2. Post-pyloric feeding if aspiration risk or gastric intolerance
3. If unstable, EN withheld until hemodynamically stable

Dosing of enteral nutrition 1. Either trophic or full feeding is appropriate in ARDS or expected vent >72 h
2. For high nutrition risk or severely malnourished, advance to goal (>80% of estimated calories) 
over 24–48 h
3. With either trophic or full, provide full protein (1.2–2 g/kg/day)

Use of specialized EN formulations 1. Should not be used routinely in unselected ICU patients
2. Immune enhancing reserved for TBI and major gastrointestinal surgery patients perioperatively
3. No rec regarding immune formula (omega-3 + borage oils) in ARDS/ALI patientsa

Total parenteral nutrition (TPN) 1. No TPN until day 7 in low-risk patients not tolerating EN
2. Immediate TPN in high risk or malnourished who cannot tolerate EN
3. Supplemental TPN after 7 days if unable to deliver >60% energy and protein requirements by 
enteral route

Dosing of TPN 1. Hypocaloric (<20 kcal/kg/day) with full protein be considered in high risk or malnourished for 
first week of nutrition

Composition of TPN 1. Withhold or limit soybean oil lipids over first week
2. Alternative lipids be used when they become available in the USA

Glutamine supplementation 1. Rec against enteral glutamine supplementation in the ICU
2. Rec against parenteral glutamine supplementation in the ICU

Acute pancreatitis 1. Early enteral feeding at trophic rate in mod/severe pancreatitis
2. Use either gastric or jejunal route (no difference in outcomes)
3. TPN after 1 week if EN not feasible or tolerated

Trauma 1. Early EN with high protein within 24–48 h of injury
2. Immune formula with fish oils and arginine be considered in severe trauma and in TBI patients
3. Open abdomen give early EN if no bowel injury
4. Additional protein (15–30 g/liter of exudate) for fluid output

Sepsis 1. Early enteral nutrition once hemodynamically stabilized
2. Enteral preferred over parenteral route
3. No use of TPN in early phase of septic shock or severe sepsis
4. Trophic feeds for the initial phase of sepsis, advance to full feeds over the first week
5. Immune-modulating formulas NOT be used

Obesity 1. Hypocaloric, full protein feeding strategy be utilized initially
2. Goal should not exceed 65–70% of estimated calories
3. If calorimetry not available, use 11–14 kcal/kg actual body weight for BMI 30–50 and 
22–25 kcal/kg/day of ideal body weight for BMI >50
4. Protein should be given at 2–2.5 g/kg/day ideal body weight

aDiffers from Canadian Critical Care Nutrition guideline rec for the use of these formulas in ARDS/ALI
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Intra-abdominal Hypertension 
and Abdominal Compartment 
Syndrome

Javid Sadjadi and Gregory P. Victorino

Interest in intra-abdominal hypertension and abdominal 
compartment syndrome has intensified in recent years as the 
recognition of this condition has increased, thereby provid-
ing a potential therapeutic target to improve outcomes for 
critically ill patients [17]. According to a recent systematic 
review, the incidence of abdominal compartment syndrome 
varies between 0.5% and 36.4% of trauma patients, mortality 
is nearly universal if untreated, and for treated patients, over-
all survival is improved across all study cohorts, though sur-
vival rates range widely, from 25% to 75% [23].

 Definition and Grading

Increased intra-abdominal pressure can result from multiple 
causes, such as volume occupying lesions, hemorrhage, asci-
tes, overwhelming infection, and surgical packing. 
Definitions and a grading system have been developed by the 
World Society of the Abdominal Compartment Syndrome in 
an attempt to standardize the approach to intra-abdominal 
hypertension both clinically and in research. A normal intra- 
abdominal pressure is 2–7  mm Hg [19]. Intra-abdominal 
hypertension is the condition in which the patient has an 
elevated intra-abdominal compartment pressure, typically 
defined at a level of 12–15  mm Hg [19]. If untreated, the 
condition may progress to abdominal compartment syn-
drome, which occurs at an intra-abdominal pressure of 
greater than 20  mm Hg and is associated with end-organ  
dysfunction [19]. The grades of intra-abdominal hyperten-
sion and the associated intra-abdominal pressures are  
as follows:

Grade I: 12–15 mm Hg
Grade II:  16–20 mm Hg
Grade III:  21–25 mm Hg
Grade IV:   >25 mm Hg

An additional parameter that has been suggested as an 
endpoint of resuscitation is the abdominal perfusion pressure 
(APP). Abdominal perfusion pressure is calculated by sub-
tracting the intra-abdominal pressure (IAP) from the mean 
arterial pressure (MAP): APP = MAP – IAP. An APP equal 
to or greater than 50 mm Hg has been demonstrated to be a 
good indicator of survival in patients with intra-abdominal 
hypertension or abdominal compartment syndrome [6].

Several risk factors for the development of abdominal 
compartment syndrome have been identified, including high- 
volume resuscitation, hypothermia, acidosis, ileus, and mul-
tisystem organ dysfunction [12, 13].

 Measurement of Intra-abdominal Pressure

Intra-abdominal compartment pressure is typically measured 
in the intensive care setting, but because it is fairly straight-
forward to do, it can easily be measured anywhere in the 
inpatient setting. The technique involves measuring the pres-
sure within the bladder in a supine patient at end expiration 
with a relaxed abdominal wall [21]. Fifty milliliters of saline 
are introduced into the bladder via the urinary drainage cath-
eter, which is then clamped. The patient is placed in a level 
supine position, and the resulting pressure within the bladder 
is transduced at a height level to the patient’s bladder [25]. 
Elevation of the head can result in artificially elevated values 
and thus should be avoided. Intra-vesicular pressure can then 
be transduced using a number of techniques. These include 
the use of an interposition T-piece, direct cannulation of the 
urinary catheter using a transducer-based needle, or the 
insertion of a continuous transduction method using a three- 
way Foley catheter. Perhaps the simplest technique was 
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described by Harrahill [11]. In this technique, after the 50 
milliliters of saline is infused in the bladder, the column of 
urine generated in the Foley catheter that is raised straight up 
is measured in centimeters. This measurement correlates 
with intra-abdominal pressure. It should be remembered that 
this measurement is in cm H2O, and the units defined in the 
grading system are in mm Hg. To convert from cm H2O to 
mm Hg, multiply the value in cm by 0.74 [11]. A few addi-
tional key conversions to remember are that 16 cm H2O is 
equal to 12 mm Hg and 27 cm H2O is equal to 20 mm Hg.

 Screening

Intra-abdominal hypertension and/or abdominal compart-
ment syndrome is difficult to identify through physical 
examination alone. Recommendations from the International 
Conference of Experts on Intra-abdominal Hypertension and 
Abdominal Compartment Syndrome have identified patients 
who should be screened and/or surveilled for IAH or ACS.

These criteria include the following:

 1. New intensive care unit admission
 2. Evidence of clinical deterioration
 3. Any two risk factors (listed in Table 23.1)

In patients who meet these criteria, bladder pressures 
should be monitored. However, the optimal frequency of 
pressure measurements is still unknown. Our usual practice 
is to check serial intra-abdominal pressures using the bladder 
pressure measurement technique every 4  h as long as the 
patient has one or more risk factors for the development of 
abdominal compartment syndrome.

 Pathophysiology

Several mechanisms can lead to intra-abdominal hyperten-
sion and abdominal compartment syndrome. Primary intra- 
abdominal hypertension may develop as a result of 

retroperitoneal hemorrhage and infection. Secondary intra- 
abdominal hypertension, which is more common, refers to 
intra-abdominal hypertension developing in the setting of 
extra-abdominal or extrapelvic pathology. Secondary intra- 
abdominal hypertension develops when a large volume of 
resuscitation fluid (either crystalloid and/or blood products) 
is required to treat septic shock or hemorrhagic shock [24]. 
No matter the cause of shock, the pathophysiologic response 
is similar. Shock leads to the development of capillary leak. 
This capillary leak, combined with volume resuscitation, 
leads to extravasation of fluid from the intravascular space 
into the interstitial space. The release of inflammatory medi-
ators leads to worsening of the condition, which develops 
into “intestinal distress syndrome” [20]. The increase in vol-
ume in the interstitial compartment leads to generalized 
edema throughout the body. Although commonly seen in the 
subcutaneous tissue, this process also occurs with the intra- 
abdominal viscera and the contents of the retroperitoneal 
space. This then leads to increased intra-abdominal pressure 
as the abdominal contents take on more fluid and increase 
volume, although the fascia of the abdominal wall does not 
increase in compliance. Under the constraints of a relatively 
non-compliant abdominal wall fascia, the volume of the 
intra-abdominal contents reaches a maximum, after which 
the intra-abdominal pressure begins to increase.

Tertiary abdominal compartment syndrome occurs when 
the syndrome develops after initial treatment for abdominal 
compartment syndrome. In other words, it develops after the 
abdominal cavity has already been decompressed. This is 
occasionally referred to as chronic abdominal compartment 
syndrome. Repeated massive fluid resuscitation may result 
in an increased inflammatory response, bowel edema, and 
ascites. This can result in an abdominal compartment syn-
drome requiring further opening of the abdominal cavity and 
placement of a possibly less restrictive abdominal dressing 
[2].

Quaternary abdominal compartment syndrome occurs 
when the syndrome develops in the setting of hernia repair or 
abdominal wall closure. The greater use of abdominal wall 
reconstruction techniques, rather than “hole patch” inci-
sional hernia repairs, understandably leads to an increased 
volume of viscera contained within the abdominal cavity. 
This has resulted in the recognition of a quaternary abdomi-
nal compartment syndrome which develops following the 
abdominal wall reconstruction [18].

 Effects on Organ Systems

 Cardiac

Intra-abdominal hypertension results in decreased cardiac 
output and decreased overall cardiac function. This is mani-

Table 23.1 Risk factors for intra-abdominal hypertension and/or 
abdominal compartment syndrome

Acute respiratory failure with increased 
intrathoracic pressures

Major trauma and/or 
burns

Gastroparesis Ileus
Colonic pseudo-obstruction (Ogilvie’s 
syndrome)

Ascites

Hemoperitoneum Acidosis
Hypotension Hypothermia
Massive transfusion [12] Large volume 

resuscitation
Oliguria Sepsis
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fested clinically as hypotension, one of the hallmarks of 
abdominal compartment syndrome. Cardiac function is 
dependent upon preload, contractility, and afterload, and 
intra-abdominal hypertension affects all of these compo-
nents of cardiac function in different ways [5].

Preload: Intra-abdominal hypertension leads to cephalad 
displacement of the diaphragm into the thoracic cavity. This 
increase in intra-abdominal pressure is transmitted to the 
thoracic cavity and pleural spaces. Besides the direct com-
pression of the inferior vena cava (IVC) by the increased 
intra-abdominal pressure, the transmitted increase in intra-
thoracic pressure also reduces IVC blood flow. With marked 
flow reduction through the IVC, venous return is reduced 
and subsequently, so is preload. Additionally, measurements 
of preload via vascular catheters become inaccurate.

Contractility: Increased intrathoracic pressure and dis-
placement of the diaphragm affect cardiac contractility. 
Direct cardiac compression from the increase in intratho-
racic pressure decreases cardiac contractility. Additionally, 
the increase in intrathoracic pressure leads to in an increase 
in pulmonary vascular resistance that detrimentally affects 
right and left ventricular function. Together, both of these 
mechanisms decrease cardiac contractility.

Afterload: As cardiac output decreases due to decreased 
preload, peripheral vascular resistance will increase in com-
pensation in order to maintain mean arterial pressure. 
Additionally, the relative under perfusion of the kidney leads 
to derangements in the renin angiotensin system, which also 
increases peripheral vascular resistance. The increase in 
peripheral vascular resistance increases afterload and thereby 
diminishes cardiac output.

 Pulmonary

As the diaphragm becomes displaced into the thoracic cavity, 
several changes occur that affect the pulmonary system. The 
decreased compliance of the abdominal wall increases intra- 
abdominal pressure, which is distributed throughout the 
abdominal cavity, including against the diaphragm. This 
direct pressure on the diaphragm not only decreases the size 
of the thoracic cavity but also inhibits the excursion ability of 
the diaphragm, impacting pulmonary function [22].

Ventilation: As the diaphragm is pushed into the thoracic 
cavity, the size of the thoracic cavity decreases, and chest 
wall compliance decreases. The changes in chest wall com-
pliance are often compounded by the effects of interstitial 
edema. Tidal volume decreases, impacting ventilation, which 
leads to a subsequent rise in airway pressures [15]. Clinically, 
one hallmark of abdominal compartment syndrome is ele-
vated peak airway pressures.

Oxygenation: A decrease in size of the thoracic cavity due 
to increased pressure against the diaphragm also leads to a 

reduction in functional residual capacity. Atelectasis devel-
ops in response to increased intrathoracic pressure and can 
lead to pulmonary vascular shunting and ventilation perfu-
sion mismatch. All of these mechanisms lead to the inability 
to oxygenate. Another hallmark of abdominal compartment 
syndrome is decreasing oxygen saturation.

 Renal

Intra-abdominal hypertension has direct effects on renal vas-
culature, specifically compression of the renal veins and 
renal arterioles. These compressive effects lead to increased 
vascular resistance in the kidney, thereby compromising 
renal blood flow. This is especially true of the renal veins 
where the intravascular pressure is much less than in the 
renal arteries. The resultant decrease in relative perfusion 
can lead to renal failure from a prerenal cause [26]. If acute 
tubular necrosis develops, a patient could potentially develop 
anuric renal failure, which is linked to worse outcomes in 
critically ill patients. Relative hypoperfusion of the nephron 
leads to upregulation of the renin angiotensin system and 
aldosterone. The activation of this hormonal axis leads to 
further increases in vascular vasoconstriction together with 
systemic effects of increased afterload. Increased levels of 
angiotensin II will lead to increased renal vascular resistance 
and contribute to a decreased glomerular filtration rate, man-
ifested as impaired renal function, further worsening renal 
circulation.

 Gastrointestinal

It has been postulated that elevated intra-abdominal pressure 
could affect perfusion of organs [14]. Specifically, an IAP of 
20 mm Hg leads to a reduction of flow of up to 25% in the 
portal vein. Reduction of blood flow may also affect capil-
lary circulation to the mucosa of the gastrointestinal tract. 
Subsequent reperfusion injury may increase systemic inflam-
mation and worsen intra-abdominal hypertension [14].

 Central Nervous System

A relationship between intra-abdominal pressure and intra-
cranial pressure has been described [4]. Specifically, intra-
cranial pressure drops by 10  mm Hg after decompressive 
laparotomy in patients with abdominal compartment syn-
drome. This may be a result of relieving direct impedance to 
cerebral venous drainage or by modifying inflammatory 
mediators which contribute to intracranial pressure. These 
findings have opened up the possibility for decompressive 
laparotomy as an adjunct to treatment of refractory elevated 
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intracranial pressure. The specific indications and role for 
this procedure in patients with elevated intracranial pressure 
are controversial and have not been clearly determined cur-
rently [16].

 Management of Intra-abdominal 
Hypertension and the Abdominal 
Compartment Syndrome

There is a continuum of therapy for intra-abdominal hyper-
tension and abdominal compartment syndrome, which cul-
minates in decompressive laparotomy. The first steps involve 
decreasing the volume of the abdominal compartment 
(Table 23.2). This can be accomplished in several ways. The 
use of a nasogastric tube to decompress the stomach can 
decrease intra-abdominal pressure. If there are space- 
occupying lesions such as ascites, cysts, or abscesses, these 
can often be addressed with percutaneous drainage to 
decrease the intra-abdominal volume they occupy. If these 
measures do not accomplish a decrease in intra-abdominal 
pressure and/or result in an abdominal perfusion pressure of 
more than 50 mm Hg, the compliance of the abdominal wall 
can be increased pharmacologically to reduce intra- 
abdominal pressure. This approach is typically used in the 
intubated and mechanically ventilated patient and can be 
accomplished via neuromuscular blockade or by increasing 
sedation. These measures should be considered carefully 
because in critically ill patients, neuromuscular blockade can 
have adverse effects, including secondary infections and 
critical illness neuromyopathy, resulting in increased costs 
and length of stay [1] (Table 23.3).

 Decompressive Laparotomy

If medical therapy does not result in physiologic normaliza-
tion in patients with suspected abdominal compartment syn-
drome, surgery is the sole remaining treatment. As such, the 
extreme end of the treatment spectrum is decompression of 
the abdominal cavity via laparotomy. Decompressive lapa-
rotomy entails opening the abdominal wall from the xiphoid 
to the pubic symphysis. This allows maximal decompression 
and leaves the patient with an open abdomen [3]. Particularly 
important is to ensure that adequate volume resuscitation has 
occurred before the abdominal cavity is opened. Endpoints 
of resuscitation, including central venous pressure and uri-
nary output, may be artificially suppressed in a patient with 
intra-abdominal hypertension and abdominal compartment 
syndrome [14].

Decompressive laparotomy is effective at decreasing 
intra-abdominal pressure, but intra-abdominal hypertension 
persists in most patients [8, 9]. Mortality remains high—
between 37% and 49% [8, 9]. Survival is highest when organ 
dysfunction is reversed, which suggests that timing of 
decompressive laparotomy may be important, thus reinforc-
ing the importance of monitoring intra-abdominal pressures 
in critically ill patients. However, the effect of decompres-
sive laparotomy on organ function is not uniform, and some 
studies found that decompressive laparotomy did not affect 
organ function [9]. Improvement in oxygenation and urinary 
output was the most pronounced effects of decompressive 
laparotomy [8].

Published case reports describe the use of decompressive 
laparotomy as a salvage maneuver in the intensive care unit 
[10]. However, in this scenario, which involves a patient 
who is severely critically ill, rapidly decompensating, and 
unable to tolerate transport to the operating room, anesthesia 
and perioperative care are understandably challenging. 
Decompressive laparotomy under these circumstances can 
be extremely challenging and fraught with complications.
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Acute Liver Failure

Amar Gupta and Chad G. Ball

 Definition

The term “acute liver failure” (ALF) describes the clinical 
consequence of a sudden injury to the liver, resulting in mas-
sive hepatocyte dysfunction and/or necrosis. Clinical hall-
marks of ALF include liver dysfunction as measured by 
biochemical values, coagulopathy, encephalopathy, and 
multi-organ dysfunction (Table 24.1) [1]. More recent defini-
tions employ the time interval between the development of 
jaundice and encephalopathy to further stratify this disease 
entity into hyperacute, acute, and subacute phenotypes 
(Table 24.2) [2–4]. Typically, hyperacute and acute cases 
(which occur secondary to viral infection or acetaminophen 
toxicity) have improved outcomes when compared to sub-
acute scenarios [5]. Although many causes of ALF may also 
be implicated in chronic liver disease and subsequent cirrho-
sis, the patient must be free of chronic liver dysfunction to 
cinch the diagnosis of ALF.

 Causes

 Viral

Infection with hepatitis A, B, and E viruses (HAV, HBV, and 
HEV, respectively) is the most common causes of both ALF 
and liver transplantation in developing countries. ALF sec-
ondary to viral hepatitis is much less predominant in the 
Western world as a result of vaccination and modern sanita-
tion. Transmission of HAV and HEV occurs via a fecal-oral 
route, while HBV is transmitted through exposure to con-
taminated blood and bodily fluids [6, 7]. ALF secondary to 
HAV and HEV infections usually follows a hyperacute time-

line [8, 9]. Acute infection with HBV results in ALF in less 
than 4% of patients; however, outcomes are inferior to cases 
caused by HAV and HEV [1]. Furthermore, reactivation of 
subclinical HBV infection, often seen in cases of immuno-
suppression, results in especially high mortality [1, 5]. 
Identification of these at-risk patients and viral prophylaxis 
is recommended for this population [10–12]. Although much 
less common, ALF secondary to viral infection with Herpes 
simplex virus (HSV), parvovirus, Cytomegalovirus (CMV), 
Epstein-Barr virus, and varicella zoster virus has been well 
documented [13].

 Drug-Induced

The most common cause of ALF in the Western world is 
drug-induced liver injury, with acetaminophen as the most 
frequent culprit drug [14, 15]. ALF secondary to acetamino-
phen toxicity tends to be hyperacute, with rapid progression 
to multi-organ failure [16]. Acetaminophen toxicity occurs 
in dose-dependent fashion, requiring massive doses (15–
20 g). As a result, ALF secondary to acetaminophen is often 
the result of a suicide attempt, although indeliberate toxicity 
is also seen, especially in patients with underlying liver dis-
ease. Even in patients utilizing medications known as hepa-
totoxins, ALF due to drugs other than acetaminophen is rare 
and often a diagnosis of exclusion.

 Post-hepatectomy

Post-hepatectomy liver failure (PHLF) is a well-established 
cause of ALF and is the result of inadequate liver remnant 
function following major hepatectomy. It is widely accepted 
that a future liver remnant of at least 25% is required to avoid 
PHLF in healthy patients [17]. This number rises to 40% in 
patients with underlying liver disease or with prior extensive 
chemotherapy exposure [18]. Strategies) to mitigate this risk 
include associating liver partition and portal vein ligation for 
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staged hepatectomy (ALPPS) [19], percutaneous portal vein 
embolization (PVE) [20], parenchymal-sparing resections, 
and two-stage hepatectomies. Several clinical indices have 
been developed in an attempt to predict PHLF. The 50–50 
criterion employs prothrombin time <50% and total bilirubin 
>50 umol/L on postoperative day 5 as an indicator of PHLF 
[21]. The International Study Group of Liver Surgery 
adopted a more generalized definition of PHLF describing 
increasing INR and serum bilirubin above locally accepted 
cutoff values on or after postoperative day 5 [22]. The model 
for end-stage liver disease (MELD) has also been used to try 
and anticipate PHLF with promising predictive sensitivity 
[23]. Despite these multiple indices for identifying patients 
at risk for PHLF, treatment options still remain limited.

 Other Causes

Acute liver injury as the result of profound ischemia is an impor-
tant condition often seen in critically ill surgical patients. 
Hypoxic hepatitis may progress to ALF if the magnitude of 
hepatocellular necrosis is severe enough [24]. Wilson’s disease, 

Budd-Chiari syndrome, autoimmune hepatitis, and toxic 
 mushroom ingestion remain quite rare causes of ALF. A signifi-
cant number of ALF have no identifiable cause and remain a 
diagnostic challenge [5].

 Management

Patients suspected of having ALF should be managed in 
an intensive care setting, ideally under the multidisci-
plinary care of intensivists, liver surgeons, and hepatolo-
gists. The expansive role that the liver plays in maintaining 
homeostasis is evident in patients with ALF as a wide 
variety of organ systems are affected. A thorough knowl-
edge of the secondary complications associated with ALF 
will allow the intensivist to identify and treat potential 
life-threatening conditions early. These are summarized 
in Table 24.1.

 Neurologic

The development of encephalopathy is central to the 
 diagnosis of ALF and is often associated with cerebral 
edema in hyperacute cases. Although the pathogenesis of 
cerebral edema and encephalopathy is incompletely under-
stood, impaired ammonia detoxification clearly plays an 
important part. In patients with grades 3–4 encephalopathy, 
ammonia levels >120 umol/L on admission have been 
shown to be associated with higher rates of mortality [25]. 
Pharmacologic treatments used for elevated ammonia in 
chronic liver disease are not generally recommended in 
ALF [26]. Cerebral edema and elevated intracranial pres-
sure (ICP) are the leading cause of death from ALF and thus 
must be a central focus for the treating physician. Steps to 
prevent or decrease cerebral edema should include correc-
tion of hyponatremia, avoiding hypoxia and hypercapnia 
often requiring endotracheal intubation in cases of severe 
hepatic encephalopathy, and pharmacologic sedation. 
Severe cerebral edema may lead to life-threatening eleva-
tions in ICP. Elevated ICP may be diagnosed with CT, MRI, 
and transcranial Doppler when combined with clinical find-
ings [26]. Patients with severe hepatic encephalopathy 
(grades 3–4) can also be considered for direct ICP monitor-
ing to guide and assess response to therapy as persistently 
elevated ICP and decreased cerebral perfusion pressure 
(CPP) result in poor outcomes following liver transplanta-
tion [27]. A randomized, controlled trial (RCT) evaluating 
the effect of hypertonic saline on intracranial hypertension 
demonstrated a reduced incidence and severity of elevated 
ICP when hypertonic saline was administered to patients 
with grades 3–4 encephalopathy due to ALF [28]. Some 
animal studies and clinical studies have shown promising 

Table 24.1 Clinical manifestations of organ system dysfunction sec-
ondary to acute liver failure

Organ system Clinical features

Neurologic Hepatic encephalopathy
Cerebral edema
Intracranial hypertension

Cardiovascular Hypotension

Respiratory Late respiratory failure

Coagulation Impaired procoagulant and anticoagulant 
pathways

Renal Acute kidney injury

Metabolic Hypoglycemia
Increased metabolic demand

Immunologic Functional immunosuppression

Table 24.2 Classification of acute liver failure based on time from 
jaundice to encephalopathy

Time from jaundice to encephalopathy

O’Grady system

Hyperacute 0–1 week

Acute 1–4 weeks

Subacute 4–12 weeks

Bernuau system

Fulminant 0–2 weeks

Subfulminant 2–12 weeks

Japanese system

Fulminant

  Acute 0–10 days

  Subacute 10 days–8 weeks

Late-onset 8–24 weeks
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results for mild hypothermia to prevent intracranial 
 hypertension in ALF [29]. However, a  multicentered RCT 
in ALF patients with high-grade hepatic encephalopathy 
failed to demonstrate neither any reduction of intracranial 
hypertension as measured by direct ICP monitoring nor any 
reduction in mortality [30]. Thus, it cannot be recommended 
to induce hypothermia in ALF patients, even in cases of sus-
pected intracranial hypertension.

 Cardiovascular

Cardiovascular derangements are frequent in ALF and are 
often multifactorial in origin. Initial management does not 
differ from standard critical care algorithms. Intravascular 
volume is restored using isotonic crystalloids. Pulse pressure 
variation has been shown to be an effective modality at 
assessing fluid responsiveness in ALF patients [31]. If hypo-
tension persists despite adequate fluid resuscitation, vaso-
pressors may be required to maintain adequate mean arterial 
pressure (MAP). In patients with intracranial hypertension, 
vasopressors may be required to maintain a MAP allowing 
for CPP >60 mm Hg. Patients with refractory hypotension 
may have relative adrenal insufficiency and may benefit from 
hydrocortisone replacement therapy [32].

 Respiratory

Respiratory dysfunction is uncommon in the early stages 
of ALF. Despite this, endotracheal intubation is often 
required given the severity of hepatic encephalopathy in 
these critically ill patients [5]. Furthermore, ventilator 
manipulation allows for deep sedation as well the preven-
tion of hypercapnia, which is a vital maneuver in prevent-
ing cerebral edema and intracranial hypertension as 
discussed above.

 Coagulopathy

Elevated INR is a hallmark of ALF, and as such, many 
patients are aggressively transfused with fresh frozen 
plasma, vitamin K, and other coagulation factors. There is 
a paucity of data to support correction of laboratory mark-
ers of coagulation in ALF patients without evidence of 
active bleeding. Furthermore, it should be noted that the 
synthesis of anticoagulant factors produced in the liver is 
also impaired in ALF. As a result, the true coagulation pro-
file of the patient may be closer to equilibrium than labora-
tory values suggest [33, 34]. As a result, in the absence of 
active bleeding, transfusion of coagulation factors should 
be avoided.

 Renal

Renal dysfunction is observed in the majority of patients 
with ALF and is thought to be the result of a general sys-
temic inflammatory response [35]. Renal replacement 
therapy is often required in the ALF patient to maintain 
fluid balance, prevent acid-base disturbances, and help to 
clear serum ammonia. Continuous renal replacement 
therapy is the preferred modality of intermittent hemodi-
alysis as it provides greater hemodynamic stability [36] 
and can provide effective ammonia clearance [37]. The 
renal dysfunction identified with ALF is usually self-lim-
iting and in most cases resolves once liver function has 
been reestablished (either through regeneration or trans-
plantation) [38, 39].

 Metabolic

Metabolic derangements in ALF are multifactorial and 
require attention and prompt correction to ensure favorable 
clinical outcomes. Impaired hepatic glucose regulation, 
along with increased metabolic demands, often results in 
profound hypoglycemia. Infusion of high-concentration 
intravenous dextrose is often required to maintain adequate 
blood glucose levels [40]. Patients with severe hepatic 
encephalopathy will require nasoenteric feeding access to 
deliver nutrition, while parenteral should be avoided. Caloric 
and protein goals are 25–40 kcal/kg/day and 0.8–1.2 g/kg/
day, respectively, to prevent protein catabolism and preserve 
immune function [5, 40]. Protein restriction should be 
avoided in the absence of worsening hyperammonemia 
attributed to protein intake [41].

 Infectious

Patients with ALF are felt to be at higher risk of systemic 
infection secondary to functional immunosuppression [5], 
and as a result, the majority of centers caring for ALF 
patients administer prophylactic antibiotics [42]. The US 
Acute Liver Failure Study Group identified systemic 
infection as a significantly contributor to hepatic encepha-
lopathy exacerbation [43]. However, the same group 
recently demonstrated no significant reduction in blood-
stream infection or 21-day mortality with the use of pro-
phylactic antibiotics in ALF [44]. Given the paucity of 
reliable data given in the antibiotic use and ALF, we 
reserve antibiotic administration to patients with positive 
admission or surveillance cultures and clinical manifesta-
tions of infection such as fever or worsening leukocytosis, 
grades 3–4 encephalopathy, actively listed for liver 
transplantation.
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 Disease-Specific

When the etiology of ALF is identifiable, cause-specific 
interventions may be of benefit, although robust RCT data 
for many of the following treatments is not available. The 
most widely studied disease-specific treatment is the admin-
istration of N-acetylcysteine (NAC). Intravenous NAC has 
been shown to decrease overall mortality in ALF caused by 
acetaminophen toxicity [45]. Furthermore, NAC administra-
tion early in the course of non-acetaminophen ALF provided 
a transplant-free survival benefits in patients with grades 1–2 
hepatic encephalopathy [46]. As a result, NAC should be 
administered early in acetaminophen-induced ALF and in 
non-acetaminophen cases of ALF with grades 1–2 hepatic 
encephalopathy.

Lamivudine administration may improve HBV-associated 
ALF outcomes [47–49] although RCT data is scarce. 
Similarly, acyclovir and ganciclovir have been used as treat-
ment adjuncts in HSV and CMV causes of ALF, respectively, 
although no reliable data exists. Autoimmune ALF has been 
treated with steroid administration in some centers, although 
there is no literature demonstrating improved outcomes. In 
fact, some authors have suggested infectious complications 
which may be exacerbated with steroid administration [50].

 Liver Transplantation

All patients suspected of ALF should be evaluated early for 
liver transplantation. The decision to proceed with liver 
transplantation for ALF is a difficult one, as liver grafts are 
in considerably short supply. Thus, identifying which 
patients will regain adequate hepatic reserve, and which will 
not, is of paramount importance to ensure efficient usage of 
such a valuable resource. The King’s College Criteria were 
developed as a predictive tool to identify patients at risk for 
high mortality without urgent liver transplantation. They 
include patients with acetaminophen-induced ALF who have 
either an arterial pH < 7.30 after adequate volume resuscita-
tion or an INR >6.5 and serum creatinine >3.4 mg/dL with 
grades 3–4 encephalopathy. Patients with non- acetaminophen 
ALF must demonstrate either an INR >6.5 or any 3 of age 
<10 or >40, INR >3.5, bilirubin >17.6 mg/dL, encephalopa-
thy developing 7 or more days after jaundice, and etiology 
other than HAV/HBV hepatitis (Table 24.3) [51]. The MELD 
score uses serum bilirubin, INR, serum creatinine, and the 
need for renal replacement therapy to develop a predictive 
score. A MELD score above 30 is widely accepted as criteria 
to pursue liver transplantation. Furthermore, the MELD 
score has been suggested as being a superior predictive tool 
when compared to the King’s College Criteria [52].

Live-donor liver transplant (LDLT) has been suggested as a 
potential solution to the shortage of deceased-donor liver 

grafts. Unfortunately, due to the rigorous preoperative workup, 
potential danger to the donor, and technically demanding 
nature of LDLT, few centers have pursued this modality for 
ALF. Those specialized centers that have reported LDLT for 
ALF have enjoyed favorable results however [53–56].

 Liver Support Systems

Although still not in wide clinical use, liver support systems 
(LSS) offer an appealing possibility of short-term stabiliza-
tion of ALF patients when liver transplantation is not avail-
able or contraindicated [57].

Albumin dialysis systems remove albumin-bound mole-
cules as well as water-soluble substances and are the most 
studied systems. The molecular adsorbent reticulating sys-
tem (MARS) plus standard medical treatment was evaluated 
in an RCT versus standard medical therapy alone and was 
found to impart no survival benefit in ALF patients [58]. The 
Prometheus system has shown no significant survival benefit 
in patients with acute-on-chronic liver failure and has yet to 
be evaluated by an RCT [59].

High-volume plasma (HVP) exchange involves 8–12 L of 
plasma with fresh frozen plasma daily [57]. A multicenter 
RCT comparing HVP plus standard medical treatment to 
standard medical therapy alone demonstrated a significant 
survival advantage in the HVP group [60]. Importantly, this 
studies recruitment period was 13 years, during which period 
critical care of ALF has markedly improved. To this day, 
HVP is not routinely employed for ALF.

The HepatAssist system filters patient plasma through a 
small pore membrane where it comes in contact with cul-
tured porcine hepatocytes before being returned to the 
patient. A recent RCT of HepatAssist plus standard medical 
treatment versus standard medical treatment alone 

Table 24.3 King’s College Criteria for identification of acute liver 
failure patients requiring transplantation

Acetaminophen ALF

Arterial pH <7.3 after adequate fluid resuscitation

  Or all of the following:

INR >6.5

Serum creatinine >3.4 mg/dL

Grades 3–4 encephalopathy

Non-acetaminophen ALF

INR >6.5

  Or any 3 of the following:

Age <10 or >40

INR >3.5

Bilirubin >17.6 mg/dL

Encephalopathy developing 7 or more days after jaundice

Etiology other than HAV/HBV hepatitis
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 demonstrated no 30-day survival advantage in patients with 
ALF or primary non-function (PNF) following liver trans-
plantation. This study initially included all patients, even 
those treated with liver transplantation within the 30-day 
study period. When the patients undergoing liver transplant 
and the PNF patients were controlled for, the HepatAssist 
group has a significant survival advantage over the control 
group [61]. Despite these results, the HepatAssist has yet to 
be used outside of an experimental setting.
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Acute Pancreatitis

Peter Fagenholz and Marc de Moya

 Introduction

Acute pancreatitis encompasses a wide range of severity, 
from mild and self-limited to lethal. This chapter will focus 
on medical and surgical management of severe pancreatitis 
requiring intensive care unit admission. We address the most 
common clinical questions related to care of severe acute 
pancreatitis, such as which patients should receive antibiot-
ics, the best method of nutrition, which patients require sur-
gery, what is the optimal surgical approach, and others.

 Epidemiology and Etiology

Acute pancreatitis is the most common gastrointestinal dis-
order requiring hospitalization in the United States with an 
estimated 274,000 hospitalizations in 2009, and its incidence 
appears to be increasing [1, 2]. The most common causes of 
acute pancreatitis are ethanol ingestion and gallstones. Less 
frequent causes include instrumentation of the bile or pan-
creatic ducts (endoscopic retrograde cholangiopancreatogra-
phy [ERCP]), medications (especially diuretics, 
antiepileptics, and protease inhibitors), hypertriglyceride-
mia, hypercalcemia, congenital anatomic or genetic condi-
tions (e.g., pancreas divisum or CFTR mutation), mumps, 
pancreatic neoplasm, and trauma or hypoperfusion. In 
10–15% of cases, the cause is not identified, though evidence 
is increasing that a significant percentage of these cases may 
be due to occult biliary tract disease [3]. The overall mortal-
ity is 2–4%, though the mortality rate of patients requiring 
intensive care is significantly higher [2, 4].

 Pathophysiology

The pathophysiology of acute pancreatitis is poorly 
 understood. The most common causes of acute pancreatitis 
can generally be broken down into mechanical (gallstones, 
ERCP) or systemic (alcohol, medications, hypercalcemia, 
hypertriglyceridemia). There are two suggested mechanisms 
whereby the mechanical causes result in acute pancreatitis: 
obstruction of the ampulla or bile reflux into the pancreatic 
ductal system. How systemic agents trigger acute pancreati-
tis is even less clear.

Most investigators agree that, whatever the inciting mech-
anism, acute pancreatitis results from activation of trypsin 
within the pancreatic acinar cells. The pancreas has mecha-
nisms for preventing intracellular trypsin activation and 
counteracting low levels of activation, but when these mech-
anisms are overwhelmed, pancreatic autodigestion ensues, 
which can progress beyond the gland itself and into the sur-
rounding peripancreatic tissues. This local injury can in turn 
activate a variety of local, regional, and systemic inflamma-
tory mediators (complement, interleukins, phospholipase 
A2) which may be responsible for the systemic effects seen 
in severe acute pancreatitis [5]. For the intensivist, the rele-
vance is that acute pancreatitis can trigger a profound SIRS 
response and septic shock-like physiology even in the 
absence of infection.

 Diagnosis, Classification, and Severity

The diagnosis of acute pancreatitis is based on the identifica-
tion of two of the following three criteria: (1) clinical (central 
upper abdominal pain, often with associated nausea and 
vomiting, and sometimes radiating to the back), (2) labora-
tory (serum amylase or lipase greater than three times the 
upper limit of normal), and (3) radiographic (imaging (usu-
ally CT or MRI) characteristic of acute pancreatitis). Imaging 
is rarely required to make the diagnosis of acute pancreatitis, 
which can usually be made on the basis of clinical and 
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 biochemical parameters alone. Imaging should only be used 
acutely when the diagnosis is unclear and is typically more 
valuable later in the course of disease to better define local 
complications (discussed below). In critically ill patients in 
which the diagnosis is unclear, CT with intravenous contrast 
is highly sensitive and specific and can also assess for many 
critical alternative diagnoses such as perforated peptic ulcer, 
aortic pathology, or mesenteric ischemia. The etiology of 
any episode of pancreatitis should be sought, as it may allow 
prevention of recurrent episodes. When there is no obvious 
inciting factor such as heavy alcohol use or recent ERCP, 
abdominal ultrasound should be performed to evaluate for 
gallstones as a potential cause.

There have been several classification systems for acute 
pancreatitis severity through the years, each with its inherent 
strengths and weaknesses. In theory such systems are most 
practically useful to the intensivist for triage and early iden-
tification of patients at high risk of complications who might 
benefit from initial resuscitation in an ICU setting. The pres-
ence of SIRS or organ failure on presentation and at 48 h is 
considered the best predictor of severity of acute pancreati-
tis. Complex or pancreatitis-specific severity scoring sys-
tems (e.g., Ranson, Glasgow, Balthazar, APACHE II) do not 
perform better and need not be calculated [6, 7]. Overall, at 
least 80% of acute pancreatitis is mild, and 20% is severe or 
moderately severe.

 Initial Management

Fluid Resuscitation Severe or moderately severe pancreati-
tis patients often manifest systemic signs of inflammation. 
Fluid resuscitation is required in the acute phase with a bal-
anced electrolyte solution, e.g., Ringer’s lactate [8]. The rate 
and total amount of fluid used during initial resuscitation can 
be difficult to predict. The consequences of under- 
resuscitation include end-organ damage, in particular renal 
failure. Over-resuscitation can be complicated by pulmonary 
edema, respiratory failure, and abdominal compartment syn-
drome. The “sweet spot” between under- and over- 
resuscitation can be difficult to identify. Studies have shown 
increased morbidity and mortality when initial resuscitation 
is undertaken with 10–15 mL/kg/hr. compared to 5–10 mL/
kg/hr. We suggest initial resuscitation with Ringer’s lactate 
solution at 5–10 mL/kg/hr. with continuous reassessment of 
the endpoints of resuscitation. Relevant endpoints include 
clinical (e.g., heart rate, blood pressure, urine output), inva-
sive (e.g., stroke volume variation), and biochemical (e.g., 
base deficit, lactate) parameters [9].

Pancreatitis patients can typically be divided into respond-
ers and nonresponders to initial fluid resuscitation. Most 
responders will manifest signs of improvement clinically and 
in measured endpoints of resuscitation within the first 4 L of 

fluid administration. Those who do not respond after 2–4 L 
may need vasopressor support (i.e., norepinephrine, vaso-
pressin) in addition to ongoing volume resuscitation. Many 
of the patients who do not respond to this early resuscitation 
may never respond favorably even to massive resuscitation. 
One pitfall is to persist with high-volume fluid resuscitation 
in the hopes of achieving endpoints (low HR, improved urine 
output, whatever it may be) that will never be achieved with 
any volume of fluid administration, due to the severity of the 
underlying inflammation. In these patients, the complica-
tions of fluid overload can accumulate without any concomi-
tant improvement in perfusion or organ function. Ask 
yourself in patients who have not shown significant improve-
ment after high-volume fluid administration (e.g., 6–8 L): 
what will the ninth or tenth liter of fluid accomplish that the 
first eight did not? Starting early aggressive fluid resuscita-
tion is the cornerstone of medical therapy of severe acute 
pancreatitis and is simple but must be judicious in nature. 
Knowing when to stop is just as important but can be a more 
difficult and nuanced decision. A balance between fluid 
resuscitation to meet the needs of the capillary leak and the 
use of vasopressors to meet the needs of a dilated distributive 
shock state is important.

Nutrition In mild pancreatitis oral intake can be resumed as 
soon as abdominal pain and laboratory parameters are 
improving, often within the first 24 h after presentation. 
Neither needs to be completely resolved before resuming 
oral intake. Oral intake can be rapidly advanced to a full 
solid diet. Indeed, one randomized controlled trial showed 
that initial oral intake can be with a full solid diet [10, 11]. In 
patients with severe pancreatitis requiring nutritional supple-
mentation, enteral feeding should be the primary therapy and 
initiated early (24–48 h after initiation of resuscitation). No 
specific formulation or immunonutrition has been shown to 
improve outcomes. Nasogastric feeding if tolerated is equiv-
alent to nasojejunal feeding, acknowledging that it may be 
less well tolerated in pancreatitis patients than in other criti-
cally ill patients due to mechanical compression of the gas-
tric outlet or relative gastric dysmotility induced by 
inflammation in the lesser sac, since the pancreas abuts the 
posterior gastric wall and the duodenum. Parenteral nutrition 
should only be used in patients who cannot reach nutritional 
goals with enteral nutrition within 5–7 days [12–15].

Prevention, Diagnosis, and Treatment of Infection About 
20% of pancreatitis is associated with detectable necrosis of 
pancreatic or peripancreatic tissue. About 20–30% of the 
time, this necrosis is complicated by infection. This is the 
primary indication for mechanical intervention (drainage or 
debridement) in acute pancreatitis, which is discussed in 
more detail below. Preventing infection could reduce the 
need for intervention and any associated morbidity, while 
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prompt diagnosis and treatment of infection can limit the 
morbidity when infection does occur.

A relatively large literature exists on the administration of 
intravenous antibiotics to patients with either predicted 
severe acute pancreatitis or radiographic evidence of necro-
sis for the purpose of preventing infection of the necrosis. A 
recent meta-analysis and review of 14 randomized controlled 
trials concluded that there is no evidence to support the rou-
tine use of antibiotics in patients with predicted severe pan-
creatitis. It remains possible that subgroups may be identified 
and could benefit from antibiotic prophylaxis, but current 
guidelines recommend against systemic antibiotic adminis-
tration for prophylactic purposes. Systemic antibiotics 
should be reserved for the treatment (not the prophylaxis) of 
infected pancreatic and peripancreatic necrosis [16]. In 
observational studies, early enteral feeding, as discussed 
above, is associated with a reduced incidence of infected 
necrosis. The presumed mechanism is by reducing the per-
meability of the gut’s mucosal barrier. This benefit has not 
been supported in randomized trials. Alternative methods of 
preventing infection include intra-arterial antibiotic adminis-
tration [17]. There is some evidence that prophylactic selec-
tive digestive decontamination (SDD) with enteral antibiotics 
may be effective in reducing the rate of infected pancreatic 
necrosis, but this is not strong enough to make SDD a stan-
dard recommendation [18]. In one randomized trial, “probi-
otics” have been found to be harmful [19].

The incidence of infected necrosis increases over the early 
course of acute pancreatitis and probably peaks in the third 
and fourth weeks after the onset of the disease. Infected necro-
sis can be diagnosed definitively by the finding of air in an area 
of pancreatic necrosis on CT scanning or by gram stain and 
culture of a fine-needle aspirate of the necrosis. However, 
infected necrosis remains a clinical diagnosis. It is important 
to remember that FNA is only approximately 75–90% sensi-
tive for the diagnosis of infection. Thus, patients who are clini-
cally unwell with suspicion for infected necrosis should be 
treated as if they have infection, since there is no reliable 
means to exclude it. The common clinical scenario is a patient 
whose fever curve, leukocytosis, and systemic inflammatory 
response are improving but begin to return at 3–4 weeks.

When treatment is initiated, carbapenems comprise the 
best initial regimen based on evidence of effective pancreatic 
tissue penetration and an appropriate spectrum of antimicro-
bial activity [20]. Since fungal infection is not uncommon 
(25%), patients with persistently worsening clinical condi-
tion or with microbiologic evidence for fungal infection 
should be treated with antifungals. If cultures show Candida 
albicans, fluconazole is appropriate. Although good evi-
dence on the optimal antifungal agents in pancreatitis are 
lacking, if the indication is severe sepsis, we recommend 
using broader spectrum antifungal agents until definitive cul-
ture and sensitivities are available.

Imaging CT is the most common imaging modality used for 
diagnosis of acute pancreatitis and its complications. It is 
highly sensitive and specific for acute pancreatitis and rele-
vant complications but is overused in general. As noted 
above, CT is rarely needed to make the diagnosis of acute 
pancreatitis and should not be used routinely at the time of 
presentation but should be reserved for cases in which there 
is diagnostic uncertainty or clinical deterioration in spite of 
appropriate initial treatment [21–23]. Whenever possible, 
CT should be performed with oral and intravenous contrast. 
If CT is performed to assess for local complications and the 
severity of the pancreatitis, the optimal timing is 72–96 h 
after presentation, as CT scans performed in the first 72 h 
frequently underestimate the degree of pancreatic and peri-
pancreatic necrosis. Even when early CT shows significant 
abnormalities, follow-up imaging is not recommended 
unless there is clinical deterioration or lack of improvement. 
A patient who continues to improve after an episode of acute 
pancreatitis, even a severe episode with documented necro-
sis, does not require serial imaging to monitor resolution. 
MRI can provide most of the same information as 
CT. Potential advantages include the lack of ionizing radia-
tion and superiority in delineating liquid and solid compo-
nents within peripancreatic necrosis. As noted above in the 
diagnosis section, early ultrasonography should also be used 
to assess for gallstones as the source of the pancreatitis epi-
sode if no other etiology is apparent.

ERCP ERCP with sphincterotomy and common bile duct 
stone extraction is most commonly used to relieve biliary 
obstruction in cases of gallstone pancreatitis associated with 
cholangitis. Since the vast majority of gallstones responsible 
for gallstone pancreatitis pass spontaneously out of the com-
mon bile duct, ERCP is usually not necessary. Routine ERCP 
for all cases of biliary pancreatitis increases the rate of com-
plications, so ERCP should only be employed when there is 
ongoing biliary obstruction. Sphincterotomy has the added 
benefit of reducing the risk of recurrent biliary complica-
tions. Occasionally biliary obstruction may result later in the 
course of disease when inflammation or necrosis in the 
region of the pancreatic head compresses the common bile 
duct; this usually requires biliary stenting to relieve the 
obstruction.

 Abdominal Compartment Syndrome

As noted above, abdominal compartment syndrome in acute 
pancreatitis is usually related to high-volume fluid resuscita-
tion, through retroperitoneal mass effect from peripancreatic 
edema and bowel edema. Diagnosis in acute pancreatitis is 
as for ACS of other etiologies with intra-abdominal pres-
sures estimated by transduction of bladder pressures. The 
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difficulty in diagnosing ACS in acute pancreatitis is that even 
in the absence of intra-abdominal hypertension, acute pan-
creatitis can result in all the clinical hallmarks of ACS such 
as acute kidney injury, respiratory failure with high peak 
inspiratory pressures, hypotension, and a tense distended 
abdomen. When these signs and symptoms occur in a patient 
with severe pancreatitis, it can be difficult to know if they are 
a manifestation of the systemic inflammation induced by 
pancreatitis or if they are a direct result of the intra- abdominal 
hypertension and thus whether they will improve with treat-
ment of the intra-abdominal hypertension. Treatment is as 
for ACS of any etiology usually beginning with nasogastric 
and rectal decompression, volume removal with diuresis or 
ultrafiltration, and sedation or neuromuscular blockade to 
increase abdominal wall compliance. Ascites is often a major 
contributor to intra-abdominal hypertension in acute pancre-
atitis patients with ACS, and if significant ascites is present, 
it should be percutaneously drained [24]. When all of these 
measures fail, surgical decompression of the abdomen is the 
last resort. If abdominal decompression is performed, pan-
creatic necrosectomy should not be undertaken. ACS typi-
cally occurs early in the course of pancreatitis when surgical 
necrosectomy increases mortality. Although tempting, do 
not perform necrosectomy “just because you are there.” If 
the indication for surgery is ACS, then treat the ACS. After 
decompression, diuresis and staged closure should achieve a 
high rate (>90%) of primary fascial closure [25].

 Intervention

Initial medical management for pancreatitis can be easily 
provided at most hospitals, but intervention requires a facil-
ity with a multidisciplinary team including at least sur-
geons, interventional radiologists, and gastroenterologists 
experienced in managing the disease [26]. The clearest 
consensus indication for intervention is infected pancreatic 
necrosis.

Once the diagnosis of infected necrosis is made, treat-
ment is with the supportive care described above. When 
possible intervention should be delayed to 28 days or more 
from the onset of the pancreatitis episode. This may be 
impossible if patients are clinically unstable. Whenever the 
first intervention is undertaken, a minimally invasive percu-
taneous or endoscopic drainage procedure should be the ini-
tial procedure as the first step in a so-called “step-up” 
approach [27, 28]. Between 20% and 45% of patients with 
infected necrosis can be successfully treated with percuta-
neous drainage alone, though this may require several repeat 
drainage procedures. Drains should be placed taking into 
account the planned strategies for subsequent stages of the 
step-up approach. When possible, this may involve placing 
at least one drain into the area of infected necrosis via a 

retroperitoneal route to allow for video-assisted 
 retroperitoneal debridement (VARD) along the drain tract. 
This involves a small subcostal flank incision, dissection 
along the drain tract into the necrosis cavity, and blunt 
debridement of the necrotic and infected fluid and tissue. 
Long retractors are used to expose the tract and cavity, and 
a standard laparoscope is used to improve visualization of 
the cavity, though there is typically no insufflation [29]. For 
patients with necrosis anatomically amenable to such a 
“step-up” approach, short-term benefits include the ability 
to avoid any surgery in a significant subset of the population 
and less new-onset organ failure. Long-term benefits include 
reduced incidence of diabetes mellitus and incisional her-
nia. For patients debrided entirely via an endoscopic route, 
there may also be a mortality advantage compared to open 
surgery without any preoperative drainage procedure [30]. 
When no retroperitoneal drainage route is available, sinus 
tract endoscopy can utilize even transperitoneal drain tracts 
for debridement of necrosis that does not resolve with per-
cutaneous drainage. This technique involves dilation of the 
drain tract to allow introduction of a debriding instrument 
(rigid nephroscopes, flexible endoscopes, and laparoscopic 
instruments have all been used) into the necrosis cavity [31]. 
Rarely, some patients with infected pancreatic necrosis will 
not be amenable to endoscopic or retroperitoneal debride-
ment, in which case laparotomy or laparoscopy may be used 
for transperitoneal debridement. Additionally, it must be 
noted that while minimally invasive drainage – either percu-
taneous or endoscopic – as a first step likely confers signifi-
cant advantages, when surgery is subsequently required, the 
evidence is less compelling that any one surgical approach 
is superior to others. The general principles of delay beyond 
4 weeks and preoperative drainage of some form should still 
be applied whatever the approach is. Tansabdominal 
debridement should involve removal of all or nearly all 
infected or necrotic pancreatic and peripancreatic tissue 
with closed suction drainage of the necrotic cavity. The use 
of different incisions (midline versus subcostal), approaches 
to the pancreas (transmesocolic, through the gastrocolic 
omentum, or retroperitoneal), and drainage (closed packing, 
closed suction alone, continuous lavage) is at the discretion 
of the surgeon [32].

Intervention is less often needed for sterile pancreatic 
necrosis. The most common indication is gastric outlet 
obstruction. Intervention can often be delayed longer, as 
this complication will often resolve with time. If patients 
with presumed sterile necrosis remain persistently 
unwell, the possibility of occult infection must be con-
sidered. Intervention can include surgical debridement 
or bypass.

Other complications that may prompt intervention in 
the acute setting include abdominal compartment syn-
drome (ACS), hemorrhage of a visceral artery (usually 
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splenic artery) pseudoaneurysm, and bowel perforation or 
fistula. When these complications arise in the acute set-
ting, they should, as a rule, be treated by the least invasive 
methods possible. The treatment of ACS is discussed 
above. Bleeding from a visceral artery pseudoaneurysm 
should be controlled endovascularly by angioembolization 
whenever possible as direct surgical control in a region of 
active or recent pancreatitis is extremely difficult [33]. 
Intestinal perforation is similarly difficult to manage. 
Contained perforations or controlled fistulas may be man-
ageable with drainage or diversion. When there is bowel 
ischemia or uncontrolled enteric spillage, resection will 
likely be necessary.

 Late Complications

Pancreatic fistulas and pseudocysts result from disruption of 
the pancreatic duct due to destruction of the surrounding 
parenchyma. Fistulas may result from severe pancreatitis or 
as a complication of pancreatic debridement, after which 
they are common. One advantage of endoscopic translumi-
nal debridement may be that such leaks from the pancreatic 
duct drain internally, rather than forming external fistulas. 
Whatever the cause, when the fistula is controlled with per-
cutaneous drains, it will usually close, though it may require 
many weeks. Pancreatic duct stenting, octreotide adminis-
tration, and restriction of enteral nutrition have all been 
advocated to aid in fistula closure but are not routinely help-
ful and should be used very selectively. In the special situa-
tion of a disconnected distal pancreatic remnant in which a 
segment of the gland has been completely separated from 
any route of drainage into the gastrointestinal tract, sponta-
neous closure is impossible. Such patients may either be 
treated endoscopically by transluminal stenting to attempt 
to convert the external fistula into a controlled internal fis-
tula or may be treated surgically by either Roux-en-Y jeju-
nostomy to the distal pancreatic remnant or resection of the 
disconnected distal segment.

Pseudocysts form when the ductal disruption is walled 
off by the body into an organized collection of pancreatic 
juice encased by reactive inflammatory tissue – a process 
that occurs 4 weeks or more after damage to the pancreatic 
duct. Asymptomatic pseudocysts do not require interven-
tion. The most common symptoms are early satiety and 
abdominal pain. Pseudocysts may also cause true gastric 
outlet obstruction, become infected, or lead to pseudoan-
eurysm formation. Internal drainage is the treatment of 
choice for pseudocysts requiring intervention. For pseudo-
cysts closely opposed to the stomach or duodenum, endo-
scopic pseudocyst- gastrostomy or duodenostomy is the 
treatment of choice. For very large or endoscopically inac-
cessible pseudocysts, surgical cyst gastrostomy or Roux-
en-Y cyst jejunostomy is necessary [34].

Vascular complications of pancreatitis include arterial pseu-
doaneurysm and venous thrombosis. These most commonly 
involve the splenic vessels, but in pancreatitis  primarily affect-
ing the head, pseudoaneurysms of the pancreaticoduodenal or 
gastroduodenal arteries may occur along with thrombosis of the 
superior mesenteric or portal veins. Pseuodaneurysms result 
from the action of pancreatic enzymes on the arterial wall. They 
may be identified incidentally on contrast-enhanced CT or can 
present with catastrophic hemorrhage. We recommend inter-
vening even on asymptomatic pseudoaneurysms in most cases, 
since there is no reliable way to predict hemorrhage. As above, 
whether elective or emergent, they are best treated with angio-
embolization [33]. Splenic vein thrombosis due to pancreatitis 
can usually be observed. We occasionally anticoagulate if clot 
extends into the main portal vein. Even without anticoagulation 
the thrombus can resolve. If it does not, the most common late 
complication is gastric varices. If these result in gastrointestinal 
bleeding, they can be eliminated by splenectomy [35].

Efforts should be made to prevent recurrence after an epi-
sode of pancreatitis by cessation of ethanol abuse for alcoholic 
pancreatitis, treatment of the underlying condition in hypercal-
cemia and hypertriglyceridemia, and cessation of any offending 
medications in cases of medication-induced pancreatitis. In 
patients with gallstone pancreatitis, cholecystectomy during the 
same hospitalization is recommended for mild cases. In patients 
undergoing transperitoneal necrosectomy, cholecystectomy at 
the time of necrosectomy is safe and reduces recurrent biliary 
complications [36]. In patients with peripancreatic fluid collec-
tions, cholecystectomy should be delayed for 6 weeks. In espe-
cially poor operative candidates, ERCP with sphincterotomy 
reduces the risk of recurrent gallstone pancreatitis and can be 
considered as an alternative to cholecystectomy.
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Management of the Post-op Abdominal 
Catastrophe and Open Abdomen

Priya S. Prakash and Patrick M. Reilly

 Introduction

The use of the open abdomen in the management of the criti-
cally ill surgical patient is born from the concept of damage 
control surgery. This is one of the major advances in the sur-
gical management of patients in extremis over the past few 
decades, centering the abbreviated laparotomy on control of 
hemorrhage and contamination in patients presenting with 
life-threatening physiologic derangement [1, 2]. Initially 
reserved for the moribund trauma patient, principles of dam-
age control laparotomy (DCL) were applied to the critically 
ill, non-traumatized patient after reports of increased sur-
vival in this group [3, 4]. This approach was grounded in the 
principle that the potential for augmenting survivorship takes 
precedence over increasing morbidity, redirecting the efforts 
of resuscitation away from completing the operation and 
rather toward the goal of preserving life [5, 6]. This para-
digm shift refocused importance on the intensive care unit 
(ICU) as the ideal setting for resuscitation and correction of 
the “lethal triad” of acidosis, hypothermia, and coagulopathy 
that previously led to physiologic exhaustion in these patients 
(Fig. 26.1). Thus, the intensivist has come to play a crucial 
role in the resuscitation and management of the patient with 
an open abdomen.

 Indications for an Open Abdomen

Abdominal compartment syndrome (ACS) is one of the 
most common indications for the use of the open abdomen 
technique. This topic is covered in more detail elsewhere in 
the text, but, briefly, ACS is defined as intra-abdominal 
hypertension (IAH) that produces end-organ dysfunction 
secondary to increased intra-abdominal pressure [7]. 
Primary IAH/ACS is due to an intraperitoneal or retroperi-
toneal process such as bleeding from a ruptured abdominal 
aneurysm, infection from mesenteric ischemia, or inflam-
mation from necrotizing pancreatitis. Secondary IAH/ACS 
is associated with extra-abdominal processes such as large-
volume resuscitation that can lead to bowel edema or intra-
peritoneal fluid accumulation [7]. It is also important to 
remember that IAH and ACS can develop in patients already 
treated with an open abdomen who have a temporary 
abdominal closure (TAC) in place [8]. In these patients, the 
temporary closure should be released as soon as signs of 
ACS are detected.

Another indication for the open abdomen technique is a 
damage control operation, typically performed in the mori-
bund trauma patient. Traditionally, the major tenants of dam-
age control surgery have highlighted rapid control of 
bleeding and contamination, temporary abdominal closure, 
physiologic resuscitation, and delayed definitive operation 
[2, 6, 9]. The concept of DCL evolved from the recognition 
that mortality for patients in extremis was more likely due to 
physiologic exhaustion of the patient than from failure to 
complete operative repairs. After rapid control of bleeding 
and gross contamination is established in the operating room, 
the emphasis shifts to correction of physiologic derange-
ments in the intensive care unit to avoid the “lethal triad” of 
coagulopathy, hypothermia, and metabolic acidosis. Once 
these physiologic derangements have been resolved, the 
patient is taken back to the operating room for definitive, 
reconstructive surgical intervention.
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Intra-abdominal sepsis is another major condition that 
occasionally requires the application of the open abdomen 
technique. Ogilvie was the first to describe the open  abdomen 
for the treatment of severe intra-abdominal sepsis [10]. The 
goal of treating intra-abdominal sepsis is to identify and con-
trol the source of infection. The abdomen may be left open to 
allow for a second-look operation to evaluate bowel viability, 
integrity of an anastomosis, or progression of an ischemic 
process. Alternatively, the abdomen is left open secondary to 
the large resuscitation that these patients often require, which 
can result in severe bowel edema, leading to IAH and sec-
ondary ACS.

Other indications to employ the open abdomen technique 
are the presence of multiple injuries within one body cavity 
or across multiple cavities, the time required for definitive 
repair of injuries exceeds the patient’s physiologic reserve, 
transfusion requirements ≥10 units or total fluid replacement 
>12  L, and physiologic derangement as indicated by tem-
perature <35  °C, pH  <  7.20, persistent lactic acidosis, or 
coagulopathy as evidenced by ongoing nonsurgical bleeding 
or laboratory abnormalities [11–13] (Table 26.1). Regardless 
of the indication for use of the open abdomen technique, the 
main goal of the intensivist remains in reestablishing normal 
physiology in the patient prior to return to the operating 
room for definitive treatment.

 Technique for Temporary Abdominal Closure

A temporary abdominal closure (TAC) is required when the 
open abdominal technique is undertaken. Successful man-
agement of the open abdomen with a TAC is dependent on 
decreasing IAH, protecting the viscera, and reducing intra- 
abdominal complications such as fistulas and abdominal 
wall hernias. Historically, the Bogota bag was one of the first 

TAC techniques used in the open abdomen. A sterile saline 
bag sutured to the fascial edges functioned as a silo to cover 
the intra-abdominal contents and protect the exposed viscera 
from injury [14]. Another approach was the towel-clip clo-
sure, in which penetrating towel clips were placed on the 
skin 2–3  cm apart, to approximate the skin for the entire 
laparotomy. This has now largely been abandoned given the 
high rate of ACS, skin necrosis, and limited use when angi-
ography is indicated.

There has been evolution in management of the open 
abdomen over the last few decades (Table 26.2). The Barker 
Vac Pac technique involves protection of the viscera with a 
perforated plastic covering, placement of suction devices in 

Fig. 26.1 Phases of damage 
control sequence

Table 26.1 Indications for damage control laparotomy and open 
abdomen technique

Indications for an open abdomen
Abdominal compartment syndrome Hemodynamic 

instability
Damage control laparotomy Acidosis (pH < 7.2)
Intra-abdominal sepsis Hypothermia 

(T < 35 °C)
Multiple injuries ± multiple body cavities Coagulopathy
Prohibitive operative time (>90 min) Elevated lactate
Massive transfusion  
(≥10 units or >12 L IVF)

Table 26.2 Techniques for temporary abdominal closure

Techniques for temporary abdominal closure (TAC)
Bogota bag
Towel-clip closure
Barker Vac Pac
Wittmann patch
Skin closure
Negative-pressure wound therapy
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surgical towels, and application of the system to wall suction 
[15]. Improved closure rates and decreased fistula rates have 
been reported with this technique. There are also commer-
cially available devices that allow tension to be placed on the 
fascial edges, similar to the Wittmann Patch (http://www.
starsurgical.com/wp.html), which employs a Velcro-like 
device that bridges the fascia and allows for easy access to 
the abdominal cavity. These devices range from trying to 
reapproximate the fascia to achieve dynamic closure of the 
abdomen to negative-pressure wound therapy devices that 
control peritoneal effluent and minimize abdominal wall 
retraction. Data suggest that negative-pressure wound ther-
apy may be associated with better outcomes compared with 
other closure techniques [16, 17] (Table 26.3). In addition to 
wound coverage and protecting the viscera, negative- pressure 
wound therapy also reportedly reduces tissue edema and 
assists with fascial closure by decreasing loss of abdominal 
wall domain [18, 19]. A negative-pressure wound therapy 
device also helps decrease evaporative losses and allows 
accurate measurement of fluid loss through the wound [20, 
21]. This allows for more precise replacement of fluid losses 
and minimization of hypovolemia. TAC dressings should be 
changed in the operating room or in the intensive care unit 
every 2–3 days. If the patient is not on antibiotics for other 
reasons, they are not indicated when using these devices.

 ICU Management of the Open Abdomen

 Resuscitation

Often patients who have an indication for an open abdomen 
require large volumes of fluid during their initial resuscita-
tion, normally with crystalloid or blood product. These 
patients should have large-bore intravenous access and also 
often require invasive monitoring with a central line and arte-
rial line catheters. Resuscitation is guided by reestablishing 
end-organ perfusion as indicated by adequate urine output, 
restitution of vital signs, and clearance of lactic acidosis 
(Fig.  26.2). Other resuscitation targets include an oxygen 
delivery index >600 mL/min/m2, oxygen consumption index 
>150  mL/min/m2, and lactate <2.5  mmol/L within 12  h  
[22, 23]. Lactic acid levels should be checked every 4 h until 
two consecutive measurements are less than or equal to 

2  mmol/L [24]. If the lactic acidosis fails to clear after 
adequate fluid resuscitation, continued pathology such as 
ongoing bleeding, a missed injury, ACS, and intestinal isch-
emia should be considered. Failure to clear the lactate in a 
patient with an open abdomen may be an indication to return 
to the operating room for re-exploration. Vasoactive agents 
are also often required in this patient population but should 
not be used in lieu of appropriate volume resuscitation.

 Hypothermia and Rewarming

Hypothermia impairs thrombin generation and contributes to 
platelet dysfunction. Correcting hypothermia and rewarming 
the patient assist in the resuscitative process by allowing 
cofactors in the clotting cascade to work, thereby decreasing 
blood loss and correcting acidosis [25, 26]. Terminating the 
procedure and providing a temporary closure of the abdomen 
are the first steps in the rewarming process for a patient with 
an abdominal catastrophe. The ICU room should be pre-
heated to 29  °C.  All wet clothing and linens should be 
removed, and the patient should be covered with warm 
blankets. Active external rewarming techniques should be 
used in patients with moderate hypothermia. These include the 
radiant warmer, electric blanket, forced warm-air blanket, 
and heating pads [27]. Active internal rewarming is used for 
moderate to severe hypothermia. This includes ventilation 
with humidified oxygen, warmed intravenous fluids, perito-
neal lavage, and extracorporeal modalities such as dialysis, 
cardiopulmonary bypass, and extracorporeal life support 
[28]. These more invasive techniques are not without their 
disadvantages and should be used on a case-to-case basis.

 Coagulopathy

As stated above, massive transfusion of blood products is 
often required during the first 24 h of a damage control sur-
gery [29]. A 1:1:1 transfusion ratio of blood products is the 
favored approach to resuscitation as evidence suggests a 
lower overall fluid requirement and decreased blood utiliza-
tion with this strategy [30, 31]. But large-volume resuscita-
tion with both crystalloid and massive transfusion protocols 
is not without complications. Dilutional coagulopathy as a 
result of massive volume resuscitation should be addressed 
by the intensivist during the resuscitation phase of 
DCL. Blood products should be administered until the pro-
thrombin time and partial thromboplastin time are less than 
1.25 times normal, the platelet count is greater than 100,000/
mm3, and fibrinogen level is greater than 100 mg/dL [13]. In 
addition, calcium levels should be monitored closely and 
appropriately replaced in the setting of hypocalcemia sec-
ondary to massive transfusion.

Table 26.3 Advantages of negative-pressure wound therapy

Advantages of negative-pressure wound therapy
Covers wound
Protects the viscera
Reduces tissue edema
Decreases loss of abdominal wall domain
Decreases evaporative losses
Measures fluid loss accurately
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Recombinant factor VIIa (rFVIIa) is a prohemostatic 
agent that has been studied as an adjunct to hemorrhage con-
trol. Though there is a paucity of data from prospective con-
trolled trials, case series suggest that the use of rFVIIa should 
be considered for lethal, nonsurgical hemorrhage during 
damage control resuscitation as it seems to reduce  transfusion 
requirements and correct the coagulopathy profile, though 
mortality does not seem to improve with use [32–35].

 Fluid and Electrolyte Management

Patients with an open abdomen are subject to ongoing insen-
sible fluid losses due to large surface area of tissue defects 
and exposure of the peritoneal cavity. The large amount of 
protein losses across these wounds can also result in changes 
in oncotic pressure, contributing to further loss of volume 
into the interstitial space. The loss of hypotonic fluid from 
the wound and peritoneal cavity can result in hypovolemic 
hypernatremia. Choice of replacement fluid should be based 
on serum sodium and circulating volume status. In the hypo-
volemic patient, isotonic replacement fluids should be used 
until euvolemia is achieved.

Another challenge posed to the intensivist when manag-
ing an open abdomen is volume loss from an enteroatmo-
spheric or enterocutaneous fistula, leading to hypovolemia, 
electrolyte disturbances, and malnutrition. Fistula output 
should be carefully estimated and replaced with the appro-
priate balanced salt solution. Replacement fluid should be 
based on the electrolyte composition and tonicity of the 
intestinal fluid losses. In the setting of a high-output fistula, 
re-feeding fistulous output can help to reduce fluid and elec-
trolyte disturbances as well as increase caloric delivery.

There has been some evidence that suggests that the use 
of hypertonic saline (HTS) rather than standard isotonic flu-
ids in the immediate postoperative period decreases time to 
fascial closure and increases overall rates of primary fascial 
closure [36]. HTS may be used as an adjunct to facilitate 
fascial closure in patients requiring DCL. Diuretics have also 
been utilized anecdotally to promote primary fascial closure. 
Though there has been an association between net negative 
fluid balance and higher primary closure rates, there is evi-
dence to suggest that the addition of diuretics does not 
improve the rate or time to fascial closure [37].

 Ventilation

Patients with an open abdomen who are otherwise hemody-
namically normal can be extubated and sent to the floor with-
out additional sedation. But those who require ongoing 
resuscitation and remain intubated are at high risk for the 
development of acute lung injury (ALI) and adult respiratory 
distress syndrome (ARDS) [38]. Factors that predispose the 
damage-controlled patient to ALI and ARDS include direct 
parenchymal lung injury, shock, and massive resuscitation 
volumes that the patient often receives during the first 24 h 
[38]. A large-volume resuscitation can lead to pulmonary 
edema and decreased chest wall compliance. In addition, 
abdominal packing and IAH increase intrathoracic pressure 
and decrease lung compliance by elevating the diaphragm.

The goal for ventilator strategy in the open abdomen 
patient should be to maintain oxygenation and ventilation 
while avoiding volutrauma and barotrauma (Table  26.4), 
which is usually achieved with the ARDSnet low-stretch  
protocol [39]. High levels of PEEP are frequently required to 

Fig. 26.2 ICU management 
strategies for the open 
abdomen
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maintain oxygenation in the patient with an open abdomen. 
Sometimes permissive hypercapnia due to reduction of the 
inspiration to expiration (I:E) ratio is required to maintain 
oxygenation. This is tolerated if the pH remains greater than 
7.20. Sedation and analgesia, and sometimes a paralytic, are 
used to control the patient’s discomfort and asynchrony on 
high ventilator settings. Despite these efforts, if the patient 
continues to have a severe ventilation/perfusion mismatch, 
prone positioning may be indicated. Other advanced modes 
of mechanical ventilation such as the oscillating ventilator or 
airway pressure release ventilation may also be required in 
the setting of refractory hypoxia.

It should also be recognized that patients with an open 
abdomen and TAC are also susceptible to developing 
ACS. This process occurs as the IAH pushes the diaphragm 
up, decreasing the intrathoracic volume. This is often first 
recognized by a change in pulmonary dynamics with a 
decrease in tidal volumes and increase in peak airway pres-
sures, which can cause barotrauma and lead to ALI. Immediate 
release of the TAC is indicated in this situation.

 Sedation/Analgesia/Neuromuscular Blockade

Patients who are extubated can often be managed with a 
standard postoperative regimen for analgesia and do not 
require additional sedation. But for those who remain intu-
bated with an open abdomen, the optimal sedation and anal-
gesia strategy is not well defined. Sedation and analgesia 
may be helpful in decreasing patient asynchrony with the 
ventilator when high levels of ventilator support are needed 
[40]. In addition, given that neuromuscular blockade has 
been successfully used as treatment for ACS, it has been sug-
gested that it may be used to prevent abdominal wall retrac-
tion and improve primary fascial closure [41–43]. But when 
comparing neuromuscular blockade to sedation alone, the 
results are equivocal [44]. It is also important to recognize 
the complications associated with neuromuscular blockade, 
such as increased risk of infections, decubitus ulcers, and 
prolonged ICU neuropathy and myopathy.

 Antibiotics

Standard perioperative prophylactic antibiotics should be 
administered and re-dosed intraoperatively if a large resusci-
tation or significant fluid shifts are anticipated [45–47] in the 
patient undergoing DCL or reoperation. Prophylactic antibi-
otics should not continue beyond 24  h in patients with an 
open abdomen [48]. The exception to this is the patient that 
is managed with DCL for intra-abdominal sepsis, in which 
broad spectrum antibiotics should be administered and then 
de-escalated according to culture results. Other indications 
for antibiotic use may be an intra-abdominal abscess or other 
ongoing infections such as ventilator-associated pneumonia. 
An open abdomen alone is not an indication for continued 
antibiotic therapy.

 Nutrition

Because early administration of enteral nutrition has been 
shown to improve wound healing, reduce hospital and ICU 
lengths of stay, decrease infection rates, and improve sur-
vival after critical illness and injury [49–52], early enteral 
nutrition is the preferred route and should be initiated in the 
patient with an open abdomen when feasible. This may not 
be possible if the bowel is in discontinuity or the patient’s 
hemodynamic status does not allow it. Parenteral nutrition 
may be required initially until physiologic status is normal-
ized in patients presenting with overt signs of malnutrition 
[53]. In the well-nourished patient, nutrition should be initi-
ated within 7 days. If full enteral nutrition cannot be achieved 
in this time period, parenteral nutrition should be used until 
enteral nutrition can be titrated and tolerated at goal rates.

Patients with an open abdomen require increased protein 
and caloric support given ongoing losses from large wounds. 
In general, most patients with an open abdomen will require 
25–35 kcal/kg/d of nonprotein calories and 1.5–2.5 g of pro-
tein/kg/d. Estimation of nutritional requirements may be cal-
culated from one of the many predictive equations for 
estimating basal energy expenditure, using indirect calorim-
etry with a metabolic cart or the establishment of a positive 
nitrogen balance. It is important to recognize that standard 
measures of anabolic metabolism will frequently be errone-
ous for patients with an open abdomen due to unmeasured 
protein losses across the large open abdomen [54]. Protein 
losses from these large wounds will be dependent on the 
daily volume of exudate, which can be estimated at approxi-
mately 2.9  g of protein/dL [55]. Weekly 24-h urine urea 
nitrogen levels should be followed and nutritional support 
adjusted based on these measurements. In addition, nitrogen 
balance should be calculated with the adjustment of 1 g of 
protein loss per 500 mL of fistula output [53] and 2.9 g of 

Table 26.4 Ventilator strategies in patients with an open abdomen

Ventilator strategy Goal of therapy
Low-stretch protocol  
(tidal volume ≤ 6 mL/kg)

Avoid volume and barotrauma

High PEEP Maintain oxygenation
Reduced inspiration to expiration 
ratio (I:E)

Maintain oxygenation

Sedation/analgesia ± paralytics Ventilator synchrony
Prone positioning Decrease ventilation/

perfusion mismatch
HFOV, APRV Treat refractory hypoxia
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protein/dL of peritoneal exudate [55]. Failure to account for 
these unmeasured protein losses will lead to underfeeding 
and inadequate nutritional support in the patient with an 
open abdomen.

Options for nutritional access include a nasoenteric, gas-
trostomy, or jejunostomy tube. Post-pyloric nasoenteric 
feeding tubes offer potential for continued feeding in patients 
undergoing multiple trips to the operating room by minimiz-
ing the need for nutritional interruption. In addition, endo-
scopic placement of enteral access is an option, though this 
approach may not be as straightforward given the alterations 
in the abdominal wall and distortion of the anatomy. Surgical 
placement of a gastrostomy or jejunostomy tube is also an 
option and should be considered prior to definitive closure of 
the abdomen.

 Definitive Reconstruction and Closure

The third phase of damage control surgery is definitive repair 
of injuries and abdominal wall reconstruction. This is under-
taken once normal physiology has been restored in the 
patient, which is usually achieved within 12–24 h in the ICU 
but sometimes can take up to 72 h. During return to the oper-
ating room, abdominal packing is removed, all injuries are 
identified, and any ongoing bleeding is addressed. Intestinal 
continuity is reestablished at this time if the patient remains 
physiologically intact. Though the small intestine is usually 
put back in continuity, the colon still remains a point of con-
tention. Anastomotic leak rates are significantly higher in the 
left colon compared to the right colon. Increased anastomotic 
leak rates are also associated with time to fascial closure 
greater than 5 days. Thus, colostomy should be considered in 
patients with left colon injuries and delay in time to fascial 
closure [56, 57].

Primary fascial closure is the goal for patients managed 
with an open abdomen. Closure may be addressed in an early 
or delayed fashion during the primary hospitalization. Early 
closure is defined as within 9 days of initial laparotomy and 
is associated with fewer complications. This is often more 
attainable in those with an open abdomen after trauma in 
comparison with those managed with an open abdomen for 
intra-abdominal sepsis [58, 59]. Often, daily trips to the 
operating room are required for incremental closure of the 
abdominal fascia. In situations where fascial closure is not 
possible due to ongoing visceral edema or loss of abdominal 
domain, the viscera is covered with a prosthetic or biological 
mesh material, which allows for formation of granulation tis-
sue, which can eventually be skin grafted. Other options 
include skin-only closure over the viscera. These options 
result in a planned ventral hernia with delayed repair deferred 
to a subsequent hospitalization, usually in 6–12 months.

Consideration should be given to nutritional access prior 
to definitive closure of the abdomen. As mentioned above, 
surgical placement of a gastrostomy or jejunostomy tube 
should be considered if long-term enteral access is indicated. 
However, enteral access should not be placed until the patient 
is ready for definitive closure of the abdomen, as multiple 
repeat laparotomies can result in manipulation and move-
ment of the enteral access site, leading to fistula formation.

 Critical Care Challenges in the Open 
Abdomen

 Wound Management

The TAC used to keep the intra-abdominal contents from 
eviscerating may fail (Table  26.5). Leakage of peritoneal 
effluent from the edge of the dressing is considered a minor 
failure of the dressing. This usually can be repaired by rein-
forcing the dressing with occlusive materials. Major dressing 
failure is considered complete evisceration of the bowel, 
which requires a reapplication of the entire dressing and pos-
sibly a different dressing all together, which is usually done 
in the operating room. Other reasons of dressing failure may 
include ongoing hemorrhage, poor patient sedation, and 
inadequate dressing placement initially.

 Surgical Site Infections

Wound infections are common after an open abdomen. 
Lower rates of infection are reported when the skin is not 
closed compared with reports of skin closure at the time of 
fascial closure [58]. Polymicrobial wound colonization 
occurs while the abdomen is open, most commonly with 

Table 26.5 Complications of an open abdomen and management 
strategies

Complication Management
Leakage of effluent 
from TAC

Reinforcement with occlusive dressing

Evisceration of 
bowel

Return to OR, reapplication of TAC

Surgical site 
infection

Antibiotics, open wound

Intra-abdominal 
infection

Radiology-guided percutaneous drainage, 
reoperation, proximal diversion of intestinal 
flow

Enteroatmospheric 
fistula

Control sepsis, minimize and contain 
effluent, correction of fluid and electrolyte 
abnormalities, nutrition support, meticulous 
wound care

Ventral hernia Complex abdominal wall reconstruction
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enteric gram-negative and gram-positive bacilli from the 
skin. The median time to colonization is 2 days, with higher 
rates of colonization the longer the abdomen is left open 
[60]. After fascial closure, surgical site infection is decreased 
by leaving the skin open.

 Intra-abdominal Infection

Dubose et al. reported a 20% incidence of intra-abdominal 
infection after closure of an open abdomen in trauma 
patients [61]. There may be an increase in intra-abdominal 
infection rates in patients with nontrauma indications for 
open abdomen, such as sepsis, but in recent prospective 
studies, the rates are similar, likely due to colonization of 
the abdomen during the take-back procedures [60]. 
Management typically consists of radiology-guided percu-
taneous drainage. Relative contraindications to percutane-
ous drainage include significant coagulopathy that cannot 
be reversed and lack of a safe access window for catheter 
placement [62]. If this technique is unsuccessful, reopera-
tion may be required. If uncontrolled intra-abdominal infec-
tion is encountered as a result of a leak from a hollow 
viscous or from an anastomotic suture line, consideration 
must be given to operative intervention and diversion of the 
intestinal flow proximal to the leak.

 Gastrointestinal Fistula

Because the fascia and skin are not approximated at the mid-
line, the exposed bowel in an open abdomen is highly sus-
ceptible to injury and fistula formation. In addition, the 
longer it takes for fascial closure or wound coverage with 
skin grafting, the higher the rate of fistula formation [63]. 
Patients are at increased risk of fistula formation if the abdo-
men is open longer than 5–7 days. The incidence of entero-
cutaneous and enteroatmospheric fistulas is approximately 
5% in the open abdomen [56, 61]. Injury to the intestines is 
the most common cause of fistulas. Other causes include 
anastomotic leak, distal obstruction, and injury to the intes-
tines from suction from the TAC. Early fascial closure is the 
single best approach to reduce the rate of fistula formation 
[64].

Management of the enteroatmospheric fistula in the open 
abdomen can prove challenging. The main tenants in man-
agement of fistulas include control of ongoing sepsis, mini-
mizing and containing fistula effluent, correction of 
electrolyte disturbances, nutritional support, and meticulous 
wound care [65]. The ultimate goal is surgical correction 
with fistula resection once the patient is ready for anterior 
abdominal wall reconstruction, usually 6–12  months after 
initial laparotomy [66].

Once an enteroatmospheric fistula has formed, minimiz-
ing effluent output and protecting the surrounding tissue and 
skin are of the utmost importance. If the fistula results in 
spillage of intestinal contents deep in the wound or intra- 
abdominally, sepsis can result. Proximal diversion of intesti-
nal contents is one approach to controlling fistula output. If 
not possible, another approach is converting the enteroatmo-
spheric fistula to an enterocutaneous fistula. If these two 
approaches are not feasible, controlling fistula effluent with 
strategic placement of suction drains under a vacuum- 
assisted dressing and isolation of the enteroatmospheric fis-
tula as a “floating stoma” can be performed. There is some 
evidence that suggests octreotide increases the likelihood of 
fistula closure as well as reduces the time to fistula closure 
[67]. Other adjuncts used to decrease high fistula output 
include antimotility agents such as loperamide, diphenoxyl-
ate, and tincture of opium and antisecretory agents such as 
proton pump inhibitors. These may assist in minimizing 
electrolyte disturbances and volume depletion by turning a 
high-output fistula into a low-output fistula. In addition, 
enteral nutrition is better tolerated in patients with low- 
output fistulas [68], and wound care is more manageable.

 Ventral Hernia

The most common late complication of an open abdomen is 
a ventral hernia, where 10% of people who undergo defini-
tive abdominal closure develop a ventral hernia by 21 months 
[69]. Intra-abdominal sepsis, surgical site infection, fascial 
necrosis, and loss of domain as the abdominal muscles con-
tract away from the midline are the most common causes of 
ventral hernias after an open abdomen. Fascial necrosis after 
closure occurs due to ischemia secondary to the tissue being 
under too much tension, followed by either dehiscence or 
evisceration. A second attempt at fascial closure results in 
further damage to the fascia. Sometimes primary closure of 
the fascia is not possible in an open abdomen, and prosthetic 
material is needed, which leads to a planned ventral hernia. 
Many of these patients will need complex abdominal wall 
reconstruction at a subsequent hospitalization.

 Conclusion

Damage control laparotomy and the open abdomen are 
essential and lifesaving in treating the physiologically 
deranged patient requiring emergent laparotomy. The inten-
sivist plays a key role in caring for this challenging patient 
population. Resuscitation, management of fluid and electro-
lyte disturbances, meticulous wound care, and optimizing 
nutritional support are essential to the successful outcomes 
in the patient with an open abdomen.
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Acute Kidney Injury

Ian J. Stewart and Joseph J. DuBose

 Introduction

Acute kidney injury (AKI) is a common complication in criti-
cally ill surgical patients, occurring in approximately 36% of 
admissions to the intensive care unit (ICU) and is strongly 
associated with subsequent mortality [1–3]. AKI has two 
major consequences. The first is an acute decline in renal func-
tion that impairs the ability to maintain homeostasis. This 
results in accumulation of nitrogenous waste products, elec-
trolyte derangements, and hypervolemia. The second conse-
quence of AKI is related to the kidney’s response to injury. 
Damage to the kidneys results in elevations in a variety of 
cytokines (including interluekin-6 and tumor necrosis 
factor-α), which may increase the risk of other organ dysfunc-
tion, to include acute respiratory distress syndrome [4, 5]. In 
addition to the acute risk of death and multi-organ dysfunc-
tion, emerging evidence implicates an episode of AKI in poor 
outcomes years after the initial insult, including mortality [6], 
chronic kidney disease [7], and hypertension [8, 9]. Given the 
high prevalence and strong association of AKI with both 
adverse short- and long-term outcomes, an understanding of 
AKI is vital for the care of critically ill surgical patients.

 Definitions

Early efforts to understand the impact of AKI on mortality 
in critically ill patients were hampered by a lack of consis-
tent definitions for AKI. In an effort to define AKI for the 
purposes of research, the Risk, Injury, Failure, Loss, and 
End- stage kidney disease (RIFLE) criteria were proposed in 
2004 [10]. RIFLE classified AKI on the basis of relative 

changes in serum creatinine and decreases in urine output. 
These  criteria were subsequently updated by the AKI 
Network (AKIN) criteria in 2007 [11] and the Kidney 
Disease: Improving Global Outcomes (KDIGO) criteria in 
2012 [12]. The most recent of these criteria, KDIGO, are 
summarized in Table 27.1.

The diagnosis of AKI can be made either by relative 
changes in serum creatinine or by decreases in urine output. 
If available, a known serum creatinine should be used for the 
“baseline.” For example, say a patient has a creatinine mea-
sured prior to admission of 1.0 mg/dl. If this patient were 
then admitted to the ICU with a creatinine of 1.5 mg/dl, the 
patient would be diagnosed with stage 1 AKI. Alternatively, 
if this same patient had a creatinine of 1.0 mg/dl on admis-
sion, which subsequently increased to 1.3 mg/dl within 48 h, 
they would also be diagnosed with stage 1 AKI. It is impor-
tant to note that the time cutoffs (7 days for the 1.5-fold rise 
and 48 h for the 0.3 mg/dl rise) apply only to the initial diag-
nosis of AKI. There is no time requirement for patients to 
transition to more severe stages. It should also be noted that 
when staging AKI, the higher stage from the creatinine and 
urinary output criteria is used. For example, if a patient has 
KDIGO stage 1 by creatinine criteria, but KDIGO stage 2 by 
the urine output criteria, the patient is classified as stage 2.

 Epidemiology

Using the consensus definitions, AKI has been examined in a 
variety of populations. AKI occurs in 18% of hospitalized 
patients [13] and 36% of patients admitted to an ICU [1–3]. 
Furthermore, AKI and has been consistently associated with 
increased mortality. A variety of risk factors for AKI have 
been described. These include older age, African-American 
race, sepsis, burns, trauma, cardiac surgery, and comorbid 
conditions (e.g., hypertension, diabetes, and chronic kidney 
disease) [12, 14]. For patients undergoing surgery, the risk of 
AKI also seems to be impacted by the type of procedure per-
formed. One study done in a population of veterans found 
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that AKI was most common after cardiac surgery [14]. The 
second highest risk was seen in general surgery patients, fol-
lowed by thoracic, orthopedic, vascular, urologic, and ENT, 
respectively [14].

AKI is common in patients with burn injury, occurring in 
25% of patients with an associated mortality of 35% [15]. 
Risk factors for AKI in burn patients include age, percentage 
of total body surface area burned, male gender, inhalation 
injury, catheter infection, and sepsis [5, 16]. In patients with 
trauma, AKI occurs in 12.5–26% of patients and is associ-
ated with a mortality rate of 13.1–32% [17–19]. Risk factors 
for AKI in trauma patients include amputations [17], injury 
severity score [17, 19], rhabdomyolysis [20, 21], African- 
American race [17, 22], and hemodynamic instability [17]. 
In cardiac surgery, AKI occurs in up to 42% of patients and 
is strongly associated with mortality in a dose response fash-
ion [23]. Female sex, age, congestive heart failure, previous 
cardiac surgery, functional status, diuretic use, left main cor-
onary stenosis >70%, and comorbidities (CKD, diabetes, 
and chronic obstructive pulmonary disease) have all been 
associated with AKI in patients undergoing cardiac surgery 
[24, 25]. Emergency surgery and the duration of cardiopul-
monary bypass have also been associated with AKI [25]. 
Off-pump coronary artery bypass surgery has been associ-
ated with a decreased risk of AKI in some studies; however 
the evidence for this is conflicting [26–29].

In addition to poor short-term outcomes, AKI is increas-
ingly recognized as a risk factor for poor long-term out-
comes. This includes an increased risk for mortality, even 
years after the initial insult [6, 30]. An episode of AKI has 
also been associated with an increased risk of CKD, end- 
stage renal disease, and hypertension [7–9].

 Causes of Acute Kidney Injury in the Surgical 
Patient

Classically, the differential diagnosis of AKI is divided into 
pre-renal, intrinsic renal, and post-renal etiologies 
(Table 27.2) [31]. Pre-renal insults result from renal hypo-
perfusion. While this can be seen in the setting of decreased 

effective circulating blood volume (cirrhosis or heart fail-
ure), the predominant cause in the majority of acutely ill sur-
gical patients is hypovolemia (e.g., from hemorrhage or 
gastrointestinal losses). Intrinsic renal disease is damage to 
the kidneys themselves. This can be due to intrinsic medical 
diseases (such as glomerulonephritis) or acute tubular necro-
sis (ATN). ATN is the most common cause of AKI in the 
critical care setting and is caused by either ischemia (i.e., a 
prolonged pre-renal state from hypovolemia or hemorrhage) 
or nephrotoxins [31]. Toxins that can cause ATN include 
aminoglycosides, radiocontrast, and intratubular pigments 
(myoglobin and hemoglobin) [31]. Post-renal injury results 
from obstruction of the genitourinary tract. This can occur at 
any point: from the tubules (intravenous acyclovir), to the 
ureters (nephrolithiasis and retroperitoneal lymphadenopa-
thy), to the bladder outlet (prostatic hypertrophy). If only one 
ureter is obstructed (e.g., from nephrolithiasis), AKI is 
uncommon because the non-obstructed kidney can usually 
make up for the loss in glomerular filtration rate. However, in 
a patient with a single or atrophic kidney, this can cause 
severe AKI.

In most critically ill patients, the etiology of AKI is ATN, 
often from a variety of ischemic and nephrotoxic causes 
[32]. However, there are several causes of AKI in the surgi-
cal setting that deserve further discussion. These include 
rhabdomyolysis, abdominal compartment syndrome (ACS), 
acute interstitial nephritis, and contrast-induced 
nephropathy.

 Rhabdomyolysis

Rhabdomyolysis is the breakdown of skeletal muscle which 
results in the release of the intracellular contents into circula-
tion [33]. This causes renal damage via three mechanisms. 
The first is that fluid is sequestered in the damaged muscle 
tissue, which results in renal vasoconstriction. The second 
mechanism is tubular damage induced by free-radical forma-
tion from myoglobin. The final mechanism is tubular 
obstruction, caused by myoglobin bound to Tamm-Horsfall 
protein, a process that is favored in acidic urine [33, 34]. 

Table 27.1 KDIGO criteria for the diagnosis of AKI

Stage Serum creatinine Urine output

1 1.5–1.9 times baselinea or ≥0.3 mg/
dl increaseb

<0.5 ml/kg/h for 
6–12 h

2 2.0–2.9 times baseline <0.5 ml/kg/h for 
≥12 h

3 3.0 times baseline or increase in 
creatinine to >4 mg/dl or initiation of 
renal replacement therapy

<0.3 ml/kg/h for 
≥24 h or complete 
anuria for ≥12 h

aMust occur, or be assumed to have occurred, within a 7-day time period
b0.3 mg/dl rise must occur within the first 48 h of hospitalization

Table 27.2 Differential diagnosis of acute kidney injury

Pre-renal Intrinsic renal Post-renal

Hemorrhage Acute tubular necrosis Prostatic hypertrophy

Hypovolemia Thrombotic 
microangiopathy

Nephrolithiasis

Liver failure Atheroembolic disease Retroperitoneal 
lymphadenopathy

Heart failure Glomerulonephritis Retroperitoneal fibrosis

Vascular 
occlusion

Acute interstitial 
nephritis

Tumors
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While trauma is the most common cause of rhabdomyolysis, 
other etiologies include strenuous exertion, heat stroke, limb 
compression, artery occlusion, genetic defects, infections 
(influenza, legionella), medications (statins, fibrates, propo-
fol), drugs (cocaine, alcohol, heroin), electrolyte disorders 
(hypokalemia, hypophosphatemia, hypocalcemia), and 
genetic disorders [33].

The classic triad of rhabdomyolysis includes muscle pain, 
weakness, and dark urine. Laboratory findings include ele-
vated creatine kinase (CK), elevated myoglobin (in both the 
serum and the urine), hyperkalemia, hyperphosphatemia, 
hypocalcemia, hyperuricemia, and elevated creatinine. The 
reported incidence of AKI in the setting of rhabdomyolysis 
varies from 19% to 46% [20, 21, 35–38]. This wide range is 
due to differences in the patient populations and definitions 
used for both AKI and rhabdomyolysis. Despite this wide 
variation, AKI appears to be a common complication of 
rhabdomyolysis. While myoglobin is the presumed patho-
logic mechanism, CK is commonly used for diagnostic pur-
poses given its longer half-life. Retrospective studies have 
demonstrated that a CK level >5000 U/L is the cutoff where 
AKI risk increases [20].

Since mortality appears to be driven by AKI [20, 21, 39, 
40], the cornerstone of treatment for rhabdomyolysis is intra-
venous fluid therapy to prevent AKI. The goals of fluid 
administration are fourfold: to volume resuscitate the patient 
in the face of third spacing into damaged muscle tissue, to 
maintain renal perfusion, to increase urinary flow rate, and to 
increase potassium excretion. The goal urine output is 200–
300 cc/hr and should be continued until myoglobinuria 
resolves. Solutions containing potassium (such as lactated 
Ringer’s) should be avoided given the hyperkalemia that 
often accompanies rhabdomyolysis. As noted above, the pre-
cipitation of myoglobin with Tamm-Horsfall protein is 
favored in an acidic environment; therefore urinary alkaliza-
tion is a theoretical treatment for rhabdomyolysis [34]. 
Additionally, alkalization inhibits reduction-oxidation 
cycling [41] and may inhibit myoglobin-induced vasocon-
striction [42]. One theoretical disadvantage to akalinization 
is that it may further reduce the ionized calcium concentra-
tion. However, most authors suggest the use of urine alkalini-
zation in the setting of rhabdomyolysis. This can be done by 
adding 50 meq of Na bicarbonate (one ampule) to 1 L of ½ 
normal saline. Alternatively, 100 meq of Na bicarbonate can 
be added to 1 L of D5W. Either solution that is used should 
be alternated liter by liter with normal saline. The goals of 
therapy are to achieve a urine pH of >6.5 while avoiding 
overt alkalemia (blood pH <7.5).

While some authors recommend mannitol, its use in the 
setting of rhabdomyolysis is controversial. While mannitol 
has a variety of theoretical benefits, including improved 
renal perfusion and acting as a free-radical scavenger, the 

primary benefit appears to be increasing urine flow [43]. 
The use of mannitol should be limited to patients that are 
volume replete and non-oliguric. If used, a test dose 
(60 mL of 20% solution) is recommended [44]. A positive 
response is defined as an increase in urine output by 
30–50 cc per hour. If the patient has a positive response, 
mannitol can be added to the replacement fluid to achieve 
a dose of 5 g per hour. Patients given mannitol should be 
closely monitored and the therapy discontinued if (1) goal 
urine output cannot be achieved, (2) the osmolar gap is 
>55, or (3) the maximum dose is given (200 g per day or a 
total dose of 800 g).

 Abdominal Compartment Syndrome

ACS remains a problematic complication of trauma 
resuscitation that can impede renal function through pre-
renal, intrinsic renal, and post-renal effects [45–47]. 
From a pre- renal perspective, increased intra-abdominal 
pressure has the potential to decrease arterial renal blood 
flow. At the intrinsic level, the increased pressure can 
alter intra-renal pressure gradients and influence glomer-
ular filtration and renal tubular function. Post-renal, 
increased extrinsic pressure impedes the ability of the 
urinary outflow tract to deliver urine to the bladder for 
excretion.

ACS should be considered in any patient who has 
received significant fluid resuscitation. Most at risk may 
be patients sustaining intra-abdominal trauma and burn 
victims. Whenever the diagnosis of ACS is entertained, 
bladder pressures should be promptly obtained. When 
obtaining these measurements, they are most reliable in 
the setting of paralytic utilization – as intrinsic abdominal 
and thoracic muscle contraction may artificially elevate 
intra-abdominal pressure and confound appropriate diag-
nosis. Any bladder pressure over 15 mm Hg should raise 
suspicion for the presence of ACS, with pressures in 
excess of 20 mm Hg being considered by most as diagnos-
tic of this syndrome.

Once diagnosed, prompt treatment of ACS is required to 
avoid further progression of renal and multiple organ dys-
function. If significant ascites is visualized with ultrasound, 
paracentesis may prove useful in effectively lowering intra- 
abdominal pressure to safe levels. In the absence of free fluid, 
osmotic diuresis has been proposed as an adjunct to mitigate 
bowel edema – a potential cause of increased intra- abdominal 
pressure. Although these measures have the potential to assist 
in the treatment of ACS, strong consideration should be given 
to the expedient opening of the abdomen to definitively 
relieve intra-abdominal pressure – particularly in the postop-
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erative patient. Inappropriate delay in relief of ACS will result 
in multi-organ dysfunction and potentially death.

 Acute Interstitial Nephritis

Acute interstitial nephritis (AIN) is an inflammatory 
 reaction in the kidney that can cause AKI. While AIN can 
be attributable to a variety of causes, the majority (71% of 
cases) are due to medications [48], many of which are com-
monly prescribed to surgical patients. These include antibi-
otics (penicillins, fluoroquinolones, cephalosporins, 
vancomycin, sulfonamides, rifampin, and imipenem [48]), 
proton pump inhibitors, and nonsteroidal anti-inflamma-
tory drugs (NSAIDs).

In the absence of a renal biopsy, the diagnosis of AIN can 
be difficult. The classic triad of fever, rash, and eosinophilia 
is present in a minority of patients [49]. While the presence 
of eosinophils in the urine (as determined by Hansel’s stain) 
was proposed as a sensitive and specific marker for the dis-
ease [50], recent evidence casts doubt on the utility of this 
test [51]. Common features of AIN include microhematuria, 
sterile pyuria (presence of leukocytes in the absence of infec-
tion) and non-nephrotic range proteinuria [49]. On analysis 
of urine microscopy, white blood cell casts may be seen.

The primary treatment for AIN is the discontinuation of 
the presumed offending agent. If renal function does not 
recover within 1 week, a renal biopsy should be done to con-
firm the diagnosis. Once confirmed, corticosteroid treatment 
should be considered. While the evidence for steroid treat-
ment in AIN is conflicting [48, 52, 53], most authors recom-
mend its use in the appropriate clinical setting. The typical 
dose is 1 mg/kg/day of prednisone which can be tapered off 
over 8–12 weeks. For severe disease, an initial course of 
methylprednisolone can be considered.

 Contrast-Induced Nephropathy

Another potential cause of AKI in the surgical patient is 
contrast- induced nephropathy (CIN). CIN is postulated to be 
caused by two different mechanisms: [1] renal vasoconstric-
tion with resultant decrease in renal blood flow and glomeru-
lar filtration rate [54] and [2] cytotoxic effects [55]. Risk 
factors for CIN include pre-existing chronic kidney disease, 
congestive heart failure, advanced age, concurrent nephro-
toxic medications, diabetes, hypertension volume depletion, 
and hemodynamic instability [12]. Once established, there is 
no accepted treatment for CIN other than supportive care. 
Therefore, in patients at high risk for CIN, prophylactic ther-
apy should be considered if possible. The KDIGO guidelines 
on AKI make recommendations for CIN prophylaxis [12]. 
These include using the lowest possible dose of contrast, 

avoiding high-osmolar contrast, volume administration (if 
appropriate), avoidance of concurrent nephrotoxins (e.g., 
NSAIDs), and administration of acetylcysteine. Fluid admin-
istration should be reserved for patients that are not volume 
overloaded and can be given as either normal saline or 
 isotonic sodium bicarbonate (made by adding three 50 ml 
ampules of 1 mEq/mL solution to 850 mL of sterile water). 
Regardless of the fluid chosen, it should be administered at a 
rate of 1 cc/kg/h for 6–12 h pre- and post-contrast adminis-
tration. While the evidence for acetylcysteine is mixed, the 
KDIGO guidelines recommend its use given its low cost and 
favorable side effect profile. The dose of acetylcysteine is 
1200 mg twice daily for 2 days, with two doses given before 
and two doses given after the contrast load. Hemodialysis 
and diuretics are not indicated for CIN prevention.

 Diagnosis

For patients with AKI, we suggest the initial workup detailed 
in Table 27.3. Examination of the urine under a microscope 
is useful for both diagnostic and prognostic purposes. For 
diagnosis, the presence of granular casts and renal tubular 
epithelial cells (RETCs) suggests ATN, the presence of red 
blood cell casts or acanthocytes suggests glomerulonephri-
tis, and the presence of white blood cell casts suggests 
AIN. For prognosis in the setting of ATN, the number of 
granular casts and RTECs in the urine has been associated 
with the severity and likelihood of progression of AKI [56].

The fractional excretion of sodium (FENa) and the frac-
tional excretion of urea (FEUrea) for patients taking diuret-
ics are common tests used to differentiate pre-renal AKI 
from ATN or other intrinsic forms of AKI. The formula for 
FENa is calculated from the relative concentrations of 
sodium and creatinine in the serum and urine as shown in 
Fig. 27.1. A FENa of <1% means that almost all of the 

Table 27.3 Suggested initial workup for patients with acute kidney 
injury

Laboratory measures History

Chemistry with special 
attention to trends in creatinine
Urine creatinine and 
electrolytes
Complete blood count
Urinalysis
Urine microscopy

Review medications for known 
renal toxins
  Nonsteroidal anti- 

inflammatory medications
  Antibiotics
   Aminoglycosides
   AIN meds
Urine output

Imaging Exam

  Renal sonogram
  Chest X-ray

Hemodynamic instability
Assessment of volume status
  Edema
  Rales
  Elevated
  Jugular venous pressure
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sodium that is filtered at the glomerulus is reabsorbed, imply-
ing a pre-renal origin for AKI [57]. However, there are 
important limitations to this test. Firstly, it is only accurate in 
oliguric patients with a decreased glomerular filtration rate. 
Secondly, just because the FENa is low does not mean that 
volume repletion is required. For example, patients with 
heart or liver failure have a pre-renal physiology and will 
have a low FENa but are hypervolemic. Thirdly, patients on 
diuretics will have sodium wasting and thus an elevated 
FENa. In patients on diuretics, the FEUrea can be used 
instead [58]. The FEUrea can be calculated by replacing 
blood and urine sodium with blood and urine urea in 

Fig. 27.1. A value <35% implies a pre-renal etiology. Despite 
these limitations, the FENa and FEUrea can be of value in 
the workup of appropriate patients with AKI.

 Management

There are no specific treatments for AKI, and management is 
primary supportive. This includes optimization of hemody-
namics (with volume replacement and vasopressors as 
needed), treatment of underlying conditions (e.g., sepsis), 
and avoidance of nephrotoxic agents (e.g., NSAIDs, con-
trast, and aminoglycosides) [12]. Since many medications 
are renally cleared, medications should be reviewed and the 
doses adjusted as needed. Acutely, the most feared complica-
tion of AKI is hyperkalemia because it can result in cardiac 
arrhythmia and death. The medical treatment for hyperkale-
mia can be divided into three categories: stabilization of car-
diac membranes, intracellular shifting of potassium, and 
potassium removal.

The first of these treatments is stabilization of the cardiac 
membranes. In the setting of hyperkalemia (defined as a 
potassium >6 meq/L), an EKG should be obtained. If the 
EKG demonstrates findings attributable to hyperkalemia 
(peaked T waves, widened QRS complex, or flattened P 
waves), calcium should be given to stabilize the cardiac 
membranes. This can be given as either calcium gluconate 
(one 10 ml ampule of 10% solution) or calcium chloride (one 
10 ml ampule of 10% solution). Calcium gluconate can be 
given via a peripheral line; however calcium chloride should 
be given via a central line. Regardless of the calcium prepa-
ration used, the EKG should be reassessed 5 min and the 
dose repeated if EKG changes persist.

The second category is shifting of potassium intracellu-
larly using either insulin or a beta-agonist [59]. Regular 

insulin should be given as an intravenous bolus of 10 units. 
Unless the patient’s blood glucose is >250 mg/dl, one 
ampule (50 mL) of 50% dextrose should be given to avoid 
hypoglycemia. Albuterol is given via a nebulizer; however 
the dose used for hyperkalemia (10 mg) is higher than that 
used to treat bronchospasm (2.5 mg). Insulin/glucose and 
albuterol have an additive effect on hyperkalemia and can 
be used together to further reduce the serum potassium 
concentration [59].

It is important to understand that both cardiac membrane 
stabilization and intracellular shifting of potassium are tem-
porizing measures. If potassium is not removed from the 
body, hyperkalemia will recur. The definitive method for 
potassium removal, renal replacement therapy (RRT), is dis-
cussed in a separate chapter. However, there are also medical 
methods that can be tried prior to initiating RRT. The first is 
a loop diuretic (e.g., furosemide). Furosemide increases the 
amount of sodium in the distal nephron, where it is exchanged 

for potassium, thus increasing potassium excretion. We sug-
gest an initial dose of 40 mg intravenously. However, in the 
setting of AKI, with reduced glomerular filtration rate, much 
higher doses may be needed (up to 200 mg). The gastrointes-
tinal tract can also be used to remove potassium. Classically, 
this has been accomplished using sodium polystyrene sulfo-
nate. However, given questions as to its short-term efficacy 
and its association with intestinal necrosis [60], we discour-
age its use in surgical patients. We prefer the use of a recently 
approved medication, partiromer, which has been shown to 
significantly decrease potassium concentration within 7 h 
[61] and has not been associated with intestinal necrosis.
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Renal Replacement Therapy: A Practical 
Approach

Craig R. Ainsworth and Kevin K. Chung

 Epidemiology of Renal Replacement 
Therapy: Then and Now

Acute kidney injury (AKI) occurs during hospitalization in 
39–57% of adult surgical patients [1, 2]. Among critically ill 
patients with AKI, 6–7% require some form of renal replace-
ment therapy (RRT) with an associated mortality rate of 50–88% 
[3–7]. Among critically ill patients, even the mildest stage of 
AKI can result in worse clinical outcomes compared to patients 
who never have AKI [8–10]. Over the last decade, various diag-
nostic criteria have been proposed and validated in various pop-
ulations, including surgical patients. These include the Risk, 
Injury, Failure, Loss, and End-stage renal failure (RIFLE) crite-
ria, the Acute Kidney Injury Network (AKIN) criteria, and most 
recently the Kidney Disease: Improving Global Outcomes 
(KDIGO) criteria. The diagnosis and management of AKI in the 
critically ill surgical population are already discussed in another 
chapter in this textbook. The purpose of this chapter is to pro-
vide a practical review of RRT for the management of metabolic 
and fluid derangements encountered when caring for surgical 
patients who develop severe AKI.

Prior to the development of RRT, AKI was associated with 
a 90% mortality rate among trauma casualties in World War II 
[11]. Teschan and colleagues reported on their experience 
treating 51 combat casualties during the Korean War with a 
Brigham-Kolff artificial kidney (Fig.  28.1). These patients 
were referred for treatment at a special renal insufficiency 

center if they had a urine output less than 500 ml/24 h within 
48  h of initial resuscitation and surgery [11]. Intervention 
with dialysis on these wounded service members during the 
Korean War reduced their mortality from 84% to 53% [12]. 
This led to Dr. Teschan advocating what he referred to as 
“prophylactic” dialysis, initiating dialysis in patients with 
AKI before the development of uremic symptoms. In 1960, 
Belding Scribner developed a Teflon-coated vascular access 
catheter that made it possible for patients to receive multiple, 
long-term dialysis treatments [13]. During the Vietnam War, 
Dr. John Conger used an Ultra-Flo 100 dialyzer to perform 
dialysis on 18 soldiers with traumatic injuries [14]. He ran-
domized his patients to either aggressive dialysis (goal blood 
urea nitrogen (BUN) less than 70 mg/dl and serum creatinine 
less than 5 mg/dl) or less aggressive dialysis (therapy started 
if BUN >150  mg/dl or creatinine >10  mg/dl or refractory 
hyperkalemia, volume overload, or encephalopathy). The 
patients in the early aggressive arm had a 64% survival rate, 
whereas those in the less aggressive treatment arm had a 20% 
survival rate [14]. In 1972, the congress approved legislation 
that allowed dialysis treatment to be covered by Medicare 
which dramatically increased the availability of renal replace-
ment therapy to the general public in the United States [13].

Kramer and colleagues first described a continuous arte-
riovenous hemofiltration (CAVH) technique in 1977 that 
could be used to manage AKI-associated metabolic distur-
bances and fluid overload [15]. This was followed in 1979 by 
the first use of continuous venovenous hemofiltration 
(CVVH) to treat AKI in a patient following cardiac surgery 
[16]. It wasn’t until 1982 that CAVH was approved by the 
Food and Drug Administration for use in critically ill patients 
in the United States [13]. In 1984, Kaplan and colleagues 
described their experience treating 15 critically ill patients 
with CAVH [17]. They described the main benefit of this 
therapy over intermittent hemodialysis to be that it removed 
volume at a rate that was driven by the patient’s blood pres-
sure. Thus, it was thought to be more physiologic than 
machine-driven fluid removal. Additionally, since the ther-
apy was continuous, it helped the patient avoid disequilib-
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rium syndrome caused by conventional dialysis. Finally, the 
therapy could be delivered without a specially trained 
 dialysis technician. Over the next three decades, the accep-
tance and use of various modes of RRT became widespread 
due to the improvement in the RRT machines, vascular 
access catheters, hemofilters, replacement fluids, and antico-
agulation methods.

 RRT Modalities

Once a clinician has decided that a patient needs renal 
replacement therapy, the next determination to be made is 
whether or not an intermittent or continuous modality should 
be used. In order to understand these concepts, one should 
understand the anatomy of the hemofilter used in any mode 
of therapy (Fig. 28.2). The hemofilter consists of thousands 
of semipermeable, parallel, hollow fibers through which the 
blood passes. In between these hollow fibers is the interstitial 
space, and the entire hemofilter is encased in a cylindrical 
container with inflow and outflow ports at opposite ends.

 Hemodialysis

Hemodialysis removes solutes by a process termed “diffu-
sion.” When a patient is receiving hemodialysis, the blood 
circulating through the hollow fibers is surrounded by a dial-
ysate solution. Solutes diffuse down a concentration gradient 
(i.e., high to low) either from the blood through the semiper-
meable filter wall and into the dialysate or vice versa. Fresh 

dialysate is constantly being circulated through the intersti-
tial space within the filter so that a concentration gradient 
can be maintained. The dialysis solution that contains the 
diffused metabolic waste from the patient’s blood is drained 
from the system and is called effluent. Dialysis solutions 
typically do not come in direct contact with the patient’s 
blood. These solutions can be produced real time or come in 
premixed solutions. Clearance via “diffusion” as it occurs 
during dialysis can efficiently remove smaller molecules 
from the blood that range in size from 10 to 100 kDa.

 Hemofiltration

Hemofiltration, on the other hand, removes solute via a 
process known as “convection.” During hemofiltration, a 
negative pressure is created in the interstitial space of the 
hemofilter, and solutes and water are pulled across the 
semipermeable hollow fibers by convection. 
Simultaneously, an electrolyte-balanced replacement fluid 
is added directly into the extracorporeal circuit or the 
patient’s bloodstream. Given that replacement solution is 
infused directly into the patient’s bloodstream (intra- or 
extracorporeal), it must be sterile. Due to its active nature, 
convective clearance can be used to clear larger “middle” 
molecules (10 to >10,000 kDa) from the blood which can 
impact clearance of various medications. Table 28.1 con-
tains a list of molecules of various sizes and a description 
of which form of renal replacement therapy can be used to 
clear them from the circulation.

Fig. 28.1 Artificial kidney 
machine at the 11th 
Evacuation Hospital
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 Intermittent Hemodialysis

Intermittent hemodialysis (IHD) is a renal replacement ther-
apy based on diffusive clearance. The therapy is usually pre-
scribed by a nephrologist either in an outpatient dialysis 
center or an inpatient hospital setting and requires the exper-
tise of a dialysis technician. This therapy is usually delivered 
by a Fresenius® machine (Fresenius Medical Care, Waltham, 
Massachusetts) that produces dialysate real-time using a 
reverse osmosis system to purify tap water which is then 
mixed with electrolytes and buffers. An IHD therapy session 
is usually delivered over 2–4 h. Advantages of intermittent 
therapy include a short length of therapy, rapid clearance of 
solutes and fluid, and minimized interruptions in patient care 
activities as therapy can be delivered every other day. Solute 
clearance is much greater in IHD because of higher dialysate 
flow rates, and this may be of benefit to patients with severe 
electrolyte and metabolic derangements. One of the main 
disadvantages of this modality as applies to surgical critical 

Fig. 28.2 Transport of solutes across a semipermeable membrane. As 
shown in panel A, convection occurs when solutes are transported 
across a semipermeable membrane with plasma water in response to a 
hydrostatic pressure gradient that is created on the blood side of the 
hemofilter. Convection enhances the removal of low- and middle- 
molecular- weight molecules. As shown in panel B, in diffusion, move-

ment of solute across a semipermeable membrane is driven by a 
concentration gradient between the blood and the dialysate. Solutes 
move from the side with the higher concentration of particles to the side 
with the lower concentration. Diffusion is best for clearing low- 
molecular- weight solutes such as urea and creatinine (Used with per-
mission) [50]

Table 28.1 Molecular size and clearance characteristics of common 
electrolytes and proteins

Biochemical Molecular size and clearance
Sodium 23 Daltons cleared by hemodialysis or 

hemofiltration
Phosphorus 31 Daltons cleared by hemodialysis or 

hemofiltration
Potassium 35 Daltons cleared by hemodialysis or 

hemofiltration
Urea 60 Daltons cleared by hemodialysis or 

hemofiltration
Creatinine 113 Daltons cleared by hemodialysis or 

hemofiltration
Glucose 180 Daltons cleared only by hemofiltration
Vitamin B12 1,355 Daltons cleared only by 

hemofiltration
Inulin 5,200 Daltons cleared only by 

hemofiltration
Beta 2 microglobulin 11,800 Daltons cleared only by 

hemofiltration
Albumin 55,000–60,000 Daltons cleared only by 

hemofiltration
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care patients is that in can cause hemodynamic instability, 
especially in the setting of rapid solute or volume removal. 
IHD and sustained low-efficiency dialysis (SLED) are 
 delivered via dialysis machines. As already mentioned, these 
machines do not rely on premade solutions; rather they use 
regular tap water to make dialysate which is then circulated 
through the interstitial space in between the hollow fibers of 
the filter. Dialysate mixed with metabolic waste products and 
excess intravascular volume is drained as effluent into a sink 
or drain.

 Continuous Therapies

Continuous therapies are grouped under an umbrella term 
continuous renal replacement therapy (CRRT). They consist 
of slow continuous ultrafiltration (SCUF), continuous veno-
venous hemofiltration (CVVH), continuous venovenous 
hemodialysis (CVVHD), and continuous venovenous hemo-
diafiltration (CVVHDF). These modalities are provided by 
machines that are specifically designed for inpatient use to 
deliver CRRT. These machines do not make their own dialy-
sate and instead use sterile premade fluids, which can be 
used as either replacement fluid or dialysate. CRRT is deliv-
ered using these premade solutions or solutions premixed by 
a hospital pharmacy which are also sterile. These machines 
can be operated by trained ICU nurses and do not require a 
dialysis technician. Two of the most commonly used 
machines to deliver CRRT are the Prismaflex® (Baxter 
International Inc., Deerfield, Illinois) and the NxStage 
System One® (NxStage Medical Inc., Lawrence, 
Massachusetts). The Prismaflex® uses five pumps for blood, 
dialysate, prefilter replacement fluid, post-filter replacement 
fluid, and effluent. This machine utilizes four scales for efflu-
ent and dialysate and two for replacement fluid, and these 
scales hold one 5-liter bag at a time. The Prismaflex® can 
perform SCUF, CVVH, CVVHD, CVVHDF, therapeutic 
plasma exchange, and hemoperfusion. The machine can 
deliver blood flow rates from 10 to 450 ml/min and can facil-
itate anticoagulation with citrate or heparin. It can deliver 
effluent up to 10 L/h and maximum ultrafiltration of 2 L/h. 
The NxStage System One® uses a disposable cartridge that 
contains all blood and fluid pathways so that the user can 
hang up to 29 L of replacement fluid at one time and connect 
effluent directly to a drain [16]. This minimizes replacement 
fluid bag changes and erases the need for effluent collection 
bags. The machine is configured to deliver SCUF, CVVH, 
CVVHD, and therapeutic plasma exchange. CVVHDF can 
be done on CVVHD mode with extra ultrafiltration that is 
replaced intravenously directly into the patient. The maxi-
mum blood flow rate is 600  ml/min, and the maximum 
replacement fluid rate is 12 L/h. It can remove up to 2.4 L/h 
of ultrafiltration.

Once a machine has been selected, the clinician should 
consider which replacement fluid therapy should be utilized. 
There are many replacement fluid options offered by differ-
ent manufacturers. The replacement fluids are chosen based 
on the electrolyte and acid/base profile of the solution. Based 
on the goal of therapy, be it to correct an acidosis or derange-
ment in potassium, sodium, magnesium, phosphorus, cal-
cium etc., the clinician can choose the replacement fluid that 
will best correct the derangements caused by the patient’s 
renal dysfunction.

The components of the CRRT prescription include speci-
fication of which modality is to be used, the target blood flow 
rate, which replacement fluid is to be used and the replace-
ment fluid rate, and how much ultrafiltrate should be removed 
each hour. See Table 28.2 for example ranges used for each 
of the variables described above. The dose is calculated 
based on the replacement fluid rate and the patient’s weight. 
For example, an 83-kg patient with a replacement fluid rate 
of 3000 ml/h would have a CRRT dose of 36 ml/kg/h.

 Slow Continuous Ultrafiltration (SCUF)

Slow continuous ultrafiltration (SCUF) is a mode in which 
negative pressure is applied in the interstitial space of the 
hemofilter to pull water and solutes across the semiperme-
able membrane. This technique is most widely used in 
patients with diuretic-resistant volume overload as it removes 
volume and does not entail the use of any replacement fluid. 
SCUF was initially developed because acute ultrafiltration 
rates could remove intravascular volume faster than fluid 
refilling from the interstitial space could occur, causing 
harmful changes in circulating blood volume, peripheral per-
fusion, and cardiac output [18]. To prevent a rapid drop in 
circulating blood volume, this mode was developed to slowly 
remove volume and monitor the patient’s response to volume 
removal. This slow, stable volume removal is particularly 
helpful in managing patients with cardiorenal syndrome 
[19]. This modality has a potential application in patients 
with diuretic-resistant heart failure [20].

Table 28.2 Typical starting prescription for various CRRT modes

Mode of 
therapy

Blood 
flow rate 
ml/min

Replacement 
fluid rate ml/h

Dialysate 
flow rate 
ml/h

Ultrafiltrate 
(net fluid 
removal) ml/h

SCUF 50–200 None None 50–500
CVVH 100–

400
2000–4000 None 0–500

CVVHD 100–
400

None 2000–
4000

0–500

CVVHDF 100–
400

2000–4000 1000–
2000

0–500
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 Continuous Venovenous Hemofiltration 
(CVVH)

Continuous venovenous hemofiltration uses convective 
clearance to clear solutes from the blood using replacement 
fluid. Replacement fluid can be circulated into the blood pre- 
hemofilter and post-hemofilter or split between the two if 
you are using the Prismaflex®. Delivering replacement fluid 
pre-hemofilter can lengthen the life of the filter as it dilutes 
the blood prior to filtration which will reduce clot formation 
within the filter. However, this prefilter dilution of the blood 
can reduce the efficiency of solute clearance (see Fig. 28.3). 
Volume management can be achieved by adding an ultrafil-
tration rate which can be set independently on top of the 
replacement fluid rate. CVVH is a relatively simple modality 
that leverages the advantages of convective clearance to clear 
middle molecules. These middle molecules include inflam-
matory cytokines that can worsen a patient’s multi-organ 

failure due to sepsis. In patients with AKI and sepsis, clear-
ance of inflammatory cytokines using CVVH can benefit 
patients. The authors prefer this mode of therapy for treating 
critically ill patients with AKI.

 Continuous Venovenous Hemodialysis 
(CVVHD)

Continuous venovenous hemodialysis is a mode that cleanses 
the blood using diffusion and is applied to the patient con-
tinuously. The same premade or premixed solutions which 
were called “replacement fluid” are called “dialysate” when 
this mode is utilized. This modality offers the advantage of 
being able to more easily control electrolyte levels and avoid 
needing to replace them and is preferred by most 
nephrologists.

Fig. 28.3 Circuit components in continuous renal replacement ther-
apy. Continuous renal replacement therapy requires a central double- 
lumen venovenous catheter, an extracorporeal circuit and hemofilter, a 
blood pump, and an effluent pump. Depending on the type of continu-
ous renal replacement therapy, dialysate, replacement fluid pumps, or 
both are required. In continuous venovenous hemofiltration, solutes  
and plasma water are forced across the semipermeable membrane by 
high ultrafiltration rates (convection). Simultaneously, replacement 
fluid is infused into the blood with the use of a replacement pump.  

The replacement fluid replenishes both the volume and electrolytes 
removed. Replacement fluid can be infused before or after the hemofil-
ter. In continuous venovenous hemodialysis, solutes and plasma move 
across the semipermeable membrane into the dialysate compartment of 
the hemofilter by means of diffusion and ultrafiltration. The flow of 
dialysate is in the opposite direction from the flow of blood. In continu-
ous venovenous hemodiafiltration, solutes and plasma water are 
removed by diffusion, convection, and ultrafiltration (Used with  
permission) [50]
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294

 Continuous Venovenous Hemodiafiltration 
(CVVHDF)

This mode of RRT combines solute removal by diffusion 
using a dialysate and convection via hemofiltration. 
Combining the two modalities allows the clinician more con-
trol over specific electrolytes while taking advantage of the 
benefits of convective clearance.

 Hybrid Modalities

Sustained Low-Efficiency Dialysis (SLED)
SLED is a form of dialysis that uses decreased blood flow 
rates, allowing therapy to be delivered over a more extended 
period of time, and is indicated in those who are hemody-
namically unstable. This mode is delivered using a conven-
tional dialysis machine and requires less anticoagulation 
than CRRT. Sessions can be delivered daily or every other 
day. SLED-f is a hybrid renal replacement therapy that adds 
convective clearance via hemofiltration to the hemodialysis- 
based platform. Typically, extra ultrafiltrate volume is 
removed and replaced by an intravenous infusion of crystal-
loid (usually normal saline) that is equal to the volume 
removed. As such, the crystalloid is acting as a replacement 
fluid.

Other ways of delivering RRT have been proposed in an 
effort to minimize the complexity of care that RRT can intro-
duce. Nocturnal SLED or intermittent CRRT at night (also 
called “shift dialysis”) are ways of giving the patient renal 
replacement therapy while enhancing the efficiency of day-
time care delivery so that patients can participate in wound 
care or physical therapy [21]. Nocturnal SLED would need 
to be delivered with a machine that can perform IHD such as 
the Fresenius®, whereas intermittent CRRT is delivered 
using a machine designed for CRRT such as NxStage® or 
Prismaflex®.

 Controversies in Renal Replacement Therapy

Mode
In a review of nine randomized trials comparing outcomes in 
patients placed on intermittent compared to continuous ther-
apy, there was not a single trial that standardized the timing, 
criteria for initiation, or dose of renal replacement therapy 
[22]. This review concluded that there was no statistically 
significant evidence that the initial RRT modality influenced 
mortality or recovery of renal function. There was a trend 
observed that CRRT was associated with less hemodynamic 
instability and better control of the patient’s fluid balance. 
Another meta-analysis reviewed 23 randomized controlled 
trials and 16 observational studies to investigate if there was 

any difference in rates of renal recovery among severe AKI 
survivors [23]. Pooled analysis of the RCTs did not reveal a 
statistically significant difference in renal recovery based on 
RRT modality used. A pooled analysis of the observational 
studies did demonstrate a higher rate of renal recovery 
among patients receiving continuous therapy.

The main factor to be considered in deciding to use inter-
mittent or continuous RRT is the patient’s hemodynamic sta-
bility. Treatment-related hypotension occurs in 10–70% of 
patients during their dialysis session, depending on the defi-
nition of hypotension used [24]. Advanced age, female gen-
der, diabetes, low blood pressure prior to dialysis, 
hypoalbuminemia, and higher BMI are all associated with 
increased risk for intradialytic hypotension [24]. If removal 
of intravascular volume exceeds the patient’s ability to refill 
their plasma volume, then hypotension will occur. The level 
of sodium in the dialysate, plasma albumin levels, and hydro-
static capillary force all influence plasma refill [25]. The 
patient’s osmolality declines during dialysis due to the rapid 
removal of urea and shifts in plasma sodium concentrations 
which will lead to slower plasma refill and eventually hypo-
tension [25]. For patients who are hemodynamically unsta-
ble or who cannot tolerate large volume shifts and rapid 
changes on plasma osmolality, continuous modalities offer 
the benefit of renal replacement therapy with less risk of 
hypotension. Patients with neuro-trauma or other conditions 
that elevate intracranial pressure cannot tolerate the osmotic 
shifts that occur during IHD, and it is contraindicated in this 
patient population [26].

An additional benefit of continuous renal replacement 
therapy over intermittent therapy is that in many cases, mass 
or solute removal is greater because the therapy is being 
delivered over a longer period of time. If this were repre-
sented graphically, the solute removal over time would 
appear like a smooth slope. If solute removal during inter-
mittent therapy was represented graphically over time, it 
would have a sawtooth appearance. This is because during 
the relatively short intermittent therapy sessions, a high 
amount of solute and volume is removed and then gradually 
accumulates until the next dialysis session. See Table 28.3 
for a list of risks and benefits associated with using IHD vs. 
CRRT.

 Dose of Renal Replacement Therapy

For continuous modes, the currently recommended dose for 
renal replacement therapy is 20–25  ml/kg/h [26]. Most 
patients do not have day after day of uninterrupted 
CRRT. Therapy can be interrupted by trips to radiology for 
imaging studies, dysfunction with the circuit caused by clot-
ting, or malfunction of the dialysis access line. In one study, 
interruptions in RRT ranged from 8% to 28% of the total 
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treatment time [27]. Clinicians should target a prescription 
of 25–30 ml/kg/h and above so as to account for interrup-
tions in therapy and insure that the patient is receiving the 
minimal delivered dose of 20–25 ml/kg/h. The current rec-
ommended dose is based on several clinical trials that com-
pared different doses of renal replacement therapy and their 
impact on clinical outcomes. The VA/NIH Acute Renal 
Failure Trial Network randomized 1124 patients with acute 
kidney injury and failure of at least one non-renal organ or 
sepsis to intensive therapy (CRRT dose of 35 ml/kg/h) or less 
intensive therapy (CRRT dose of 20 ml/kg/h). The primary 
end point was all-cause mortality by day 60. There was no 
difference in the rate of all-cause mortality or in duration of 
renal replacement therapy or the rate of renal recovery [28]. 
The RENAL Replacement Therapy Study Investigators con-
ducted a multicenter, randomized controlled trial to compare 
the effect of different doses of renal replacement therapy on 
90-day mortality. They randomized patients with AKI and 
critical illness to post-dilution CVVH with a dose of 40 ml/
kg/h or 25 ml/kg/h. There was no statistically significant dif-
ference in all-cause 90-day mortality or renal recovery or 
duration of renal replacement therapy [29].

Given the seeming absence of any benefit to higher doses, 
the KDIGO guideline recommends a dose of 20–25 ml/kg/h 
for CRRT in AKI [26]. However, this may not be the case for 
patients with postsurgical AKI. In a recent Cochrane review, 
postsurgical patients who developed AKI had a statistically 
significant reduction in mortality if they received a dose 
greater than 35 ml/kg/h [30]. This was based on two studies 
that enrolled 531 patients and was deemed by reviewers to be 
high quality evidence. We therefore recommend the consid-
eration of an initial higher delivered dose of 35 ml/kg/hr. of 
RRT for patients with postsurgical AKI, especially when 
dealing with severe metabolic disturbance.

 Timing

Based on current literature, we believe that early initiation of 
intensive renal replacement therapy will provide the most 
benefit [31]. Traditional complications of AKI that would 
warrant immediate initiation of renal replacement therapy 
are included in Table 28.4. The literature demonstrates that 
early and intensive RRT may provide the best benefit for 
critically ill patients, particularly those with AKI diagnosed 
early in their clinical course, those in shock, and those with 
ARDS.  Critically ill burn patients who develop AKI have 
mortality rates that are over 20% higher than the general 
critical care population [32–34]. Historically, these patients 
were often not considered candidates for intermittent hemo-
dialysis (IHD) due to their hemodynamic instability by the 
time they had developed a traditional indication for RRT. The 
US Army Burn Center remedied this situation by developing 
an aggressive continuous venovenous hemofiltration 
(CVVH) program. Patients with greater than 40% total body 
surface area burn and AKIN stage 3 AKI or AKIN stage 2 
AKI with shock were started on CVVH, even if they did not 
meet traditional criteria for initiating RRT.  When these 
patients were compared to historical controls, they had a 
24% lower in-hospital mortality rate, a 33% lower 28-day 
mortality rate, a dramatic reduction in vasopressor require-
ment, and an average PaO2/FiO2 ratio increase of 153 within 
24 h [35].

Two recently published trials attempted to answer the 
question of when to initiate renal replacement therapy in 
AKI.  The Artificial Kidney Initiation in Kidney Injury 
(AKIKI) study group performed a multicenter randomized 
controlled trial on patients with KDIGO stage 3 AKI who 
required mechanical ventilation, catecholamine infusion. 
These patients did not have a life-threatening complication 
directly related to renal failure and were designated to an 
early or delayed strategy for RRT initiation [36]. Early initia-
tion consisted of starting RRT at the time of randomization. 
Delayed initiation consisted of starting RRT when the patient 
developed a potentially life-threatening complication of AKI 

Table 28.3 Risks and benefits of different forms of renal replacement 
therapy

Modality Benefits Risks
IHD Rapid removal of low- molecular- 

weight substances and toxins
Fewer interruptions in other 
patient care activities
Less expensive than CRRT
Does not require constant 
anticoagulation of the circuit

Hypotension due to 
rapid solute and fluid 
removal
Osmotic shifts that can 
worsen cerebral edema
Requires a specially 
trained dialysis 
technician

CRRT Hemodynamic stability
Continuous removal of toxins 
and volume. Volume removal can 
be titrated based on patient 
tolerance
Simple machines with user 
friendly interfaces
Safe for patients with elevated 
ICP

Increased cost
Limits participation in 
physical therapy when 
on the circuit
Circuit must be 
anticoagulated 
continuously
Slower clearance of 
toxins

Table 28.4 Complications of acute kidney injury that are traditional 
indications for initiating renal replacement therapy

Complication Criteria for initiating renal replacement therapy
Metabolic acidosis Refractory to sodium bicarbonate infusion
Electrolyte 
imbalance

Hyperkalemia refractory to medical 
management

Toxic ingestion Small molecular size and low level protein 
binding so as to be cleared by dialysis

Uremia Uremic encephalopathy, pericarditis, 
gastropathy, or bleeding due to uremic 
platelets

Intravascular 
volume overload

Pulmonary edema refractory to diuretic 
therapy
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to include severe hyperkalemia, metabolic acidosis, pulmo-
nary edema, BUN higher than 112  mg/dl, or oliguria for 
more than 72 h after randomization. The primary outcome 
was survival at 60 days. The results of the trial demonstrated 
no difference in mortality but did demonstrate an increased 
incidence of catheter-related bloodstream infection in the 
early initiation group, and half of the patients in the delayed 
initiation arm never needed renal replacement therapy. While 
the trial did not demonstrate a mortality reduction attribut-
able to early initiation, it may be that waiting to initiate RRT 
once the patient has KDIGO stage 3 AKI is already too late 
to see a benefit in “early” initiation.

The Early Versus Late Initiation of Renal Replacement 
Therapy in Critically Ill Patients with Acute Kidney Injury 
(ELAIN) randomized clinical trial was a single-center study 
that randomized 231 patients with KDIGO stage 2 AKI and 
plasma neutrophil gelatinase-associated lipocalin levels 
higher than 150 ng/ml to early initiation of RRT (within 8 h 
of diagnosis of KDIGO stage 2 AKI) or delayed initiation 
(within 12 h of diagnosis of KDIGO stage 3 AKI) or no ini-
tiation [37]. Ninety-day mortality in the early RRT group 
was 39% and 54% in the delayed group. In the early group, 
53% experienced renal recovery, whereas in the delayed 
group, 38% experienced renal recovery. Duration of renal 
replacement therapy and hospital length of stay were also 
shorter in the early initiation group. These results led the 
authors to call for larger, multicenter trials to be performed 
using a similar protocol so as to demonstrate whether these 
results can be generalized to all critical care patients with 
KDIGO stage 2 AKI.

In the critical care surgery patient population with AKI, 
early initiation strategies are associated with improved out-
comes. One center that used CVVH as their mode of CRRT 
reported on 73 patients they treated who had AKI in the post-
operative period [38]. They initiated CRRT if patients had 
AKI with hyperkalemia, severe metabolic acidosis, pulmo-
nary edema refractory to diuretics, or oliguria with progres-
sive azotemia in the setting of shock. These patients’ AKI 
were classified using the RIFLE criteria. Patients in the Risk 
stage who were started on CRRT were considered to be in 
the early initiation group, and those in the Injury or Failure 
stages who were initiated on CRRT were considered to be in 
the late group. The mortality rate in the late-initiation group 
was 35% higher, and there were no significant differences in 
demographics, type of surgery, or physiologic scores [38]. 
The KDIGO guideline for the management of AKI encour-
ages clinicians to “consider the broader clinical context, the 
presence of conditions that can be modified with RRT, and 
trends in laboratory tests – rather than single BUN and cre-
atinine thresholds alone – when making the decision to start 
RRT” (26). Thus, with respect to the controversies in the tim-
ing of renal replacement therapy, there is no “one-size-fits- 
all” approach that applies to every patient scenario. Timing 

of renal replacement therapy initiation should be individual-
ized to the patient condition with evidence demonstrating 
that early initiation, in the presence of a metabolic distur-
bance or fluid overload, is associated with improved 
outcomes.

 Daily Management of the Patient on Renal 
Replacement Therapy

The daily management of patients on CRRT involves assess-
ment of the adequacy of therapy, serial electrolyte monitor-
ing, ensuring appropriate antibiotic dosing, management of 
anticoagulation, and management of the vascular access 
catheter. If there are issues with electrolyte derangement, 
these can be remedied by either replacing the electrolytes in 
the case of deficiency or by changing the replacement fluid. 
Changing replacement fluid may not always be necessary 
because in some cases the issue may be related to the dose of 
therapy, and this should be considered and discussed by pro-
viders as part of the daily management of the patient’s CRRT.

Antibiotics vary in molecular size and protein binding, 
both of which will affect whether or not they are cleared by 
renal replacement therapy. Because of its ability to clear 
middle molecules, continuous modalities that utilize convec-
tive clearance can often times clear antibiotics at the same 
level as fully functioning kidneys. Antibiotics will often 
times need to be dosed as if renal function is preserved, or 
sometimes, as is the case with vancomycin, patients will 
often times need to have an increased dose of the drug 
because it is so effectively cleared by CRRT. Checking drug 
levels and coordinating dosing with a clinical pharmacist 
with experience with dose drugs in patients on CRRT can 
help ensure patients are getting an appropriate antibiotic 
dose.

 Anticoagulation

Some form of anticoagulation is usually required when 
patients are on CRRT to prevent the formation of thromboses 
within the dialysis circuit. The most commonly used agents 
are heparin and citrate although protocols with other agents 
exist as do protocols using no anticoagulation for patients at 
high risk of hemorrhage. Regional heparin anticoagulation 
consists of infusing 500–1000 units of heparin into the RRT 
circuit. The dose of heparin is increased until an optimal fil-
ter life can be achieved without causing a systemic elevation 
in PTT. Some protocols utilize protamine for heparin rever-
sal post-filter to insure that the heparin does not have an 
effect on the patient. Anticoagulation can prevent the filter 
from clotting which is a common cause of patients having 
therapy interrupted. If the filter is clotting off frequently, then 
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the filtration fraction should be assessed. This is calculated 
as follows: replacement fluid(L/h) + ultrafiltrate(L/h) / blood 
flow rate (L/H) + replacement fluid rate (L/h). The goal to 
minimize the formation of blood clots in the dialysis circuit 
is a filtration fraction of less than 25%.

Anticoagulation of the circuit can also be achieved with 
trisodium citrate or acid-citrate-dextrose. The citrate is usu-
ally infused into the arterial or inflow port so that it can bind 
calcium and anticoagulate the dialysis circuit. Since the 
citrate provides an alkali load, the pH composition of the 
replacement fluid may need to be adjusted so that metabolic 
alkalosis can be prevented. Clinical trials comparing the use 
of heparin and citrate have demonstrated increased filter 
patency, decreased rates of bleeding, and decreased mortality 
when citrate was used [39–41]. This has led to the recom-
mendation that citrate be used for anticoagulation in patients 
receiving CRRT in the KDIGO guidelines [26]. There is no 
standard FDA-approved citrate preparation that is univer-
sally used. This leads some to view it as a potentially cum-
bersome medication to use in everyday practice. Its 
implementation in surgical and trauma ICUs did lead to 
patients having a higher pH, lower ionized calcium, and 
higher sodium compared to patients treated with heparin, 
although this difference was noted to not cause any adverse 
events among patients treated with citrate [42]. Of note, the 
use of citrate anticoagulation was noted to lead to an average 
increase in circuit life of 30 h which can have a clinically 
significant impact on the patient in terms of them receiving 
their full dose of therapy and not losing blood in clotted off 
circuits. When using citrate as an anticoagulant, providers 
need to remember that it converts to bicarbonate so replace-
ment fluids with a lower bicarbonate level should be used to 
avoid causing a metabolic alkalosis. The use of citrate for 
anticoagulation can cause toxicity in patients with liver fail-
ure that is manifested by a low serum ionized calcium con-
centration, elevated total serum calcium level, metabolic 
alkalosis, and an increased anion gap. The accumulation of 
citrate causes a fall in ionized calcium levels, while the total 
serum calcium level will continue to rise. When the ratio of 
total calcium divided by ionized calcium exceeds 2.5, it is 
indicative of citrate toxicity. When performing this calcula-
tion, it is important to pay attention to the unit of measure as 
it can vary from lab to lab. One mg/dl of calcium is equal to 
0.25 mmol/L and 0.5 meq/L.

 Vascular Access

Vascular access with a temporary dialysis catheter for RRT 
needs to be obtained prior to initiating therapy. These cathe-
ters can be placed by the intensivist at the bedside and imme-
diately used for therapy. Placement should be confirmed 
with a chest x-ray if the internal jugular or subclavian sites 

are used. There are multiple catheters available that typically 
utilize two lumens with a septum dividing them. The lumens 
can be arranged in parallel or spiral around each other with 
the tip of each lumen staggered to prevent recirculation. 
Some catheters come with a third lumen that can be used to 
deliver medications or fluids. The right internal jugular vein 
is preferred over the left as it is usually a larger vessel and 
this will allow increased blood flow. A meta-analysis recently 
demonstrated that the femoral site is not associated with an 
increased risk of catheter infection when compared to the 
internal jugular vein [43]. One of the disadvantages of the 
femoral site is that it can interfere with the patient’s ability to 
participate in physical therapy. The subclavian site can be 
used; however, if there is concern that the patient may require 
long-term therapy, this site should be avoided. There are 
higher rates of subclavian stenosis, compared to other sites, 
which could prevent the limb on that side of the patient from 
being used for long-term dialysis access with a fistula.

 Signs of Renal Recovery and Discontinuing 
Therapy

Clinical and laboratory signs that renal recovery has occurred 
include an increase in urine production, the ability to clear 
urea and creatinine, and laboratory evidence that the kidney 
is able to manage the patient’s electrolytes at safe levels. 
Once this is detected by clinicians, they can discontinue 
renal replacement therapy gradually using progressively lon-
ger CRRT holidays each day, or therapy can be discontinued 
with the plan to resume only if a life-threatening complica-
tion of renal dysfunction occurs. For those patients who do 
not experience renal recovery, it may be appropriate to tran-
sition them to intermittent therapy once they become more 
hemodynamically stable. The KDIGO guidelines do not give 
any more specific criteria regarding when to stop therapy 
other than recommending cessation of therapy when it is no 
longer required or it is not consistent with patient care goals 
[26].

 Long-Term Outcomes

Will my patient with AKI progress to end-stage renal disease 
(ESRD), or will they recover renal function? In a prospective 
cohort study of 433 patients with severe ATN requiring RRT, 
the investigators sought to determine the rates of recovery of 
renal function at hospital discharge and ESRD status at 
1 year follow-up. In-hospital mortality in these patients was 
47% at the time of hospital discharge, and 57% of the survi-
vors had normal renal function. Only one of the survivors 
had ESRD at 1 year follow-up leading investigators to con-
clude that if the patient survives the initial insult that caused 
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their AKI, the majority of survivors would go on to recover 
renal function to a degree that they would not require RRT 
long term [44].

Acute tubular necrosis (ATN) is a common cause of 
AKI. Researches have categorized the cause of ATN as isch-
emic, nephrotoxic, or both and looked into whether or not 
the cause affects the long-term outcome. In a review of 425 
critically ill patients with AKI, those who had ATN from 
mixed causes had the highest mortality rate at 55%, while 
those with purely ischemic or nephrotoxic were at 39% and 
29%, respectively. The patients with a mixed cause of their 
ATN also had the lowest rates of renal recovery. Proportional 
differences were seen when these patients were followed up 
7  years after the initial recovery, and survival rates were 
reported [45].

Patients who survive critical illness and AKI have reduced 
long-term health-related quality of life [46]. When AKI sur-
vivors were surveyed using an SF-12 questionnaire, they had 
lower physical and mental competency scores when matched 
with control groups [46]. Rates of renal recovery and mortal-
ity have been assessed at the time of hospital discharge and 
5 years later in a cohort of 226 survivors of AKI requiring 
RRT. None of these patients had pre-existing kidney disease. 
At hospital discharge, none of the patients were RRT depen-
dent with 57% demonstrating complete recovery and 43% 
with partial recovery. At 5 years, only 25% of the cohort was 
still alive, and 5% of those survivors had become dialysis 
dependent. AKI not only causes increased in-hospital mor-
tality but also “carries significant implications for long-term 
survival [47].” The use of continuous modalities instead of 
IHD is associated with a reduced incidence of long-term 
dialysis dependence. In a meta-analysis of 23 trials, pooled 
analysis of observational studies suggested a higher rate of 
dialysis dependence among survivors of AKI who were ini-
tially treated with IHD [48]. While CRRT may appear more 
expensive when compared to IHD, it is actually far more 
cost-effective. This is the case because of the decreased risk 
of dialysis dependence and the increase in quality-adjusted 
life years that patients experience after treatment with CRRT 
[49].

 Conclusion

In order to provide optimal support and reduce morbidity 
and mortality in critically ill surgical patients with AKI, the 
intensivist must understand the principles of RRT.  The 
modes of hemodialysis differ with respect to how the blood 
is purified, what size molecules can be removed, and in terms 
of hemodynamic tolerability. Hemodialysis can rapidly and 
effectively clear small molecular weight molecules. 
Continuous modalities that utilize hemofiltration can remove 
middle molecules at a steady rate that is well tolerated by 

hemodynamically unstable patients. Continuous modes are 
therefore preferred in the most critically ill patients. With 
respect to the controversies in the mode, dose, and timing of 
renal replacement therapy, there is no “one-size-fits-all” 
approach that applies to all patients. The mode, dose, and 
timing of renal replacement therapy should be individualized 
to the patient.
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Management of Common Urologic 
Conditions Among the Critically Ill

E. Charles Osterberg

 Introduction

Many common urologic problems manifest in the treatment 
of the critical patient overseen by an intensivist or trauma-
tologist. The changing paradigm of healthcare delivery 
requires clinicians to have a rudimentary understanding of 
many surgical subspecialties, including urology. In this 
chapter, common urologic problems are discussed. A spe-
cific focus is paid toward the practical management of these 
conditions whereby the non-urologist may quickly reference 
this chapter. It is my hope that this chapter serves as a 
resource for any non-urologist who participates in the critical 
care of surgical patients.

 Hematuria

 Microscopic Hematuria

Microscopic hematuria is defined by three or more red 
blood cells per high-power field on microscopic analysis 
of a non- contaminated urine sample without any evidence 
of urinary infection, pyuria, bacteriuria, and/or contamina-
tion [1]. Furthermore, recent instrumentation or manipula-
tion of the urinary tract (e.g., Foley catheter placement) 
should be determined prior to confirming a positive result. 
In the setting of the critically ill patient, it is not uncom-
mon to have microscopic hematuria especially in the set-
ting of polytrauma, recent catheterization, renal injury, or 
other nephrogenic causes.

The most common urologic causes of microscopic 
hematuria include enlargement of the prostate, infection, 
and urinary stones [1]. A very small subset of patients with 

microscopic hematuria will ultimately be diagnosed with a 
urinary tract malignancy. It is estimated that roughly 4% of 
patients who undergo screening with a microscopic 
 urinalysis are found to have a urinary tract malignancy [2]. 
Those individuals with a history of smoking, pelvic radia-
tion, history of exposure to carcinogenic agents, male gen-
der, or history of gross hematuria are at increased risk for 
urinary tract malignancy in the setting of microscopic 
hematuria [1].

In the setting of critically ill, a diagnosis of microscopic 
hematuria is unlikely to be paramount to the patient’s clini-
cal course. However, once stabilized and discharged, a 
repeat microscopic urinalysis should be performed. Once 
benign causes have been ruled out, the presence of asymp-
tomatic microscopic hematuria should prompt a urologic 
evaluation. The initial urologic evaluation includes an esti-
mate of renal function with creatinine and blood urea nitro-
gen levels to protect intrinsic renal disease. Certainly the 
presence of any cellular casts, dysmorphic red blood cells, 
or proteinuria would indicate the presence of intrinsic renal 
disease precipitating microscopic hematuria. After exclud-
ing other etiologies, a cystoscopy is warranted on any 
patient over 35 years of age with asymptomatic micro-
scopic hematuria. In addition, a multi-phase computed 
tomography scan with and without intravenous contrast 
including a delayed urography phase is also warranted [1]. 
In those patients who have contraindications to contrast-
enhanced imaging, a magnetic resonance urography scan is 
an acceptable alternative. In patients who have a history of 
persistent asymptomatic microhematuria and subsequently 
have two negative annual urinalyses, further evaluation is 
no longer necessary [3].

The diagnosis of asymptomatic microscopic hematu-
ria should not be overlooked and warrants repeat evalua-
tion once the critically ill are stabilized and/or discharged. 
With high-risk individuals, the risk of urinary tract malig-
nancy ranges from 0% to 25%; therefore, follow-up is 
warranted [2].
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 Gross Hematuria and Clot Obstruction

Gross hematuria is defined by urine that is visibly discolored 
by blood or any blood clots. The degree of gross hematuria is 
oftentimes categorized on a continuum of light pink, red, 
brown, or frank blood. Akin to a drop of red food coloring, 
just the slightest amount (e.g., 1 mL) of blood can impart the 
appearance of gross hematuria. Alternatively, gross hematu-
ria may be a life-threatening condition.

Gross hematuria is a presenting sign of roughly 60% of 
patients with urologic cancers [4]. Certainly those individu-
als that are older, are exposed to carcinogenic agents, and 
have smoking history, history of pelvic radiation, or chronic 
urinary tract infections are at increased risk. In men over the 
age of 60, the positive predictive value of malignancy with 
gross hematuria is roughly 20%, whereas in women it is 
roughly 8% [4]. Therefore there are several other etiologies 
that may contribute to gross hematuria such as enlarged pros-
tate, urinary tract infection, urinary tract stones, cystitis, 
medications (e.g., aspirin, warfarin, etc.), recent urologic 
trauma, or instrumentation [5].

Evaluation and management of critically ill patients with 
gross hematuria are dependent on hemodynamic stability 
and establishing prompt urinary drainage if the patient is not 
voiding spontaneously. In the hemodynamically unstable 
patient with gross hematuria that is not transfusion respon-
sive, prompt urologic evaluation is necessary as operative 
intervention and/or angioembolization may be imminent [5]. 
In the case of a hemodynamically stable patient with gross 
hematuria, this can likely be worked up on an outpatient 
basis with a cystoscopy and a multi-phase computed tomog-
raphy scan with and without intravenous contrast including a 
delayed urography.

Prompt urinary drainage should be achieved in critically 
ill patients suffering from clot obstruction. During this time 
it is important to identify risk factors and reversible causes 
for the gross hematuria and clot retention such as anticoagu-
lation status. Urinary drainage is achieved with a large-bore 
catheter and bladder irrigation to evacuate obstructing clots. 
Urinary catheters are size in the French system, whereby 1 
French equals 0.33 cm in circumference. In patients with clot 
retention, a 22 French three-way catheter or larger allows for 
manual clot irrigation and continuous bladder irrigation 
(CBI). Via a catheter-tipped syringe and saline irrigant, the 
bladder may be irrigated via the drainage port of a large-bore 
three-way catheter to evacuate obstructing clots. This pro-
cess should be repeated until no further clots are seen. Once 
the bladder is completely free of clot, CBI can be initiated 
whereby 3 liter bags of normal saline irrigation will flow into 
the bladder via the catheter-inflow port and promptly will 
drain out of the bladder via the catheter-outflow port. The 
continuous irrigation prevents the formation and propagation 
of obstructing clots, thereby allowing urinary drainage. 

Vigilant monitoring of the CBI is necessary to ensure that the 
outflow continues to drain. There is a risk of bladder rupture 
should the outflow be obstructed by a clot in the inflow that 
is running continuously. In addition, accurate measurement 
of urine output in critically ill patients on CBI is 
impossible.

Determination of the etiology of gross hematuria may be 
confirmed once patients are clinically stable or on an outpa-
tient basis if non-obstructing. Despite a multitude of etiolo-
gies, gross hematuria should always be considered a red flag 
for urologic malignancy, and thus urologic consultation is 
warranted.

 Urologic Infections

The genitourinary system is a common source for bacterial 
and fungal infections. In the critically ill patient, prompt 
identification and isolation of a genitourinary source are nec-
essary for stabilization. Common urologic infections stem 
from prostatitis, epididymoorchitis, urethritis, prostate 
abscesses, and pyelonephritis.

 Prostatitis and Prostate Abscess

Acute bacterial prostatitis is a rare entity that is characterized 
by high fevers, perirectal and perineal pain, lower urinary 
tract symptoms, and incomplete bladder emptying. Patients 
may report a prior history of recent urinary tract infections, 
recent urinary instrumentation, immunocompromised states, 
and/or diabetes. Physical exam will reveal a tender, boggy 
prostate that is associated with elevation in white blood cell 
count, bacteriuria, pyuria, and/or bacteremia [6]. Prompt 
antibiotic therapy should be initiated, and if patients are sep-
tic, hospitalization and fluid resuscitation are necessary. 
Blood and urine cultures off and reveal common genitouri-
nary pathogens including Escherichia coli, Enterobacter, 
Enterococcus, and Staphylococcus species. Typical oral anti-
biotics for prostatitis include a quinolone or trimethoprim- 
sulfamethoxazole for at least 4 weeks following the diagnosis 
[6]. Common intravenous antibiotics include ampicillin and 
gentamicin. Following cultural susceptibility testing, antibi-
otics may be tailored accordingly. If patients are unable to 
void, urethral catheterization is safe. Prior dogma suggests 
that the urethra should not be instrumented during episodes 
of acute bacterial prostatitis, and a suprapubic cystotomy 
tube placement is mandated. No prospective studies or large 
series have demonstrated such relationship, and it is my 
practice to commonly place a 12 French Foley catheter in 
these patients.

A prostate abscess may also be present at the time of 
bacterial prostatitis or may present independently [7]. 
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Alternatively the prostatic infection may involve a prostate 
abscess following a prolonged course of oral antibiotics. 
Typical presentation is similar to that of acute bacterial 
prostatitis. Often a computed tomography scan or transrec-
tal ultrasound will demonstrate the prostate abscess (see 
Fig. 29.1) [8]. Surgical management of prostate abscesses 
is beyond the scope of this chapter; however the urologist 
may advise prolonged antibiotic therapy, transrectal 
ultrasound- guided aspiration, or transurethral unroofing of 
the prostate abscess.

 Epididymoorchitis

Epididymoorchitis is the combined infection of the epididy-
mis and the testis [9]. Oftentimes it is a result from bacterial 
spread from the urethra or bladder. Men will present with an 
acute-appearing scrotum that is tender and oftentimes ery-
thematous. Associated fever, lower urinary tract symptoms, 
and testicular induration may also be evident. The clinician 
should be aware of the possibility of testicular torsion which 
has an acute onset versus the gradual onset of pain seen in 
epididymoorchitis. Urinalysis and urine culture may guide 
antibiotic treatment and should routinely be performed. 
Common microbes include Escherichia coli and 
Staphylococcus [9]. Scrotal sonography will demonstrate a 
hypervascular epididymis and abnormal echogenicity within 
the testicle or epididymis. Antimicrobial therapy should last 
for at least 14 days, and a quinolone or trimethoprim- 

sulfamethoxazole is recommended [10]. In severe cases that 
are associated with systemic illness, gentamicin may be 
added for additional coverage [11]. Scrotal elevation, nonste-
roidal anti-inflammatory agents, and scrotal ice pack may all 
be beneficial to alleviating pain. Surgical exploration is only 
indicated in cases of severe infection, abscess formation, or 
testicular infarction.

 Urethritis

Urethritis is most often caused by a sexually transmitted 
infection such as gonorrhea or chlamydia. Often patients will 
present with a urethral discharge and dysuria; however in 
some cases, the patient may be entirely asymptomatic. 
Diagnosis is based upon urine nucleic acid amplification 
which has improved sensitivity and specificity over the stork 
urethral swab. Typical treatment for uncomplicated infec-

tions includes a single dose of ceftriaxone plus a single dose 
of azithromycin which will cover both organisms [12].

 Pyelonephritis, Renal Abscesses, 
Emphysematous Pyelonephritis, 
and Xanthogranulomatous Pyelonephritis 
(XGP)

Pyelonephritis is a bacterial infection of the kidney that results 
in inflammation of the renal parenchyma. By definition pyelo-
nephritis is an infection of the renal parenchyma with associ-
ated fever and flank pain. The most common organisms 
causing pyelonephritis are Escherichia coli, followed by 
Klebsiella, Proteus, Pseudomonas, and Serratia species [13]. 
Risk factors for pyelonephritis include underlying anatomic 
abnormalities of the urinary tract, spinal cord injury, persistent 
urinary tract infections, pregnancy, and immunocompromised 
states [14]. Presenting symptoms include lower urinary tract 
symptoms such as dysuria, frequency, in addition high cyclic 
fevers, chills, malaise, flank pain, and sepsis. Laboratory eval-
uation may show a leukocytosis with an elevated creatinine 
level, blood cultures may be positive for bacteremia, and/or 
urinalysis usually will show white blood cells and bacteriuria 
[14]. If patients are clinically stable and there is no anatomic 
etiology such as ureteral obstruction causing the episode of 
pyelonephritis, outpatient management may be pursued with 
14 days of a fluoroquinolone, amoxicillin-clavulanate, or 
trimethoprim- sulfamethoxazole [15]. In the critically ill 
patient, parenteral antibiotics are warranted utilizing broad-
spectrum antibiotics and narrowing following culture sensi-
tivities. If blood cultures are positive, parenteral antibiotics 
should be continued at least for 7 days [14]. Repeat urine cul-
ture should be performed if patients fail to improve after 48 h. 
Furthermore imaging should be obtained if patients fail to 

Fig. 29.1 Computed tomography scan demonstrating hypodense areas 
within the prostate consistent with abscess cavity (Image adapted from 
Wessels & McAninch “Urologic Emergencies – A Practical 
Approach” – 2005 Humana Press – Page 138)
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improve to identify potential obstruction or perirenal abscesses 
[14]. In the cases of obstructing pyelonephritis secondary to 
ureteral stricture or calculi, emergent urinary diversion with 
nephrostomy tube or indwelling ureteral stent is mandated. 
Prompt urologic consultation should be performed to decom-
press the infected system.

Renal abscesses may develop from repeated episodes of 
pyelonephritis or may result from long-standing, chronic uri-
nary infection. Abscesses present with similar signs and 
symptoms as acute pyelonephritis and are associated with 
urinary stasis and calculi [16]. Computed tomography is 
most accurate way to identify a renal abscess. The mainstay 
of management revolves around source control and paren-
teral antibiotics. Those abscesses less than 3 cm in size can 
usually be treated conservatively with antibiotics; however 
those abscesses greater than 3 cm in size and those immuno-
compromised individuals should be managed with image- 
guided drainage [16]. Follow-up computed tomography scan 

is important especially if clinical status does not improve.
Emphysematous pyelonephritis is a life-threatening necrotiz-

ing infection of the renal parenchyma secondary to gas- forming 
bacteria commonly among immunocompromised women [17]. 
The finding of gas within the kidney parenchyma is diagnostic 
for the condition. Commonly parenteral antibiotics are insuffi-
cient, and surgical drainage or nephrectomy is indicated.

Xanthogranulomatous pyelonephritis (XGP) forms after 
long-standing inflammation of the kidney secondary to 
chronic urinary obstruction, infections, and stones. The 
patient often has associated renal insufficiency, and the 
affected kidney is rendered nonfunctional [18]. Computed 
tomography shows an enlarged, “bear claw”-like kidney, 
nephrolithiasis, and little remaining renal parenchyma. (See 
Fig. 29.2). Antibiotics should be initiated; however XGP is 
managed with nephrectomy for source control [18].

 Fournier’s Gangrene

Fournier’s gangrene is a necrotizing infection of the skin and 
subcutaneous tissues overlying the external genitalia and 
perineum. The disease can involve all images and both gen-
ders; however men who are immunocompromised and/or 
diabetic are most susceptible [19]. The disease is life- 
threatening and therefore requires a rapid diagnosis as well 
as immediate surgical management. Mortality has been 
reported to be as high as 50%, and therefore the astute clini-
cian must recognize the warning signs and symptoms of this 
necrotizing infection [20].

 Pathogenesis

Fournier’s gangrene is a result of multiple anaerobic and 
aerobic bacteria. Common bacteria include Escherichia coli, 
Staphylococcus, Pseudomonas, Enterococci, and Clostridium 
perfringens [21]. Any condition that compromises the 
immune system puts patients at increased risk of susceptibil-
ity and mortality. Conditions such as diabetes, alcoholism, 
human immunodeficiency virus, malnutrition, and obesity 
are all such examples of risk factors for Fournier’s gangrene 
[19]. In addition, recent instrumentation and/or surgery to 
the perineum and scrotum put patients at risk for bacterial 
penetrance. For example, recent perineal abscess drainage, 
urethral instrumentation, scrotal abscess drainage, and peri-
rectal abscess drainage all are risk factors for progression to 
Fournier’s gangrene.

Fournier’s gangrene carries a high mortality due to the 
contiguous necrotizing bacterial spread through the fascial 
anatomy. Bacteria may track along Dartos fascia, into Colles’ 
fascia, along the fascia lata of the thigh, and to Scarpa’s fas-
cia along the anterior abdominal wall [21]. As such, surgical 
control and debridement are necessary to halt any bacterial 
spread.

 Diagnosis

Physical examination is oftentimes the mainstay of Fournier’s 
gangrene diagnosis. Oftentimes genital pain, swelling, and 
erythema are common findings. Certainly systemic signs of 
sepsis including fever, malaise, and tachycardia may also be 
present [20]. Physical exam may demonstrate areas of crepi-
tus and/or purplish discoloration of the perineum and/or 
scrotum. The skin may be sloughing, and there may be puru-
lent drainage and demarcated necrotic tissue (see Fig. 29.3). 
These immediate physical exam findings should prompt the 
clinician to quickly make the diagnosis and proceed forth 
with surgical intervention [20].

Fig. 29.2 Characteristic appearance of XGP kidney on computed 
tomography with contrast (Image adapted from Craig et al. 
Radiographics. Jan 2008)
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Laboratory analysis may demonstrate leukocytosis, hypo-
natremia, and hypocalcemia; however normal laboratory 
evaluations should not delay surgical intervention [19]. 
Radiographic studies may be useful when physical examina-
tion is unclear. Such radiographic examinations may include 
a scrotal ultrasound or computed tomography scan. These 
imaging studies may reveal gas in the soft tissue and/or an 
abscess cavity.

 Initial Management

Fournier’s gangrene is a surgical disease. Initiation of broad- 
spectrum antibiotics with anaerobic and aerobic coverage, as 
well as aggressive intravenous fluid resuscitation, is oriented 
[20]. Those critically ill may require ventilatory and/or pressor 
support. Surgical debridement requires removal of all devital-
ized skin and subcutaneous tissue and fascia. Often the penis, 
corpora spongiosum and cavernosum, and testicles are always 
preserved because of their rich blood supply [22]. However in 
the case of epididymoorchitis and/or scrotal abscesses, pri-
mary orchiectomy may be performed if the etiology is second-
ary to these infections [19]. Following debridement, pressure 
irrigation with antibiotic saline solution is used to reduce bac-
terial load. A proctoscopy and cystoscopy may be warranted if 
rectal and/or urethral sources of infection are identified [22].

If the wound has massive contamination, it is possible that 
a simultaneous fecal diversion is necessary to maintain 
wound cleanliness. A Foley catheter is also recommended to 
maintain urinary diversion again for wound cleanliness [21].

Repeat inspection and debridement should be scheduled 
every 12–24 h for at least two to four consecutive evaluations 
to ensure that all demarcated and devitalized tissues have 
been removed [19]. With regard to the testicles should they 
be totally free, it is my surgical preference to keep them 
wrapped in moist gauze as opposed to placing them in thigh 
pouches. In my experience, thigh pouches are difficult to 
take down as the testicle often scars down, and this creates a 
more challenging reconstruction in the future. If a testicular 
thigh pouch is performed, it is important to place the testicles 
anteriorly so that when the patient abducts his legs, they are 
not compressed [22].

 Postoperative Management

After the wound is clean, the patient has been stabilized, and 
there are no further plans for debridement, attention should 
be turned toward reconstruction. The role of hyperbaric oxy-
gen is beyond the scope of this review.

Reconstruction is based on the size of the defect and the 
presence or absence of the testis and overall skin coverage. 
Often scrotal skin may be utilized to perform a scrotoplasty, 
and a split-thickness skin graft is preferred for its ease of use 
and could take to the penile skin [23]. In general it is my 
preference to use a mesh to graft over the testicles should 
there not be sufficient scrotal skin for coverage. For the 
potent man, it is my preference to use a non-meshed split- 
thickness skin graft over the phallus for fear that a meshed 
graft may contract. Tissue expanders may be used to increase 
the scrotum distensibility, and as a rule of thumb, primary 
closure is always preferred [23].

The diagnosis and treatment of the patient with Fournier’s 
gangrene is often multidisciplinary involving the critical care 
team, general surgery team, a urologist, and possibly a plas-
tic surgeon/colorectal surgeon. The team-based approach to 
care of these complex patients is critical to their success.

 Acute Ureteral Obstruction from Calculi

Renal colic secondary to urolithiasis is the most common 
cause of ureteral obstruction and may manifest as a second-
ary problem during an inpatient hospitalization. Kidney 
stones affect anywhere from 1% to 5% of the adult  population 
[24]. The incidence of overlap between a surgical patient and 
ureteral obstruction secondary to calculi is unknown, and 
thus the clinician should be aware of the signs and symptoms 
of ureteral colic.

Fig. 29.3 Characteristic appearance of necrotic skin on the scrotum 
consistent with Fournier’s gangrene
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 Evaluation and Diagnosis

It is estimated that up to 50% of patients with a history of 
stones will have a repeat episode of ureteral colic in the 
future [24]. A medical history will provide some important 
clues regarding the etiology of their renal colic. Physical 
examination may demonstrate evidence of costovertebral 
angle tenderness and suprapubic tenderness that may radi-
ate to the ipsilateral groin. The pain is often described as 
intermittent and stabbing. The location of pain often cor-
responds with stone location with upper ureteral stones 
oftentimes being felt in the flank versus distal stones often-
times being reflected in the groin. A stone in the uretero-
vesical junction may oftentimes present with urinary 
urgency and frequency [25]. Stones in the mid-ureter may 
mimic acute appendicitis or peritonitis. Stone size does not 
correlate with the severity of pain [25].

With clinical suspicion raised, diagnosis can be con-
firmed with renal imaging. A plain film of the kidney ureter 
and bladder (KUB) may be used as an initial imaging test as 
it may help localize stones. However a KUB has limited 
sensitivity particularly with regard to uric acid stones. A 
noncontrast computed tomography scan is the mainstay of a 
renal colic workup [26]. This scan will detect all ureteral 
calculi except stones produced secondary to long-term anti-
retroviral, e.g., indinavir. A renal ultrasound may demon-
strate pyelo-ureteral dilation; however the etiology 
secondary to ureteral stone cannot be confirmed with ultra-
sound. The absence of a urinary ureteral jet from the ure-
teral orifice may be used as a surrogate for a completely 
obstructing ureteral stone.

 Medical and Surgical Treatment

Data suggest that the likelihood of spontaneous stone pas-
sage correlates with stone size and location [27]. In other 
words, the smaller the stone and the more distal stone, the 
more likely the stone will pass. Patients who have an uncom-
plicated ureteral stone less than 1 cm can be offered observa-
tion for passage [26], and those with a distal ureteral stone 
less than 1 cm in size can be offered medical expulsion ther-
apy with an alpha blocker [28]. The routine alpha blocker of 
choice that I use for medical expulsion therapy is tamsulosin 
0.4 mg daily.

While the duration of time for medical expulsion therapy 
is not clear, conservative therapy should not exceed roughly 
6 weeks in time in order to avoid kidney injury [25]. If 
patients cannot tolerate the trial of passage secondary to 
recalcitrant pain, nausea, vomiting, a rise in serum creati-
nine, worsening of hydronephrosis on imaging, or concern 
for urinary infection, surgical intervention is warranted, and 
urology consultation should be made [25].

Metabolic testing for stone prevention may be per-
formed as an outpatient. All patients who have a ureteral or 
renal stone are recommended to increase fluid intake to a 
voided volume of 2.5 L per day. In general, dietary modi-
fication with minimized salt intake, low animal protein 
intake, and high fluid intake is recommended regardless of 
the stone etiology.

Surgical intervention for ureteral stone disease is beyond 
the scope of this chapter. A urologist has an armamentarium 
of surgical options which include lithotripsy, stenting, neph-
rostomy tube diversion, and/or open ureterolithotomy. 
Prompt consultation with a urologist is warranted in the set-
ting of an infected, obstructing ureteral stone [29].

 Urinary Diversions

Urinary diversions may be performed for a variety of rea-
sons including extirpative surgery for cancer, strictures in 
the urinary system, bladder dysfunction, and neurologic and 
spinal cord issues to name a few. Complications following 
urinary diversions are frequent and may occur in the criti-
cally ill patient.

 Types of Urinary Diversions

There are three main types of commonly used urinary 
diversions. An ileal conduit is an incontinent urostomy and 
is commonly selected due to its lower complication rate 
and high patient’s satisfaction level. In this diversion, the 
ureters drained directly into an ileal segment which is 
matured to the skin [30]. The second most common urinary 
diversion is an Indiana pouch. This is a continent diversion 
that requires catheterization to empty urine. Typically a 
portion of the descending colon and ileum is used to create 
a pouch with the ileocecal valve functioning as the conti-
nence mechanism. A tapered portion of ileum is brought up 
to the skin and matured to function as a catheterizable con-
tinent channel which drains the pouch [31]. Lastly an 
orthotopic diversion or neobladder utilizes a pouch created 
by the ileum, ascending colon, or both and is attached fol-
lowing ureteral implantation to the proximal portion of the 
patient’s urethra for an anatomically placed continent uri-
nary diversion (see Fig. 29.4) [32].

 Complications with Urinary Diversions

As a result of the complex surgery and urine mixing with a 
mucosal intestinal surface, these urinary diversions are associ-
ated with complications which may occur in the critically ill 
patient. Several noteworthy complications are highlighted below:
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Ureteroenteric stricture – Due to the anastomosis of the 
ureter to the bowel segment, strictures are prone to forming. 

Causes of stricture formation include tension at the anasto-
mosis, devascularization and ischemia, recurrent infections, 
and ureteroenteric leakage [33]. The diagnosis of stricture 
formation can be made with computed tomography scan 
with delayed contrast. In any patient with a urinary diversion 
and hydronephrosis, a diagnosis of ureteroenteric stricture is 
possible [33].

Metabolic complications – The ileum and colon are most 
commonly used for all urologic urinary diversions. As a 
result of the intestinal mucosa being exposed to urine, there 
are associated electrolyte abnormalities. Typically, a hyper-
chloremic metabolic acidosis is the result of cation and 
anion exchange [34]. In addition hypokalemia is commonly 
seen as a result of chronic acidemia [35]. Of note, hypokale-
mia is less common with ileal diversions versus colonic 
diversions. Often the kidneys will compensate; however in 
the critically ill patient, renal function may be impaired, and 
electrolyte imbalances may occur as a result of the urinary 
diversion [34].

Malabsorption – The length of bowel utilized is depen-
dent on the type of conduit or continent urinary diversion 
created. When long segments of bowel are resected, malab-
sorption may occur, particularly in the case of the terminal 
ileum [36]. Chronic vitamin B12 deficiency may occur, and 
level should be monitored periodically [35].

Stone formation – Calculi formation may occur and can 
predispose patients to infection. As a result of urinary stasis, 
foreign bodies, and/or repeated infections, stones may form 
[36]. In patients with urinary diversions and urinary tract 
infection, a stone may be the nidus, and clearance of the 
infection necessitates lithotripsy [37].

Pyelonephritis – Patients with urinary diversions are 
chronically colonized with bacteria and should not undergo 
treatment with antibiotics if asymptomatic. The most com-
mon isolate is Escherichia coli [36]. In those patients with 

asymptomatic bacteriuria and who have Proteus or 
Pseudomonas species, treatment is recommended [38]. In 

those patients who demonstrate systemic signs of infection 
such as fever or leukocytosis, antibiotics should be initiated, 
and efforts to maximally drain the urinary system are 
warranted.

 Paraphimosis

Paraphimosis is a medical condition whereby the foreskin of 
the penis becomes trapped behind the coronal margin of the 
glans and cannot be reduced to its normal anatomic position 
secondary to swelling [39]. Oftentimes paraphimosis occurs 
as a result of improper handling of the foreskin by medical 
professionals or even the patient. It is imperative during cath-
eter placement, in the circumcised male, that the foreskin, if 
present, be returned to its normal anatomic position over the 
coronal margin.

 Diagnosis and Treatment

The diagnosis of paraphimosis is exclusively based upon 
physical examination. Obtaining a history of an uncircum-
cised phallus in the setting of grossly edematous glans with 
a concentric ring seen proximally to the coronal margin will 
include a physician into making the prompt diagnosis of 
paraphimosis (see Fig. 29.5) [39]. Over time the concentric 
ring proximal to the glans causes tissue edema and ultimately 
necrosis.

Manual reduction of the foreskin is the mainstay of treat-
ment for paraphimosis [40]. The provider will place their 
thumb and index finger at the 3:00 and 9:00 position around 
the most narrow portion of the concentric phimotic ring. 
Using slow and steady pressure to reduce the surrounding 
lymphedema, the provider can slowly begin to pull the 

Fig. 29.4 Schematic demonstrating the ileal conduit, Indiana pouch, and neobladder (left to right) (Imaged adapted with permission from – http://
bradyurology.blogspot.com/2014/10/quality-of-life-after-surgery-for.html)
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 phimotic foreskin back to anatomic position. Typically a 
penile block with lidocaine can be used for patient comfort 
during the time of manual reduction [40].

I typically do not recommend the use of cold compres-
sion, osmotic diuresis, or other non-reducing interventions. 
If the phimotic ring is too tight and the edema too great to 
allow manual reduction of the paraphimosis, a urologic con-
sultation is recommended. A urologist can perform either a 
dorsal slit across the concentric ring to alleviate the constric-
tion or a circumcision [41].

 Acute Urinary Retention

Acute urinary retention is defined by the inability to void and 
empty the bladder under full additional control. Typically 
patients present with a distended bladder and suprapubic 
fullness. In some cases, the patient may void small amounts 
of urine which is likely overflow incontinence. When acute 
urinary retention is not diagnosed and left untreated, this 
may lead to renal compromise, urinary tract infections, 
hydronephrosis, and/or kidney failure [42].

Urinary retention is most common in men and increases 
as men age. The etiology of urinary retention is multifacto-
rial. Common etiologies of urinary retention include neuro-
genic, outlet obstruction, impaired detrusor contractility, 
medication induced, infection related, and postoperative 
[43]. Often a detailed history can elucidate whether the etiol-
ogy is secondary to a neurologic condition versus outlet 
obstruction versus iatrogenic etiology such as medications.

 Diagnosis and Treatment

Regardless of the etiology, urgent bladder decompression is 
mandated. Diagnosis can quickly be made with suprapubic 
palpation which may reveal a bladder distended up to the 
level of the umbilicus. Alternatively a latter ultrasound may 
be performed to document the amount of residual urine left 
in the bladder [44]. Laboratory tests are often not useful in 
the diagnosis of acute urinary retention; however long- 
standing retention may lead to chronic renal insufficiency.

The mainstay of treatment is urethral catheterization. 
Foley catheter placement is often low impact and provides an 
expeditious drainage to a fully distended bladder [42]. In 
women, urethral catheterization is seldom problematic. In 
men, however due to the possible outlet obstruction (i.e., and 
a large prostate, urethral stricture, etc.), urethral catheteriza-
tion may be challenging [43]. It is my practice to attempt 
urethral catheterization in a man with suspected enlarged 
prostate with an 18 French Coudé tip catheter. In a man who 
I am suspecting a bladder neck contracture or urethral stric-
ture, it is my practice to typically pass a 12 French silicone 
catheter. If catheterization attempts are not successful, a uro-
logic consultation is warranted. The urologist may need to 
perform urethroscopy and/or urethral dilation and/or a supra-
pubic cystotomy.

 Urinary Retention Algorithm

My algorithm for urinary retention utilizes a bladder 
scanner. If the patient has less than 200 mL of urine on 
bladder scan, an extended trial of void may be consid-
ered, i.e., an additional 4 h. If the bladder scanner is not 
available, my preference is for an in and out catheteriza-
tion to assess the bladder volume. If the bladder volume 
is greater than 300 mL after an 8-h trial of void, initial 
management should utilize an in and out catheterization. 
This can be done with a Foley catheter with a balloon so 
that it may be left in place if the residual that is drained is 
greater than 600 mL. If the catheterization returns less 
than 600 mL, it is my preference that the catheter should 
be removed and the patient should be given another trial 
of void. I would typically wait 2–3 days prior to a repeat 
trial of void in patients that fail. In the interim, if the 
patient is an elderly male, I routinely initiate an alpha 
blocker. Minimizing narcotics, minimizing anticholiner-
gic medications, assisting the patient with ambulation, 
ensuring there is no constipation, and pulling out infec-
tion are all strategies to improve the chances for repeat 
voiding success [43].

Fig. 29.5 Characteristic appearance of a tight phimotic ring retracted 
behind the coronal margin consistent with paraphimosis (Image 
adapted with permission from: http://www.foamem.com/2013/09/07/
penile-problems/)
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 Long-Term Management
Following bladder decompression and failed repeat voiding 
trial attempts, patients with urinary retention and a catheter 
require follow-up with a urologist.

 Difficult Catheter Insertion and Trauma

Urinary catheters are commonly used in critically ill patients 
for accurate urine output monitoring and bladder decompres-
sion. Despite their benign appearance, urinary catheters may 
cause urethral or prostatic trauma particularly in the male 
patient. Men with a large prostate or urethral narrowing (e.g., 
urethral stricture or bladder neck stenosis) may present 
extreme difficulty during urinary catheterization attempts. 
Repeated and unsuccessful attempts at catheterization may 
lead to catheter-associated trauma, injury to the urethra, pain, 
urinary tract infection, and potentially urethral stricture 
formation.

Initial attempt at urinary catheterization may be per-
formed by healthcare providers unless there is a suspicion of 
urethral injury. If a urethral injury is suspected, a retrograde 
urethrogram is warranted prior to any attempt at urethral 
catheterization. Classic presenting symptoms of urethral 
injury include blood at the urethral meatus, a pelvic fracture 
with associated urinary retention, or a high riding prostate on 
digital rectal examination [45]. Assuming no suspicion of 
urethral injury, the type of urethral catheter chosen is depen-
dent on the desired outcome and patient history.

The main types of urinary catheters include the Foley 
(self-retaining via inflatable balloon), straight catheters (no 
balloon), Coudé tip catheters (curved-tip Foley with or with-
out balloon), and irrigation catheters (e.g., three-way cathe-
ters with a balloon). In addition, urinary catheters are 
manufactured with latex or silicone and in a multitude of 
sizes based on the French scale, whereby 1 French equals to 
0.33 mm in circumferential diameter.

If an indwelling catheter is required, patient history can 
dictate the type of catheter used. For example, an elderly 
male with no prior urologic procedure history nor pelvic 
radiation who complains of nocturia and urinary hesitancy 
may be best served with an 18 French Coudé tip catheter to 
prevent a false passage due to prostatic enlargement. This is 
in contrast to a patient with a history of radical prostatec-
tomy or prostatic radiation therapy who would be best served 
with a 12 French silicone catheter for presumed urethral or 
bladder neck stenosis.

In addition to determining patient risk factors that will 
guide catheter choice, here are several tips that I recommend 
for any routine catheterization: (1) inject 10–15 mL of lubri-
cant or 1% lidocaine jelly via syringe directly into the ure-
thral meatus and allow this to well for 3 min prior to 
catheterization, (2) place the penis on stretch prior to 

 intubating the urethral meatus with a catheter, (3) always hub 
the catheter to the port prior to inflating the balloon, (4) ask 
the patient to breath throughout and not bear down to relax 
his/her external urinary sphincter during catheterization, and 
(5), if the first attempt is unsuccessful with a 16 French stan-
dard Foley catheter, consider switching to either an 18 French 
Coudé tip catheter or a 12 French silicone catheter depend-
ing on patient history.

The most common injuries related to traumatic urinary 
catheterization are a false passage created by forceful and 
repeated catheterization attempts [45]. The location of the 
false passage usually occurs just distal to the prostatomem-
branous urethra near the verumontanum. Bleeding is usually 
the first sign that a urethral injury has occurred secondary to 
traumatic catheterization. Urologic consultation is warranted 
after failure of repeated attempts following the catheteriza-
tion tips provided above. Ironically, the treatment of choice 
following a traumatic catheterization is urethral rest for at 
least 7 days with a Foley catheter [46]. This may be achieved 
with the aid of a cystoscope and/or guide wiring to ensure 
proper seating of the Foley catheter balloon within the blad-
der. In the cases of prolonged catheterization attempts, a 
single dose of oral antibiotics is warranted (i.e., ciprofloxa-
cin 500 mg) [45].

 Conclusions

Common urologic problems face many practicing clinicians 
regardless of surgical subspecialty. The critical care and 
management of patients in whom a urologic condition is 
found requires prompt diagnosis and workup. It is my hope 
that this chapter guides a basic understanding of common 
urologic problems seen in critically ill patients. The collab-
orative approach between traumatologist, urologist, and 
intensivist is necessary for such complex conditions.
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Venous Thromboembolism, 
Prophylaxis, and Treatment (Including 
Fat Embolism Syndrome)

Franz S. Yanagawa and Elliott R. Haut

 Introduction: Incidence and Impact

In 2008, the Surgeon General issued “a call to action to pre-
vent DVT and PE.” March was decreed DVT Awareness 
Month by the US Congress [1]. These two actions emphasize 
the importance of this disease that is diagnosed in 600,000 
(with reported range of 350,000–900,000) [1] Americans 
yearly and kills over 100,000. Hence, the AHRQ (Agency 
for Healthcare Research and Quality) has deemed VTE pro-
phylaxis paramount in the fight against preventable harm in 
healthcare and as a critically important step toward preven-
tion of in-hospital mortality [2–4].

Now deemed a mostly preventable disease [5], but still 
not a “never event” [6], VTE prophylaxis protocols, patient 
risk factors, screening and diagnosing, the scope of the prob-
lem, and the impact of the disease need to be addressed and 
understood.

VTE is encountered more frequently in patients who 
have undergone surgery, are victims of trauma, harbor 
malignancy, or are treated in the intensive care unit [7–9]. 
In trauma patients, VTE is one of the most common com-
plications, reported in up to 50–58% of patients, with 
potentially deadly outcomes. Patients who have under-
gone knee and hip replacements have a tenfold risk of 
developing a VTE [10].

Patients in the ICU (intensive care unit) are also at 
highly elevated risk for VTE [7], though many of these 
patients often have other risk factors which may account 
for this finding. Within this group, those who are mechani-

cally ventilated have an incidence of PE of 10% and DVT 
of up to 25%, despite being on proper prophylaxis regi-
mens [11, 12]. Some data suggest that despite being on 
proper prophylaxis, VTE is not preventable in up to 50% 
of cases [13].

From an economic standpoint, a significant VTE event 
can add $15,000–20,000  in added cost and can double the 
length of stay, resulting in yearly national spending as high 
as $10 billion [5]. Increased hospital readmission rates are 
also a consequence of VTE. As we move toward a pay-for- 
performance model, measures to prevent VTE are a signifi-
cant potential area for advancement.

 Definition

DVT (deep venous thrombosis) is either the complete or par-
tial occlusion, typically in the lower extremities, due to the 
formation of clot within the deep venous system. A proximal 
DVT is defined as thrombosis involving any deep vein ceph-
alad to the popliteal vein (i.e., iliac vein, common femoral 
vein). The name “superficial femoral vein” often arouses 
confusion since it is part of the deep venous system of the leg 
and a clot there is considered a true DVT. A distal DVT is 
thrombosis confined to the deep veins of the calf. PE (pulmo-
nary embolism) is an occlusion of the lung vasculature (pul-
monary artery system) and traditionally is believed to be an 
embolic process from a DVT [14]. However, there is litera-
ture that also indicates PEs can form primarily in the pulmo-
nary vasculature and are referred to as primary pulmonary 
thrombosis [14]. PEs can range from small to massive, where 
a massive PE could occlude enough pulmonary vasculature 
to cause severe hemodynamic compromise (obstructive 
shock) and death. Massive PEs require immediate treatment 
such as thrombolysis, interventional radiology, or surgical 
intervention to lyse or remove the clot. Submassive PEs may 
manifest without hemodynamic compromise but can have 
significant right ventricular dysfunction and subsequent 
myonecrosis and failure.
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 Risk Factors and Pathophysiology

Virchow’s triad consists of venous stasis, hypercoagulabil-
ity, and endothelial damage. A disease that increases any of 
these factors increases the change of a VTE.  In the ICU, 
many patients have acquired risk factors including immobi-
lization (e.g., secondary to spinal trauma, stroke, pharmaco-
logic paralysis, and critical illness), indwelling venous 
catheters, and others [12, 15] (see Table 30.1). Patients in 
the surgical ICU often have preexisting comorbidities such 
as congestive heart failure or obesity. Many are admitted 
due to trauma and surgery secondary to neoplastic disease 
(some of whom are on hormone and chemotherapy) which 
are known as major or minor VTE risk factors [16] (please 
see Tables 30.2 and 30.3).

Endothelial damage may occur either through disease 
process (e.g., trauma) or iatrogenic etiologies (e.g., surgery 
or venous catheter placement) [17]. Disruption of the vessel 
causes release of tissue factor, thereby activating the coagu-
lation cascade. Any compression, stretch, or crush of the ves-
sel may cause endothelial injury without disruption of a vein. 
The body’s recognition of vessel integrity and release of 
cytokines tips the balance to a relative hypercoagulable state. 
Thrombi can form within minutes of trauma. In the litera-
ture, there are cases where VTE in trauma patients mani-
fested as early as the first day [18].

 Patient Impact

Patients who develop a VTE, but do not have life-threatening 
consequences, still remain at risk for long-term sequelae. 
Patients may develop postphlebitic/post-thrombotic syn-
drome, chronic pulmonary hypertension, or recurrent 
VTE. They are also at risk from the necessary anticoagula-
tion, which can cause life-threatening bleeding. In the RIETE 
(Registry of Patients with Venous Thromboembolism), a 
computerized registry devoted to elucidating the natural his-
tory of VTE started in March of 2001 and, as of 2012, 
reported 2.4% of patients suffered a major bleeding compli-

cation. Of these, 33% of patients died of fatal hemorrhage 
[19].

Postphlebitic syndrome affects 23–60% of patients with 
DVT and is the result of venous insufficiency secondary to 
the destruction of the valves by the clot. Patients will suffer 
chronic edema, thickening and discoloration of the skin in up 
to 5–10% of cases, and can progress to ulceration and chronic 
wounds [20]. Up to 4% of patients following an acute PE 
will develop chronic pulmonary hypertension with resulting 
shortness of breath both with exertion and at times with rest, 
ultimately requiring rehabilitation to retain or improve func-
tion [21]. With the right heart in constant strain, many of 
these patients will die of right heart failure [22, 23]. Finally, 
the risk of a recurrent thrombosis is highest within the first 
6–12 months after the index VTE event; however, it can per-
sist with a 10-year risk of up to 30%.

 VTE Prevention

Because the consequences of VTE, both acute and chronic, 
can be so dire, the cornerstone of managing VTE lies in its 
primary prevention and is improved the most by evaluating 
the care system and the component processes [2–4, 21, 24, 

Table 30.1 Acquired VTE risk factors in patients in the ICU

1. Mechanical ventilation secondary to respiratory failure
2. New York Heart Association (NYHA) class III-IV heart failure
3. End stage renal disease (ESRD)
4. Sepsis (sepsis, severe sepsis, and septic shock)
5. Use of vasopressors
6. Use of pharmacologic sedation
7. Immobility (secondary to illness or trauma)
8. Central venous catheters
9. Platelet transfusion/factor transfusion
10. HIT (heparin-induced thrombocytopenia)
11. Neuromusclar blockade

Table 30.2 Major VTE risk factors (In addition to acquired risks in the 
ICU)

1. Neoplasm/malignancy
2. Family or personal history of VTE
3. Major general surgery or surgical procedure >2 h
4. Multisystem trauma
5. Hip/leg fracture(s)
6. Knee/hip replacement(s)
7. Acute spinal fracture
8. Acute (<1 month) spinal cord injury
9. Acute (<1 month) stroke
10. Pregnancy and post-partum up to 6 weeks
11. Thrombophilias (factor V Leiden, protein C/S deficiency, lupus 
anticoagulant, Antiocardiolipin antibody, GP 21201A, MTHFR, 
etc.)
12. Obstructive sleep apnea

Table 30.3 Minor VTE risk factors (In addition to acquired risks in 
the ICU)

1. Prolonged sitting (e.g. in long automobile or airplane travel)
2. Laparoscopic surgery
3. Inflammatory bowel disease
4. Obesity
5. Infection
6. Varicose veins
7. AV (arteriovenous) malformations
8. Older age
9. Smoking
10. Estrogen and SERMS (selective estrogen receptor modulators)
11. Oral contraceptives
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25]. Before the movement toward VTE prophylaxis, surgical 
patients had VTE rates of up to 19.1%, PE of 1.6% with 
0.87% being fatal PEs. With the advent of VTE prophylaxis, 
the rate has fallen considerably to 2–3% after major general 
and oncologic surgeries. There are several national societies 
that provide guidelines that are well-researched and 
evidence- based, e.g., the EAST (Eastern Association for the 
Surgery of Trauma) [26], AAOS (American Academy of 
Orthopaedic Surgeons) [27], and ACCP (American College 
of Chest Physicians). Of these, the one most considered the 
definitive resource by many is the ACCP guidelines, which 
are updated every 4 years with the most recent 10th edition 
update released in February of 2016 [28]. Despite the fact 
that many guidelines exist, several studies indicate that 
patients are not routinely given proper prophylaxis [29, 30]. 
Current reccomendations concentrates on the integration of 
VTE prophylaxis in the electronic order system rather than 
the simple distribution of guidelines.

 Pharmacologic Prophylaxis: Unfractionated 
Heparin and LMWH (Low Molecular Weight 
Heparin)

Because nearly all ICU patients acquire many of the risk fac-
tors, unless contraindicated, almost all patients in the ICU 
should receive pharmacologic prophylaxis. Those who have 
undergone surgery will likely have received a preoperative 
dose prior to incision, as this is now noted to be an important 
part of the preoperative time-out. Most commonly, unfrac-
tionated heparin and low molecular weight heparin (LMWH) 
are used postoperatively, and in many populations, there is 
no major advantage of one agent over the other. However, in 
the trauma and orthopedic literature, LMWH has been shown 
to be more advantageous [31]. For unfractionated heparin, 
dosing is usually given as 5000 units subcutaneously (SC) 
every 8 h for majority of patients [9]. For LMWH, the most 
common dosing for surgical patients is enoxaparin 40 mg SC 
daily and, in trauma patients, 30 mg two times daily. There is 
ongoing interest in higher-dose regimens for morbidly obese 
patients, although there are no definitive recommendations 
on this topic [32]. Recently, data has shown that missing 
even a single prophylactic dose is associated with signifi-
cantly higher risk of developing VTE [33].

 Pharmacologic Prophylaxis: Aspirin and Factor 
Xa Inhibitors

The question of aspirin (ASA) as an effective agent has been 
explored in the past. Devereaux et  al. in 2014 examined 
10,010 patients who underwent noncardiac surgery and were 

randomized to receive a prophylactic aspirin dose of 200 mg 
(vs. placebo) preoperatively, followed by 100 mg daily (vs. 
placebo). ASA was not shown to prevent VTE [34]. Though, 
following this, there have been few studies to suggest the 
efficacy of VTE prophylaxis [18], in particular in the ortho-
pedic surgery population, making this an area of continued 
study.

An ongoing study is also evident in the literature for fac-
tor Xa inhibitors for VTE prophylaxis as well. Most of 
these studies are in orthopedic surgery and have been 
shown to be effective in patients undergoing total hip and 
knee replacements. In these studies, they suggest effective-
ness in preventing VTE while not increasing the risk of 
bleeding [18]. As this area is still in investigation, there 
have been no guidelines that suggest the use of Xa inhibi-
tors as primary VTE prophylaxis in other surgical popula-
tions or in the ICU.

 Newer Approaches to Pharmacologic Prevention
Guidelines currently take a “one-size-fits-all” approach 
toward VTE prophylaxis. As we enter the age of precision 
medicine, technology to help tailor prophylaxis according to 
the risk factors of the individual patient and identification of 
which patients are at higher risk is in investigation. The rapid 
thromboelastography (TEG) is gaining attention in the pre-
diction of those who develop DVTs. Van in 2009 explored 
whether the mA (maximum amplitude) of the TEG, a value 
which predicts the stability of the clot, could be used to pre-
dict patients on enoxaparin that would develop a DVT in 
critically ill patients [35]. Cotton continued this work in 
2012 by examining the admission TEG mA to find those who 
would be at elevated risk for a PE during admission [36].

The focus on antiplatelet therapy is also changing as in 
trauma patients, Harr et al. in 2013 found that platelets play 
a significant role in hypercoagulability and confirmed once 
again in Allen et  al.’s evaluation in 2015, suggesting that 
antiplatelet therapy could play a role in prophylaxis, adding 
another class of medications in our armamentarium against 
VTEs [37, 38].

 Inferior Vena Cava (IVC) Filters

In the case where a high-risk patient cannot receive pharma-
cologic prophylaxis, an IVC filter can be considered for PE 
prevention, although there remains much disagreement on 
this recommendation in the literature. This issue has been 
studied primarily in trauma patients in the ICU who often 
present with a high risk of bleeding as well as multisystem 
injury, spinal cord injury, and/or severe traumatic brain 
injury. The EAST practice management guidelines offers a 
level III recommendation (based on expert opinion and retro-
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spective studies) that an IVC filter can be placed prophylacti-
cally in trauma patients who are not able to be placed on 
pharmacologic VTE prophylaxis. These filters, when used in 
high-risk trauma patients, can prevent PE and fatal PE, but 
the numbers needed to treat are quite high [39]. This remains 
a controversial topic; other authors and the 2016 ACCP 
guidelines do not suggest placement of an IVC filter for the 
primary prevention of VTE [40].

IVC filters carry risk and are shown in certain populations 
(e.g., bariatric surgery patients) [33, 41] to increase morbid-
ity and mortality and may have a higher risk of DVT thought 
to be related to the insertion via the femoral vein. Retrievable 
filters are recommended to be removed as soon as the VTE 
risk of the patient decreases. If placed in the ICU, planning 
for follow-up is paramount as in one study of 446 trauma 
patients who received removable IVC filters, only 22% had 
them removed after the risk of VTE had decreased [39]. Of 
newer interest in the ICU, there is now an FDA-approved 
device for temporary IVC filter placement which is incorpo-
rated into an indwelling femoral venous line that assures fil-
ter removal [42].

 Mechanical Prophylaxis

Thromboembolic deterrent stockings (TEDS) or gradu-
ated compression stockings were shown to reduce VTE by 
nearly 70% compared to placebo, although these data 
were from the era before pharmacologic prophylaxis [43]. 
Sequential compression devices (SCDs) are preferred 
over stockings alone. Interestingly, the length of stockings 
has been debated in the past and was examined prevention 
of VTE in patients with stroke. Thigh-length stockings 
were noted to have a higher VTE prevention rate [44]. Use 
of SCDs and TEDS is not entirely without risk; they are 
associated with ulceration and skin breakdown in ICU 
patients and those with peripheral vascular disease or 
chronic leg wounds. For patients with acute DVT, a recent 
change in the ACCP guidelines does not recommend 
usage of compression stockings [45]. Interestingly, 
although commonly thought to be a risk for in- hospital 
falls, SCDs have not been shown to increase patient falls 
[46]. Compliance with these devices is generally poor, 
even the hospital setting in which they are frequently 
noted to be in place only about 50% of the time when 
audited [47]. Ambulation is often emphasized as an effec-
tive method of VTE prophylaxis. While ambulation has 
benefits in ICU patients, there is little evidence to support 
its use as a replacement for either mechanical or pharma-
cologic VTE prophylaxis [48].

 Diagnosis

For critically ill patients, VTE is often difficult to diagnose as 
signs and symptoms are non-specific and there is significant 
variability between patients. Physical examination is unhelp-
ful in the diagnosis as ICU patients rarely manifest signs and 
symptoms of VTE specifically [49]. DVT can cause general-
ized fever or local changes including edema, discoloration, 
or erythema of the leg, but these are common findings in ICU 
patients. PE may present with tachycardia, tachypnea, 
hypoxemia, agitation, diaphoresis, or cardiac arrest in the 
worst of cases. Although PE must be considered in these 
patients, other diagnoses are also likely and often must be 
considered simultaneously [50]. In the awake and communi-
cable patient, symptoms may include acute-onset leg or chest 
pain. Pleuritic chest pain is often the result of smaller emboli 
which occlude distal branches and cause pleurisy. Larger 
emboli will manifest with varying degree signs ranging from 
narrowed pulse pressure, jugular venous distention, pulmo-
nary hypertension, and right heart strain which can lead to 
overt obstructive shock. An EKG most commonly reveals 
sinus tachycardia, although classically, the S1-Q3-T3 pattern 
is suggestive of PE.  High suspicion and low threshold for 
further investigation are required in these patients. PE should 
be considered in the differential diagnosis for nearly all ICU 
patients with sudden onset of chest pain, tachycardia, 
hypoxia, shock, and/or cardiac arrest.

 ABG and D-Dimer

The ABG may be used as a screening tool for PE by calculat-
ing the pulmonary alveolar-arterial gradient (Aa gradient). 
An increased Aa gradient suggests a V/Q (ventilation/perfu-
sion) mismatch, therefore increasing the suspicion for 
PE.  However, the specificity of this test is low, given that 
patients in the ICU may have variable reasons for increased 
Aa gradient.

The D-dimer is more commonly used in the outpatient 
and emergency department setting to rule out VTE due to its 
high sensitivity and high negative predictive value. The 
D-dimer is a measure of the final degradation product of 
fibrin, often elevated in patients with VTE. But the D-dimer 
is non-specific and can be elevated in patients who are post-
surgical, victims of trauma, inflammation, or infection [51]. 
In the ICU, it is likely underused since it is frequently 
assumed that the level is elevated in all ICU patients. D-dimer 
can be quite useful if the test is normal, effectively ruling out 
VTE. However, an elevated D-dimer should not be used in 
isolation as a confirmatory test for VTE [52].
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 Duplex Ultrasound

Venography was the historic gold standard for the diagnosis of 
both DVT and PE [24, 53]. However, in the current era, DVT is 
almost always diagnosed with a duplex ultrasound. Cheap, non-
invasive, and non-contrast, the duplex ultrasound uses the 
B-mode, color flow Doppler, and pulsed Doppler spectral anal-
ysis to identify clot within the venous system. In the era of 
increasing use of point-of-care ultrasound, the rapid diagnosis 
of DVT can be within the reach of clinical providers in the ICU 
[54]. The ultrasound, being inexpensive and noninvasive, can 
also be used as a surveillance tool but when used to “look for the 
sake of looking” may detect clinically silent and insignificant 
DVTs, raising the rate of DVT, and when used as a measure of 
quality may hurt the reputation of the health system [52].

An acute DVT is diagnosed by a hypoechoic thrombus 
within a non-compressible vein with accompanied “spongy” 
clot texture and acute venous dilatation secondary to venous 
hypertension. The possibility for embolization is increased in 
clots that have flow around the clot, signifying an incomplete 
adherence to the vessel wall. In contrast, a chronic DVT is 
hyperechoic, adherent to a non-compressible or partially com-
pressible vessel, and accompanied by valvular reflux [55].

 CTA (Computed Tomography Angiography)

A multidetector helical CT angiography, though sometimes 
limited by the patient who cannot receive contrast, has 
replaced the traditional invasive angiography as the choice 
modality for diagnosis of PE [56]. The benefits of CTA are 
the speed and accuracy with which it can be obtained, along 
with the other diagnoses it can rule in or out [53]. 
Unfortunately, there remain real risks including those associ-
ated with IV contrast and the need for transport of an unsta-
ble ICU patient [57, 58]. With the recent advancements in 
CT resolution, it is able to visualize segmental and subseg-
mental branches of the pulmonary arteries [53, 56]. However, 
the clinical significance and the treatment of these smaller 
emboli are still controversial.

 Echocardiogram (Echo)
With the increasing use of bedside point-of-care ultra-
sound in the ICU, echo can be quite useful for the patient 
with undifferentiated shock [59]. The benefits of echo 
include the rapidity of diagnosis and no need for trans-
port, and it may also be used in patients who cannot toler-
ate IV contrast. Findings such as right ventricular dilation, 
right atrial dilation, ventricular shift toward the left ven-
tricle, or pulmonary artery dilation are signs suggestive of 
PE.  In a patient with confirmed PE, the degree of right 

ventricular strain and dilation could prompt a more 
aggressive treatment than therapeutic anticoagulation.

 V/Q Scan

Ventilation/perfusion (V/Q) scan is used in patients who 
have severe allergy to contrast or with renal insufficiency and 
cannot undergo contrast-enhanced computed tomography 
angiography (CTA). It is a two-part study where a patient 
inhales radioisotopes to evaluate ventilation and receives 
radioisotopes also to evaluate pulmonary flow. The study 
determines whether there is a mismatch. Results are pre-
sented as low, medium, or high probability of PE. Although 
still an option, it is rarely used in ICU patients as it is more 
likely to be indeterminate in patients with an underlying 
abnormal CXR from other simultaneous underlying 
pathologies.

 Treatment

 Therapeutic Anticoagulation

Once VTE is diagnosed, first-line treatment is therapeutic 
(vs. prophylactic) anticoagulation. Most commonly, patients 
are placed on an unfractionated heparin drip, ideally with a 
bolus, with a goal activated partial thromboplastin time 
(aPTT) of 65–90 s. There is some data to suggest that the use 
of LMWH at 2 mg/kg SC daily or 1 mg/kg SC twice daily is 
superior to unfractionated heparin (in selected patients), 
although this approach may be less useful in the ICU [60]. In 
patients with high suspicion for VTE, therapy should be 
immediately initiated while diagnostic tests are underway. 
Duration of therapy by the most recent ACCP guidelines is 
3 months for both DVT and PE, although the exact duration 
can depend on the underlying condition, whether the event 
was provoked (i.e., by surgery), response to therapy, and 
whether it was a first-time or recurrent VTE.

 Thrombolysis and Thrombectomy

Clot burden that produces hemodynamic instability should 
prompt consideration of emergent therapy with thrombolysis 
(please see Fig.  30.1). The ACCP guidelines delineate a 
grade 2C recommendation of “systemically administered 
thrombolytic therapy” for 2 h through a peripheral catheter. 
In the same guidelines, catheter-directed thrombolysis is rec-
ommended in patients with contraindication to systemic 
thrombolysis or for patients in shock that would result in 
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death before systemic thrombolysis can take effect [50]. In 
the case where patients are refractory to thrombolysis or are 
moribund secondary to severe shock, a surgical pulmonary 
embolectomy is recommended. Recently, newer technology 
such as PAT (percutaneous aspiration thrombectomy) and/or 
PMT (percutaneous mechanical thrombectomy) balloon 
maceration of clot has gained some popularity and is shown 
to have promising results [61]. The ongoing ATTRACT trial 
is examining the use of percutaneous treatment options for 
an expanded group of patients with DVT in hopes to lessen 
the long-term risk and complications of DVT [62].

 Pulmonary Embolism Response Team Model

Considering the wide range of therapeutic options for 
patients with acute PE, there is a surge in the development of 
rapidly deployable, multidisciplinary teams to consider all 
therapeutic options for acute PE management. These teams 
usually consist of combination of critical care intensivists, 
cardiologists, pulmonologists, cardiac surgeons, vascular 
surgeons, and/or interventional radiologists. These teams 

have been proposed as the fastest way to get input from 
experts who can consider local expertise to devise and exe-
cute the optimal treatment in a timely fashion [63–65].

 Fat Embolism

Fat embolism is a rare (1–2% incidence in trauma patients) 
complication, usually after orthopedic surgery or long bone 
fracture, but described sparsely in the literature secondary to 
other surgical procedures [61, 65]. A fat embolus is thought to 
be caused by the presence of droplets of fat in the circulation. 
The syndrome manifests with a classic triad of pulmonary, 
skin, and central nervous system changes. It is diagnosed with 
at least one major and four minor criteria originally described 
in 1874 by Gurd. Respiratory symptoms dominate with 90% 
of cases reporting dyspnea (please see Table 30.4). The symp-
toms, like VTE, are non-specific and may not be easily sepa-
rated from other cases of respiratory distress [61].

Pathophysiology is poorly understood but consists pri-
marily of two potential mechanisms. Though usually associ-
ated with a history of trauma and long bone fracture, there 

Fig. 30.1 Massive PE protocol
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have been accounts of fat emboli in patients who did not 
have any traumatic injury [67]. The mechanical theory was 
first proposed by Gauss in 1924 [61] and suggests that an 
acute increase in the intramedullary pressure expels marrow 
fat into the injured vessels at the site of a fracture. These 
emboli then obstruct the pulmonary capillaries and cause a 
V/Q mismatch. Three years later, Moore and Lehmann pro-
posed the biochemical mechanism suggesting that once a fat 
embolus is trapped in the pulmonary capillary, free fatty 
acids and glycerol cause an inflammatory cascade that results 
in what is now known as acute respiratory distress syndrome 
(ARDS). This latter mechanism may explain the typical sub-
acute presentation of FES about 48–72  h after the initial 
injury. Unlike VTE, FES has no definitive gold standard 
diagnostic test or specific treatment other than supportive 
care. Emphasis is placed on early intramedullary nailing of 
long bone fractures as there is a fivefold decrease in the inci-
dence of FES when surgery is performed within the first 24 h 
of injury. Although further investigation is needed, there is 
some thought that corticosteroids offer a protective measure 
and decreases the incidence of FES [68].
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Blood Products and Transfusion 
Therapy in the ICU

Damon Forbes

 Introduction

Anemia and coagulopathy are among the most commonly 
encountered hematologic disorders in critically ill and 
injured patients [1]. Approximately two-thirds of ICU 
patients present with a hemoglobin of less than 12 g/dL on 
admission [2–5]. In addition, greater than one-third of 
patients develop some form of coagulation abnormality dur-
ing their ICU stay to include thrombocytopenia, prolonged 
coagulation times, and abnormal thrombolysis [6–8]. These 
disorders are particularly prevalent in surgical and trauma 
ICU populations, where major hemorrhage and coagulopathy 
are frequently both present and interrelated. The multifacto-
rial nature and multisystem impacts of major hemorrhage 
and coagulopathy must be taken into consideration and 
factored in to decisions regarding treatment and interventions, 
of which transfusion therapy is arguably among the most 
important (Fig. 31.1).

Given the high incidence of these hematologic disorders, 
greater than 50% of patients receive blood transfusions dur-
ing their ICU stay [5, 9]. As with many other critical care 
interventions, these therapies are not without risks and can 
result in overall harm, rather than benefit, if used improperly. 
Most transfusion reactions are benign in nature, although 
more severe, potentially fatal reactions can occur. The opti-
mal treatment of ICU-related anemia and coagulopathy 
remains an area of ongoing controversy and research. Like 
many other areas of critical care, past transfusion paradigms 
often focused on attempting to “normalize” the physiology 
and laboratory values of critically ill patients. This approach 
has not only been shown to have little benefit, but in many 
cases it can result in net harm to the patient. Consequently, it 

is of paramount importance that ICU physicians have a firm 
grasp of these concepts. In this chapter, we will briefly 
review the etiology and physiological effects of anemia, as 
well as key aspects of transfusion medicine, focusing on spe-
cific types of blood products, indications for transfusion, and 
potential transfusion-related complications.

 Etiology of Anemia in Critical Illness

In critically ill patients, anemia typically results from two 
fundamental processes: loss of circulating red blood cells 
(RBCs) and decreased RBC production [2]. Anemia due to 
blood loss can be subdivided into disease-specific and sec-
ondary factors. Traumatic injuries, gastrointestinal hemor-
rhage, intrinsic coagulopathy, and hemolysis are examples of 
disease-specific processes that may contribute to the loss of 
circulating RBC volume. Other secondary causes are largely 
iatrogenic and include repetitive blood sampling for diagnos-
tic testing, vascular cannulation, renal replacement therapy, 
and various surgical procedures [10]. Serial phlebotomy is a 
near-universal, but often underappreciated, source of blood 
loss in ICU patients. The average volume of blood drawn for 
routine laboratory testing is 40–70 milliliters (mL) per day 
[3, 11]. The cumulative effect of this ongoing blood loss can 
be substantial and may account for up to 30% of blood trans-
fusions in the ICU setting [12]. Minimizing unnecessary 
laboratory testing may help to mitigate this problem.

Diminished RBC production is often multifactorial. 
Nutritional deficiencies (e.g., iron, folate, and vitamin B12) 
result in decreased metabolic substrates for RBC production. 
In addition, many critically ill patients develop an “anemia 
of inflammation” (also referred to as the anemia of chronic 
disease) during their ICU course. Systemic inflammation can 
lead to a blunted erythropoietin response, alterations in iron 
metabolism, and impaired bone marrow cellular signaling 
[13, 14]. These processes, in total, contribute to the develop-
ment of anemia in critically ill patients.
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 Physiological Effects of Anemia

Anemia triggers a variety of compensatory physiologic 
changes. In healthy patients subjected to normovolemic 
hemodilution, cardiac output increases due to decreased 
blood viscosity and catecholamine-mediated increases in 
heart rate and myocardial contractility. Other physiologic 
responses include redistribution of blood flow to critical 
organs (e.g., heart and brain) and increases in the oxygen 
extraction ratio [15]. The extent to which these changes 
occur depends greatly on how quickly the hemoglobin 
concentration decreases, the physiologic reserve of the 
patient, and the volume status of the patient.

Patients generally tolerate chronic anemia better due to 
changes that occur at the cellular level [16]. However, the 
presence of significant underlying cardiopulmonary disease 
may impair a patient’s ability to compensate for reductions 
in hemoglobin concentration. The myocardium is particu-
larly at risk in the setting of acute, severe anemia, as the com-
pensatory tachycardia and increased myocardial contractility 
lead to an increased myocardial oxygen demand. In patients 
with baseline structural heart disease, acute myocardial 

infarctions, arrhythmias, and decompensated heart failure 
may be provoked by severe decreases in hemoglobin concen-
tration [17].

It is often the associated reductions in plasma volume, as 
opposed to the drop in hemoglobin, that worsen the 
hemodynamic responses to anemia. In healthy patients, 
acute, severe isovolemic reductions in hemoglobin 
concentration to as low as 5 grams per deciliter (g/dL) are 
generally well tolerated [16, 18]. These individuals 
experience progressive increases in heart rate, stroke volume, 
oxygen extraction, and cardiac index without evidence of 
tissue hypoxia [18]. These compensatory changes are 
frequently insufficient in the setting of significant volume 
depletion (e.g., hemorrhage), which can result in decreases 
in cardiac output and subsequent end-organ hypoperfusion 
and tissue hypoxia [19, 20]. In these instances, restoration of 
both circulatory volume and oxygen-carrying capacity is 
necessary to reduce the risk of subsequent organ failure. In 
acutely bleeding patients, this is best accomplished by 
transfusion of blood products, either as individual 
components (e.g., packed red blood cells, plasma, platelets, 
or cryoprecipitate) or whole blood (Table 31.1).

Fig. 31.1 Multiple 
challenges and issues 
surrounding the central 
problem of early trauma 
deaths due to massive 
bleeding requiring transfusion 
therapy (Modified with 
permission from Martin et al. 
[133])
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 Blood Component Therapy

 Red Blood Cell Concentrates

Red blood cell concentrates, commonly referred to as packed 
red blood cells (pRBCs) or red blood cells (RBCs), are the 
most commonly administered blood component [21]. They 
are used to increase hemoglobin levels, thereby theoretically 
improving the oxygen-carrying capacity of blood [22]. 
Indications for transfusion of RBCs include hemorrhagic 
shock, acute anemia with inadequate oxygen delivery (e.g., 
altered mental status, lactic acidosis, etc.), and symptomatic 
anemia, regardless of chronicity [23, 24]. RBCs are prepared 
by centrifugation of 1 unit of whole blood obtained from a 
single donor (450–500 mL), which provides approximately 
200  mL of RBCs. Various anticoagulant-preservative 
solutions are then added to reduce clotting and prolong shelf 
life, which increases the volume of each unit by another 
50–100  mL [21]. The most commonly used additives are 
CPDA-1 (citrate, phosphate, dextrose, adenine) and ADSOL 
(adenine, dextrose, sorbitol, sodium chloride, and mannitol) 
[21, 25]. Citrate binds calcium and inhibits the clotting cas-
cade. Consequently, the transfusion of large quantities 
of citrate-containing pRBCs requires administration of 
supplemental intravenous calcium to prevent significant 

hypocalcemia [26]. The dextrose and adenine molecules 
support RBC metabolism. Regardless of which preservative 
solution is used, RBCs must be stored at 1–6 °C. The average 
shelf life of each unit is 35–42 days [21, 27]. Additional pro-
cessing is often performed to RBCs, including leukocyte 
reduction, washing, and irradiation. These modifications 
may be indicated in unique patient populations to reduce the 
risk of specific adverse reactions. However, discussing these 
variants is beyond the scope of this chapter.

RBC transfusions must be serologically compatible with 
the patient. The most important blood typing system involves 
the ABO antigens, which are present on most RBCs [21]. 
During infancy humans generally develop immunoglobulin 
M (IgM) antibodies against the antigens that they lack. For 
example, a person with type A blood will typically have 
anti-B antibodies and vice versa. Patients with type O blood 
lack ABO antigens on their RBCs. For this reason, their 
blood can be transfused to patients with other blood types, 
making them “universal donors.” In contrast, patients with 
type AB blood have both A and B antigens present on their 
RBCs and lack both anti-A and anti-B antibodies. As a result, 
they can receive blood from donors with any blood type, 
making them “universal recipients.” It is critically important 
to ensure patients receive appropriately typed donor RBCs, 
as ABO incompatibility can result in a complement-mediated 

Table 31.1 Characteristics of blood components [21, 30, 37, 50, 51]

Blood product
Volume 
(per unit) Shelf life Indications Dosage and response

Red blood cells 250–
300 mL

35–42 days Symptomatic anemia, active bleeding, 
massive transfusion

1–2 units, depending on hemodynamic 
stability; 1 unit should increase 
hemoglobin by 1 g/dL in non-bleeding 
patients

Platelets (single 
donor or pooled 
donor)

200–
300 mL

3–5 days Thrombocytopenia, active bleeding, 
massive transfusion

1–2 units depending on severity of 
thrombocytopenia; 1 unit should increase 
platelet count by 20,000–40,000 
platelets/μL

Cold-stored 
platelets

200–
300 mL

5–10 days (and 
potentially 
longer)

Same as above Same as above

Frozen plasma 250–
300 mL

1 year
(24 h after 
thawing, stored 
at 1–6 °C)

Multiple clotting factor deficiencies, active 
bleeding, liver failure, massive transfusion, 
warfarin reversal, plasma exchange

10–15 mL/kg of body weight; intrinsic 
INR of 1.3–1.7 in each unit of plasma

“Thawed” plasma 250–
300 mL

5 days Multiple clotting factor deficiencies, active 
bleeding, liver failure, massive transfusion, 
warfarin reversal, plasma exchange

10–15 mL/kg of body weight; intrinsic 
INR of 1.3–1.7 in each unit of plasma

Liquid plasma 250–
300 mL

26 days Active bleeding, massive transfusion 10–15 mL/kg of body weight; intrinsic 
INR of 1.3–1.7 in each unit of plasma

Cryoprecipitate 10–
20 mL

1 year
(4–6 h after 
thawing, stored 
at 20–24 °C)

Hypofibrinogenemia, DIC, liver failure, 
von Willebrand disease, massive 
transfusion

5–10 pooled units; fibrinogen level 
should increase by 5–10 mg/gL per unit 
transfused

Fresh warm whole 
blood

450–
500 mL

24–72 h Massive transfusion, insufficient 
availability of blood components

Variable dose based on severity of 
bleeding

Stored whole blood 450–
500 mL

35–42 days Massive transfusion, insufficient 
availability of blood components

Variable dose based on severity of 
bleeding
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immune response against donor cells, leading to potentially 
life-threatening intravascular hemolysis [28].

The Rh system is another group of RBC antigens that has 
important clinical implications. The D antigen is the one 
used to determine whether a patient is considered “Rh 
negative” or “Rh positive.” Patients who are Rh negative can 
develop anti-D antibodies, either during pregnancy or from 
prior transfusion. In contrast to antibodies that develop 
against A or B antigens, the anti-D antibodies are mostly 
immunoglobulin G (IgG). This allows anti-D antibodies to 
cross the placenta and cause hemolytic disease of the 
newborn, a potentially fatal perinatal condition [29]. For this 
reason, Rh-negative females of childbearing age should be 
given Rh-negative RBCs, if possible [21, 22]. Similarly, 
pregnant female trauma patients who are Rh negative and 
have proven or suspected exposure to Rh-positive blood 
(either via maternofetal isoimmunization or administration 
of Rh-positive blood products) should receive Rho(D) 
immune globulin to decrease the risk of future Rh disease of 
the fetus and newborn in future pregnancies.

In most adult patients, transfusion of one unit of RBCs 
should increase the hemoglobin level by 1  g/dL and the 
hematocrit by approximately 3% [30]. However, this 
response may not be seen in patients who are acutely bleeding 
or actively hemolyzing. In general, each unit should be 
transfused within 3–4 h. For patients with severe hemorrhagic 
shock or signs of active bleeding, RBCs can be administered 
within a matter of minutes via a rapid infuser device, which 
offer infusion rates up to 30 liters per hour [21, 22]. All 
blood products should typically be warmed to at least 
37 °C. Transfusion guidelines commonly recommend against 
coadministration of blood products and any calcium- 
containing intravenous fluid (e.g., lactated Ringer’s solution). 
This recommendation is based on concerns that calcium may 
bind with citrate in the blood products, thereby promoting 
clotting and reducing infusion rates [31, 32]. However, 
studies have demonstrated that blood products can be safely 
infused with a variety of isotonic crystalloid solutions, 
including lactated Ringer’s and Plasma-Lyte A [33–35].

 Platelets

Platelets are prepared by one of two processes: (1) centrifu-
gation of whole blood followed by separation and pooling of 
the platelet-rich layer from several donors, also known as 
“random donor platelets,” or (2) single-donor apheresis or 
plateletpheresis. The former involves removal of approxi-
mately 50 mL of platelet-rich plasma. Approximately four to 
six of these units are then combined to give 200–300 mL of 
platelets. This is commonly referred to as a “six pack” of 
platelets. Conversely, single-donor apheresis platelets are 
separated from whole blood at the time of donation, and the 

remainder of the blood is returned to the patient. One advan-
tage of the apheresis technique is that it can provide 250–
500  mL unit of platelets from a single donor. A single 
apheresis session can yield up to two single- donor units 
(500–1000  mL). Other advantages of using the apheresis 
technique over random donor pooling include fewer donor 
exposures, fewer leukocytes per unit (decreasing risk of 
some transfusion reactions), and lower risk of bacterial con-
tamination and septic transfusion reactions [36].

Some plasma is retained in each unit of platelets, which 
increases the risk of some acute transfusion reactions. Unlike 
RBCs, platelets are stored at room temperature (20–24 °C), 
increasing the risk of bacterial growth and transmission. 
These transfusion-related complications are discussed in 
more detail later in the chapter. Gentle agitation is used to 
reduce platelet aggregation and to improve the oxygenation 
of the platelets. The shelf life of a unit of platelets is 
approximately 5  days [37]. More recently the FDA has 
approved the use of “cold-stored platelets” that are stored at 
1–6 °C, with an extended shelf life of up to 10 days [38]. In 
addition to extending the longevity of the platelets, there is 
now evidence that cold storage may have additional benefits 
including improved platelet function and decreased risk of 
bacterial contamination compared to standard room 
temperature storage [39, 40].

ABO incompatibility is less of a concern with platelet 
transfusions than with packed red blood cells. This is due, in 
part, to the fact that the concentration of ABO antigens in 
platelet concentrates is approximately 5% of that of RBC 
units [21]. Nevertheless, recipient anti-A or anti-B antibodies 
may affect platelet survival, which can result in a lower 
platelet count increment following transfusion. In addition, 
ABO-incompatible transfusions may rarely result in acute 
hemolytic reactions [41]. For these reasons, many blood 
bank centers advocate using ABO-compatible platelets.

Indications for platelet transfusion vary depending on the 
severity of the underlying thrombocytopenia, whether the 
patient is actively bleeding, and the need for potential inva-
sive procedures. In stable non-bleeding patients, a platelet 
count as low as 10,000 platelets per microliter (μL) may be 
acceptable. For patients who are bleeding and/or scheduled 
to undergo surgery or other invasive procedures, the transfu-
sion threshold is often 40,000–50,000 platelets/μL. Higher 
cutoffs may be appropriate for patients with intracranial 
hemorrhage and other serious bleeding disorders [42].

In general, the platelet count is expected to rise by 
20,000–40,000 platelets/μL within 1 h following transfusion 
of one unit. Platelet refractoriness is defined as an inappropri-
ately low rise in the posttransfusion platelet count [43]. This 
may occur for a variety of reasons. Sepsis and other infec-
tious complications can decrease platelet survival. Splenic 
sequestration, intravascular platelet consumption (e.g., dis-
seminated intravascular coagulation), and active bleeding 
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can lead to reduced platelet counts. Alloimmunization by 
human leukocyte antigen (HLA) system, ABO incompatibil-
ity, and other antiplatelet antibodies frequently result in 
platelet destruction, as well [21, 43, 44].

 Plasma

Plasma is the protein-rich fraction of whole blood that con-
tains albumin, immunoglobulins, coagulation factors, intrinsic 
anticoagulants, protease inhibitors, and multiple other impor-
tant enzymes and cofactors. For these reasons, plasma is an 
important blood component for the treatment of various coag-
ulopathies and bleeding disorders. Pretransfusion ABO typing 
is required as anti-A and anti-B antibodies are present in 
plasma. The Rh status may be an important consideration, as 
well, particularly if the patient is a female of childbearing age. 
“AB-negative” plasma is considered the “universal donor” 
type, as it lacks both anti-A and anti-B antibodies.

Indications for plasma transfusion include multiple clot-
ting factor deficiencies, patients with liver disease, active 
bleeding, reversal of warfarin therapy, and exchange 
transfusions. Plasma can be collected via centrifugation of 
whole blood, during which the supernatant is siphoned off 
into a separate collection bag, yielding approximately 250–
300 mL of plasma fluid [21, 45]. Plasma can also be derived 
by apheresis collection from a single donor, allowing for 
collection of 500–600 mL of plasma (e.g., two units) during 
a single session. Plasma is then processed into several 
variants: fresh frozen plasma (FFP), plasma frozen within 
24 hours after phlebotomy (PF24), Thawed Plasma, liquid 
plasma, dried or freeze-dried plasma (FDP), plasma 
cryoprecipitate reduced (also referred to as cryo-poor 
plasma), and solvent/detergent plasma (S/D plasma). For the 
purposes of this chapter, we will focus on FFP, PF24, Thawed 
Plasma, liquid plasma, and FDP.

FFP is the most commonly used plasma formulation, 
although PF24 is becoming increasingly popular. By 
definition, FFP is frozen within 8  h of collection and 
maintained at a temperature of −18 to −30 °C. Conversely, 
PF24 can be initially stored in a refrigerator (1–6 °C) for up 
to 8 h after collection, although it must be frozen and main-
tained at ≤18 °C within 24 h. As noted above, each unit 
contains approximately 250–300 mL of volume. FFP essen-
tially contains all of the coagulation factors, immunoglobu-
lins, and proteins contained in the original unit of blood, 
although there is some mild dilution that occurs by the 
citrate-containing anticoagulant-preservative solution that is 
added at the time of collection. PF24 maintains similar 
clotting factor concentrations as FFP, except for a 15–35% 
reduction in factor VIII levels [46, 47]. For this reason, PF24 
cannot be used to make cryoprecipitate. Otherwise, PF24 
and FFP are often used interchangeably. When appropriately 

stored, both FFP and PF24 have a shelf life of 1 year from the 
date of collection.

Prior to transfusion, each unit of FFP or PF24 must be 
thawed in water at 37  °C, a process that typically takes 
20–30 min. Unless intended for immediate use, the unit(s) 
must be stored at refrigerator temperature (e.g., 1–6  °C). 
Technically, the shelf life of thawed FFP or PF24 is only 
24  h. However, these units can be relabeled as “Thawed 
Plasma” (note the capital “T” and “P”), which allows them to 
be stored under the same conditions for a total of 5 days from 
the time they were thawed. Thawed Plasma has the advantage 
of being available for immediate use, which is particularly 
important in the setting of massive hemorrhage. However, 
when compared to frozen plasma, factors V and VIII levels 
are typically reduced [48, 49]. The other factor levels are 
generally unaffected by the thawing process.

Regardless of whether FFP, PF24, or Thawed Plasma is 
used, each unit of plasma has an intrinsic international 
normalized ratio (INR) of approximately 1.3–1.7 [50]. 
Therefore, transfusing these components to achieve an INR 
less than 1.7 is generally futile. Furthermore, the common 
practice of transfusing one to two units of plasma is often 
ineffective. In general, a weight-based dosing protocol is 
recommended, e.g., 10–15 mL/kg of body weight [51, 52]. 
For an average 70  kg adult man, this would amount to a 
plasma dose of 700–1050  mL, or three to four units total 
(assuming an average unit volume of 250–300 mL). However, 
the dose can be adjusted based on the clinical scenario and 
laboratory parameters. In addition, these considerations may 
not necessarily apply to other forms of plasma such as liquid 
plasma and FDP.

Unlike FFP and PF24, liquid plasma is never frozen. It is 
separated from whole blood at any time from collection to 
5 days after the whole blood has expired. It must be kept at 
1–6  °C and has a shelf life of up to 26  days when stored 
appropriately. Liquid plasma has the advantage of being 
immediately available, which may be useful in the setting of 
massive transfusions. The potential drawback of liquid 
plasma is that it may contain reduced levels of some coagulation 
factors, namely, factors V and VII, which are a by-product of 
storing non-frozen blood products for more than 24–48 h. 
At least one study suggests liquid plasma has a better hemo-
static profile compared to thawed FFP [53]. These findings 
have not yet been confirmed in large, multicenter, randomized 
studies, and its role has largely been confined to massive 
transfusion protocols in many US trauma centers.

FDP is a unique form of plasma, which was originally 
developed in the 1930s and 1940s and used in the treatment 
of hemorrhage during World War II [54]. Unlike FFP and 
PF24, FDP is prepared by removal of the liquid component 
of plasma. The remaining coagulation factors, immunoglobu-
lins, and other proteins are then used to make a powdered 
formulation that can be reconstituted using sterile water at 
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the time of infusion [55]. FDP can be prepared by one of two 
processes: lyophilization (removal of liquid via cryodesicca-
tion under vacuum pressure) or spray drying (exposure of 
plasma to a high-temperature gas to remove liquid without 
causing protein denaturation). The principal advantage of 
FDP is that it can be stored at room temperature. Other ben-
efits include a 2-year shelf life, a reconstitution time of less 
than 6 min, universal ABO compatibility, and reduced risk of 
transmission of pathogens [56]. French, German, and South 
African armed forces units have been using FDP since the 
mid-1990s and have demonstrated an excellent safety record 
to date [56–58]. Similar products are currently under devel-
opment in the United States and are of particular interest to 
US military forces for battlefield use [59].

 Cryoprecipitate

Cryoprecipitated antihemophilic factor, commonly abbrevi-
ated “cryoprecipitate” or “cryo,” consists of cold- insoluble 
high molecular weight proteins from plasma. Fibrinogen, 
factor VIII, and von Willebrand factor represent the largest 
fraction of these cryoglobulins. Cryo is prepared by con-
trolled thawing of frozen plasma to 1–6 °C for 24 h, which 
results in a residual liquid component and an insoluble pre-
cipitate. The mixture is then centrifuged allowing separation 
of the two layers, yielding a 10–20 mL of unit of cryopre-
cipitate, which must be rapidly refrozen (−18 to −30 °C). If 
appropriately stored, the shelf life is 1 year.

The principal indication for transfusion of cryoprecipitate 
is a replacement for fibrinogen, a protein that gets converted 
to insoluble fibrin strands during the clotting process. Several 
disorders can lead to hypofibrinogenemia to include 
disseminated intravascular coagulation, liver failure, and 
massive transfusion. Cryoprecipitate can be dosed by weight 
(e.g., 5–10 units per kilogram of body weight). However, the 
typical dose for an average size adult is ten units. Each unit 
is expected to increase the fibrinogen level by 5–10 
milligrams per deciliter (mg/dL), which corresponds to a 
total increase of approximately 100–150 mg/dL following 
an average adult dose. As is the case with plasma, ABO com-
patibility is recommended to minimize the risk of hemolytic 
transfusion reactions [21, 51].

 Whole Blood Transfusion

 History of Whole Blood Use

The first known human whole blood transfusion was per-
formed in France in 1667, prescribed for the treatment of 
psychosis [60]. However, it was not until the 1820s that the 
practice of transfusing whole blood for acute hemorrhage 

became popular. Dr. James Blundell, a British physician, 
transfused human whole blood into ten women with 
postpartum hemorrhage [61]. Despite mixed results, the 
practice of unmatched whole blood transfusion continued in 
parts of Europe and the United States. Nearly 80 years later, 
Dr. Karl Landsteiner discovered the ABO antigens. In 1912, 
Dr. Reuben Ottenberg developed crossmatching techniques 
[62]. The creation of blood storage solutions soon followed 
in 1915. These developments represented major break-
throughs in blood transfusion therapy, allowing numerous 
combat casualties in World War I to receive stored whole 
blood. This practice was later expanded on a large scale dur-
ing World War II. In fact, nearly 500,000 units were shipped 
to US hospitals during a 13-month period spanning 1944 and 
1945 [63]. The practice of whole blood transfusion contin-
ued through the end of World War II and into the subsequent 
conflicts in the Korean Peninsula and Vietnam in the 1950 
and 1960s, respectively. However, the ongoing need for large 
amounts of readily available blood products eventually led to 
the development of whole blood fractionation. The availabil-
ity of individual blood components allowed for targeted 
treatment of hematologic abnormalities: RBCs for anemia, 
platelets for thrombocytopenia, plasma for coagulopathy, 
etc. In addition, some of these blood components offered 
substantially longer shelf lives when compared to whole 
blood. For these reasons, blood component therapy largely 
replaced whole blood transfusion in most civilian centers 
beginning in the late 1960s to early 1970s [63, 64]. 
Nevertheless, whole blood continued to be used during mili-
tary operations, which were often carried out in challenging 
environments without access to apheresis and other modern 
blood banking techniques. The relatively short shelf life of 
some refrigerated blood products (e.g., platelets and Thawed 
Plasma) often made blood component therapy impractical 
in austere environments [65, 66]. Even in the more recent 
conflicts in Southwest Asia, whole blood has continued to 
play a critical role in trauma resuscitations, especially in 
remote locations [67–69].

 Stored Versus Fresh Whole Blood

There are two categories of whole blood: (1) stored whole 
blood and (2) warm fresh whole blood (WFWB). Stored 
whole blood must be refrigerated immediately after 
collection. An anticoagulant-preservative fluid is added to 
each unit, as is the case with other forms of stored blood 
products. The advantage of stored whole blood versus stored 
RBCs is that it contains a smaller volume of preservative 
solution and offers greater conservation of platelet function 
compared to other stored components [61, 70].

WFWB is defined as whole blood transfused within 24 h 
of collection. WFWB is not approved by the US Food and 
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Drug Administration (FDA) and, consequently, is not 
available for routine use in most civilian centers. For 
logistical reasons and out of situational necessity, WFWB 
has continued to be utilized in military settings [71–73]. The 
most significant safety concerns center around the increased 
risk for transmission of blood-borne pathogens associated 
with WFWB, which is largely due to the limited time from 
WFWB donation to transfusion. Department of Defense 
guidelines limit the collection and administration of WFWB 
to situations when blood component therapy is either 
unavailable or unable to sustain resuscitation efforts [74]. 
Practices that have been put into place in order to minimize 
the risk of infectious transmission include routine mandatory 
screening of all US military service members for HIV and 
the hepatitides, prescreening of potential whole blood 
donors, and rapid viral testing of donor blood at the time of 
collection.

WFWB has several distinct advantages over blood com-
ponents and stored whole blood. One obvious advantage is 
that whole blood best mimics the fluid that patients lose in 
the setting of severe hemorrhage. Regardless of the ratio 
chosen, blood component therapy cannot perfectly replicate 
whole blood [62]. WFWB has the additional benefit of 
avoiding the “storage lesion” associated with blood 
components and stored whole blood. The “storage lesion” 
refers to several changes that RBCs undergo when stored in 
preservative solution, including a significant decline in 
adenosine triphosphate and 2,3-diphosphoglycerate, as well 
as cell membrane deformability and increased osmotic 
fragility [75–77]. These changes result in increased 
hemolysis, release of microparticles, release of free 
hemoglobin, and increased extracellular potassium levels 
[76, 78]. Platelets are also significantly affected by the 
storage process, resulting in impaired aggregation and 
function [79, 80]. With 12–18 h of storage at 4  °C, stored 
whole blood has decreased function of factors V and VIII, 
both of which have important roles in the clotting cascade 
[62, 79]. Conversely, WFWB that is stored at room 
temperature has been shown to maintain normal coagulation 
function for up to 72 h [62, 81].

 “Walking Blood Bank”

Collection of WFWB often requires activation of a “walking 
blood bank,” which is a loosely defined protocol that utilizes 
a prescreened pool of donors who are immediately available 
to provide blood [82]. These protocols have been used 
numerous times during the most recent conflicts in Iraq and 
Afghanistan. A population of military donors provides a 
group of individuals who are regularly tested for human 
immunodeficiency virus (HIV) and whose vaccinations are 
generally up to date. The donors then undergo standard 

pretransfusion screening questionnaires. Donors are 
subsequently screened for anemia and tested for hepatitis B, 
hepatitis C, and HIV.  Blood typing is most commonly 
determined using a standard EldonCard™ (Fig. 31.2). If all 
screening measures are passed, the donors are added to a 
database for future recall [71]. The “walking blood bank” 
can be activated during mass casualty events or whenever the 
local blood supply has been exceeded. This latter scenario 
may occur with only one or two casualties in a deployed 
setting when there is little availability of stored blood 
products [83].

 Transfusion Thresholds in the ICU

 Restrictive Versus Liberal Transfusion 
Strategies

In 1942 Adams and Lundy published an article proposing 
several suggestions aimed at improving surgical outcomes in 
high-risk patients. One such recommendation involved 
transfusing patients who had a hemoglobin concentration 
less than 8–10  g/dL [84]. For unclear reasons, this 
recommendation eventually became the basis for the “10/30 
rule,” the idea that hemoglobin and hematocrit should be 
maintained above 10  g/dL and 30%, respectively. This 
unofficial rule became medical dogma, driving transfusion 
practices for several decades thereafter [85]. In the early 
1980s, the term “transfusion trigger” was introduced, which 
created the notion that there was a standard hemoglobin 
threshold at which transfusion should be initiated [86]. 
Subsequent studies demonstrated an association between 
anemia and increased mortality in critically ill patients. 
Hébert et al. published one of the largest studies at the time, 
a combined retrospective and prospective cohort study of 
4470 critically ill patients. The data showed a trend toward 
increased mortality in the subset of patients with anemia and 
underlying cardiac disease. This trend was most pronounced 
when the hemoglobin concentration decreased below 9.5 g/
dL [87]. Similar results were demonstrated by Carson et al. 
in a retrospective cohort study of 1958 patients who 
underwent surgery and declined blood transfusion for 
religious reasons [88]. Patients with severe preoperative 
anemia had a 25-fold increase in risk of death compared to 
patients with a preoperative hemoglobin concentration 
greater than 12  g/dL.  The risk of death was greatest in 
patients with underlying cardiovascular disease.

Although these studies served to reinforce common trans-
fusion practices at the time, other authors began questioning 
the safety of blood product transfusions in the early to mid-
1990s [89, 90]. This controversy formed the basis for the 
Transfusion Requirements in Critical Care (TRICC) trial, a 
landmark study that has greatly impacted transfusion prac-
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tices in the ICU over the last 20 years [91]. Hébert and col-
leagues enrolled 838 critically ill patients from 25 Canadian 
ICUs over a 3-year period beginning in November 1994. All 
patients had to be euvolemic and with a hemoglobin concen-
tration below 9.0 g/dL within 72 h of ICU admission. Patients 
with active bleeding were excluded from enrollment. The 
patients were then randomized to two groups: restrictive or 
liberal transfusion strategies. The restrictive strategy partici-
pants received RBC transfusions only if their hemoglobin 
concentration dropped below 7.0  g/dL.  Their hemoglobin 
concentrations were then maintained at 7.0–9.0 g/dL for the 
remainder of the trial. The liberal strategy participants 
received RBC transfusions when their hemoglobin concen-
trations fell below 10 g/dL, targeting a hemoglobin concen-

tration of 10–12 g/dL. There was no statistical difference in 
a 30-day mortality between the restrictive and liberal trans-
fusion groups, 18.7% and 23.3%, respectively (P  =  0.11). 
However, the mortality rate during hospitalization was sig-
nificantly lower in the restrictive group (22.2% vs 28.1%, 
P = 0.05). In addition, the restrictive strategy was associated 
with a lower 30-day mortality rate in less acutely ill patients, 
as indicated by the Acute Physiologic Assessment and 
Chronic Health Evaluation (APACHE) II score of less than 
20 (8.7% vs 16.1%, P = 0.03), and in patients who were less 
than 55 years old (5.7% vs 13.0%, P = 0.02). Overall compli-
cation rates (e.g., cardiac events, infectious complications, 
and multi-organ failure) were comparable between the two 
groups. The authors concluded that a restrictive RBC trans-

Fig. 31.2 Blood typing is performed using an EldonCard™ (Eldon 
Biologicals A/S, Gentofte, Denmark). There are four prelabeled circles 
each containing a reagent. Three of the circles contain antibodies to the 
A, B, and Rh antigens as noted above. The fourth circle is used for qual-
ity control to demonstrate that the test was performed properly. A small 
drop of water is then added to each circle. A fingertip is then cleaned 
with a sterile swab, and a lancet is used to make a small puncture. A 
drop of blood is transferred to each circle. Using an EldonSticks™, the 
blood is spread over the entire surface of each circle. A new 
EldonSticks™ is used for each circle to avoid cross contamination. 

After this step, the card is held upright for 10 s and then turned upside 
down, right-side up, and then left-side up for 10 s on each side. The 
circles containing agglutinated blood indicate the presence of an under-
lying blood antigen. For example, the EldonCard™ on the left contains 
agglutinated blood only in the anti-A circle, suggesting the presence of 
A antigen in the blood and no Rh antigens. This patient’s blood type is 
A negative. The EldonCard™ on the right demonstrates agglutinated 
blood in the anti-B and anti-D circles, suggesting the presence of B and 
Rh antigens. Therefore, the patient’s blood type is B positive
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fusion strategy is at least as effective as a liberal transfusion 
strategy in hemodynamically stable ICU patients with ane-
mia. They cautioned against adopting a restrictive strategy in 
patients with active myocardial ischemia, although this study 
did not demonstrate increased complication rates in sub-
group analysis.

In 2002 Vincent and colleagues published the ABC 
(Anemia and Blood Transfusion in Critical Care) trial, a 
prospective observational study of 3534 critically ill medical 
and surgical patients from 146 ICUs in Western Europe [3]. 
Several outcome measures were monitored, including 
frequency and volume of blood drawn for laboratory testing, 
hemoglobin levels, transfusion rate, organ dysfunction, and 
mortality. The transfusion rate during the ICU stay was 37% 
with a mean number of transfusions per patient of 4.8 +/− 
5.2 units per patient. The mean pretransfusion hemoglobin 
level was 8.4  g/dL.  Both ICU and overall mortality rates 
were significantly higher in patients who had versus had not 
received a blood transfusion (ICU rates, 18.5 vs 10.1%, 
respectively [P  <  0.001]; overall rates, 29.0 vs 14.9%, 
respectively [P < 0.001]). This finding was maintained, even 
after adjusting for severity of organ dysfunction: 28-day 
mortality rate of 22.7% among patients who were transfused 
and 17.1% among those who were not (P = 0.02). This study 
clearly demonstrated an association between blood 
transfusions and increased risk of death irrespective of 
severity of illness.

The CRIT study was subsequently performed in the 
United States [4], which was a multicenter, prospective, 
observational trial designed to examine the incidence of 
anemia and RBC transfusion in critically ill patients, as well 
as the impact of anemia and transfusion on clinical outcomes. 
A total of 4892 patients were enrolled from 284 ICUs. The 
patient population consisted of a mixture of medical and 
surgical patients. A total of 44% of patients received one or 
more RBC transfusions while in the ICU.  The mean 
pretransfusion hemoglobin level was 8.6  g/dL, nearly 
identical to the mean value reported in the ABC trial [3]. The 
number of transfusions a patient received was independently 
associated with increased ICU and hospital lengths of stay, 
as well as mortality. A nadir hemoglobin concentration of 
less than 9 g/dL was also a predictor of increased length of 
stay and mortality. Baseline hemoglobin, on the other hand, 
did not predict either of these factors.

Following publication of the CRIT study, three additional 
randomized, controlled trials were conducted comparing 
liberal versus restrictive transfusion strategies in different 
patient populations [92–94]. The FOCUS (Functional 
Outcomes in Cardiovascular Patients Undergoing Surgical 
Hip Fracture Repair) trial included a total of 2016 patients 
enrolled after hip surgery, who were aged 50 years or older 
with either a history of or risk factors for cardiovascular 
disease, as well as a hemoglobin concentration of less than 

10 g/dL [92]. The patients were then randomly assigned to a 
liberal (hemoglobin threshold of 10  g/dL) or restrictive 
(hemoglobin threshold of 8 g/dL). The primary outcome was 
death or inability to walk across a room without human 
assistance on a 60-day follow-up. There were no statistically 
significant differences in outcomes between the two groups, 
including primary outcome, rates of in-hospital acute 
coronary syndrome, and rates of death at 60  days. 
Complication rates were similar between both groups, as 
well.

In 2013 Villanueva et al. published results of another ran-
domized, controlled study comparing transfusion strategies 
[93]. However, the study population consisted of adult 
patients with severe acute upper gastrointestinal bleeding. A 
total of 921 patients were enrolled from a single tertiary care 
hospital in Spain over a 6-year period starting in June 2003. 
Patients were randomized to receive either a restrictive strat-
egy (transfusion when the hemoglobin level fell below 7 g/
dL) or a liberal strategy (transfusion when the hemoglobin 
fell below 9 g/dL). All patients underwent emergent endo-
scopic evaluation and treatment, performed within 6  h of 
admission. The etiologies of upper gastrointestinal bleeding 
were broad and included varying degrees of cirrhosis-related 
variceal bleeding in both groups. The authors found several 
improved outcomes favoring the restrictive strategy, includ-
ing higher probability of survival at 6  weeks (P  =  0.02), 
reduced bleeding post-endoscopic intervention (P  =  0.01), 
and fewer transfusion reactions and adverse cardiac events 
(P = 0.02). The probability of survival was also significantly 
higher in the subgroup of patients with Child-Pugh A and B 
cirrhosis who received a restrictive transfusion strategy.

One year after Villanueva’s group published their 
results, the TRISS (Transfusion Requirements in Septic 
Shock) trial group published a large, multicenter, random-
ized study comparing transfusion strategies in critically ill 
patients with septic shock [94]. A total of 998 patients 
were enrolled from 32 Scandinavian ICUs. All patients 
had a primary diagnosis of septic shock and had a baseline 
hemoglobin concentration of less than 9 g/dL at the time of 
enrollment. They were randomized to receive either a 
restrictive or liberal strategy: transfusion for a hemoglobin 
level below 7  g/dL or 9  g/dL, respectively. Primary out-
come was death at 90 days after randomization. The 90-day 
mortality rate was nearly identical between the two groups, 
43% in the lower-threshold group versus 45% in the 
higher-threshold group (P  =  0.44). Adverse events (e.g., 
cardiac ischemia, severe transfusion reaction, need for life 
support therapies) were similar in both groups, as well. 
The only statistically significant difference between the 
two groups was the number of blood transfusions adminis-
tered with the restrictive strategy group receiving fewer 
blood products, as expected.
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 Current Clinical Practice Guidelines

By the time the TRICC trial was published, clinical practice 
had already begun to change, and an increasing number of 
ICU clinicians began adopting a more restrictive transfusion 
strategy. Various clinical practice guidelines began to endorse 
this approach, as well. The Society of Critical Care Medicine 
and Eastern Association for the Surgery of Trauma joint 
clinical practice guidelines were published in 2009, stating a 
“restrictive” strategy (e.g., transfusing when hemoglobin is 
less than 7 g/dL) was as effective as a “liberal” transfusion 
strategy in hemodynamically stable, anemic patients [23]. 
This recommendation excluded patients with active coronary 
ischemia, given the lack of high-quality transfusion studies 
in that patient population. In 2011 the European Society of 
Cardiology addressed this issue in their updated acute 
coronary syndrome guidelines. The authors endorsed a 
“restrictive” strategy in which blood transfusions should be 
withheld in hemodynamically stable patients with hematocrit 
above 25% and/or hemoglobin concentration above 7 g/dL 
[95]. The Society of Thoracic Surgeons/Society of 
Cardiovascular Anesthesiologists and the British Committee 
for Standards in Haematology similarly endorsed a 
“restrictive” transfusion approach [24, 96]. The American 
Association of Blood Banks red cell transfusion guidelines 
were updated in 2016, and a hemoglobin concentration of 
7  g/dL was the recommended threshold below which 
transfusion should be considered [97]. This recommendation 
is for hemodynamically stable adults. Patients with acute 
coronary syndrome, severe thrombocytopenia, active 
hematological or solid organ malignancies, and chronic 
transfusion-dependent anemia were excluded, as the authors 
felt there was insufficient high-quality evidence to make a 
recommendation in these patient populations.

These various clinical practice guidelines have reached a 
consensus that a restrictive transfusion strategy is preferred 
in most hemodynamically stable, anemic, critically ill adults. 
Although a hemoglobin concentration of 7  g/dL is most 
often listed as the “threshold” below which transfusion 
should be considered, none of these guidelines recommend 
using a specific hemoglobin value as a transfusion trigger. 
The decision to transfuse should be based on the overall 
clinical context of the patient. It is worth emphasizing that 
these guidelines do not apply to patients who are actively 
bleeding, hemodynamically unstable, and/or requiring 
massive transfusion [23, 24, 96, 97]. Additional important 
considerations for a higher transfusion trigger in surgical and 
trauma patients include an upcoming surgical procedure 
with expected significant blood loss, the need for invasive 
procedures with a significant risk of rapid hemorrhage, and 
the presence of injuries with a high risk of bleeding in 
patients with poor functional reserve.

 Transfusion-Associated Complications

 Overview

Blood product transfusions carry inherent risks, as is the case 
with any medical intervention. These risks include potential 
transmission of blood-borne infections and a wide spectrum 
of transfusion reactions. The severity of these reactions can 
range from benign to life-threatening (Table 31.2). Nearly 1 
out of every 100 patients that receives a blood product 
transfusion will develop some form of transfusion reaction 
[98]. In the United States, approximately 40 patients have 
fatal transfusion-related complications every year [99]. For 
these reasons, it is of paramount importance that all critical 
care physicians be familiar with the recognition, diagnosis, 
and treatment of the various types of adverse reactions and 
infectious complications.

 Urticarial Transfusion Reaction

Mild allergic reactions are the most common type of transfu-
sion reaction with annual incidence of 1–3% in the United 
States [100]. Symptoms are mediated by histamine release 
by activation of basophils and mast cells [101]. Mild allergic 
reactions are generally characterized by urticaria (hives), 
rash, pruritus, and localized angioedema.

As with other forms of transfusion reactions, the transfu-
sion should be discontinued. Antihistamine therapy, specifi-
cally with an H1-receptor antagonist, should be administered 
for symptom relief [101, 102]. If symptoms resolve, the 
transfusion can typically be resumed at the same or reduced 
rate with close monitoring for symptom recurrence.

 Anaphylactic Transfusion Reaction

Anaphylactic transfusion reactions represent the most severe 
form of allergic transfusion reaction. Anaphylaxis can be 
triggered in IgA-deficient patients who produce anti-IgA 
antibodies that react with donor blood products. Other 
patients may react to the additive solution or other constituents 
in the transfused product, while many other anaphylactic 
reactions are idiopathic.

Clinical manifestations can include flushing, urticaria, 
pruritus, upper airway angioedema, stridor, bronchospasm, 
and hypotension. Prompt cessation of the blood transfusion 
and administration of epinephrine, dual H1-H2 antihistamine 
therapy, and systemic corticosteroids are often necessary, 
depending on the severity of the symptoms. The blood bank 
should be notified as soon as possible, once the patient has 
been stabilized.
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 Febrile Non-hemolytic Transfusion Reaction

Febrile non-hemolytic transfusion reactions are one of the 
most common of all transfusion reactions, occurring in 
approximately 1% of all transfusion episodes [103]. As the 
name implies, these reactions are characterized by fever (tem-
perature ≥38 °C) with or without chills. Other systemic symp-
toms are generally absent. Because other more serious 

transfusion reactions may initially present with fever, this is a 
diagnosis of exclusion. These reactions are typically caused by 
release of proinflammatory cytokines from donor white blood 
cells (WBCs) or recipient antibodies targeted against donor 
antigens. Management is supportive in nature. Although there 
are few high-quality studies supporting the use of prophylactic 
antihistamines and antipyretics, it is common practice to pre-
treat patients with these medications to reduce the occurrence 
of febrile non-hemolytic transfusion reactions [104].

 Transfusion-Associated Circulatory Overload

Transfusion-associated circulatory overload (TACO) is a 
form of pulmonary edema due to iatrogenic volume overload, 
which is likely underreported [105]. Some authors suggest 
that TACO may be the second leading cause of transfusion- 
associated mortality in the United States [106]. Blood 
product transfusions represent a source of significant 
iatrogenic volume administration in ICU patients. Many 
critically ill patients are particularly susceptible to volume 
overload due to underlying left or right heart dysfunction, 
advanced pulmonary disease, and other comorbidities. 
However, even patients without significant underlying 
cardiopulmonary disease can develop TACO in the setting of 
large-volume transfusions delivered over a relatively short 
time span (minutes to hours).

The clinical manifestations are indistinguishable from 
acute decompensated heart failure: respiratory distress, 
hypoxemia, jugular venous distention, etc. The onset of 
symptoms is generally within 2  h of transfusion onset, 
although delayed presentations can occur [107]. Chest imag-
ing typically shows evidence of pulmonary edema. 
Laboratory studies may be normal except for an elevated 
brain natriuretic peptide (BNP) or N-terminal pro-brain 
natriuretic peptide (NT-Pro-BNP) level [108].

Avoiding unnecessary transfusions, reducing infusion rates, 
and minimizing concurrent intravenous fluid therapy may help 
mitigate the risk of developing volume overload. When TACO 
develops, the transfusion should be discontinued, and supple-
mental oxygen should be considered. Diuresis is the corner-
stone of medical therapy and should be administered as soon as 
possible. For patients who develop acute hypoxemic respira-
tory failure, non-invasive positive pressure ventilation or inva-
sive mechanical ventilation may be necessary.

 Transfusion-Related Acute Lung Injury

Transfusion-related acute lung injury (TRALI) is a relatively 
rare, potentially severe complication associated with blood 
product transfusions. Based on historical data, the estimated 
rate of occurrence is 1 in 5000 transfusions, although the true 

Table 31.2 Acute transfusion reactions [10]

Complication
Risk
(per unit) Clinical features Treatment

Urticarial 
transfusion 
reaction

1:100 Urticaria, flushing, 
pruritus, localized 
angioedema; onset 
during or up to 4 h 
after transfusion

Antihistamine, 
antipyretics

Febrile 
non- hemolytic 
transfusion 
reactions

1:300 Fever, chills, rigors; 
onset during or up 
to 6 h after 
transfusion

Antipyretics; rule 
out infection and 
hemolysis

Transfusion- 
associated 
circulatory 
overload

1:700 Dyspnea, 
tachycardia, 
hypertension, 
jugular venous 
distension, 
hypoxemic 
respiratory failure; 
onset within 2–6 h 
of transfusion

Discontinue 
transfusion, 
supplemental 
oxygen, loop 
diuretics, positive 
pressure ventilation

Transfusion- 
related acute 
lung injury

1:5000 
[109]

Dyspnea, fever, 
hypotension, 
hypoxemic 
respiratory failure; 
onset within 2–6 h 
of transfusion

Discontinue 
transfusion, 
supplemental 
oxygen, vasopressor 
support, invasive 
mechanical 
ventilation with 
low-tidal-volume 
ventilation

Anaphylactic 
transfusion 
reaction

1:40,000 Bronchospasm, 
dyspnea, 
angioedema, 
hypotension, 
abdominal 
cramping; onset 
during transfusion

Discontinue 
transfusion, 
epinephrine, 
antihistamines, 
systemic 
corticosteroids

Acute 
hemolytic 
transfusion 
reaction

1:40,000 Fever, chills, rigors, 
flank pain, acute 
kidney injury, 
pigmenturia; onset 
during or up to 24 h 
after transfusion

Discontinue 
transfusion; 
hemolysis workup; 
IV fluid 
administration 
+/− urine 
alkalinization

Septic 
transfusion 
reaction

1:60,000 
[98]

Fever, chills, 
hypotension, 
tachycardia, 
hypotension, 
nausea, vomiting; 
onset during or up 
to 24 h after 
transfusion

Discontinue 
transfusion; rule out 
hemolysis; culture 
donor and recipient 
blood; appropriate 
broad-spectrum 
antibiotics; 
vasopressor support
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incidence is likely underreported [109, 110]. TRALI is 
primarily manifested by acute-onset respiratory distress, 
often progressing to hypoxemic respiratory failure. Fever, 
tachycardia, and hypotension are other common findings. 
These changes usually begin with 1–2 h of initiating a blood 
product transfusion, although they can be delayed as long as 
6  h [111]. The diagnosis is largely clinical and should be 
suspected on a combination of factors: the development of 
acute hypoxemic respiratory failure, temporal relationship 
associated with blood product transfusion, chest radiograph 
demonstrating bilateral pulmonary infiltrates, and the 
exclusion of alternative causes of acute respiratory distress 
syndrome.

The exact pathogenesis of the condition is not fully under-
stood, although TRALI likely requires a “two-hit” model. 
The first event is the presence of an underlying injury to the 
pulmonary vascular endothelium, which leads to sequestra-
tion of neutrophils within the lung [98]. Multiple conditions 
predispose to pulmonary endothelial injury including hepatic 
surgery, chronic alcohol abuse, high peak airway pressures 
during mechanical ventilation, smoking, and positive fluid 
balance [98, 112]. The second event occurs during blood 
transfusion with transmission of proinflammatory mediators 
or donor antibodies targeting HLA or human neutrophil anti-
gens (HNA) on the recipient WBCs. This, in turn, causes 
activation of the recipient’s pulmonary neutrophils and prop-
agation of the immune response and end-organ injury.

Historically, plasma transfusions were associated with a 
much greater risk of TRALI than platelet or RBC transfusions. 
In the mid-to-late 2000s, most blood banks in the United 
States and Europe transitioned to male-only plasma donation 
following the discovery that most anti-HLA and anti-HNA 
antibodies were transmitted in plasma from multiparous 
female donors [113, 114]. These changes, along with 
improvements in crossmatching and adherence to blood 
component guidelines, have led to a significant decrease in 
the risk of TRALI [115]. Even though the overall risk is 
lower, plasma and platelet transfusions remain more strongly 
associated with TRALI compared to RBC transfusions due 
to their higher average volume of plasma per unit.

When suspected, the transfusion should be stopped imme-
diately. Prompt notification of the blood bank is necessary to 
assist with investigation of the transfusion reaction. 
Supplemental oxygen should be administered to maintain 
appropriate oxygenation. If respiratory failure develops, 
prompt intubation and mechanical ventilation may be neces-
sary. If the patient requires mechanical ventilation, a lung 
protective ventilator strategy should be employed [116]. Any 
accompanying hemodynamic instability should be addressed 
with appropriate vasopressor therapy, as is the case with 
other forms of distributive shock. Once the patient is initially 
stabilized, a chest radiograph and laboratory studies (e.g., 
complete blood count, chemistry panel, bilirubin levels, hap-

toglobin, direct antiglobulin test, BNP or NT-Pro-BNP) 
should be obtained. An elevated BNP or NT-Pro-BNP is 
more suggestive of an acute volume overload state like 
decompensated heart failure or TACO [108].

 Acute Hemolytic Transfusion Reaction

Unlike febrile non-hemolytic transfusion reactions, acute 
hemolytic transfusion reactions are potentially life- 
threatening. Fortunately, they are much less common 
(Table 31.2). These reactions are characterized by acute intra-
vascular hemolysis of transfused RBCs related to immune 
incompatibility between the donor and the recipient [117]. 
These reactions can occur at any point within 7 days of receiv-
ing a blood transfusion. The more hyperacute variant, often 
termed “hyperhemolysis,” frequently occurs within minutes 
to hours of initiation of the transfusion [98, 117].

Typical clinical manifestations include fever, chills, flank 
pain, bleeding from intravenous or surgical incision sites, 
dyspnea, and hypotension. More severe complications can 
occur to include disseminated intravascular coagulation, 
acute renal failure, shock, and even death. Both ABO and 
non-ABO antigens can be involved. Often these reactions 
stem from clerical errors in which patients receive RBCs that 
were intended for someone else, mislabeling of blood prod-
ucts, and other processing errors [118]. The severity of the 
reaction depends on recipient antibody and titer, as well as 
the volume of incompatible blood that gets transfused [119].

Given that acute hemolytic transfusions may initially 
present with only a fever, the ICU clinician must remain 
vigilant to make a timely diagnosis and avoid progression to 
more severe manifestations. Other than the clinical signs 
mentioned above, several laboratory tests are available to aid 
in the diagnosis. Increased indirect bilirubin and lactate 
dehydrogenase levels, as well as decreased haptoglobin 
levels, suggest underlying hemolysis. Other tests that may 
support the diagnosis include elevated serum potassium, 
serum creatinine, plasma-free hemoglobin, and urine 
hemoglobin, as well as abnormal fibrinogen and coagulation 
panels. A positive direct antiglobulin test for IgG and/or 
complement may help to confirm the diagnosis, although it is 
not always positive in the acute phase of the reaction [120].

Once the diagnosis is suspected, the blood transfusion 
should be discontinued immediately, and the blood bank 
should be contacted to assist with confirmation of the 
diagnosis. Additional management of these reactions is 
largely supportive with intravenous fluids to maintain 
adequate urine output and urinary alkalinization. Although 
0.9% saline is often recommended in the setting of 
rhabdomyolysis-associated pigmenturia, lactated Ringer’s 
solution may better promote urine alkalinization, favoring 
excretion of hemoglobin in the urine [121, 122]. Similarly, 
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diuretics may be an adjunctive therapy to augment clearance 
of urinary hemoglobin [122]. Vasopressor therapy may be 
necessary to treat associated hemodynamic instability. 
Management of additional end-organ dysfunction (e.g., renal 
failure, disseminated intravascular coagulation, etc.) may be 
necessary, as well.

 Infectious Complications

Transfusion-transmitted infections have been a recognized 
complication of blood product administration since at least 
the 1940s [123, 124]. As microbiologic testing has advanced 
over the last several decades, screening programs have 
greatly reduced the risk of microbial transmission 
(Table 31.3). Transfusion-transmitted infections can vary in 
acuity and severity, largely depending on the microorganism 
involved and the size of the inoculum.

The most common nonbacterial transfusion-transmitted 
infections in the United States include both viral and parasitic 
diseases. Hepatitis B virus (HBV), hepatitis C virus (HCV), 
West Nile virus (WNV), human immunodeficiency virus 
(HIV), human T-cell lymphotropic virus (HTLV), 
cytomegalovirus (CMV), and Zika virus are the most 
common blood-borne viral infections. Babesiosis, Chagas 
disease, and malaria represent the most commonly 
transmitted parasitic infections. The average risk of acquiring 
one of these infections varies from a high of approximately 
1 in 150,000 for HBV to a low of 1 in greater than 7,000,000 
for HIV [10, 125, 126].

Bacterial infections are much more common and, gener-
ally, more severe than other types of transfusion- transmitted 
infections [127, 128]. Severe septic transfusion reactions 
occur in approximately 1 out of every 60,000–75,000 transfu-
sions [98, 129]. The risk of bacterial transmission is much 
higher with platelet transfusions compared to other blood 
components, because they are stored at room temperature 
[130]. Healthcare-associated pathogens are the most common 
culprits in most hospital systems (e.g., Staphylococcus aureus, 
Pseudomonas aeruginosa, Klebsiella pneumoniae, etc.).

Transfusion-transmitted bacterial infections (TTBI) pres-
ent with clinical signs and symptoms that are identical to any 
other acute bloodstream infection. Fevers, chills, and hypo-

tension are the most common manifestations. Patients may 
progress to septic shock with associated multisystem organ 
failure. In general, labs do not demonstrate significant hemo-
lysis, which may help to differentiate this condition from 
other acute transfusion reactions. To confirm a TTBI, blood 
cultures should be obtained from the donor blood and the 
patient [131]. Growth of the same organism from both the 
donor blood and recipient suggests a true TTBI rather than 
simple contamination [132]. Treatment involves appropriate 
empiric antibiotic therapy, hemodynamic support, and other 
supportive therapies as clinically indicated.

 Conclusions

Like many other areas of surgical critical care, the science 
and practice related to blood products and transfusion thera-
pies have significantly advanced over the past several decades 
and appear to be poised for even more significant advances 
in the near future. With the large number of currently avail-
able blood products to choose from, and the expected contin-
ued increase in newer products and formulations, it is 
imperative that all ICU providers have a solid understanding 
of these products, their major indications and contraindica-
tions, the expected effects and benefits of transfusion, and 
the potential risks and associated complications. The one 
overarching concept that directly applies to ICU transfusion 
strategies, and to most areas of critical care medicine, is to 
treat the patient and not the numbers. Restrictive transfusion 
triggers and meaningful transfusion targets should be utilized 
in order to maximize patient benefit while minimizing the 
risks of adverse events or other types of patient harm.
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Damage Control Resuscitation

Kyle J. Kalkwarf and John B. Holcomb

 Background

Williams Harvey described blood circulation and its function 
almost 400 years ago [1]. 200 years later, the first recorded 
human blood transfusion was performed in London, England 
[2]. In the subsequent century, the frequency and utility of 
blood transfusion were limited by a lack of technology to 
inject the blood, an inability to store donated blood, and safety 
issues because of not understanding blood types [3]. As a 
result, crystalloid infusions became the standard of care for 
bleeding patients for most of the nineteenth century [4–6].

With the onset of World War I (WWI) and the subsequent 
influx of soldiers with profound hemorrhage, allied physi-
cians observed the limitations of crystalloid resuscitation 
and deemed it “unsatisfactory” for the treatment of hemor-
rhagic shock because of dilution [7]. For the treatment of 
severe hemorrhage and shock, they preferred rewarming the 
patient while providing limited, early blood transfusions to 
maintain a low blood pressure, noting that this resulted in the 
“most dramatic improvement” [8, 9]. These transfusions 
were possible because of recently developed techniques to 
crossmatch for incompatible blood and store it for several 
weeks in a cold solution of citrate and dextrose to prevent 
coagulation [8, 10, 11]. At the end of WWI, the Royal Army 
Medical Corps determined that developments in blood trans-
fusions were the most important medical advancement 
resulting from the war [10].

A lack of preservation techniques and storage capacity 
outside of large institutions prevented the large-scale use of 
blood transfusions in the decades after WWI, so crystalloid 
returned as the most common therapy for blood loss [12]. 
However, physician experience during WWII mirrored that 
of WWI and resulted in a renewed focus on the principles 
espoused by Walter Cannon and his colleagues three 
decades prior, including avoiding saline and using whole 

blood to replace blood loss in combat casualties who were 
in hemorrhagic shock [13, 14]. WWII physicians also rec-
ommended using the smallest quantities of blood necessary 
to achieve a systolic blood pressure of 85 mmHg, maintain-
ing good skin color and warmth, and expeditiously stopping 
blood loss with an operation or tourniquet [14, 15]. The big-
gest change from previous conflicts was the development of 
blood fractionation just prior to US entry into the WWII 
[16]. This allowed for reconstituted dried plasma to be used 
while whole blood was being prepared for transfusion [17].

At the conclusion of WWII, Dr. Henry Beecher wrote, “It 
will be tragic if medical historian can look back on the WWII 
period and write of it as a time when so much was learned 
and so little remembered” [15]. Unfortunately, most of these 
lessons were soon forgotten and not employed by civilian 
trauma surgeons during the second half of the twentieth cen-
tury. The reasons for disregarding the concepts learned while 
taking care of huge numbers of combat casualties were 
many. Surgical leaders in the 1960s were conducting studies 
(which were subsequently refuted) that were interpreted as 
demonstrating that isotonic fluid administration was required 
to replace extracellular fluid lost from fluid shifts and edema 
at sites of injury [18, 19]. A number of these trials included 
bleeding dogs to hypotension before stopping the blood loss 
with a stop-cock and resuscitating the animal with either 
whole blood or Ringer’s lactate (LR) followed by whole 
blood [12, 20–22]. The outcomes for these dogs were signifi-
cantly improved when isotonic fluid was administered prior 
to whole blood resuscitation, but this model did not account 
for the potential for rebleeding if a normal blood pressure 
was achieved prior to hemorrhage control, as had been 
described by Cannon and Beecher based on their respective 
experiences in WWI and WWII [9, 14]. The protective effect 
of permissive hypotension was subsequently confirmed in a 
randomized controlled trial which showed that delaying 
resuscitation to a normal blood pressure until after operative 
control of bleeding resulted in improved outcomes and in 
laboratory models of uncontrolled hemorrhagic shock in 
 animals, including one that demonstrated rebleeding occurs 
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in swine at an average systolic blood pressure of 94 mmHg 
and a mean arterial pressure of 64 mmHg [23–26].

In addition to reintroducing crystalloid, further changes 
were made in the resuscitation of injured patients because of 
improvements in blood fractionation techniques following 
WWII. These advances caused many in the medical commu-
nity to call for blood component transfusions to maximize 
resources by separating whole blood into red blood cells 
(RBCs), plasma, and platelets so that four to five pediatric or 
oncology patients could be treated with each unit of whole 
blood [27–29]. During this time, surgeons continued to 
emphasize that acute blood loss should be replaced with 
whole blood and that balanced salt solutions should only be 
used in circumstances when whole blood was not available 
[21, 28, 30]. However, by 1970 the American Medical 
Association pronounced that there was virtually no indica-
tion for the use of whole blood and advised that hemorrhagic 
shock could be treated by packed RBCs and balanced salt 
solutions or plasma expanders [27]. The result was that large-
volume crystalloid resuscitation was regularly employed for 
casualties during the Vietnam Conflict, and subsequently in 
civilian trauma centers, despite a lack of rigorous studies to 
demonstrate the efficacy of component therapy, compared 
with whole blood, in treating massive hemorrhage [31, 32]. 
These changes occurred at the same time that hospitals were 
adopting component therapy to the point where it became the 
standard practice in the 1970s and patients were often being 
resuscitated exclusively with RBCs and LR [33, 34]. A sub-
sequent article stated that 1–2 liters of LR could be safely 
administered to patients in hemorrhagic shock during the 
time required to crossmatch type-specific blood, and another 
said that RBCs and LR could be used exclusively in moder-
ate transfusions (average 6.5 units of RBCs) without produc-
ing coagulopathy [35, 36]. Additional groups reported that it 
was not necessary to supplement blood transfusions with 
plasma or platelets in the absence of clinical or laboratory 
coagulopathy, further fueling decisions to limit transfusions 
at the onset of the HIV epidemic in the early 1980s [37–41]. 
What was often overlooked in these articles was that they 
were referring to whole blood as the primary resuscitation 
fluid and not RBCs, as had become the standard therapy 
throughout most of the country by that time.

Infusing large volumes of crystalloid and RBCs while 
transfusing plasma and platelets only after alterations were 
identified in laboratory values probably did not matter in 
more than 90% of trauma patients who were not in hemor-
rhagic shock, but the principles were adopted by Advanced 
Trauma Life Support (ATLS) and subsequently became the 
standard of care for all trauma patients in the United States 
and the world for the final two decades of the twentieth cen-
tury [31, 42]. With the exception of a retrospective review in 
1985 that recommended transfusing plasma at an equal ratio 
with RBCs to avoid dilutional coagulopathy in patients with 

large wounds, major surgery, and neurologic injuries, little 
was done to break the trend of limiting plasma and platelet 
infusion and increasing crystalloid administration until the 
advent of the twenty-first century [43].

The final step in the transition away from the lessons 
learned during the World Wars was the adoption of supranor-
mal hemodynamic goals. After observing that patients who 
survived critical illnesses achieved considerably higher, or 
“supranormal,” cardiodynamic parameters compared with 
non-survivors, multiple small studies were conducted to 
monitor and attempt to achieve supranormal levels for car-
diac index, oxygen delivery, and oxygen consumption. These 
studies showed a significant reduction in mortality for 
patients who achieved supranormal values compared to those 
who did not achieve these levels [44–49]. Large volumes of 
intravenous (iv) crystalloid were administered while attempt-
ing to achieve these supranormal values. There are published 
descriptions of infusing an average of 16–21 liters of crystal-
loid and transfusing 12–19 units of RBCs within the first 24 h 
in order to achieve these goals and an average of more than 
twice these volumes (38 liters of crystalloid and 26 units of 
RBCs) in patients who subsequently developed secondary 
abdominal compartment syndrome [50, 51]. Large-volume 
resuscitation continued at many centers despite reports of 
adverse side effects and studies rebuking the survival benefits 
of supratherapeutic resuscitation. These studies included a 
large multicenter, randomized trial published in 1995 that 
showed no advantage of instituting a protocol to achieve 
supranormal values in critically ill patients [52]. This study, 
and other smaller studies in trauma patients, attributed the 
survival advantage found in previous supratherapeutic stud-
ies to comparing the survival of the minority of patients who 
were able to achieve such supranormal values with those who 
were not able to achieve such goals [53]. It was later postu-
lated that the inability to achieve supranormal values fore-
casted a poor outcome relative to those patients who were 
able to achieve them, rather than a benefit resulting from 
treatment targeting therapeutic goals [54]. When outcomes 
for supranormal resuscitation were reviewed, it was shown to 
result in more isotonic fluid administration, decreased intes-
tinal perfusion, and an increased incidence of abdominal 
compartment syndrome, organ failure, and death [55].

At the same time studies were recognizing the adverse 
effects of large-volume crystalloid transfusion, others were 
rediscovering previous work that showed trauma and shock 
are associated with hypocoagulable states [56]. This was con-
firmed by new studies which found that a quarter of patients 
who arrived in the emergency department after severe trauma 
were coagulopathic, despite limited prehospital resuscitation 
or penetrating mechanism [57–59]. This coagulopathy was 
associated with a mortality rate three to five times greater 
than patients with normal coagulation laboratory values on 
admission [58, 60, 61]. Other groups were simultaneously 
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using mathematical modeling and retrospective data to  
determine that higher ratios of plasma to RBCs were required 
to limit coagulopathy and improve survival [62–68].

 Damage Control Resuscitation

Early in the twenty-first century, military trauma leaders 
brought together new research on bleeding to change the way 
that severely injured patients were treated during the con-
flicts in Southwest Asia. They combined the knowledge that 
many severely injured patients were coagulopathic on arrival 
and that low ratios of plasma to RBCs increased coagulopa-
thy with newly implemented changes in military prehospital 
care. These prehospital recommendations included stopping 
the bleeding with pressure or tourniquets, only providing 
enough iv fluids to titrate the patient’s mental status to base-
line (assuming no head injury) with a normal radial pulse, 
and rapid evacuation to a facility with surgical capabilities 
[31, 69, 70]. These prehospital recommendations were based 
on experience gained from previous wars, permissive hypo-
tension studies, and animal models all of which showed 
decreased bleeding and mortality with limited resuscitation 
rather than attempting to achieve normal vital signs [7, 14, 
23, 31, 71, 72]. As a result, in time for the conflicts in Iraq 
and Afghanistan, the military implemented protocols to limit 
bleeding and resuscitate to a low blood pressure with fluid 
approximating whole blood, harkening back to care provided 
during the World Wars.

This care was codified as damage control resuscitation 
(DCR) and was focused on preventing or reversing coagu-
lopathy by employing permissive hypotension, avoiding 
hypothermia, limiting crystalloids, rapidly controlling hem-
orrhage, delivering high ratios of plasma and platelets to 
approximate whole blood, and applying appropriate adjuncts 
to limit bleeding [73]. The changes in the standard of care for 
military physicians treating the severely injured paved the 
way for investigations into the outcomes of soldiers injured 
in the Middle East. The first retrospective trial looking at 
massively transfused patients in US Army combat hospitals 
who were resuscitated with a 1:1 ratio of plasma/RBC 
showed that a higher ratio of plasma to RBCs (1:1.4) was 
associated with significantly lower hemorrhage and a greater 
than 50% reduction in mortality compared to patients who 
received lower ratios of plasma to RBCs (1:8) [67]. Multiple 
subsequent retrospective trials replicated the improved out-
comes for those receiving a 1:1 ratio of plasma to RBCs in 
patients with ruptured abdominal aortic aneurysms as well as 
trauma patients in military and civilian settings [60, 74–79]. 
Similar results were also found for patients receiving 
4–9 units of blood or more than 10 units of blood in patients 
who were injured by penetrating or blunt mechanism [80–
82]. Other trials showed that including balanced ratios of 

platelets was also associated with improved survival [83–88]. 
There were also a few studies that showed no benefit with 
balanced ratios of plasma to RBCs [34, 89]. When DCR has 
been implemented for patients in hemorrhagic shock or 
undergoing damage control laparotomy, retrospective results 
have demonstrated decreased crystalloid infusion as well as 
less plasma and platelet utilization despite earlier transfu-
sions with higher initial ratios of plasma and platelets [90, 
91]. DCR has also resulted in decreased rates of abdominal 
compartment syndrome, infection, organ failure, morbidity, 
and mortality from hemorrhage despite an overall increased 
rate of trauma deaths in the United States during the same 
period [90–95].

The limitation of retrospective studies was highlighted by 
a 2009 study focused on time to transfusion for different blood 
components. Because of the significantly increased time 
required to give fresh frozen plasma (FFP) (93 min) compared 
to RBCs (18 min) when attempting to transfuse at a balanced 
ratio, those who died early were able to receive RBCs but not 
the appropriate ratio of FFP and platelets, while those who 
survived were eventually able to achieve the goal ratios, thus 
creating a survival bias [96]. As a result, the PROPPR trial 
was designed as a prospective, randomized, multicenter trial 
to evaluate the two most common resuscitation ratios [97]. 
The PROMMTT study observed transfusion practices in ten 
level 1 trauma centers and found 1:1:1 and 1:1:2 (plasma/
platelet/RBCs) were the most common resuscitative ratios 
[88]. While the PROPPR study showed no improvement in 
24-h survival for 1:1:1 v. 1:1:2, it did show a decrease in 
exsanguination as the cause of death at 24 h for higher ratios 
of plasma and platelets (9.2% 1:1:1 group v. 14.6% in 1:1:2 
group), and there was no difference in complications for the 
two groups, indicating that plasma and platelets are safe to 
transfuse in a massive transfusion (MT) protocol. There was 
also improved mortality at 3 h for the 1:1 group, which is the 
median time to hemorrhagic death and within the 6-h period 
when 85% of hemorrhagic deaths occur [94, 97–101].

 DCR Concepts

 Hypothermia

Hypothermia is common in severely injured patients because 
of exposure on the scene of the accident, during transport, 
and while being treated in the emergency department or 
operating room. It causes a coagulopathy by reducing plate-
let function and decreasing the reactions of coagulation 
enzymes and fibrinogen synthesis, thus increasing mortality 
[34, 102–106]. As a result, rewarming techniques such as 
heating blankets, body cavity lavage, and warmed iv fluids 
are important to improve coagulation and correct other 
physiology [107].
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 Limit Crystalloid

Large-volume crystalloid infusion worsens the “bloody 
vicious cycle” of coagulopathy, hypothermia, and acidosis as 
initially described 35 years ago by causing dilution of the 
clotting factors in the blood, cooling with unwarmed fluids, 
and producing a hyperchloremic metabolic acidosis from the 
isotonic fluid administration [34, 90, 108–110]. Iv fluids 
have also been shown to disrupt cellular mechanisms, result-
ing in inflammatory states that cause edema and end organ 
dysfunction [107, 111, 112]. These processes are associated 
with a plethora of complications including immune dysfunc-
tion, hyperfibrinolysis, acute respiratory distress syndrome, 
cardiac dysfunction, gastrointestinal delays, decreased 
wound healing, anastomotic leak, abdominal compartment 
syndrome, and open abdomens, all of which contribute to 
multiple organ failure and increased mortality [51, 55, 90, 
92, 113–118]. Furthermore, minimizing crystalloid infusions 
in favor of blood products for those with life-threatening 
injuries results in fewer transfusions and subsequent compli-
cations [119–121].

 Whole Blood/Plasma/Platelets

More than a million units of whole blood were transfused by 
military doctors in WWI, WWII, Korea, Vietnam, Somalia, 
Kosovo, Afghanistan, and Iraq, and it was successfully used 
in civilian trauma until it fell out of favor in the 1970s 
because it was considered to be wasteful and potentially 
unsafe [10, 11, 122, 123]. A resurgence of whole blood for 
the treatment of the most severely injured occurred during 
the recent military conflicts in the Middle East where more 
than 10,000 units were transfused to 13% of those who 
received blood products during Operation Iraqi Freedom 
[41, 122, 124]. Retrospective reviews from recent military 
conflicts have shown that warm fresh whole blood is superior 
to component therapy in massively transfused casualties 
with increased 24-h and 30-day survival [68, 125]. This is 
consistent with in vitro studies showing whole blood is more 
hemostatic, a retrospective review which found fresh whole 
blood (FWB) transfusions resulted in reduced blood loss, 
and a prospective trial that showed less transfusions of 
plasma and platelets, when patients with head injuries were 
excluded [126–128]. The reasons for the superiority of whole 
blood is that a 500-ml unit of fresh whole blood has a hema-
tocrit of 38–50%, 150,000–400,000 platelets per microliter, 
and 100% activity of clotting factors. As a comparison, 
transfusion of one unit of plasma, platelets, and RBCs results 
in 660 ml of fluid with a hematocrit of 29%, 88,000 platelets 
per microliter, and 65% coagulation factor activity with 
reduced flow characteristics and increased additives includ-
ing anticoagulants [41, 122]. Whole blood also benefits from 

full platelet activity and aggregation with one unit producing 
the hemostatic effect of ten units of platelets [122, 129, 130].

When whole blood is not available, balanced component 
transfusion practices, as adopted by the military in Iraq and 
Afghanistan, quickly spread to civilian practices throughout 
the United States and have become the standard of care as 
more than 85% of major trauma centers currently employ a 
1:1:1 ratio for MT protocols, up from just a few institutions 
a decade ago [131, 132]. The improvement that follows 
plasma transfusions in massively transfused patients is attrib-
uted to its impact on decreasing inflammation, edema, and 
vascular permeability by repairing the vascular endothelium 
tight junctions and endothelial glycocalyx as well as by 
improving platelet function and clot formation [133–135]. 
At the other end of the spectrum, plasma also decreases 
hypercoagulability by modulating thrombin generation 
[136]. One of the limiting factors in FFP administration is 
the time required to thaw the plasma. Thawed or liquid 
plasma can therefore be used in the emergency department to 
decrease the time to initial plasma transfusion, and 69% of 
Level I and II American College of Surgeons Trauma Quality 
Improvement Program (ACS TQIP) trauma centers have 
plasma immediately available for MT protocol activations 
[137]. This has been shown to allow for earlier transfusions, 
balanced resuscitation, decreased overall blood product 
transfusions, and improved mortality [138, 139].

Similar to higher ratios of transfused plasma, higher 
ratios of platelets have been correlated with improved sur-
vival in multiple studies [84, 86, 87]. This is not unexpected 
as platelet inhibition and decreased function is common in 
brain and minor trauma, even before administration of exten-
sive fluid or blood [140–142]. Initial platelet dysfunction is 
thought to result from tissue injury and shock, and it is asso-
ciated with increased morbidity and mortality [142]. Platelets 
are also known to improve wound healing, vascular integ-
rity, and immune response [87]. 79% of ACS TQIP trauma 
centers target balanced ratios of platelets to RBCs in their 
MT protocols [137].

At the end of WWII, Beecher said, “About 2.5 per cent 
(sic) of those wounded would fall into the group that is in bad 
enough condition to require special resuscitative care” [14]. 
That percentage currently holds true for civilian admissions 
with 2.6% requiring more than 10 units of blood within the 
first 6–24 h, while two to three times that percentage of 
injured military combatants will require a MT [67,84,152]. 
The mortality rates for those receiving a MT are between 20 
and 65%, but balanced ratio MT protocols have been shown 
to decrease mortality by more than 50%, when employed in 
these patients [67, 93, 143–146].

The decision to employ DCR is based on hemorrhagic 
shock or the future need for a MT, so a good way to predict 
this need is necessary for appropriate initiation. In WWII, 
Beecher used vital signs and clinical exam with increasing 
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pulse, decreasing blood pressure, and cool skin as prognosti-
cators for a blood transfusion [14]. A decade ago, the military 
showed that a physical exam could be used to reliably predict 
the need for a lifesaving intervention and that radial pulse was 
the best predictor [147]. This method was codified a few 
years later as the Field Triage Score which gives points for a 
radial pulse and a normal motor component of Glasgow 
Coma Scale to allow prehospital personnel to more accurately 
triage and treat patients in an austere environment [148]. In 
locations where more resources are available, the ABC Score 
allows for an accurate assessment of the likelihood for requir-
ing a MT by giving points for penetrating mechanism, posi-
tive Focused Assessment Sonography for Trauma (FAST), 
systolic blood pressure ≤ 90 mmHg, and an arrival heart 
rate >120 beats per minute [149]. This scoring system was 
verified in a multicenter trial and is currently being used to 
determine if blood should be given in the prehospital setting 
on civilian medical transport helicopters [150, 151].

The current practice of resuscitation for hemorrhagic 
shock differs little from the methods utilized by our surgical 
forefathers in WWI and WWII. Their concept of limited 
whole blood transfusions was developed based on treating 
vast quantities of severely bleeding men during two of the 
deadliest wars in human history. Migration away from these 
practices during the second half of the twentieth century was 
recently rejected based on experiences during more limited 
conflicts in Southwest Asia. Implementation of damage con-
trol resuscitation into civilian trauma care will result some in 
nuanced changes, but hopefully not to the degree that 
occurred previously, so we are not forced to relearn the same 
lessons again.

Acknowledgements Dr. Holcomb reports a conflict of interest as a co- 
inventor of the Junctional Emergency Treatment Tool.

References

 1. Harvey W. Exercitatio anatomica de motu cordis et sanguinis in 
animalibus. Frankfurt am Main. 1628. pt. 1. Facsimile of the origi-
nal Latin ed. (1628)-pt. 2. The English translation by Chauncey 
Depew. Springfield: Thomas; 1928.

 2. Blundell J. Some account of a case of obstinate vomiting, in which 
an attempt was made to prolong life by the injection of blood into 
the veins. Med Chir Trans. 1819;10(Pt 2):296–311.

 3. Schmidt PJ. Transfusion in America in the eighteenth and nine-
teenth centuries. N Engl J Med. 1968;279(24):1319–20.

 4. Jennings CE. The intra-venous injection of fluid for severe haem-
orrhage. Lancet. 1882;120(3081):436–7.

 5. Jennings CE. The intra-venous injection of fluid for severe haem-
orrhage. Lancet. 1883;121(3102):228–9.

 6. Pye-Smith RJ. Sheffield public hospital and dispensary: five cases 
of intravenous injection of saline fluid for haemorrhage and col-
lapse. Lancet. 1892;139(3582):913–5.

 7. Fraser J, Cowell EM. Clinical study of blood pressure in wound 
conditions. JAMA. 1918;70:520–35.

 8. Robertson OH. Transfusion with preserved red blood cells.  
Br Med J. 1918;1(2999):691.

 9. Cannon WB. Traumatic shock. New York: D. Appleton; 1923.
 10. Hess JR, Thomas MJ. Blood use in war and disaster: lessons from 

the past century. Transfusion. 2003;43(11):1622–33.
 11. Spinella PC. Warm fresh whole blood transfusion for severe hem-

orrhage: US military and potential civilian applications. Crit Care 
Med. 2008;36(7):S340–5.

 12. Wolfman EF, Neill SA, Heaps DK, Zuidema GD. Donor blood 
and isotonic salt solution. Effect on survival after hemorrhagic 
shock and operation. Arch Surg. 1963;86:869–73.

 13. Cannon WB, Fraser J, Cowell EM. The preventive treatment of 
wound shock. JAMA. 1918;70:618–21.

 14. Beecher HK. Preparation of battle casualties for surgery. Ann 
Surg. 1945;121(6):769–92.

 15. Beecher HK. Early care of the seriously wounded man. J Am Med 
Assoc. 1951;145(4):193–200.

 16. Giangrande PL. The history of blood transfusion. Br J Haematol. 
2000;100:758–67.

 17. Beecher HK. Resuscitation, and anesthesia for wounded men, the 
management of traumatic shock. Springfield: Charles C. Thomas; 
1949.

 18. Shires T, Williams J, Brown F. Acute change in extracellu-
lar fluids associated with major surgical procedures. Ann Surg. 
1961;154:803–10. PMID: 13912109.

 19. Shires T, Jackson DE. Postoperative salt tolerance. Arch Surg. 
1962;84:703–6. PMID: 13912108.

 20. Fogelman MJ, Wilson BJ. A different concept of volume replace-
ment in traumatic hypovolemia observations on injured man and 
animal. Am J Surg. 1960;99(5):694–701.

 21. Shires T, Coln D, Carrico J, Lightfoot S. Fluid therapy in hemor-
rhagic shock. Arch Surg. 1964;88:688–93.

 22. McClelland RN, Shires GT, Baxter CR, Coln CD, Carrico J.  
Balanced salt solution in the treatment of hemorrhagic shock. 
JAMA. 1967;199:830–4.

 23. Bickell WH, Wall MJ Jr, Pepe PE, Martin RR, Ginger VF,  
Allen MK, Mattox KL. Immediate versus delayed fluid resus-
citation for hypotensive patients with penetrating torso injuries.  
N Engl J Med. 1994;331(17):1105–9.

 24. Kowalenko T, Stern S, Dronen S, Wang X. Improved outcome 
with hypotensive resuscitation of uncontrolled hemorrhagic shock 
in a swine model. J Trauma Acute Care Surg. 1992;33(3):349–53.

 25. Holmes JF, Sakles JC, Lewis G, Wisner DH. Effects of delaying 
fluid resuscitation on an injury to the systemic arterial vasculature. 
Acad Emerg Med. 2002;9:267–74.

 26. Sondeen JL, Coppes VG, Holcomb JB. Blood pressure at which 
rebleeding occurs after resuscitation in swine with aortic injury. 
J Trauma Injury Infect Crit Care. 2003;54(5 suppl):S110–7.

 27. AMA Committee on Transfusion and Transplantation. Something 
old, something new. JAMA. 1970;212(1):147.

 28. Moore FD. Should blood be whole or in parts? N Engl J Med. 
1969;280(6):327–8.

 29. Westphal RG. Rational alternatives to the use of whole blood. Ann 
Intern Med. 1972;76(6):987–90.

 30. Moore FD, Shires G. Moderation. Ann Surg. 1967;166:300–1.
 31. Holcomb JB. Fluid resuscitation in modern combat casu-

alty care: lessons learned from Somalia. J Trauma. 2003;54 
(5 Suppl):S46–51. Review.

 32. Holcomb JB. Reconstitution: reverse engineering. J Trauma. 
2011;70(5 Suppl):S65–7.

 33. Sheldon GF, Lim RC, Blaisdell FW. The use of fresh blood in the 
treatment of critically injured patients. J Trauma. 1975;15:670–7.

 34. Kashuk JL, Moore EE, Millikan JS, Moore JB. Major abdominal 
vascular trauma-a unified approach. J Trauma Acute Care Surg. 
1982;22(8):672–9. RJ Lowe in Discussion.

32 Damage Control Resuscitation



342

 35. Carrico CJ, Canizaro PC, Shires GT. Fluid resuscitation following 
injury: rationale for the use of balanced salt solutions. Crit Care 
Med. 1976;4(2):46–54.

 36. Shackford SR, Virgilio RW, Peters RM. Whole blood versus 
packed-cell transfusions: a physiologic comparison. Ann Surg. 
1981;193(3):337–40.

 37. Counts RB, Haisch C, Simon TL, Maxwell NG, Heimbach DM, 
Carrico CJ. Hemostasis in massively transfused trauma patients. 
Ann Surg. 1979;190(1):91–9.

 38. Lucas CE, Ledgerwood AM. Clinical significance of altered 
coagulation tests after massive transfusion for trauma. Am Surg. 
1981;47(3):125–30.

 39. Reed RL 2nd, Ciavarella D, Heimbach DM, Baron L, Pavlin E, 
Counts RB, Carrico CJ. Prophylactic platelet administration dur-
ing massive transfusion. A prospective, randomized, double-blind 
clinical study. Ann Surg. 1986;203:40–8.

 40. Lee L, Moore EE, Hansen KC, Silliman CC, Chandler JG, 
Banerjee A. It’s not your grandfather’s field plasma. Surgery. 
2013;153(6):857–60.

 41. Spinella PC, Pidcoke HF, Strandenes G, Hervig T, Fisher A, 
Jenkins D, Yazer M, Stubbs J, Murdock A, Sailliol A, Ness 
PM. Whole blood for hemostatic resuscitation of major bleeding. 
Transfusion. 2016;56(S2):S190–202.

 42. American College of Surgeons Committee on Trauma. Advanced 
trauma life support (ATLS) student course manual. 9th ed. 
Chicago: American College of Surgeons; 2012. p. 62–81.

 43. Hewson JR, Neame PB, Kumar N, Ayrton A, Gregor P, 
Davis C, Shragge BW. Coagulopathy related to dilution and 
hypotension during massive transfusion. Crit Care Med. 
1985;13(5):387–91.

 44. Bland R, Shoemaker WC, Shabot MM. Physiologic monitor-
ing goals for the critically ill patient. Surg Gynecol Obstet. 
1978;147(6):833–41.

 45. Shoemaker WC, Appel PL, Kram HB, Waxman K, Lee TS.  
Prospective trial of supranormal values of survivors as therapeutic 
goals in high-risk surgical patients. Chest J. 1988;94(6):1176–86.

 46. Fleming A, Bishop M, Shoemaker W, Appel P, Sufficool W, 
Kuvhenguwha A, Kennedy F, Wo CJ. Prospective trial of 
supranormal values as goals of resuscitation in severe trauma.  
Arch Surg. 1992;127:1175–9. Discussion 1179–1181.

 47. Bishop MH, Wo CCJ, Appel PL, et al. Relationship between 
supranormal circulatory values, time delays, and outcome in 
severely traumatized patients. Crit Care Med. 1993;21:56–60.

 48. Boyd O, Grounds RM, Bennett ED. A randomized clinical 
trial of the effect of deliberate perioperative increase of oxy-
gen delivery on mortality in high-risk surgical patients. JAMA. 
1993;270(22):2699–707.

 49. Bishop MH, Shoemaker WC, Appel PL, Meade P, Ordog 
GJ, Wasserberger J, Wo CJ, Rimle DA, Kram HB, Umali R.  
Prospective, randomized trial of survivor values of cardiac index, 
oxygen delivery, and oxygen consumption as resuscitation end-
points in severe trauma. J Trauma. 1995;38(5):780–7.

 50. McKinley BA, Marvin RG, Cocanour CS, Marquez A, Ware 
DN, Moore FA. Blunt trauma resuscitation: the old can respond.  
Arch Surg. 2000;135(6):688–95.

 51. Balogh Z, McKinley BA, Cocanour CS, Kozar RA, Holcomb JB, 
Ware DN, Moore FA. Secondary abdominal compartment syn-
drome is an elusive early complication of traumatic shock resusci-
tation. Am J Surg. 2002;184(6):538–43; discussion 543–4.

 52. Gattinoni L, Brazzi L, Pelosi P, Latini R, Tognoni G, Pesenti A, 
Fumagalli R. A trial of goal-oriented hemodynamic therapy in 
critically ill patients. N Engl J Med. 1995;333(16):1025–32.

 53. Durham RM, Neunaber K, Mazuski JE, Shapiro MJ, Baue AE.  
The use of oxygen consumption and delivery as endpoints for 
resuscitation in critically III patients. J Trauma Acute Care Surg. 
1996;41(1):32–40.

 54. Velmahos GC, Demetriades D, Shoemaker WC, Chan LS, 
Tatevossian R, Wo CC, Vassiliu P, Cornwell EE III, Murray 
JA, Roth B, Belzberg H. Endpoints of resuscitation of critically 
injured patients: normal or supranormal?: a prospective random-
ized trial. Ann Surg. 2000;232(3):409–18.

 55. Balogh Z, McKinley BA, Cocanour CS, Kozar RA, Valdivia A, 
Sailors RM, Moore FA. Supranormal trauma resuscitation causes 
more cases of abdominal compartment syndrome. Arch Surg. 
2003;138:637–42.

 56. Simmons RL, Collins JA, Heisterkamp CA 3rd, Mills DE,  
Andren R, Phillips LL. Coagulation disorders in combat casualties, 
I: acute changes after wounding. Ann Surg. 1969;169(4):455–82.

 57. MacLeod JB, Lynn M, McKenney MG, Cohn SM, Murtha M.  
Early coagulopathy predicts mortality in trauma. J Trauma. 
2003;55(1):39–44.

 58. Brohi K, Singh J, Heron M, Coats T. Acute traumatic coagulopa-
thy. J Trauma. 2003;54:1127–30.

 59. Niles SE, McLaughlin DF, Perkins JG, Wade CE, Li Y,  
Spinella PC, Holcomb JB. Increased mortality associated with 
the early coagulopathy of trauma in combat casualties. J Trauma 
Injury Infect Crit Care. 2008;64(6):1459–63; discussion 1463–5.

 60. Gunter OL Jr, Au BK, Isbell JM, Mowery NT, Young PP,  
Cotton BA. Optimizing outcomes in damage control resuscita-
tion: identifying blood product ratios associated with improved 
survival. J Trauma Injury Infect Crit Care. 2008;65(3):527–34.

 61. Pidcoke HF, Aden JK, Mora AG, Borgman MA, Spinella PC,  
Dubick MA, Blackbourne LH, Cap AP. Ten-year analysis of transfu-
sion in Operation Iraqi Freedom and Operation Enduring Freedom: 
increased plasma and platelet use correlates with improved sur-
vival. J Trauma Acute Care Surg. 2012;73(6):S445–52.

 62. Ho AM, Dion PW, Cheng CA, Karmakar MK, Cheng G,  
Peng Z, Ng YW. A mathematical model for fresh frozen plasma 
transfusion strategies during major trauma resuscitation with 
ongoing hemorrhage. Can J Surg. 2005;48:470–8.

 63. Hirshberg A, Dugas M, Banez EI, Scott BG, Wall MJ Jr,  
Mattox KL. Minimizing dilutional coagulopathy in exsanguinat-
ing hemorrhage: a computer simulation. J Trauma Acute Care 
Surg. 2003;54(3):454–63.

 64. Ledgerwood AM, Lucas CE. A review of studies on the effects of 
hemorrhagic shock and resuscitation on the coagulation profile. J 
Trauma Acute Care Surg. 2003;54(5):S68–74.

 65. Ketchum L, Hess JR, Hiippala S. Indications for early fresh fro-
zen plasma, cryoprecipitate, and platelet transfusion in trauma. 
J Trauma. 2006;60(Suppl):S51–S8.

 66. Gonzalez EA, Moore FA, Holcomb JB, Miller CC, Kozar RA, 
Todd SR, Cocanour CS, Balldin BC, McKinley BA. Fresh frozen 
plasma should be given earlier to patients requiring massive trans-
fusion. J Trauma. 2007;62(1):112–9.

 67. Borgman MA, Spinella PC, Perkins JG, Grathwohl KW,  
Repine T, Beekley AC, Sebesta J, Jenkins D, Wade CE,  
Holcomb JB. The ratio of blood products transfused affects mor-
tality in patients receiving massive transfusions at a combat sup-
port hospital. J Trauma. 2007;63(4):805–13.

 68. Holcomb JB, Spinella PC. Optimal use of blood in trauma patients. 
Biologicals. 2010;38(1):72–7.

 69. Meredith W, Rutledge R, Hansen AR, Oller DW, Thomason M, 
Cunningham P, Baker CC. Field triage of trauma patients based 
upon the ability to follow commands: a study in 29,573 injured 
patients. J Trauma Acute Care Surg. 1995;38(1):129–35.

 70. McManus J, Yershov AL, Ludwig D, Holcomb JB, Salinas J, 
Dubick MA, Convertino VA, Hinds D, David W, Flanagan T,  
Duke JH. Radial pulse character relationships to systolic blood pres-
sure and trauma outcomes. Prehosp Emerg Care. 2005;9(4):423–8.

 71. Mabry RL, Holcomb JB, Baker AM, Cloonan CC, Uhorchak 
JM, Perkins DE, Canfield AJ, Hagmann JH. United States Army 
Rangers in Somalia: an analysis of combat casualties on an urban 
battlefield. J Trauma Acute Care Surg. 2000;49(3):515–29.

K. J. Kalkwarf and J. B. Holcomb



343

 72. Burris D, Rhee P, Kaufmann C, Pikoulis E, Austin B, Eror A, 
DeBraux S, Guzzi L, Leppäniemi A. Controlled resuscitation for 
uncontrolled hemorrhagic shock. J Trauma. 1999;46:216–23.

 73. Holcomb JB, Jenkins D, Rhee P, Johannigman J, Mahoney P, 
Mehta S, Cox ED, Gehrke MJ, Beilman GJ, Schreiber M, 
Flaherty SF. Damage control resuscitation: directly addressing 
the early coagulopathy of trauma. J Trauma Acute Care Surg. 
2007;62(2):307–10.

 74. Johansson PI, Stensballe J, Rosenberg I, Hilsløv TL, Jørgensen L, 
Secher NH. Proactive administration of platelets and plasma for 
patients with a ruptured abdominal aortic aneurysm: evaluating a 
change in transfusion practice. Transfusion. 2007;47(4):593–8.

 75. Spinella PC, Perkins JG, Grathwohl KW, Beekley AC, Niles SE, 
McLaughlin DF, Wade CE, Holcomb JB. Effect of plasma and red 
blood cell transfusions on survival in patients with combat related 
traumatic injuries. J Trauma. 2008;64(2 Suppl):S69–77; discus-
sion S77–8.

 76. Duchesne JC, Hunt JP, Wahl G, Marr AB, Wang YZ,  
Weintraub SE, Wright MJ, McSwain NE Jr. Review of current 
blood transfusions strategies in a mature level I trauma center: 
were we wrong for the last 60 years. J Trauma. 2008;65:272–6. 
Discussion 276–278.

 77. Maegele M, Lefering R, Paffrath T, Tjardes T, Simanski C, 
Bouillon B. Working Group on Polytrauma of the German Society 
of Trauma Surgery (DGU). Red-blood-cell to plasma ratios trans-
fused during massive transfusion are associated with mortality in 
severe multiple injury: a retrospective analysis from the Trauma 
Registry of the Deutsche Gesellschaft für Unfallchirurgie. Vox 
Sang. 2008;95(2):112–9.

 78. Teixeira PG, Inaba K, Shulman I, Salim A, Demetriades D,  
Brown C, Browder T, Green D, Rhee P. Impact of plasma trans-
fusion in massively transfused trauma patients. J Trauma Injury 
Infect Crit Care. 2009;66(3):693–7.

 79. Brown LM, Aro SO, Cohen MJ, Trauma Outcomes Group, 
Holcomb JB, Wade CE, Brasel KJ, Vercruysse G, MacLeod 
J, Dutton RP, Hess JR, Duchesne JC, McSwain NE, Muskat P, 
Johannigamn J, Cryer HM, Tillou A, Pittet JF, Knudson P, De 
Moya MA, Schreiber MA, Tieu B, Brundage S, Napolitano LM, 
Brunsvold M, Sihler KC, Beilman G, Peitzman AB, Zenait MS, 
Sperry J, Alarcon L, Croce MA, Minei JP, Kozar R, Gonzalez 
EA, Stewart RM, Cohn SM, Mickalek JE, Bulger EM, Cotton 
BA, Nunez TC, Ivatury R, Meredith JW, Miller P, Pomper GJ, 
Marin B. A high fresh frozen plasma: packed red blood cell trans-
fusion ratio decreases mortality in all massively transfused trauma 
patients regardless of admission international normalized ratio. 
J Trauma. 2011;71(2 Suppl 3):S358–63.

 80. Wafaisade A, Maegele M, Lefering R, Braun M, Peiniger S, 
Neugebauer E, Bouillon B, Trauma Registry of DGU. High 
plasma to red blood cell ratios are associated with lower mortality 
rates in patients receiving multiple transfusion (4≤ red blood cell 
units< 10) during acute trauma resuscitation. J Trauma Acute Care 
Surg. 2011;70(1):81–9.

 81. Rowell SE, Barbosa RR, Diggs BS, Schreiber MA, Trauma 
Outcomes Group, Holcomb JB, Wade CE, Brasel KJ, Vercruysse 
G, MacLeod J, Dutton RP, Hess JR, Duchesne JC, McSwain NE, 
Muskat P, Johannigamn J, Cryer HM, Tillou A, Cohen MJ, Pittet 
JF, Knudson P, De Moya MA, Schreiber MA, Tieu B, Brundage 
S, Napolitano LM, Brunsvold M, Sihler KC, Beilman G, 
Peitzman AB, Zenait MS, Sperry J, Alarcon L, Croce MA, Minei 
JP, Kozar R, Gonzalez EA, Stewart RM, Cohn SM, Mickalek 
JE, Bulger EM, Cotton BA, Nunez TC, Ivatury R, Meredith JW, 
Miller P, Pomper GJ, Marin B. Effect of high product ratio massive  
transfusion on mortality in blunt and penetrating trauma patients. 
J Trauma. 2011;71(2 Suppl 3):S353–7.

 82. Sperry JL, Ochoa JB, Gunn SR, Alarcon LH, Minei JP,  
Cuschieri J, Rosengart MR, Maier RV, Billiar TR, Peitzman AB,  
Moore EE, Inflammation the Host Response to Injury 
Investigators. An FFP:PRBC transfusion ratio >/=1:1.5 is asso-
ciated with a lower risk of mortality after massive transfusion. 
J Trauma. 2008;65:986.

 83. Holcomb JB, Wade CE, Michalek JE, Chisholm GB,  
Zarzabal LA, Schreiber MA, Gonzalez EA, Pomper GJ,  
Perkins JG, Spinella PC, Williams KL, Park MS. Increased 
plasma and platelet to red blood cell ratios improves outcome 
in 466 massively transfused civilian trauma patients. Ann Surg. 
2008;248(3):447–58.

 84. Perkins JG, Cap AP, Spinella PC, Blackbourne LH,  
Grathwohl KW, Repine TB, Ketchum L, Waterman P, Lee RE, 
Beekley AC, Sebesta JA, Shorr AF, Wade CE, Holcomb JB. An 
evaluation of the impact of apheresis platelets used in the setting of 
massively transfused trauma patients. J Trauma. 2009;66:S77–85.

 85. Zink KA, Sambasivan CN, Holcomb JB, Chisholm G,  
Schreiber MA. A high ratio of plasma and platelets to packed red 
blood cells in the first 6 hours of massive transfusion improves out-
comes in a large multicenter study. Am J Surg. 2009;197(5):565–
70; discussion 570.

 86. Inaba K, Lustenberger T, Rhee P, Holcomb JB, Blackbourne LH, 
Shulman I, Nelson J, Talving P, Demetriades D. The impact of 
platelet transfusion in massively transfused trauma patients. J Am 
Coll Surg. 2010;211:573–9.

 87. Holcomb JB, Zarzabal LA, Michalek JE, Kozar RA, Spinella 
PC, Perkins JG, Matijevic N, Dong JF, Pati S, Wade CE, Trauma 
Outcomes Group, Holcomb JB, Wade CE, Cotton BA, Kozar RA, 
Brasel KJ, Vercruysse GA, MacLeod JB, Dutton RP, Hess JR, 
Duchesne JC, McSwain NE, Muskat PC, Johannigamn JA, Cryer 
HM, Tillou A, Cohen MJ, Pittet JF, Knudson P, DeMoya MA, 
Schreiber MA, Tieu BH, Brundage SI, Napolitano LM, Brunsvold 
ME, Sihler KC, Beilman GJ, Peitzman AB, Zenati MS, Sperry 
JL, Alarcon LH, Croce MA, Minei JP, Steward RM, Cohn SM, 
Michalek JE, Bulger EM, Nunez TC, Ivatury RR, Meredith JW, 
Miller PR, Pomper GJ, Marin B. Increased platelet:RBC ratios 
are associated with improved survival after massive transfusion. 
J Trauma. 2011;71(2 Suppl 3):S318–28.

 88. Holcomb JB, del Junco DJ, Fox EE, Wade CE, Cohen MJ, 
Schreiber MA, Alarcon LH, Bai Y, Brasel KJ, Bulger EM,  
Cotton BA, Matijevic N, Muskat P, Myers JG, Phelan HA,  
White CE, Zhang J, Rahbar MH, PROMMTT Study Group.  
The prospective, observational, multicenter, major trauma 
transfusion (PROMMTT) study: comparative effectiveness of 
a time-varying treatment with competing risks. JAMA Surg. 
2013;148(2):127–36.

 89. Scalea TM, Bochicchio KM, Lumpkins K, Hess JR, Dutton R, 
Pyle A, Bochicchio GV. Early aggressive use of fresh frozen 
plasma does not improve outcome in critically injured trauma 
patients. Ann Surg. 2008;248:578.

 90. Cotton BA, Reddy N, Hatch QM, LeFebvre E, Wade CE,  
Kozar RA, Gill BS, Albarado R, McNutt MK, Holcomb JB.  
Damage control resuscitation is associated with a reduc-
tion in resuscitation volumes and improvement in survival 
in 390 damage control laparotomy patients. Ann Surg. 
2011;254(4):598–605.

 91. Joseph B, Azim A, Zangbar B, Bauman ZM, O’Keeffe T,  
Ibraheem K, Kulvatunyou N, Tang A, Latifi R, Rhee P. Improving 
mortality in trauma laparotomy through the evolution of damage 
control resuscitation: analysis of 1,030 consecutive trauma lapa-
rotomies. J Trauma Acute Care Surg. 2016;82:328–33.

 92. Hatch QM, Osterhout LM, Podbielski J, Kozar RA, Wade CE, 
Holcomb JB, Cotton BA. Impact of closure at the first take back: 

32 Damage Control Resuscitation



344

complication burden and potential overutilization of damage con-
trol laparotomy. J Trauma. 2011;71(6):1503–11.

 93. Cotton BA, Au BK, Nunez TC, Gunter OL, Robertson AM,  
Young PP. Predefined massive transfusion protocols are associated 
with a reduction in organ failure and postinjury complications. 
J Trauma. 2009;66:41–8; discussion 48–49.

 94. Oyeniyi BT, Fox EE, Scerbo M, Tomasek JS, Wade CE,  
Holcomb JB. Trends in 1029 trauma deaths at a level 1 trauma 
center: impact of a bleeding control bundle of care. Injury. 
2016;48:5–12.

 95. Rhee P, Joseph B, Pandit V, Aziz H, Vercruysse G, Kulvatunyou N, 
Friese RS. Increasing trauma deaths in the United States. Ann Surg. 
2014;260(1):13–21.

 96. Snyder CW, Weinberg JA, McGwin G Jr, Melton SM,  
George RL, Reiff DA, Cross JM, Hubbard-Brown J, Rue LW 3rd, 
Kerby JD. The relationship of blood product ratio to mortality: 
survival benefit or survival bias. J Trauma Injury Infect Crit Care. 
2009;66(2):358–62.

 97. Holcomb JB, Tilley BC, Baraniuk S, Fox EE, Wade CE, 
Podbielski JM, del Junco DJ, Brasel KJ, Bulger EM, Callcut RA, 
Cohen MJ, Cotton BA, Fabian TC, Inaba K, Kerby JD, Muskat P, 
O'Keeffe T, Rizoli S, Robinson BR, Scalea TM, Schreiber MA, 
Stein DM, Weinberg JA, Callum JL, Hess JR, Matijevic N, Miller 
CN, Pittet JF, Hoyt DB, Pearson GD, Leroux B, van Belle G, 
PROPPR Study Group. Transfusion of plasma, platelets, and red 
blood cells in a 1:1:1 vs a 1:1:2 ratio and mortality in patients with 
severe trauma: the PROPPR randomized clinical trial. JAMA. 
2015;313(5):471–82.

 98. Demetriades D, Murray J, Charalambides K, Alo K, Velmahos G, 
Rhee P, Chan L. Trauma fatalities: time and location of hospital 
deaths. J Am Coll Surg. 2004;198(1):20–6.

 99. Demetriades D, Kimbrell B, Salim A, Velmahos G, Rhee P, 
Preston C, Gruzinski G, Chan L. Trauma deaths in a mature urban 
trauma system: is “trimodal” distribution a valid concept? J Am 
Coll Surg. 2005;201(3):343–8.

 100. Tisherman SA, Schmicker RH, Brasel KJ, Bulger EM, Kerby JD, 
Minei JP, Powell JL, Reiff DA, Rizoli SB, Schreiber MA. Detailed 
description of all deaths in both the shock and traumatic brain 
injury hypertonic saline trials of the Resuscitation Outcomes 
Consortium. Ann Surg. 2015;261(3):586–90.

 101. Fox EE, Holcomb JB, Wade CE, Bulger EM, Tilley BC. PROPPR 
Study Group. Earlier endpoints are required for hemor-
rhagic shock trials among severely injured patients. Shock. 
2017;47(5):567–73.

 102. Hess JR, Holcomb JB. Transfusion practice in military trauma. 
Transfus Med. 2008;18(3):143–50.

 103. Martini WZ, Holcomb JB. Acidosis and coagulopathy: the dif-
ferential effects on fibrinogen synthesis and breakdown in pigs.  
Ann Surg. 2007;246(5):831–5.

 104. Jurkovich GJ, Greiser WB, Luterman A, Curreri PW. Hypothermia 
in trauma victims: an ominous predictor of survival. J Trauma. 
1987;27(9):1019–24.

 105. Ferrara A, MacArthur JD, Wright HK, Modlin IM, McMillen MA.  
Hypothermia and acidosis worsen coagulopathy in the patient 
requiring massive transfusion. Am J Surg. 1990;160:515–8.

 106. Cosgriff NM, Ernest E, Sauaia A, Kenny-Moynihan M,  
Burch JM, Galloway B. Predicting life-threatening coagulopa-
thy in the massively transfused patient: hypothermia and acidosis 
revisited. J Trauma Injury Infect Crit Care. 1997;42(5):857–62.

 107. Duchesne JC, Kimonis K, Marr AB, Rennie KV, Wahl G,  
Wells JE, Islam TM, Meade P, Stuke L, Barbeau JM, Hunt JP, 
Baker CC, McSwain NE Jr. Damage control resuscitation in com-
bination with damage control laparotomy: a survival advantage. 
J Trauma. 2010;69:46–52.

 108. Maegele M, Lefering R, Yucel N, Tjardes T, Rixen D, Paffrath T, 
Simanski C, Neugebauer E, Bouillon B. AG Polytrauma of the 

German Trauma Society (DGU). Early coagulopathy in multiple 
injury: an analysis from the German Trauma Registry on 8724 
patients. Injury. 2007;38:298.

 109. Tieu BH, Holcomb JB, Schreiber MA. Coagulopathy: its patho-
physiology and treatment in the injured patient. World J Surg. 
2007;31:1055–64.

 110. Myburgh JA, Mythen MG. Resuscitation fluids. N Engl J Med. 
2013;369:1243–51.

 111. Feinman M, Cotton BA, Haut ER. Optimal fluid resuscita-
tion in trauma: type, timing, and total. Curr Opin Crit Care. 
2014;20(4):366–72.

 112. Shah SK, Uray KS, Stewart RH, Laine GA, Cox CS. Resuscitation- 
induced intestinal edema and related dysfunction: state of the sci-
ence. J Surg Res. 2011;166(1):120–30.

 113. Cotton BA, Guy JS, Morris JA Jr, Abumrad NA. The cellular, 
metabolic, and systemic consequences of aggressive fluid resus-
citation strategies. Shock. 2006;26:115–21.

 114. Cotton BA, Harvin JA, Kostousouv V, Minei KM, Radwan ZA, 
Schöchl H, Wade CE, Holcomb JB, Matijevic N. Hyperfibrinolysis 
at admission is an uncommon but highly lethal event associated 
with shock and prehospital fluid administration. J Trauma Acute 
Care Surg. 2012;73(2):365–70; discussion 370.

 115. Brandstrup B, Tønnesen H, Beier-Holgersen R, Hjortsø E,  
Ørding H, Lindorff-Larsen K, Rasmussen MS, Lanng C, Wallin L, 
Iversen LH, Gramkow CS. Effects of intravenous fluid restriction 
on postoperative complications: comparison of two perioperative 
fluid regimens: a randomized assessor-blinded multicenter trial. 
Ann Surg. 2003;238(5):641.

 116. Lobo DN, Bostock KA, Neal KR, Perkins AC, Rowlands BJ, 
Allison SP. Effect of salt and water balance on recovery of gastro-
intestinal function after elective colonic resection: a randomized 
control trial. Lancet. 2002;359:1812–8.

 117. Schnüriger B, Inaba K, Wu T, Eberle BM, Belzberg H, 
Demetriades D. Crystalloids after primary colon resection and 
anastomosis at initial trauma laparotomy: excessive volumes are 
associated with anastomotic leakage. J Trauma Acute Care Surg. 
2011;70(3):603–10.

 118. Ley EJ, Clond MA, Srour MK, Barnajian M, Mirocha J,  
Margulies DR, Salim A. Emergency department crystalloid resus-
citation of 1.5 L or more is associated with increased mortality in 
elderly and nonelderly trauma patients. J Trauma. 2011;70:398–400.

 119. Spinella PC, Perkins JG, Grathwohl KW, Repine T, Beekley AC, 
Sebesta J, Jenkins D, Azarow K, Holcomb JB, 31st CSH Research 
Working Group. Fresh whole blood transfusions in coalition 
military, foreign national, and enemy combatant patients during 
Operation Iraqi Freedom at a US combat support hospital. World 
J Surg. 2008;32(1):2–6.

 120. Duchesne JC, Heaney J, Guidry C, McSwain N Jr, Meade P, 
Cohen M, Schreiber M, Inaba K, Skiada D, Demetriades D, 
Holcomb J. Diluting the benefits of hemostatic resuscita-
tion: a multi- institutional analysis. J Trauma Acute Care Surg. 
2013;75(1):76–82.

 121. Shrestha B, Holcomb JB, Camp EA, Del Junco DJ, Cotton BA, 
Albarado R, Gill BS, Kozar RA, Kao LS, McNutt MK, Moore LJ, 
Love JD, Tyson GH 3rd, Adams PR, Khan S, Wade CE. Damage- 
control resuscitation increases successful nonoperative manage-
ment rates and survival after severe blunt liver injury. J Trauma 
Acute Care Surg. 2015;78(2):336–41.

 122. Kauvar DS, Holcomb JB, Norris GC, Hess JR. Fresh whole 
blood transfusion: a controversial military practice. J Trauma. 
2006;61(1):181–4.

 123. Murdock AD, BersÈus O, Hervig T, Strandenes G, Lunde 
TH. Whole blood: the future of traumatic hemorrhagic shock 
resuscitation. Shock. 2014;41:62–9.

 124. Holcomb JB. Damage control resuscitation. J Trauma. 2007;62 
(6 Suppl):S36–7. Review.

K. J. Kalkwarf and J. B. Holcomb



345

 125. Spinella PC, Perkins JG, Grathwohl KW, Beekley AC,  
Holcomb JB. Warm fresh whole blood is independently associ-
ated with improved survival for patients with combat-related 
traumatic injuries. J Trauma Injury Infect Crit Care. 2009;66 
(4 Suppl):S69–76.

 126. Golan M, Modan M, Lavee J, Martinowitz U, Savion N,  
Goor DA, Mohr R. Transfusion of fresh whole blood stored 
(4 degrees C) for short period fails to improve platelet 
aggregation on extracellular matrix and clinical hemostasis 
after cardiopulmonary bypass. J Thorac Cardiovasc Surg. 
1990;99(2):354–60.

 127. Erber WN, Tan J, Grey D, Lown JA. Use of unrefrigerated fresh 
whole blood in massive transfusion. Med J Aust. 1996;165:11–3.

 128. Cotton BA, Podbielski J, Camp E, Welch T, del Junco D, Bai Y,  
Hobbs R, Scroggins J, Hartwell B, Kozar RA, Wade CE,  
Holcomb JB, Early Whole Blood Investigators. A randomized 
controlled pilot trial of modified whole blood versus compo-
nent therapy in severely injured patients requiring large vol-
ume transfusions. Ann Surg. 2013;258(4):527–32; discussion 
532–3.

 129. Repine TB, Perkins JG, Kauvar DS, Blackborne L. The use of 
fresh whole blood in massive transfusion. J Trauma Injury Infect 
Crit Care. 2006;60(6 suppl):S59–69.

 130. Nepstad I, Reikvam H, Strandenes G, Hess JR, Apelseth TO, 
Hervig TA. Comparison of in vitro responses to fresh whole blood 
and reconstituted whole blood after collagen stimulation. Blood 
Transfus. 2014;12(1):50.

 131. Hess JR, Holcomb JB. Resuscitating PROPPRly. Transfusion. 
2015;55(6):1362–4.

 132. Malone DL, Hess JR, Fingerhut A. Massive transfusion practices 
around the globe and a suggestion for a common massive transfu-
sion protocol. J Trauma. 2006;60(6 Suppl):S91–6.

 133. Pati S, Matijevic N, Doursout MF, Ko T, Cao Y, Deng X,  
Kozar RA, Hartwell E, Conyers J, Holcomb JB. Protective effects 
of fresh frozen plasma on vascular endothelial permeability, coag-
ulation, and resuscitation after hemorrhagic shock are time depen-
dent and diminish between days 0 and 5 after thaw. J Trauma. 
2010;69(Suppl 1):S55–63.

 134. Watson JJ, Pati S, Schreiber MA. Plasma transfusion: history, cur-
rent realities, and novel improvements. Shock. 2016;46(5):468–79.

 135. Sillesen M, Johansson PI, Rasmussen LS, Jin G, Jepsen CH,  
Imam A, Hwabejire JO, Deperalta D, Duggan M, Velmahos GC, 
Alam HB. Fresh frozen plasma resuscitation attenuates plate-
let dysfunction compared with normal saline in a large ani-
mal model of multisystem trauma. J Trauma Acute Care Surg. 
2014;76(4):998–1007.

 136. Cardenas JC, Cap AP, Swartz MD, Huby Mdel P, Baer LA, 
Matijevic N, Cotton BA, Holcomb JB, Wade CE. Plasma resusci-
tation promotes coagulation homeostasis following shock-induced 
hypercoagulability. Shock. 2016;45(2):166–73.

 137. Camazine MN, Hemmila MR, Leonard JC, Jacobs RA,  
Horst JA, Kozar RA, Bochicchio GV, Nathens AB, Cryer HM, 
Spinella PC. Massive transfusion policies at trauma centers 
participating in the American College of Surgeons Trauma 

Quality Improvement Program. J Trauma Acute Care Surg. 
2015;78(6):S48–53.

 138. Radwan ZA, Bai Y, Matijevic N, del Junco DJ, McCarthy JJ, 
Wade CE, Holcomb JB, Cotton BA. An emergency department 
thawed plasma protocol for severely injured patients. JAMA Surg. 
2013;148(2):170–5.

 139. Holcomb JB, Pati S. Optimal trauma resuscitation with plasma 
as the primary resuscitative fluid: the surgeon's perspective. 
Hematology Am Soc Hematol Educ Program. 2013;2013:656–9.

 140. Jacoby RC, Owings JT, Holmes J, Battistella FD, Gosselin RC, 
Paglieroni TG. Platelet activation and function after trauma. 
J Trauma. 2001;51:639–47.

 141. Sirajuddin S, Valdez C, DePalma L, Maluso P, Singhal R, 
Schroeder M, Sarani B. Inhibition of platelet function is com-
mon following even minor injury. J Trauma Acute Care Surg. 
2016;81(2):328–32.

 142. Wohlauer MV, Moore EE, Thomas S, Sauaia A, Evans E, Harr J, 
Silliman CC, Ploplis V, Castellino FJ, Walsh M. Early platelet 
dysfunction: an unrecognized role in the acute coagulopathy of 
trauma. J Am Coll Surg. 2012;214(5):739–46.

 143. Como JJ, Dutton RP, Scalea TM, Edelman BB, Hess JR. Blood 
transfusion rates in the care of acute trauma. Transfusion. 
2004;44(6):809–13.

 144. Perkins JG, Schreiber MA, Wade CE, Holcomb JB. Early versus 
late recombinant factor VIIa in combat trauma patients requiring 
massive transfusion. J Trauma. 2007;62(5):1095–9.

 145. Biffl WL, Smith WR, Moore EE, Gonzalez RJ, Morgan SJ, 
Hennessey T, Offner PJ, Ray CE Jr, Franciose RJ, Burch 
JM. Evolution of a multidisciplinary clinical pathway for the 
management of unstable patients with pelvic fractures. Ann Surg. 
2001;233(6):843–50.

 146. Riskin DJ, Tsai TC, Riskin L, Hernandez-Boussard T, Purtill M, 
Maggio PM, Spain DA, Brundage SI. Massive transfusion proto-
cols: the role of aggressive resuscitation versus product ratio in 
mortality reduction. J Am Coll Surg. 2009;209:198–205.

 147. Holcomb JB. Manual vital signs reliably predict need for lifesav-
ing interventions in trauma patients. J Trauma. 2005;59:821–9.

 148. Eastridge BJ, Butler F, Wade CE, Holcomb JB, Salinas J, 
Champion HR, Blackbourne LH. Field triage score (FTS) in bat-
tlefield casualties: validation of a novel triage technique in a com-
bat environment. Am J Surg. 2010;200(6):724–7; discussion 727.

 149. Nunez TC, Voskresensky IV, Dossett LA, Shinall R, Dutton WD, 
Cotton BA. Early prediction of massive transfusion in trauma: 
simple as ABC (assessment of blood consumption). J Trauma. 
2009;66:346.

 150. Cotton BA, Dosseett LA, Haut EH, Shafi S, Nunez TC, Au BK, 
Zaydfudim V, Johnston M, Arbogast P, Young PP. Multicenter 
validation of a simplified score to predict massive transfusion in 
trauma. J Trauma. 2010;69:S33–9.

 151. Holcomb JB, Donathan DP, Cotton BA, Del Junco DJ,  
Brown G, Wenckstern TV, Podbielski JM, Camp EA, Hobbs R, 
Bai Y, Brito M, Hartwell E, Duke JR, Wade CE. Prehospital trans-
fusion of plasma and red blood cells in trauma patients. Prehosp 
Emerg Care. 2015;19(1):1–9. Epub 2014 Jun 16.

32 Damage Control Resuscitation



347© Springer International Publishing AG, part of Springer Nature 2018
A. Salim et al. (eds.), Surgical Critical Care Therapy, https://doi.org/10.1007/978-3-319-71712-8_33

Anticoagulants and Antiplatelet Agents

Dave D. Paskar and Sandro B. Rizoli

 Diagnosis of Active Anticoagulation/
Antiplatelet Therapy

Detection of active anticoagulation or antiplatelet therapy in 
the awake and oriented patient is, ideally, straightforward: 
asking the patient if they are on any such agent and, if so, 
when it was last taken and what the indication for the therapy 
is. Recall may be prompted by naming common agents for 
the patient. In the obtund patient, the detection of these 
agents can be more difficult. Possible confirmation strategies 
include family inquisition, review of medical records, medi-
cal condition/medication notification jewelry (i.e., 
MedicAlert © bracelets), and inquiry into drug insurance and 
commercial pharmacy databases.

If direct confirmation is not possible, certain patient and 
clinical factors may suggest that antiplatelet or anticoagulant 
agents may be present. For example, elderly patients are 
more likely to be on these agents than younger individuals. 
Patients in atrial fibrillation in the trauma bay and/or those 
with seemingly inappropriate bradycardia (suggesting beta 
blockade) also have a higher likelihood of being anticoagu-
lated for stroke prevention (in light of atrial fibrillation).

Finally, depending on the specific agent, laboratory inves-
tigations ordered in the acute trauma setting may help in sug-
gesting the presence of anticoagulant or antiplatelet 
medications. However, confirmatory drug detection assays 
are not typically available in trauma care environments. 
Laboratory investigations are only reliable for suggesting the 
presence of these medications early in the immediate post- 
injury period, before hemorrhagic consumption and/or acute 
traumatic coagulopathy result in abnormal values, indepen-
dent of anticoagulant medications.

Prothrombin time (PT) (measured by INR – international 
normalized ratio), which assesses the vitamin K-dependent 
extrinsic clotting pathway, is elevated (2.0 or higher; normal 
0.9–1.2) in a calibrated fashion in patients undergoing warfa-
rin therapy. PT is also often elevated in patients receiving 
direct oral anticoagulants (DOACs) such as dabigatran 
(Pradaxa ©), albeit in a non-calibrated (“qualitatively ele-
vated”), and thus unreliable, manner [1]. PT is also elevated 
in patients with liver disease with synthetic dysfunction and 
other medical conditions. Partial thromboplastin time (PTT), 
which measures the intrinsic clotting pathway, is usually 
elevated in patients undergoing most forms of anticoagula-
tion, including DOACs, and unfractionated and low- 
molecular- weight heparin. Furthermore, PT and PTT may be 
of limited clinical utility as they represent measurements of 
only portions of the overall coagulation process.

Antiplatelet agents such as clopidogrel (Plavix ©) and 
acetylsalicylic acid (ASA; Aspirin ©) inhibit platelet func-
tion rather than synthesis, and as such, platelet counts as part 
of a complete blood count (CBC) are not helpful in the detec-
tion of these agents as total platelet counts are typically nor-
mal in these patients. Specific assays of platelet function 
exist, but are not rapidly available in the trauma setting, but 
may be employed as the resuscitation enters the operative 
and critical care environments.

Finally, “traditional” lab tests such as INR/PTT and CBC 
are often slow to return results, further contributing to their lim-
ited utility in detecting the presence of anticoagulant or anti-
platelet medications. Point-of-care tests of whole blood clotting 
activity are being increasingly employed in acute care environ-
ments due to their rapidity and perceived external validity.

Activated clotting time (ACT) testing simply measures 
time to whole blood clotting. While simple to interpret, ACT 
provides one value that may be lengthened by any of a host 
of sources of coagulopathy (i.e., thrombocytopenia, hemo-
philia) and thus does not provide insight into the specific 
cause of coagulopathy, only confirming that it is present. On 
the other hand, viscoelastic tests, such as rotational 
 thromboelastometry (ROTEM ©), are dynamic whole blood 
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assays which distinguish and characterize different phases of 
the clotting process by measuring different parameters: clot 
initiation (clotting time), propagation (alpha angle), mainte-
nance (amplitude), and destruction (lysis) [14] (Fig. 33.1a).

As such, these tests are able to provide additional insight 
into the cause(s) of coagulopathy, including the possible 
activity of pro-bleeding medications, information which is 
not available from traditional hematological tests, or 
ACT. An isolated delay in clot initiation (lengthened clotting 
time) is a product of inhibited or depleted clotting factors, 
and in the appropriate clinical context, is suggestive of the 
presence of anticoagulant therapy (Fig. 33.1b). Impaired clot 
propagation (reduced alpha angle) and reduced amplitude 
suggests a deficiency of the raw materials that make up phys-
ical clot, which include fibrin (fibrinogen) and activated 
platelets (Fig.  33.1c). In the setting of a patient with such 
ROTEM © characteristics but normal fibrinogen and platelet 
counts, the possibility of inhibited platelet function should 
be considered. Our institution routinely performs ROTEM © 
on all trauma patients as part of their initial bloodwork panel.

 Management of Anticoagulant/Antiplatelet 
Agents in the Setting of Acute Trauma

The management of acute trauma patients with known or pos-
sible anticoagulant or antiplatelet therapy starts with adher-
ence to good trauma care principles (i.e. ATLS), the 
aforementioned efforts to diagnose or suspect the presence of 
these agents, preventing exacerbation of coagulopathy by 
other sources such as hypothermia, and, where possible, 
expedited surgical control of anatomical bleeding. In regard 
to the latter, we have a lower injury severity (grade) threshold 
for triggering operative management of solid organ injuries 
(i.e., liver and spleen) in initially hemodynamically stable 
patients on nonreversible anticoagulant or antiplatelet agents.

It is our routine practice to administer tranexamic acid 
(TXA) to all patients with suspected bleeding, especially 
those with active nonreversible anticoagulant and antiplate-
let therapy (two 1 gram boluses, with additional amounts in 
patients with suspected hyperfibrinolysis) [5]. Discussion of 
the management of specific agents follows.

 Antiplatelet Agents

The common antiplatelet agents, ASA and clopidogrel, irre-
versibly inhibit the function of platelets, and as such, effects 
of these medications persists for the life span of individual 
platelets (up to 9  days). Moreover, these medications will 
also similarly inhibit any transfused platelets that are admin-
istered in response to bleeding while these agents are still 
active (up to 30 h for both agents). Since these agents do not 

currently have reversal agents, their presence potentially rep-
resents a significant problem for affected patients with trau-
matic bleeding and their care providers [13].

Historically, platelet transfusion was advised for these 
patients as this results in temporary increases in circulating 
activated platelets [16]. However, recent RCT evidence 
regarding the use of platelet transfusion in the setting of 
clopidogrel-treated patients with spontaneous (nontrau-
matic) intracerebral hemorrhage demonstrated increased 
harm relative to standard care alone [3], further casting doubt 
on the role of platelet transfusion in the trauma patient on 
clopidogrel, although this, overall, remains an unanswered 
question. Our practice is to urgently consult with our transfu-
sion medicine (hematology) colleagues and consider transfu-
sion depending on the severity of bleeding and time since the 
last ingestion of the antiplatelet agent.

Another described maneuver is the administration of syn-
thetic vasopressin (desmopressin [ddAVP]) which stimulates 
the release of von Willebrand factor, hypothetically improving 
the aggregation of any non-inhibited platelets  [7]. However, 
the clinical data supporting this intervention is lacking [16].

 Warfarin

Warfarin remains the most commonly prescribed anticoagu-
lant agent, although it is losing ground to the DOACs [10]. 
One of its persisting appeals has been the drug’s ability to be 
rapidly reversed with prothrombin complex concentrates 
(PCCs) (i.e., Octaplex ©). However, a growing number of 
the DOACs now have reversal agents, and furthermore, there 
is increasing evidence in trauma that warfarin results in 
equivalent or even poorer outcomes relative to the DOACs 
despite its potentially more robust reversibility profile 
(awareness and availability of its reversal agent) [6, 9, 12].

Warfarin works via inhibition of vitamin K reactivation 
that is required for the clotting function of numerous clotting 
factors. As such, the foundation of its reversal is the admin-
istration of supplemental vitamin K (phytomenadione), 
which when appropriately dosed according to the patient’s 
INR, will reverse the effect of warfarin within 6–12 h as the 
liver generates vitamin K-dependent clotting factors. 
Obviously, this time frame is inadequate for acute trauma 
management, and direct replacement of vitamin K-dependent 
clotting factors is also needed. Historically, this was via the 
administration of fresh frozen plasma (FFP). However, this 
has been replaced in the recent era by the PCCs which have 
been shown to reverse warfarin faster, more cost-effectively, 
completely, and safely than the administration of FFP [11] 
and, thus, are the standard of care for this purpose. We 
administer PCC to potentially bleeding trauma patients with 
known or suspected warfarin use at a dose of 50  U/kg 
 intravenously (IV) in conjunction with a 5–10 mg dose of 
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vitamin K. (The latter is still required as some of the ele-
ments of PCC have a shorter half-life than warfarin). If a 
PCC is not available, FFP is advised: 2 units for INR 1.6–2.0 
and 4 units for INR greater than 2.0. The predominant acute 
complication of FFP (versus PCC) is volume overload. (The 
role of FFP for reversal of pre-existing coagulopathy in 
trauma should now be isolated to the sole indication to that 
resulting from liver dysfunction.)

 Dabigatran

Dabigatran is a DOAC and thus acts via direct inhibition of 
thrombin. A monoclonal antibody reversal agent for this 
medication has been developed and has recently achieved 
full approval for use in most jurisdictions. This agent, idaru-
cizumab (Praxbind ©), achieves full reversal of dabigatran 
in the matter of minutes [15] and, as such, is the standard of 
care for this indication.

If not available, other less optimal reversal strategies 
include hemodialysis, which is typically impractical for use 
in acute trauma, and PCCs, which do not reverse as rapidly 
or as fully, and are not as readily available at the point of care 
as idarucizumab which can be stored in the trauma bay or 
emergency department  [7]. Activated PCCs (aPCCs) more 
profoundly reverse the effect of dabigatran, but are prohibi-
tively expensive and have significant thrombosis risk. Finally, 
for dabigatran, as for all DOACs, administration of activated 
charcoal via nasogastric tube can be considered to exclude 
any recently (under 2 h) ingested doses of the agent [15].

 Other DOACs

Other DOAC agents such as rivaroxaban (Xarelto ©) and 
apixaban (Eliquis ©) do not have as robust reversal strategies 
as dabigatran, as they lack available specific reversal agents 
and do not respond as vigorously to PCCs and aPCCs (espe-
cially apixaban) [2]. When faced with the presence of these 
medications, we consult urgently with our transfusion medi-
cine colleagues and will consider PCC or aPCC administra-
tion depending on the severity of bleeding. The priority in 
these patients is definitive bleeding control, where possible, 
and prevention of additional sources of coagulopathy. There 
are currently reversal agents in development for these agents, 
albeit none currently available in the clinical setting.

 Heparins

The heparin family of injectable anticoagulants includes unfrac-
tionated heparin (UFH) and more modern low- molecular- 
weight heparins (LMWH) (i.e., dalteparin [Fragmin ©] and 

enoxaparin [Lovenox ©]). Protamine is the IV reversal agent for 
the heparins and its dosing depends on the type and dose of the 
heparin, as well as the time since last administration.

 Summary

Trauma care providers are increasingly faced with injured 
patients who present with possible significant bleeding in the 
setting of active anticoagulant and/or antiplatelet therapy. 
The upfront challenge is first identifying these patients and 
the specific agents that are on board, which can be difficult in 
obtund or elderly trauma patients. Modern investigations 
such as thromboelastography may help in identifying these 
patients.

Some agents, such as warfarin and dabigatran, have robust 
reversal agents and strategies, whereas others, such as the 
antiplatelet agents and the other DOACs, do not. In the set-
ting of the latter, the priorities are preventing and treating 
other sources of coagulopathy, increased emphasis on surgi-
cal control of bleeding, and the consideration of aforemen-
tioned incomplete reversal strategies.
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Laboratory Assessment of Coagulation

Hunter B. Moore, Eduardo Gonzalez, and Ernest E. Moore

 Cell-Based Model of Hemostasis

Enzymatic protease pathways taught during medical school 
do not accurately assess the living coagulation system. While 
assays used to measure therapeutic anticoagulation such as 
an international normalized ratio of prothrombin time (INR) 
or partial thromboplastin time (PTT) are based on the prote-
ases of the intrinsic and extrinsic pathway, they artificially 
partition coagulation. The importance of assessing coagula-
tion with its cellular constituents has been highlighted by the 
work of Hoffman and Monroe [1], in which cell-based inter-
actions coordinate hemostasis. While the INR was the gold 
standard for identifying trauma-induced coagulopathy (TIC) 
[2], this laboratory assay is limited to the first 5% of clot 
formation [3]. It has been argued that whole blood viscoelas-
tic assays can replace all plasma-based assays for the initial 
assessment of both adult [4] and pediatric [5] trauma patients. 
Because these viscoelastic assays measure whole blood 
coagulation, they not only detect coagulation abnormalities 
but can be used for goal-directed resuscitation as a single test 
[6, 7]. Viscoelastic assays use warm whole blood to assess 
coagulation. Therefore, platelets, coagulation proteases, and 
fibrinogen are tested as a whole. The two additional actors in 
cell-based hemostasis that are not taken into consideration 
with viscoelastic assays are tissue factor (TF) bearing cells 
and endothelial cells.

TF is considered the key protein in initiation of cell-based 
coagulation. While viscoelastic assays do not include TF 
cells, the soluble protein is used as an ex vivo agonist to initi-
ate coagulation in viscoelastic assays. TF in vivo provides a 
constitutively active hemostatic envelope around blood ves-

sels in the body that is prebound to factor VII [8]. This 
TF-FVII (coagulation factor seven) complex produces acti-
vated FX (coagulation factor ten) around the vascular system 
[9]. Essentially the entire perivascular space is already 
primed for coagulation, but large proteins and platelets con-
fined to the intravascular space prevent propagation. This is 
a key technical point for drawing blood samples. When col-
lecting a fresh venous or arterial sample, the initial 1 ml of 
blood should be discarded, as it will contain a core of TF rich 
cells, which will cause artifact in the viscoelastic readout.

Amplification of coagulation after TF initiation is pre-
dominantly through the release of FV (coagulation factor 
five) from platelets [10]. There are numerous additional pro-
tease interactions including FIX and tissue factor pathway 
inhibitor (TFPI) that regulate this process, but ultimately 
when platelets bind to an area of injury, coagulation begins 
to rapidly proceed. This process is thought to be mediated by 
platelets that have dual activation of both collagen (binding 
site of injury) and thrombin (local initiation of coagulation). 
These COAT (collagen- and thrombin-stimulated) platelets 
are highly procoagulant [11]. This leads to platelet aggrega-
tion and assembly of coagulation factors to promote clot 
propagation. Platelets orchestrate the thrombin burst result-
ing in clot propagation by localization of FV and FVIII to 
their phospholipid surface [12]. This results in high levels of 
thrombin cleaving fibrinogen and strengthening the forming 
hemostatic plug, which is further strengthened by fibrin 
cross-linking from factor XIII.

Coagulation in vivo is a continuous process with circulat-
ing factors and endothelial surface receptors limiting  
clot to the site of injury and preventing clot formation in 
distant uninjured intravascular sites. Ultimately all clot will 
begin to degrade through a process termed fibrinolysis. 
Furthermore, endothelial glycocalyx [13] and receptors 
such a thrombomodulin [14] are believed to be endogenous 
anticoagulants. Viscoelastic assays lack an endothelial com-
ponent and are an inherent limitation of the test. However, 
the complexity of the endothelial response to coagulation is 
beyond the capacity of a single test. The endothelium 
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depending on the  vascular type (arterial, venous, capillary) 
and organ-specific location has diverse functions and com-
positions. This is important to consider when assessing vis-
coelastic assays. A readout of these coagulation tests is 
coagulation of the systemic circulation and not the local 
environment of injury.

While viscoelastic assays do not completely replicate the 
living coagulation system, they offer superior results to con-
ventional plasma-based assays. The clear importance of 
including platelets and coagulation factors when assessing 
coagulation is not of debate. The major limitations of these 
assays are their relatively limited clinical use in trauma. 
While manufactures have recommended guidelines for nor-
mal ranges, the indices of these assays directing patient care 
remain to be clearly defined in specific patient populations. 
Certain specialties such as cardiothoracic and transplant sur-
gery have been using these devices to guide intra-operative 
resuscitation for decades, but these patients may harbor 
coagulation dysfunction that is dissimilar from trauma. The 
fact that the only randomized controlled trauma trial assess-
ing the impact of viscoelastic assays over conventional labo-
ratory tests [15] was not published until 2016, it is clear we 
are in our infancy in utilizing viscoelastic assays to under-
stand coagulation in trauma.

 Viscoelastic Assays

Blood transitions through different states of viscoelasticity 
during coagulation and fibrinolysis. Viscoelasticity is the 
property of a material that exhibits both viscous and elastic 
characteristics during deformity. Viscoelastic devices employ 
variable techniques for causing deformity. The most common 
methodology is with a pin and cup. Thrombelastography 
(TEG) uses a rotating cup to deform blood, while ROTEM uses 
a rotating pin in a stationary cup. Additional methodologies 
can be used, but are beyond the scope of this chapter. As blood 
transitions from a liquid to solid state, the shear strain created 
by cross-linking fibrin and platelet aggregation is transmitted to 
the device. Resistance is then quantified by the machine, which 
is visualized on a display as a single line splitting into two. The 
distance between the two lines is proportional to resistance 
transmitted from the clot. This resistance is measured over time 
until the clot forms its maximum strength, represented by the 
two lines reaching their maximum amplitude. This concludes 
the clot formation aspect of the device. After this point, the clot 
begins to lose strength through fibrinolysis, via cleavage of 
cross-linked fibrin. The two lines of amplitude decreases and 
are quantified over time. The end result of a viscoelastic assay 
is an hourglass-shaped tracing, which has numerous properties 
that can be calculated to approximate abnormalities of the dif-
ferent components of coagulation.

 Anticoagulant and Blood Sampling

Blood samples run on viscoelastic assays can be stored  
in citrate (light blue top), heparin (green top), and no  
anticoagulant (white top) vacuum-sealed containers. 
Manufactures have specific recommendations on the tim-
ing between blood sample draw and time to run assay. In 
the setting of trauma for whole blood analysis, a citrated 
sample or non- anticoagulant tube can be used. The argu-
ment for using a non-anticoagulated blood sample is that 
these samples can be run within 5 min of blood draw and 
represent an unaltered blood sample, which in one small 
retrospective study had reported superiority to predicting 
FFP administration compared to a citrated sample [16]. 
Citrated samples must also be filled to the appropriate 
level as under and over fills can alter results [17]. However, 
non-citrated blood samples are at risk of clotting before 
they reach the viscoelastic device in the clinic setting due 
to delay in delivery of blood sample to the lab and the 
potential of expedited onset to coagulation from injury. 
Despite the limitations of running a citrated sample, our 
institution switched from non-anticoagulant blood collec-
tion to citrated samples because premature clotting in the 
non-anticoagulant blood sample was problematic, particu-
larly during emergency department evaluation.

Functional fibrinogen assays are also typically run 
using citrated blood samples. Heparin anticoagulation is 
the typical manufacture recommendation for assessing 
platelet function due to concerns of citrate chelation of cal-
cium causing artificial platelet impairment. Heparin is also 
known to cause platelet dysfunction, and there is an argu-
ment for using a direct thrombin inhibitor tube, although 
these inhibitors are significantly more expensive and likely 
confined to a non- clinical setting. Platelet mapping can be 
performed in both heparin and citrated samples, but if 
repeat measures are performed, the same anticoagulant 
should be used. As these assays are not currently used to 
guide trauma resuscitation, they will be discussed in brev-
ity in the following section.

The location of the blood draw is also relevant when 
interpreting TEG results. Arterial blood samples in both ani-
mal [18] and human [19] samples tend to have slightly more 
hypercoagulable readouts than venous sample. As early 
arterial blood draws may be challenging on hypotensive 
trauma patients, it is the authors’ recommendations to 
attempt venous blood draws when possible. In the more 
stable patients, while a fresh venous stick would be ideal, 
existing arterial and central venous catheters can be used for 
blood sampling. When trending the effects of blood prod-
ucts during resuscitation, it would be optimal to not alter-
nate between blood sampling sites. There is also animal data 
to support that smaller-diameter catheters are more prone to 
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underestimate coagulation than larger-diameter catheters 
[20]. Therefore, we would recommend central venous sam-
ple over arterial in patients undergoing serial blood draws. 
In the end, the differences between sampling sites may be 
more of an academic argument, as those patients who are 
profoundly hypocoagulable will likely demonstrate abnor-
malities regardless of blood draw source. Interestingly the 
fibrinolytic readout does not appear to be affected by the 
location of blood draw.

 Activation of TEG-/ROTEM-Based Assay

Whole blood generation of clot can be initiated through vari-
ous mechanisms. The two classic pathways of coagulation 
are the intrinsic and extrinsic activators. As we have previ-
ously discussed, hemostasis is a cell-mediated process, and 
both of these pathways do not act in isolation of each other. 
However, activation of blood with different agonist can pro-
duce different results, which need to be taken into clinical 
consideration. Extrinsic pathway activation is typically via 
tissue factor, while intrinsic, also known as contact pathway, 
is activated through kaolin. ROTEM has simplified the nam-
ing of their assays as EXTEM for tissue factor-based activa-
tion and In-TEM for kaolin-based activation. TEG uses both 
tissue factor and kaolin in the rapid TEG (rTEG) to expedite 
clotting and uses a kaolin TEG (kTEG) for intrinsic activa-
tion. Both ROTEM and TEG can be run as native assays 
(nTEG or nat-TEM), which are presumably activated 
through contact of the whole blood with an artificial surface 
(predominantly intrinsic).

The decision for running the optimal assay is depen-
dent on the clinical scenario. For example, the time to 
obtain clotting indices in an rTEG to guide resuscitation is 
>10 min quicker than kTEG due to rapid activation of the 
clotting. Therefore, an rTEG is optimal for use in hemo-
dynamically unstable patients in both the emergency 
department and operating room. Detection of hypercoagu-
lability may be better assessed with a native or kaolin-
activated assay. Native TEG [21] and kTEG [22] 
demonstrate that the majority of trauma patients are 
hypercoagulable on presentation to the hospital, which is 
not appreciated with rTEG. This could be attributable to 
saturating the activation of the coagulation system with 
supraphysiologic levels of tissue factors. An important 
caveat of differences between ROTEM and TEG parame-
ters is that despite assays targeted toward specific coagu-
lation pathways, the composition of the reagents in these 
assays is not the same between companies, and indices are 
not interchangeable. The authors routinely use rTEG to 
guide blood product transfusions and kTEG to guide anti-
platelet therapy in the intensive care unit for post-injury 
deep venous thrombosis prophylaxis. The nTEG, which 

appears to be the most sensitive for detecting hypercoagu-
lability, is currently not used clinically in the United 
States because it has not been approved for use by the 
Federal Drug Administration.

Specialized TEG assays to evaluate platelet function 
employ specific sets of agonists to assess if specific recep-
tors are inhibited. The two most common agonists are ade-
nosine diphosphate (ADP) and arachidonic acid (AA). 
Additional activators include thrombin receptor activator 
protein (TRAP) and collagen. Assessment of platelet func-
tion is dependent on blocking fibrinogen contribution to 
clot propagation and strength. This is accomplished by 
blocking different methods in both TEG and ROTEM.

The converse is true for assessment of fibrinogen func-
tion, in which the goal of the assay is to inhibit platelet con-
tribution to clot. Their clinical application for trauma of 
these assays is limited in the United States, but in Europe, 
the ROTEM FIBTEM heavily relied on in specialized 
trauma centers.

 Viscoelastic Index Correlation 
to Coagulation Abnormality

Viscoelastic indices are correlated to specific abnormalities 
of the coagulation system. However, assumptions are made 
that these processes are independent of each other to help 
guide resuscitation, but the reality is that these variables are 
representative of multiple processes occurring at the same 
time. In both TEG [21] and ROTEM [23], regression analy-
sis of specific indices correlates with platelet versus fibrin-
ogen contribution to clot. However, at times a dysfunction 
of platelets or fibrinogen can be compensated by over 
activity of another. For example, patients in renal failure 
tend to have an increased maximum amplitude on TEG 
[24], which is the variable commonly attributed to platelet 
function. These patients tend to have platelet dysfunction, 
and that is overcompensated by hyperfibrinogen function 
causing a strong clot, which is likely attributable to poor 
long-term patency of fistulas. The goal of the future genera-
tion of viscoelastic assays will have simultaneous readouts 
of whole blood coagulation paired to platelet and fibrino-
gen function to help guide resuscitation. However, despite 
the existing limitation of these assays, reproducible results 
can be determined in both TEG and ROTEM to predict 
patients at risk of massive transfusion and guide resuscita-
tion of specific blood products. Abnormalities of the manu-
factured reported normal limits of TEG and ROTEM can be 
used as crude indications for blood product transfusion. 
However, the optimal threshold for transfusions based on 
readout of these assays in trauma is yet to be defined. The 
following sections describe the anatomy of these viscoelas-
tic assays and association with blood product use.
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 Transition from Liquid to Solid State 
(Initiation)

As previously described blood transitions from a liquid to 
solid phase and indices measured by the viscoelastic assays 
correlate to particular components of coagulation. The initial 
transition from liquid to start of solid phase is in theory rep-
resentative of the patient’s coagulation factor status. Patients 
on systemic anticoagulation with heparin for bypass surgery 
will form a flat line and no evidence of clot, unless their 
blood is run in a specialized heparinase assay (heparinase 
cup TEG or ROTEM hepTEM), reversing the effects of this 
anticoagulant. Prolongation of this initial time is indicative 
of a patient benefitting from a plasma transfusion to replete 
their coagulation factors. The name of this indices varies by 
company and type of activator used.

The R time is the measurement of this initial phase of coag-
ulation in both kaolin and native TEG. R time represents the 
time required from the baseline tracing to split and achieve an 
amplitude of >2 mm. While TEG will also record the actual 
split time (time when line splits into 2), the R time tends to be 
more reliable as small air bubbles can artificially shorten the 
split time, but the sample can retain a normal R time. The R 
time in rapid TEG is described as an activated clotting time 
(ACT). Since the ACT is available in minutes before these 
other assays, the utility of using a kaolin or native TEG in 
emergent situations is of limited value. However, these slower 
assays may be useful for the detection of hypercoagulability 
early after injury. But their significance remains to be defined.

ACT is the first actionable data for rTEG. The time to 
obtain ACT is short and in an attempt to normalize the distri-
bution of data, the actual time is converted to an artificial 
number called the ACT. ACT in TEG is not the same as point 
of care Hemochron® ACT tests and should not be used inter-
changeably. TEG ACT has been demonstrated to predict 
massive transfusion and mortality [4]. The optimal threshold 
for plasma transfusion based on ACT remains to be validated 
by prospective data but appears to be 128 s [16, 25]. A mark-
edly prolonged ACT (>140) is also indicative of dysfunction 
of both platelets and fibrinogen and can be an indication for 
transfusing cryoprecipitate and platelets before obtaining 
additional TEG indices in a hemodynamically unstable 
patient [6]. It is important to take into context that the rapid 
TEG uses supraphysiologic levels of tissue factor. This 
should evoke rapid clot formation in a patient with a func-
tional coagulation system, and the delayed onset of activa-
tion of a clot in severely injured trauma patient in this setting 
should generate immediate concerns (especially if it is 
beyond 200 s based on authors personal experience).

The ROTEM comparable variable is called the coagulation 
time (CT). An EXTEM greater than 79 s has been associated 
with an elevated INR and FFP transfusion [26]. CT is not 
commonly used as a transfusion threshold. This may be 
attributable to transfusion practice differences between the 

United States and Europe. The Eurocentric approach to 
trauma resuscitation tends to favor fibrinogen replacement 
over plasma. However, the use of prothrombin complex or 
plasma for a prolonged CT (>80 s) has been advocated [27]. 
European trauma centers more often use ROTEM and often 
employ the A5 and A10 (amplitude of clot after 5 and 10 min 
after CT) as the first indices to guide resuscitation. The ratio-
nale for using these variables is that they serve as surrogates 
for predicting maximum clot firmness in an expedited fash-
ion in trauma patients. Low amplitude A5 and A10 (<30 mm 
and <40 mm in EXTEM) predicted coagulopathy and 
increased transfusion requirements with high specificity and 
sensitivity [28]. These assays were used with the presump-
tion of empiric blood product ratio resuscitation and have not 
been validated to guide specific blood product transfusions. 
The TEG A5 and A10 compared to ROTEM variables also 
suggest that these indices can be used to predict coagulopa-
thy and massive transfusion [29].

 Kinetics of Clot Strengthening (Propagation 
and Amplification)

After the clot has transitioned to its solid state, the rate at which 
it strengthens can be quantified by the rate required to reach 
maximum clot strength. To expedite the time to achieve this 
result without waiting for the clot to reach its maximum strength, 
a tangential line to the curve generated by the growing clot that 
passes through the 2 mm deflection point creates an angle to the 
baseline tracing. The resulting angle between the two lines is 
called alpha or angle in both TEG and ROTEM. An angle of 
less than 65 degrees has been proposed to be the threshold for 
cryoprecipitate transfusions in trauma patients using TEG [30]. 
ROTEM angle has also been correlated to fibrinogen dysfunc-
tion following trauma, but its utilization to guide fibrinogen 
repletion remains controversial [31]. The preferred methodol-
ogy of guiding fibrinogen replacement with ROTEM is using 
the FIBTEM assay. This assay can have gradated transfusion 
triggers based on the A10 level of the FIBTEM which starts at a 
cutoff of <7 mm or in patients at risk of severe coagulopathy 
with an EXTEM A10 < 30 mm [27]. TEG also has a function 
fibrinogen assay which performs similarly to FIBTEM. Both of 
these specialized assays have been reported fibrinogen function 
with the same specificity of the gold stand Claus assay [32]. 
Additional kinetic parameters exist for TEG and ROTEM called 
the K time and clot formation time (CFT), but are rarely used 
clinically to guide resuscitation, although they are correlated 
with coagulopathy and massive transfusion.

 Maximum Clot Strength

The maximum clot strength called the maximum amplitude 
(MA) in TEG and maximum clot firmness (MCF) in ROTEM 
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represents the ultimate clot contribution to hemostasis. An 
MA of less than 55 mm in a rTEG is associated with massive 
transfusion [25], while a cutoff of 52 mm has been used as a 
transfusion threshold for platelets in trauma [16]. An MCF of 
less than 45 mm has been identified as an indicator of early 
mortality following trauma [33]. The European thresholds 
for ROTEM-based platelet transfusions are much more strin-
gent and dependent on a low platelet count (<50,000) and a 
FIBTEM suggestive of normal fibrinogen levels (A5 > 12) 
and a A 10 of <40 mm in EXTEM [27]. But retrospective 
review of this protocol failed to mention the number of plate-
let transfusion in 157 patients who were receiving blood 
product resuscitation [33]. Most of the transfusions in 
ROTEM-based hospitals use platelet count to guide platelet 
transfusions. These trans-Atlantic differences in transfusion 
practice represent the confusion associated with the use of 
viscoelastic assays during resuscitation. To some extent the 
fact that neither resuscitation strategy id proven superior 
may be reflective that both platelets and fibrinogen contrib-
ute to clot strength and deficiency in one can be compensated 
in another. The decision to use maximum clot strength to 
guide platelet resuscitation therefore is hospital dependent. 
Of note, platelet function assays have not been validated for 
transfusion triggers in trauma patients and to date remain 
confined to the research setting.

 Fibrinolysis

Both ROTEM- and TEG-based assays have been used to 
detect increased fibrinolysis in trauma patients, which has 
been associated with massive transfusion and mortality [7, 
34, 35]. TEG quantifies the amount the lysis at 30 min after 
MA (LY30). ROTEM quantifies fibrinolysis as the percent 
decrease in clot strength after MA at 30 min (ll30), which is 
comparable to the TEG CL30 variable (not commonly 
reported clinically). These indices can also be measured at 
60 min. While it was originally believed that the goal- 
directed antifibrinolytics could be used in patients with 
excessive fibrinolysis, recent retrospective data has failed to 
identify a survival advantage [36]. Furthermore, research of 
fibrinolysis following acute injury has identified that the 
majority of patients already have impaired fibrinolysis (fibri-
nolysis shutdown) within an hour of injury which is associ-
ated with increased mortality [37]. These data suggest that 
antifibrinolytics should be used selectively, but the optimal 
patient population is yet to be defined.

 Rationale for Goal-Directed Resuscitation

Trauma-induced coagulopathy is not a single etiology. 
Unique phenotypes of coagulation abnormalities after 
injury have been identified by principal component  

analysis using plasma-based assays [38], viscoelastic 
assays [39], and combinations of both modalities [40]. 
While a high injury severity and hypotension drive coagu-
lopathy identified by an increased INR [14], the reason that 
these patients continue to bleed is multifactorial. 
Coagulation-based assessment of bleeding has been pre-
dominantly descriptive and associated with massive trans-
fusion or mortality, and previous research has failed to 
delineate if patients were actually bleeding to death from 
their coagulopathy or if they were bleeding to death from 
their injury [41]. While there is enthusiasm for empiric 
high ratios of plasma to red blood cells in bleeding patients 
based on the military experience in Iraq [42], the most 
recent randomized control trial in the United States did not 
demonstrate an overall survival advantage when using 
empiric high ratios of plasma and platelets to red blood cells 
[43]. Retrospective evidence supporting individualized resus-
citation with TEG was superior to ratios in massively bleed-
ing patients that preexisted in this trial [44].

The evidence for TEG-guided resuscitation have been 
validated prospectively in a randomized control trial of 
patients at risk of massive transfusion [15]. Mortality was 
reduced to 19% in the TEG-based resuscitation group 
compared to the standard of care group (36%) based on 
intention to treat. Of note, by the end of the trial, the treat-
ing surgeons preferentially unblinded the study to obtain 
TEG results to guide resuscitation, and the survival benefit 
based was even greater with TEG (18% vs. 40% mortal-
ity). TEG-guided resuscitation did not result in less red 
blood cell transfusions compared to the standard of care 
group but resulted in patients receiving less platelets and 
plasma. While the mechanism remains unclear why this 
resulted in a survival advantage, it supports the importance 
of a goal-directed resuscitation, as blindly transfusing 
patients with blood products does not provide a survival 
advantage. Since the publication of this study, the authors 
have adopted an initial empiric 2:1 ratio of red blood cells 
to plasma in patients meeting activation of our massive 
transfusion protocol, followed by rTEG-guided resuscita-
tion for additional blood products. Multicenter validation 
of these findings is warranted before global adoption of 
this protocol, but due to the large survival advantage 
appreciated at our trauma center, rTEG-guided resuscita-
tion is the standard of care.

ROTEM-directed resuscitation algorithms also exist. As 
previously mentioned due to differences in transfusion prac-
tices, there are different strategies utilized to achieve hemo-
stasis based on ROTEM indices, which put an emphasis on 
fibrinogen replacement, PCC, and tranexamic acid. Using 
ROTEM vs TEG is based on hospital/surgeon/anesthesia 
preference and local transfusion practices. While results 
between TEG and ROTEM are not interchangeable, they are 
in agreement with each other in identifying coagulopathy 
and transfusion requirements [45].
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There are currently no standardized transfusion  
thresholds that have been agreed upon for TEG and 
ROTEM following significant injury. This is of significant 
clinical importance as implementation of goal-directed 
therapy resuscitation is likely to be a major logistic chal-
lenge. In a recent survey of 125 level I and II trauma cen-
ters, 98% reported having a massive transfusion protocol, 
yet the indications for activating this protocol were only 
based on a validated score system 7% of the time [46]. In 
this survey a coagulation test was only routinely measured 
a third of the time, and a viscoelastic assay was only avail-
able in 9% of centers, yet over a quarter continued to use 
activated factor VII and more than half of these center 
used tranexamic acid. In Europe similar concerns about a 
lack of consensus for guiding resuscitation in bleeding 
trauma patients also exist [47]. The American-based Trans-
Agency Consortium for Trauma-Induced Coagulopathy 
and European-based Targeted Action for Curing Trauma 
Induced Coagulopathy are working on standardizing and 
validating goal-directed transfusion triggers with visco-
elastic and other assays. While these collaborative efforts 
may not provide the definitive answer to treating coagu-
lopathy, the need for a starting point on a consensus of how 
to perform goal-directed resuscitation is essential, as the 
continued publication of descriptive changes of trauma 
induced coagulopathy will not improve survival.
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Coagulopathies and Hypercoagulable 
States

Aaron Strumwasser and Erin Palm

 Introduction

Coagulopathies in the intensive care unit (ICU) are present in 
as many as 50% of critically ill patients. A prolongation of 
prothrombin time (PT) or activated partial thromboplastin 
time (aPTT) occurs in 14–28% of the critically ill, with 
thrombocytopenia evident in 35–50% [1, 2]. Clinical out-
comes are dependent on rapid identification and treatment of 
hemostatic disturbances [3, 4]. Traditional measures of clot-
ting factors via PT, aPTT, thrombin (bleeding) time (TT), 
and activated clotting time (ACT) are being replaced by 
more modern, timely, cost-effective, blood conserving point- 
of- care viscoelastic testing that assesses the exact prothrom-
botic/antithrombotic state of the patient [5]. The modern 
intensivist familiar with coagulopathies in the ICU must be 
facile with these diagnostic modalities (Fig. 35.1). In post-
surgical ICUs, coagulopathies often arise as a result of 
trauma, sepsis, or recent surgery [6]. With heparin-derived 
products commonplace for venous thromboembolism pro-
phylaxis and treatment, the ubiquitous use of renal replace-
ment therapy, and the mechanical and pharmacologic 
disturbances induced by cardiovascular surgery, heparin- 
induced thrombocytopenia (HIT) is an increasing cause of 
thrombophilia and bleeding in the ICU.  Intensivists must 
also possess a thorough knowledge of common inherited 
clotting disorders, such as hemophilia, factor deficiencies, 
and von Willebrand disease as these syndromes can compli-
cate the clinical picture. The following discussion will high-
light important features of coagulopathies and 
hypercoagulable states in the surgical ICU.

 Heparin-Induced Thrombocytopenia (HIT)

 HIT Epidemiology

Heparin-induced thrombocytopenia maximal risk estimates 
of 5% are observed in patients exposed to heparin-containing 
products [7]. Higher incidence in women is observed (two to 
three times estimated risk compared to men of comparable 
age) [8] and higher incidence in surgical ICUs compared to 
medical ICUs (three times higher) due to prevalence of 
trauma and cardiovascular disease in postsurgical patients. 
The syndrome is more observed with unfractionated as 
opposed to low molecular weight heparin (Lovenox) [8]. 
Heparin-induced thrombocytopenia may be associated with 
older age, is rare in patients less than the age of 40, and preg-
nancy may confer protection [9].

 HIT Pathophysiology

Autoantibodies form to platelet factor 4 (in platelet alpha 
granules) complex with heparin causing further platelet 
aggregation and downstream thrombosis in propagating 
fashion. The reaction is IgG-mediated as the heparin-PF4 
complex depends on the Fc receptor on the platelet surface 
[10–14]. Antibody formation usually takes more than 4 days 
to promulgate [15, 16]. There are thought to be five different 
etiologies of thrombocytopenia with heparin exposure. Type 
I HIT causes a small, insignificant clinical drop in platelets, 
not related to an immune reaction and can usually be man-
aged expectantly by stopping heparin. Type II HIT is due to 
IgG-PF4-heparin complex antibody formation, where plate-
lets are scavenged by macrophages in the spleen, liver, and 
bone marrow, causing clinically significant thrombosis. HIT 
type II requires anticoagulation with non-heparin formula-
tions. Subclinical HIT occurs in patients that have prior HIT 
IgG antibodies in their system due to initial adverse exposure 
to heparin. Spontaneous HIT (3–8% incidence) includes the 
syndrome of HIT type II with positive laboratory findings for 
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HIT without recent evidence of heparin exposure. Finally, 
heparin-induced antibodies form with recent exposure to 
heparin and cross-react with HIT assays but do not develop 
the syndrome of HIT [17–20]. Heparin-induced antibodies 
are more frequently found with the use of unfractionated 
heparin (UFH) due to the ability to form ultralarge com-
plexes. Patients undergoing cardiopulmonary bypass, while 
having 50% positivity with HIT assays, do not develop the 
clinical syndrome as they do not form ultracomplexes as eas-
ily [15, 21]. In cardiac and orthopedic surgery, the estimates 
of developing HIT syndrome with UFH as opposed to 
LMWH range from 5% (UFH) to less than 1% (LMWH) 
[22]. Prior exposure to UFH or LMW heparin more than 
quintuples the risk of developing HIT (0.3% vs. 1.7%) [23].

 HIT Clinical Manifestations

Type I HIT has no clinical sequelae if heparin is discontin-
ued. Type II HIT sees a platelet drop of approximately 50% 

(usually counts hover around 100,000 to 150,000 platelets/
μL), a finding seen in 85–90% of patients [21, 24]. Rarely do 
platelet counts drop below 20,000 platelets/μL in type II 
HIT, and 5% demonstrate reduced platelet counts but remain 
in the normal range [21, 25]. Type II HIT usually appears on 
days 5–10 post-heparin administration. Antibody-associated 
HIT, on the other hand, may appear within 24 h if exposure 
was recent (within 3 months) [26, 27]. Type II HIT is associ-
ated with significant arterial and venous thrombosis that may 
manifest as petechiae, gangrene, and limb threat. Thrombosis 
presents as the initial finding in 25–50% (usually venous); 
arterial thrombosis is less common (3–10%). Sites of throm-
bosis are usually seen in the extremities, skin, and cardiac 
vasculature, but platelet complexes can occur in any organ, 
causing ischemia and infarction. Thrombosis may be also 
catheter-associated. On pathologic analysis thrombi form a 
characteristic “white clot” due to their platelet-rich nature. 
Anaphylactic reactions with respiratory failure and severe 
immune responses with catastrophic life-threatening throm-
bosis have been described [21, 28–30]. Bleeding is a rare 

Fig. 35.1 Thromboelastography Thromboelastography reveals clini-
cally relevant information regarding real-time coagulation status. In this 
figure, three different curves are depicted for each coagulation state. For 
reference, R time refers from time of injury to the time to start forming 
clot (2 mm amplitude – usually 5–10 min). K time refers to the time it 
takes for the clot to propagate from 2 to 20 mm or the time it takes for 
the clot to reach a fixed strength (normal 1–3  min). The line that is 
drawn from clot initiation to the maximum rate of clot formation con-
stitutes an angle (α) reflecting the rapidity of clot formation or speed of 
fibrin accumulation (normal 53–72°). The maximum amplitude (MA) 
refers to the maximal height of clot formation (fixed strength) (normal 

50–70 mm). During the fibrinolysis phase, Ly30 refers to the percent-
age of maximum amplitude reduction after 30 min. During the hypoco-
agulable state, prolongations of R and K times and decreased α and MA 
are observed. During the hypercoagulable state, shortened R and K and 
increased α and MA are observed. In the terminal stages of coagulopa-
thy (fibrinolysis), Ly30 is increased. The morphology of each coagulo-
pathic state dictates therapy. Derangements of R, K, or α are usually 
corrected with FFP or cryoprecipitate (reflective of a factor or fibrino-
gen problem). Derangements of MA are corrected with platelet transfu-
sions, and derangements of Ly30 are usually corrected with 
antifibrinolytics (tranexamic acid, e-aminocaproic acid)

A. Strumwasser and E. Palm



363

complication of type II HIT, due to the fact that thrombocy-
topenia associated with spontaneous bleeding rarely results 
in platelet counts less than 10,000 platelets/μL. Case studies 
of bleeding in HIT have been limited to adrenal and orthope-
dic surgery [31–33].

 HIT Diagnosis

Clinical scoring systems exist for the diagnosis of HIT, and 
HIT requires both clinical and laboratory criteria to properly 
diagnose. The 4 Ts clinicopathologic scoring system inter-
prets (1) tally, degree of thrombocytopenia ( >50% reduc-
tion in platelets); (2) timing, onset of thrombocytopenia, 
expected within 5–10 days of administration of heparin; (3) 
thrombosis (presence of); and (4) thrombosis (alternative 
causes). Each T gets a point, and pretest probability is 
assessed (  <3 low probability, three to five intermediate 
probability and six or more high probability) [34]. If the 
T-score confers low probability, do not perform laboratory 
testing. For intermediate probability, seek laboratory test-
ing. For high probability, treat for HIT presumptively. The 
most common assays are the ELISA immunoassay that 
screens for IgG to PF4 (sensitivity 98%, specificity 83%) 
and the C14-serotonin release assay which tests the ability 
for patient serum to activate test platelets (sensitivity and 
specificity greater than 95%). If the ELISA is positive, the 
patient has HIT and should be treated presumptively. If the 
ELISA yields an indeterminate result, then proceed to C14-
serotonin release assay [35, 36]. In patients on heparin-
bonded circuits (renal replacement therapy) despite one in 
five patients developing HIT antibodies, only 1% produce 
the clinical syndrome (within 90 days usually), and heparin 
therapy does not need to be stopped [37]. The prothrom-
botic/antithrombotic features of HIT make it difficult to 
assess by viscoelastic testing. While the clinical syndrome 
is usually prothrombotic (R and K decreased and maximum 
amplitude increased), thrombocytopenia may manifest as 
diminished maximum amplitude on viscoelastic testing and 
severe thrombocytopenia with bleeding manifesting as 
decreased (or absent) R, K, and alpha angle and increased 
Ly30  in terminal stages. In situations where conventional 
testing is not sufficient, viscoelastic testing demonstrates 
utility. In patients with negative HIT antibodies, TEG may 
be used to predict complications of HIT type II [38]. 
Rotational thromboelastometry (ROTEM) has been used to 
titrate anticoagulation in the setting of HIT in cardiac 
patients with ventricular assist devices, particularly in cases 
where ACT levels were not able to reach goal levels [39]. In 
patients with HIT and posttransfusion purpura, ROTEM 
helped differentiate causes of hypofibrinogenemia for 
appropriate titration of anticoagulation with argatroban and 
lepirudin [40].

 HIT Treatment

Prompt therapy is crucial in HIT because between 10% and 
25% of cases are associated with arterial or venous thrombo-
embolic complications [41]. The cardinal treatment for HIT 
includes discontinuation of all forms of heparin, initiation of 
alternative anticoagulation, and avoidance of vitamin K 
antagonists (VKA), such as warfarin [42]. With cessation of 
heparin therapy, platelet counts rebound in approximately 
1  week. Platelet normalization should occur in the first 
4  days, and if not observed to be significantly increasing, 
other etiologies of thrombocytopenia should be sought. 
Anticoagulation is paramount; without treatment, HIT con-
fers an additional risk of 34–53% of subsequent thrombosis 
[43, 44]. Alternative anticoagulant agents include the direct 
thrombin inhibitor class – argatroban (for patients with nor-
mal hepatic and renal function), fondaparinux (for patients 
with abnormal liver function), and bivalirudin (for patients 
with abnormal liver and kidney function). Reduced dosages 
of argatroban may be considered to prevent further toxicity; 
otherwise, full therapeutic anticoagulation is the standard 
[45–47]. The duration of anticoagulation is controversial, but 
most authors recommend transition to Coumadin with outpa-
tient anticoagulation for 1 week to 1 month [41]. Treatment 
specifics are shown in Table 35.1.

 HIT Outcomes

With arterial and venous thrombosis, mortality approaches 
20%. Current therapy rates have significantly dropped (less 
than 2% due to early recognition and cessation of heparin 
therapy). Because HIT antibodies can persist 1–3  months 
after exposure to heparin, patients must be counseled on 
being HIT reactive, and these findings should be conveyed to 
future treating physicians [26].

 Von Willebrand Disease

 Von Willebrand Disease Epidemiology

Von Willebrand disease (VWD) is the most common bleed-
ing disorder, present in up to 1% of the population [48, 49]. 
It encompasses a group of related disorders with clinical 
manifestations ranging from mild to severe.

 Von Willebrand Disease Pathophysiology

Von Willebrand disease is an inherited defect in von 
Willebrand factor (VWF). It has an autosomal inheritance 
pattern, in contrast to the most common forms of hemophilia 
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(A and B), which are X-linked. Von Willebrand factor is a 
protein present in both the endothelium of blood vessels and 
within platelets, circulating in complex with factor 
VIII. When injury occurs to the vascular endothelium, VWF 
is activated and released locally, where it binds to the vessel 
wall and triggers platelet adherence, aggregation, and forma-
tion of a hemostatic plug. Von Willebrand factor also protects 
factor VIII from clearance, thereby increasing circulating 
levels of factor VIII, which facilitates clot formation [50]. 
Von Willebrand disease occurs when VWF is either low in 
supply or deficient in function. Patients with type I VWF 
have decreased levels of circulating VWF, whereas type II 
encompasses various qualitative defects in VWF. The most 
severe type III, which describes a complete deficiency of 
VWF, is also the rarest form [51].

 Von Willebrand Disease Clinical Presentation

Symptoms of VWD often manifest on mucosal surfaces 
because of the specifics of hemostasis in these tissues. The 
most common presenting symptom of VWD is bleeding 
from skin or mucous membranes, usually not requiring med-
ical intervention [48]. Patients may have a history of epi-
staxis, profuse bleeding from small wounds, or after 
tonsillectomy or tooth extraction. Women with VWD often 
complain of menorrhagia [52]. Uncommonly, patients with 
severe VWF deficiency can experience spontaneous joint 
bleeding and life-threatening bleeding in the central nervous 
system or GI tract [53].

 Von Willebrand Disease Diagnosis

A careful history and physical examination should be per-
formed to evaluate for bleeding symptoms and bleeding risk 
prior to laboratory testing. A family history of bleeding dis-
order can be helpful in making a diagnosis but does not 
exclude VWD.  Once a positive bleeding history is estab-
lished, initial hemostasis tests should include a complete 

blood count with platelets, PT, and PTT. If bleeding history 
is strong or if an isolated PTT elevation is identified, VWD 
assays should be performed. In the past, VWD was diag-
nosed by prolonged PTT and thrombin (bleeding) time (TT). 
However, in milder forms of VWD, these tests may be nor-
mal. Therefore in patients with symptomatic bleeding that 
lacks another explanation, specific VWF assays should be 
performed. The most common initial assays for VWD 
include (1) VWF:Ag, an assay measuring the concentration 
of VWF; (2) VWF:RCo, which measures the binding activity 
of VWF to platelets; and (3) a factor VIII level, which esti-
mates the ability of VWF to act as a carrier. If an abnormality 
is identified, genetic testing is performed [48, 54]. In the 
absence of a personal or family history of abnormal bleed-
ing, a VWF:Ag assay will identify moderately low levels of 
VWF (approximately 2.5% of the population). The clinical 
significance of this finding in otherwise normal individuals 
has not been established [55]. Thromboelastography (dem-
onstrating prolonged R time corresponding to diminished 
factor VIII activity) has been used successfully in patients 
with VWD in the setting of cardiac bypass surgery [56], and 
TEG as opposed to ROTEM appears to be superior in diag-
nosing VWD [57].

 Von Willebrand Disease Treatment

Desmopressin (DDAVP) is a synthetic derivative of vaso-
pressin that increases plasma concentration of VWF and 
FVIII.  The mechanism is thought to be cAMP-mediated 
release of VWF from endothelial cells. Desmopressin is 
effective as surgical prophylaxis and treatment of bleeding 
episodes in most patients with VWD. Standard dosing is 0.3 
mcg/kg given subcutaneously or intravenously, alternatively 
intranasally [58]. There is variation in VWD response to 
DDAVP and tachyphylaxis may occur [59, 60]. For those 
reasons, guidelines recommend monitoring VWF:RCo and 
factor VIII levels to achieve minimum targets (~approxi-
mately 50%). If target levels are not achieved, plasma- 
derived VWF concentrate can be administered [61]. Patients 

Table 35.1 Selected anticoagulants for HIT

Drug agent Dose
Steady state 
achieved Potential contraindications, adverse effect considerations Monitoring

Argatroban Initial dose 2 mcg/kg/min; 
maintenance dosage not to 
exceed 10 mcg/kg/min

2 h Dose adjustment is necessary for patients with hepatic 
dysfunction (if total bilirubin ≥1.5 mg/dL, adjust initial dose 
to 0.5–1.2 mcg/kg/mi) Also consider dose adjustment (0.2 
mcg/kg/min) for patients with MOF

Titrate to aPTT 
1.5–3 times 
baseline

Fondaparinux 5–10 mg/day 68–85 h 
(half-life of 
17 h)

Patients should have periodic monitoring of renal function; 
no antidote

No monitoring 
necessary

Bivalirudin 0.15 mg/kg/h 2 h Caution if patient has demonstrated anti-lepirudin 
antibodies; need to overlap with warfarin therapy; FDA has 
not officially approved this for use for HIT

Titrate to aPTT 
1.5–2.5 times 
baseline

A. Strumwasser and E. Palm



365

with severe forms of the disease can be managed effectively 
with concentrated VWF infusions [62]. For anticipated major 
surgery (cardiac surgery, orthopedic surgery, trauma) and 
childbirth, patients with VWD should be treated at special-
ized hemophilia centers [48]. Compared to patients with 
hemophilia, in which approximately half of patients require 
prophylactic clotting factor infusions to prevent spontaneous 
bleeding, only about 10–13% of patients with severe VWD 
require prophylactic VWF infusions [63].

 Von Willebrand Disease Outcomes

Even in patients with mild forms of VWD, bleeding compli-
cations from surgical procedures and mild trauma are antici-
pated. In women with VWD, childbirth-related hemorrhage 
and need for blood transfusion are significantly more com-
mon [52]. With appropriate monitoring and prophylactic fac-
tor administration, bleeding episodes can be mitigated.

 Hemophilia and Factor Deficiencies

 Hemophilia/Factor Deficiency Epidemiology

Approximately 95% of hemophilia is accounted by deficien-
cies of factor VIII, IX, and XI. The remainder, “rare hemo-
philias,” is seen in 5% of the world’s population, localized 
mainly to Turkey, Asia, and Japan. Of the common hemo-
philias, factor VIII deficiency occurs in 1/5000 live male 
births. Of those, two-thirds have severe disease (X-linked 
pattern of inheritance). Factor IX deficiency (Christmas dis-
ease) occurs in 1/30,000 male births, of which half have 
severe disease (X-linked pattern of inheritance). Factor XI 
deficiency (Rosenthal syndrome) is rare (1/1,000,000 births), 
with disproportionate incidence in Ashkenazi Jews [64]. Of 
the rare hemophilias, in order, the most common are factor 
XI deficiency, followed by V, VII, X, fibrinogen, and XIII 
[65, 66]. Compared to common hemophilia, the age of bleed-
ing onset in rare coagulopathies varies (median age 7 years, 
range birth to 73 years) [66, 67].

 Hemophilia/Factor Deficiency 
Pathophysiology

Pathophysiology differs for the type of hemophilia and/or 
factor deficiency. Dysfibrinogenemias result from mutations 
in the coding region of the fibrinogen gene (over 100 muta-
tions exist) and can result in quantitative reduction of fibrino-
gen, qualitative alterations of fibrinogen, or deficiencies of 
both [68]. The disease in most severe form is autosomal 
recessive, as are the majority of the rare factor deficiencies 

(V, VII, X, XIII). Factor V deficiency is usually involved 
with genetic mutation associated with severe reduction in 
factor V levels. The majority of mutations associated with 
factor VII deficiency are mild-to-moderate expressors of 
phenotype. The minority (33%) have severe mutations that 
cause significant bleeding tendency. Factor X deficiency 
involves a mutation that results in low but detectable levels 
of factor X activity. Factor XIII deficiency depends on the 
appropriate manufacturing of two subunits of factor XIII, 
which usually results in marked reduction of factor XIII lev-
els and bleeding with a mutation of the gene coding for either 
the A or B subunit of the factor XIII protein [66]. The com-
mon hemophilia mutations (A and B) are sex-linked, 
expressed in males (or lyonized females undergoing dual 
inactivation of the factor VIII and IX genes).

 Hemophilia/Factor Deficiency Clinical 
Presentation

Hemophilia is usually classified by severity (related to factor 
level deficit) – mild bleeding occurs at factor levels 5–40% 
of normal ( ≥0.05 to <0.40 IU/mL), moderate at factor levels 
1–5% of normal ( ≥0.01 to <0.05 IU/mL), and severe bleed-
ing less than 1% of normal ( <0.01 IU/mL). Severe hemo-
philia is characterized by spontaneous bleeding and severe 
bleeding at a younger age at first bleeding episode. 
Spontaneous bleeds usually occur when factor levels are less 
than 20% [67]. It is not uncommon for severe hemophilia to 
present at the time of birth, with umbilical cord separation as 
the presenting finding. Delayed bleeding can present as mas-
sive hemorrhage or slower ooze occurring over longer peri-
ods of time, inducing chronic anemia [67]. Intracranial 
hemorrhage may occur, particularly after trauma. Excessive 
bleeding with minor surgical procedures such as tooth 
extraction or circumcision may be the presenting finding. In 
contrast to platelet disorders, mucosal (epistaxis), muscle, 
and joint bleeding (joint contractures) may occur in chronic 
form and are characteristic of hemophilia and factor defi-
ciencies. Although patients have bleeding tendency, this fea-
ture is not protective against acute coronary syndrome or 
stroke. In patients that are heterozygous for disease, the nor-
mal allele compensates for deficient factor level which usu-
ally does not present with clinical disease. Classification 
systems address the severity of bleeding in order to guide 
therapy and appropriately prognosticate [69]. Grade I bleed-
ing occurs after trauma or antithrombotic therapy. Grade II 
bleeding is minor mucosal-associated or menorrhagic bleed-
ing that occurs spontaneously. Grade III bleeding is major 
bleeding into organs and tissue spaces (muscles/joints) and 
may be immediately life-threatening (intracranial hemor-
rhage). Pregnancy loss has been associated with deficiencies 
of factor XIII, factor X, and fibrinogen. Thrombosis is rare in 
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the hemophilias/factor deficiencies and may be attributable 
to iatrogenesis (thrombophilic medications, central venous 
catheters, inherited or acquired prothrombotic conditions 
(factor V Leiden, trauma, vascular disease) and appears to be 
reported most frequently with factors V, VII, and XI [70, 71]. 
Late complications of disease include joint contractures 
from repeated hemarthroses and neurologic dysfunction 
from intracranial hemorrhage [64].

 Hemophilia/Factor Deficiency Diagnosis

Proper evaluation includes family history-taking and clinical 
assessment (obstetric details for infants/kids and bleeding/
bruising patterns in adults). Attention in the record to bleed-
ing during minor trauma and dental procedures should be 
noted. Patients with family history significant for bleeding 
disorders or coagulopathies should be sought (approximately 
one-third of patients with hemophilia have a negative family 
history). Standard laboratory testing for prothrombin time 
(PT) and activated partial thromboplastin time (aPTT) should 
be performed [64]. Thromboelastography may better esti-
mate the degree of deficiency in patients with hemophilia. 
Whereas patients with mild-to-moderate hemophilia may 
demonstrate prolonged R and K times with preserved alpha 
and maximum amplitude, severe disease has no formation of 
clot with absence of a visualizable TEG waveform [72] 
These values correlate with aPTT measurements early in the 
disease process. However, at 24 h, aPTT levels (normal) are 
discordant with TEG findings (abnormal), which may sug-
gest sub-therapeutic factor replacement in patients having 
undergone therapy [73].

 Hemophilia/Factor Deficiency Treatment

Cornerstones of therapy include raising factor activity levels 
to arrest hemorrhage and achieve definitive hemostasis (tar-
get factor level above 50% usually). The distinction between 
mild and serious/life-threatening bleeding guides manage-
ment. For patients with intracranial hemorrhage, severe 
organ system dysfunction, or life-threatening bleeding, ther-
apy should be initiated immediately (pre-hospital phase) 
prior to complete diagnostic assessment (do not delay greater 
than 30 min, and if diagnosis is in question, treat) [74, 75]. 
Specific pharmacotherapy dosing is based on the severity 
and the location of the bleed [66, 70, 76–79]. For hemarthro-
sis, specific concern should be placed regarding intra- 
articular bleeds at the femoral head and hip (increased risk of 
osteonecrosis) [80]. Avoidance of weight bearing, ice packs, 
immobilization/splinting, and analgesic therapy is indicated. 
Avoid medications with anticoagulant effects. Arthrocentesis 

is not necessary and may exacerbate the problem. If aspira-
tion is planned, make sure factor replacement has been per-
formed (100% repletion). For repeated aspirations, 
prednisone (3–5 day short-course therapy) should be used to 
minimize inflammation and permanent joint contracture 
[81]. Factor replacement is dictated by location of the hem-
arthrosis. Hemarthrosis in the hip, iliopsoas target factor lev-
els should reach 80–100%. For hemarthrosis in the knees, 
elbows, or ankles, activity level should be raised to 40–50%. 
These levels should be maintained for a minimum of 3 days 
[82]. After resolution of the hemarthrosis, rehabilitation is 
crucial to maintain healthy joint function. For muscle and 
soft tissue bleeding, replacement to maintain 50% peak fac-
tor levels is sufficient [83]. For patients planning surgery, 
DDAVP test-dosing should be performed 1  week before 
planned surgery, and inhibitor screening should be per-
formed. For at-risk patients with positive screens, periopera-
tive factor administration should be given 30–60 min before 
the procedure, with repeat dosing based on the half-life of 
each factor and the total duration of surgery. Most recom-
mendations suggest a preoperative factor for major surgery 
(orthopedic surgery, cardiac surgery) to be 80–100% for 
hemophilia A and 60–80% for hemophilia B, with factors 
tapering to 50% for 2  weeks post-op [84, 85]. In those 
patients receiving substantial amounts of perioperative and 
intraoperative factor, screening for inhibitors should be per-
formed at the completion of surgery and as an outpatient 
[86]. Antifibrinolytic agents (tranexamic acid, aminocaproic 
acid) can be used as an adjunct with factor replacement in 
individuals with less severe bleeding (mucosal bleeding) but 
should be avoided in severe cases [87, 88].

Management of patients with factor inhibitors (usually 
the patient is affected with hemophilia A) depends on the 
severity of bleeding and the type and titer of the inhibitor 
[89]. High responding inhibitor titers by Bethesda assay 
(  >5 Bethesda units) are resistant to factor infusions 
whereas those with lower inhibitor titers (  <5 Bethesda 
units) may benefit from factor infusion. Bypassing prod-
ucts (recombinant factor VIIa, 90–120 mcg/kg, and 
FEIBA, 50–100 units/kg every 6–12 h) are used in patients 
with high inhibitor titers [90]. If patients are nonresponders 
to one type of bypassing product, they may respond to the 
alternative. Comparable efficacy has been demonstrated 
for rFVIIa and FEIBA [89, 91–94]. Plasmapheresis is 
reserved for patients that fail bypassing therapy. Surgical 
or interventional techniques are last resort options for 
uncontrollable hemorrhage [95]. At the completion of 
treatment, eradication of the inhibitor and immunotoler-
ance should be addressed.

A summary of the epidemiology, clinical presentation, 
diagnosis, and management of major hemophilias and factor 
deficiencies are shown in Table 35.2.
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 Hemophilia/Factor Deficiency Outcomes

As treatment for hemophilia has improved, chronicity has 
led to long-term complications. In addition to late intracra-
nial hemorrhage and joint contractures from repeated hemar-
throsis, infections from repeated product infusions (HIV, 
hepatitis), an increased risk of bleeding from cancer, 
increased incidence of chronic kidney disease, and chal-
lenges in managing heart disease have all been described in 
hemophiliacs. The most common cause of death in non-HIV 
individuals affected by hemophilia is liver disease (related 
mainly to factor depletion and not coinfection with the 
Hepatitis virus). Liver transplantation is curative for hemo-
philia. Overall awareness and treatment options have esti-
mated life expectancy statistics among hemophiliacs to be 
similar to those of the general population [96–98].
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Abbreviations

5-FC Flucytosine
ABLC Amphotericin B lipid complex
ADR Adverse drug reaction
AMB-d Amphotericin B deoxycholate
AMG Aminoglycoside
ARC Augmented renal clearance
AUC Area under the curve
Cmax Peak drug concentration
CNS Central nervous system
CPK Creatinine phosphokinase
CrCl Creatinine clearance
CRE Carbapenem-resistant Enterobacteriaceae
CRRT Continuous renal replacement therapy
CSF Cerebrospinal fluid
ESBL Extended-spectrum β-lactamase
FDA Food and Drug Administration
FLQ Fluoroquinolones
hVISA Heterogeneous vancomycin-intermediate 

Staphylococcus aureus
ICU Intensive care unit
IHD Intermittent hemodialysis
INR International normalized ratio
L-AMB Liposomal amphotericin B
MAOI Monoamine oxidase inhibitor
MDR Multidrug resistant
MIC Minimum inhibitory concentration
MRSA Methicillin resistant Staphylococcus aureus
MSSA Methicillin susceptible Staphylococcus aureus
NS Nonsusceptible
PAE Post-antibiotic effect
PBP Penicillin binding protein
PCN Penicillin
PD Pharmacodynamics

PK Pharmacokinetics
SMX Sulfamethoxazole
SSTI Skin and soft tissue infection
TMP Trimethoprim
Vd Volume of distribution
VISA Vancomycin-intermediate Staphylococcus aureus
VRE Vancomycin-resistant enterococcus
VRSA Vancomycin-resistant Staphylococcus aureus

 Introduction

Few diseases challenge the critical care provider as frequent 
as the prevention or treatment of infection. In non-cardiac 
intensive care units (ICU), infection and related sepsis are 
the leading cause of death with reported mortality rates as 
high as 60%, accounting for approximately 40% of total ICU 
expenditures [1]. In a 1-day point-prevalence study in 1265 
ICUs from 75 countries, 71% of critically ill patients were 
receiving an anti-infective agent for either prophylaxis (20%) 
or treatment (51%), most commonly for respiratory (64%), 
intra-abdominal (20%), and bloodstream (15%) infections 
[2]. The success of preventing or eradicating an infection is 
determined based on the interaction of an anti-infective drug, 
host, and pathogen. Although a complete discussion of each 
of these components is outside of the scope of this chapter, 
knowledge of antimicrobial pharmacology (e.g., mechanism 
of action, spectrum of activity, toxicity) and strategies to 
optimize pharmacokinetics (PK) and pharmacodynamics 
(PD) are key tools for the intensivist to improve the probabil-
ity of eradicating infection in critically ill patients while pre-
venting the emergence of antimicrobial resistance [3].

 General PK-PD Concepts

PK describes the action of the patient toward a drug, includ-
ing absorption, distribution, metabolism, and excretion, ulti-
mately determining systemic exposure [4]. Contrarily, PD is 
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the physiologic and biochemical response to a drug, typi-
cally stated “what the drug does to the body.” The PK-PD 
properties are integrated to describe the exposure-response 
relationship and determine the ability for an anti-infective to 
kill (bactericidal) or inhibit (bacteriostatic) the growth of a 
pathogen [5].

To apply PK-PD principles of anti-infectives (Fig. 36.1), 
it is important to first understand a pathogen factor known as 
the minimum inhibitory concentration (MIC). The MIC is 
the lowest serum concentration of an antimicrobial required 
to inhibit the visible growth of the microorganism. Antibiotics 
considered to have “time-dependent” pathogen kill activity, 
such as β-lactams, are entirely dependent on the time the free 
drug concentration remains above the MIC during the dosing 
interval (T>MIC) [6]. To optimize the dose of “time- dependent” 
antibiotics, more frequent administration or extended infu-
sions are preferred to prolong the time the antibiotic concen-
tration remains above the MIC, as compared to simply giving 
larger doses. In this scenario, PK-PD studies suggest you can 
actually give a smaller total daily dose of an antimicrobial 
while achieving similar or greater probability of achieving 
the PK-PD target and associated outcome. Using cefepime 
as an example, the probability of achieving at least 67% of 
the T>MIC, a standard PK-PD goal, when the pathogen MIC is 
8 μg/mL is similar for a dose of 1 g q6h as compared to 2 g 
q8h, despite the fact that the patient is receiving one third the 
total daily dose [7].

Alternatively, concentration-dependent antibiotics, such 
as aminoglycosides (AMG), elicit kill characteristics that are 
exclusively influenced by the degree of free drug concentra-
tion above the MIC for a specific pathogen (Cmax/MIC). 
The optimal dosing strategy of concentration-dependent 
antibiotics is to give larger doses that achieve a higher maxi-
mum concentration with less frequent administration. 

Finally, certain antibiotics, such as vancomycin and fluoro-
quinolones (FLQ), have a hybrid approach where bacteri-
cidal or static activity can be described as 
concentration-dependent with time dependence. Known as 
the ratio of area under the curve (AUC) to MIC (AUC/MIC), 
optimal dosing of these antibiotics includes a combination of 
larger doses with either more frequent administration or pro-
longed infusions. Goal PK-PD targets are specific to indi-
vidual classes of antimicrobial agents, and strategies to 
optimize PK-PD properties will be discussed with each anti-
microbial class subsequently in this chapter. Some antibiot-
ics, such as AMGs, demonstrate a post-antibiotic effect 
(PAE), where bacterial regrowth is suppressed after the free 
drug concentration falls below the MIC.  When applying 
these concepts, only unbound or “free” drug should be con-
sidered as the microbiologically active drug that can pass 
through capillary endothelium.

(AMG aminoglycoside, AUC area under the concentration- 
time curve, Cmax peak concentration, FLQ fluoroquino-
lones, MIC minimum inhibitory concentration, T time, PAE 
post-antibiotic effect).

The last general concept relates to the influence of the 
physiochemical properties of a drug on PK, ultimately 
impacting the achievement of adequate concentrations at 
the site of infection. Generally, drugs that are hydrophilic 
or have “water loving” properties tend to achieve low 
intracellular penetration, have limited distribution, and are 
predominantly excreted through the kidneys [8]. 
Hydrophilic antibiotics include β-lactams, AMGs, glyco-
peptides (e.g., vancomycin), and colistin. Alternatively, 
lipophilic antimicrobials or drugs with “fat loving” proper-
ties are extensively distributed, achieve high intracellular 
penetration, and undergo predominantly hepatic metabo-
lism and excretion. Lipophilic antibiotics include FLQs, 
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macrolides, linezolid, tigecycline, and lincosamides (e.g., 
clindamycin).

 Altered PK-PD in Critically Ill

Unfortunately, critically ill patients experience deranged 
physiology with numerous medical interventions that can 
have a tremendous impact on achieving PK-PD targets and 
desired patient outcomes. Generally, these alterations tend to 
affect volume of distribution (Vd) and clearance.

In critical illness, fluid resuscitation, hypoalbuminemia, 
and capillary leak syndrome result in fluid shift from the 
intravascular compartment into the interstitial space [6]. For 
hydrophilic drugs, this generally results in “dilution” where 
the Vd can be substantially increased with resultant reduc-
tions in plasma concentrations. On the contrary, Vd of lipo-
philic drugs is largely unchanged due to more extensive 
adipose tissue penetration [8]. The risk with standard antibi-
otic doses is clearly suboptimal antibiotic exposure and asso-
ciated worse outcomes. For example, in early septic shock, 
only one third of patients who received an initial standard 
dose of cefepime or piperacillin-tazobactam achieved target 
PK-PD goals [10]. To overcome expanded Vd and ensure 
therapeutic concentration, consider giving a loading dose of 
hydrophilic drugs to fully “load the tank,” regardless of 
clearance irregularities [8].

Following an assessment of volume status, one must next 
consider the impact of clearance abnormalities, and histori-
cally “end organ dysfunction” has received the greatest 
attention. Generally, acute or chronic renal impairment will 
reduce clearance and increase concentrations of hydrophilic 
anti-infectives whereas hepatic insufficiency may increase 
concentrations of lipophilic antimicrobials. Given the 
increased risk for toxicities with standard doses, mainte-
nance dose reductions are typically recommended in the set-
ting of impaired organ function, respectively. However, over 
the past decade, a greater understanding of augmented renal 
clearance (ARC) has been identified effecting 50–85% of 
patients managed in a surgical ICU [11]. ARC results from 
enhanced renal elimination of solutes from baseline, includ-
ing glomerular filtration, secondary to increased renal blood 
flow from augmented cardiac output. Given that serum cre-
atinine appears “normal,” the risk is enhanced elimination of 
antimicrobial agents leading to treatment failure, resistance, 
or possibly worse outcomes [12]. In fact, ARC has been 
shown to be an independent predictor of subtherapeutic anti-
biotic concentrations in critically ill patients, where only 
58% of patients with ARC achieved standard PK-PD targets 
[13]. Therefore, routine screening for ARC with an 8–24 h 
continuous urine creatinine clearance (CrCl) is recom-

mended for patients at risk, including less than 55  years, 
male, trauma, surgery, burns, or neurologic insult. When 
starting hydrophilic antibiotics for patients identified to have 
ARC with a CrCl greater than 130 mL/min from direct mea-
sure, consider more aggressive doses that maximize PK-PD 
properties (e.g., cefepime 2 g q6–8 h infused over 3 h) [12].

 Antibacterial Agents

Ideally, antibiotic selection for the prevention or treatment 
of specific infections should be based on rigorous clinical 
trials. In reality, with a few exceptions, such data rarely 
exists [14]. Therefore, appropriate selection of antimicro-
bial agents is determined by pharmacologic properties (e.g., 
spectrum of activity, penetration into source of infection), 
host factors, suspected organisms given a specific infection, 
and local susceptibilities (e.g., your institutions antibio-
gram). Relevant discussions of anti-infectives for specific 
disease properties are discussed in other sections of this 
book. The purpose of this chapter is to understand the phar-
macologic properties of commonly used antibiotics and 
antifungals prescribed in the ICU, with an emphasis on 
mechanism of action, spectrum of activity, and clinical 
pearls as organized by drug classes.

 β-Lactams

β-lactam antibiotics, including penicillins, cephalosporins, 
carbapenems, and monobactams, are collectively the most 
commonly prescribed antibiotics in the ICU, accounting for 
more than 40% of all antibiotic orders [15]. As a drug class, 
these antibiotics share a common β-lactam ring within the 
chemical structure, critical for inhibiting bacterial cell wall 
and the associated bactericidal activity. Generally, bacterial 
killing from exposure to β-lactam antibiotics is determined 
by ideally 100% T>MIC, with minimal impact of Cmax or PAE, 
particularly for gram-negative organisms [16]. Given the 
hydrophilic nature of these antibiotics, no β-lactam covers 
intracellular pathogens, such as the atypical organisms 
Legionella pneumophilia or Chlamydia pneumoniae [9].

 Penicillins and β-Lactamase Inhibitors
Mechanism of action Penicillins (PCN) are natural or semi-
synthetic compounds that generally display bactericidal 
activity by binding to PCN binding proteins (PBP) within the 
cell wall of susceptible bacteria. PCN binding to PBPs inhib-
its peptidoglycan cross-linking, a key structure within the 
cell wall, resulting in bacterial cell lysis and cell death during 
cellular division [16].
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Classification/spectrum of activity Spectrum of activity, in 
part, is related to the affinity of PBP for β-lactam antibiotics 
and chemical modifications, such as stability against 
β-lactamase production or improved penetration through 
lipopolysaccharide within gram-negative organisms. PCN 
can be divided into four clinically relevant classes based on 
spectrum (Table 36.1). Of note, natural PCN, such as penicil-
lin G, has largely fallen out of favor for treatment of 
Staphylococcus aureus and gram-negative rods secondary to 
production of β-lactamase, an enzyme which hydrolyzes the 
β-lactam ring rendering the antibiotic ineffective. Considering 
β-lactamase production is the most common mechanism of 
resistance for bacteria, aminopenicillins can be given with 
β-lactamase inhibitors (e.g., ampicillin/sulbactam) to extend 
the spectrum of activity, including anaerobes. Specific to the 
ICU, ampicillin/sulbactam is the drug of choice for 
Acinetobacter baumannii infections, a common ventilator- 
associated pneumonia pathogen, if susceptible [18]. 
However, the same drug is often avoided as empiric therapy 
for common infections (e.g., intra-abdominal) due to increas-
ing resistance among Escherichia coli [19]. Although methi-
cillin is no longer available secondary to high rates of 
interstitial nephritis, penicillinase-resistant PCN (e.g., naf-
cillin, oxacillin) is the drug of choice for methicillin suscep-
tible Staphylococcus aureus (MSSA) [14]. Extended-spectrum 
PCN in combination with β-lactamase inhibitors (e.g., piper-
acillin/tazobactam) provides the broadest antibacterial spec-
trum of this class, including Pseudomonas aeruginosa.

 Cephalosporins
Mechanism of action The mechanism of action of cephalo-
sporins is identical to penicillins, ultimately disrupting bac-
terial cell wall [14].

Classification/spectrum of activity Cephalosporins are 
arbitrarily classified into five generations based solely but 
loosely on microbial spectrum of activity (Table  36.1). A 
common generalization as you advance through the classes 
is diminishing gram-positive activity with enhanced gram-
negative coverage. First-generation cephalosporins, such as 
cefazolin, are potent inhibitors of gram-positive cocci with 
moderate activity against gram-negative bacilli and some 
anaerobic oropharyngeal organisms. In many situations, 
cefazolin is an alternative to nafcillin or oxacillin for the 
treatment of MSSA, other than central nervous system 
(CNS) infections where penetration is poor. As a whole, 
second-generation cephalosporins generally provide 
enhanced activity against E. Coli, K. pneumonia, and some 
Proteus species while individual agents have enhanced 
β-lactamase activity (e.g., cefuroxime) or anaerobic 

 coverage (e.g., cefoxitin, a cephamycin). However, there is 
a growing prevalence of cefoxitin-resistant Bacteroides fra-
gilis indicating the need to validate cefoxitin appropriate-
ness for intra-abdominal infections to your local antibiogram 
[20]. Third-generation cephalosporins, such as ceftriaxone, 
have markedly increased potency against gram- negative 
bacilli which are often resistant to extended- spectrum peni-
cillins or early generation cephalosporins yet may lack ade-
quate empiric coverage of S. aureus. Ceftriaxone is 
particularly unique in that it is primarily hepatically metab-
olized and excreted. Within this generation, ceftazidime is 
considered to have activity against most gram- negative 
bacilli, including P. aeruginosa [21]. Cefepime, a fourth-
generation cephalosporin, has the widest spectrum of activ-
ity, including P. aeruginosa while maintaining activity 
against gram-positive cocci. The “new” fifth-generation 
cephalosporin, known as ceftaroline, represents the first 
β-lactam antibiotics to have activity against MRSA with 
similar gram-negative coverage as ceftriaxone. Finally, 
ceftolozane/tazobactam and ceftazidime/avibactam are 
cephalosporins and β-lactamase inhibitor combinations 
indicated for multidrug-resistant Pseudomonas spp.

 Carbapenems
Mechanism of action Similar to other β-lactams, carbapen-
ems inhibit cell wall synthesis by binding PBP [22]. The 
broad spectrum of activity of these agents is related to “com-
pact” chemical structures that readily diffuse through porin 
channels of gram-negative bacilli and are particularly resis-
tant to β-lactamases [14].

Classification/spectrum of activity As a class, the carbapen-
ems provide the broadest spectrum of activity of all β-lactams 
(Table 36.1) [23]. Imipenem was the first available carbape-
nem. It is co-administered with cilastatin to prevent deactiva-
tion by dehydropeptidase within the renal brush boarder 
cells. Imipenem inhibits most gram-positive cocci, 
Enterobacteriaceae, and gram-negative rods, including P. 
aeruginosa and anaerobes. Meropenem and doripenem dif-
fer from imipenem in that they have enhanced activity 
against gram-negative rods due to rapid penetration through 
the cell wall yet may have reduced Enterococcus activity. 
Ertapenem is unique within the carbapenems, in that its long 
half-life and extensive protein binding allow for once daily 
administration, yet it has no appreciable activity against P. 
aeruginosa or Acinetobacter spp. Given its limited spectrum 
of activity against prominent ICU pathogens, it should be 
limited to step-down therapy for targeted treatment (e.g., 
extended-spectrum β-lactamase (ESBL) producing organ-
isms) [24].
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 Monobactams
Mechanism of action Aztreonam, the only monobactam 
currently available, has high affinity for PBP3, causing bac-
terial cell wall lysis [22].

Spectrum of activity Aztreonam has no clinical utility 
against any gram-positive or anaerobic organisms, but has 
moderate activity against Enterobacteriaceae and 
 gram- negative rods (Table  36.1). Aztreonam is completely 
synthetic and lacks the allergenic chemical structure com-
mon among all other β-lactams, meaning aztreonam can be 
safely used in patients with significant penicillin or cephalo-
sporin allergies [14]. If indicated, consideration should be 
given for double coverage of gram-negative organisms with 
an AMG or FLQ if resistance from your local antibiogram 
exceeds 10–20% [25].

 β-Lactam Mechanism of Resistance
The mechanism of antimicrobial resistance is complex and 
dependent on pathogen and drug characteristics. Although 
some resistance is mediated through efflux pumps or porin 
channel modifications, the vast majority of resistance for 
β-lactam antibiotics is enzymatic hydrolysis by β-lactamases 
produced by the pathogen [26]. The “new” β-lactamase 
enzymes of most relevance in the ICU include AmpC 
enzymes, ESBL, and carbapenem-hydrolyzing β-lactamase 
(carbapenemases).

Although most Enterobacteriaceae have AmpC-
encoding genes within their chromosomes, these are con-
sidered clinically problematic among the SPACE (Serratia, 
Pseudomonas aeruginosa, Acinetobacter, Citrobacter, and 
Enterobacter) organisms [14]. Among these pathogens, 
production of AmpC β-lactamase occurs either “all the 
time” or following induction from specific antibiotics, such 
as imipenem, leading to the concept of “inducible resis-
tance.” Once produced, AmpC β-lactamase confer resis-
tance of most penicillins (potentially including piperacillin/
tazobactam), through third-generation cephalosporins and 
monobactams, necessitating treatment with cefepime or 
carbapenems. ESBLs, although originally common among 
E. coli and K. pneumoniae, are plasmid-mediated genes 
that can be easily transferred from one organism to the 
next. ESBLs hydrolyze broad and extended-spectrum ceph-
alosporins, PCN, and monobactams, necessitating treat-
ment with carbapenems. Recently, carbapenemases have 
gained more attention, especially K. pneumoniae carbapen-
emase, which confers resistance to nearly all β-lactams. 
Given a lack of novel antibiotics in development, optimiza-
tion of current antibiotics by applying antimicrobial 

 stewardship principles with good infection control prac-
tices is key to combat antibiotic resistance [27].

 β-Lactam Adverse Drug Reactions
Although β-lactam antibiotics are considered to have a wide 
therapeutic window and are generally well tolerated, there 
are some common adverse drug reactions (ADR) that war-
rant consideration. First and foremost is the concern for 
hypersensitivity reactions. Although most common with the 
PCN class, where up to 15% of patients “self-report” an 
allergy, hypersensitivity reactions have also been reported 
with cephalosporins and carbapenems [28]. Yet, hypersensi-
tivity reactions are likely overestimated, where 95% of 
patients with a history of a PCN allergy had a negative con-
firmatory skin test [29]. In addition, IgE-mediated reactions 
wane over time, effecting less than 20% of patients 10 years 
after an initial event [30]. Given the “work horse” nature of 
β-lactams, labeling someone with any type of a β-lactam 
allergy is not without risk, potentially leading to suboptimal 
antibiotic prescriptions and antimicrobial resistance [28]. In 
these situations, it is critical for the healthcare team to criti-
cally evaluate “self-reported” allergies to distinguish non- 
immunogenic adverse effects (e.g., rash) from IgE-medicated 
hypersensitivity reactions (e.g., hives, airway swelling, ana-
phylaxis). In the modern era, it is also recognized that the 
cross-reactivity among β-lactams is much lower than previ-
ously reported. If a patient has a proven PCN allergy, approx-
imately 2% of patients may react to a cephalosporin and 10% 
to a carbapenem [31, 32]. Risk is higher among β-lactams 
with similar side chains (e.g., amoxicillin and piperacillin). 
Of note, cefazolin, a drug commonly implicated for hyper-
sensitivity reactions in the ICU or operating room, has suffi-
ciently different side chains from all other agents leading to 
decreased risk of cross-reactivity. Management of patients 
with β-lactam allergies includes challenge with an alterna-
tive β-lactam class (preferably with a different side chain); 
choose a different antimicrobial class (if antibiogram sug-
gests sufficient empiric coverage of intended organisms) or 
β-lactam desensitization.

There are numerous other ADRs relevant for the β-lactam 
class, including drug fever, serum sickness, rash, encepha-
lopathy, Clostridium difficile colitis, interstitial nephritis, 
neutropenia, and thrombocytopenia. Some ADRs are more 
specific to individual β-lactams. For example, seizures, 
although rare, may occur most frequently following expo-
sure to penicillin G, imipenem, and even cefepime (e.g., non-
convulsive status epilepticus) [14]. Generally, risk of seizures 
is related to preexisting CNS disease, advanced age, and 
renal insufficiency which can usually be avoided by reducing 
the dose.
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 Drugs for Gram-Positive Organisms

 Vancomycin
Mechanism of action Vancomycin is a glycopeptide that 
binds to peptidoglycan precursors of the cell wall, D-alanyl- 
D-alanine, which inhibits cell wall synthesis by PBP [33].

Spectrum of activity Vancomycin has broad activity against 
gram-positive bacteria. Traditionally, it has been the drug of 
choice for empiric/targeted therapy for MRSA with suscep-
tible MICs of ≤2 μg/mL. However, due to reported treatment 
failures with elevated, yet susceptible, MICs ≥ 1.5–2 μg/mL, 
it is debated when alternative agents should be used [35, 36]. 
Although vancomycin has activity against MSSA, it should 
not be used, as nafcillin and cefazolin have superior clinical 
outcomes [37, 38]. Several Streptococcus species are rou-
tinely susceptible including S. pneumoniae, S. pyogenes, S. 
agalactiae, and group C and G streptococci. Vancomycin is 
active against Enterococcus faecalis and E. faecium, although 
resistance is increasing. Combination therapy with an AMG 
is often recommended for severe infections. Gram-positive 
anaerobes are usually susceptible such as Peptostreptococcus 
spp., Propionibacterium spp., and most Clostridium spp., 
including C. difficile [33].

Clinical pharmacology and dosing The best PK-PD param-
eter to predict treatment success with vancomycin is an 
AUC/MIC ratio ≥ 400. An initial loading dose of 25–30 mg/
kg is recommended to “fill the tank,” especially during early 
stages of sepsis when Vd is increased [39, 40]. Maintenance 
doses and frequencies should be determined by several fac-
tors but none more important than renal function (e.g., CrCl) 
and body weight. The usual dose in adults with normal renal 
function is 15–20 mg/kg every 12 h. This dose may be inad-
equate to produce desired trough concentrations of 15–20 μg/
mL, and most institutions use a nomogram for more accurate 
initial dosing (Table 36.2). Dosing in obesity and critically ill 
patients remains a challenge secondary to interpatient vari-
ability and unpredictable PK due to ARC or acute kidney 
injury [41]. Research is ongoing in these patient populations 
for optimal dosing regimens. Oral, not intravenous, vanco-
mycin should be reserved for C. difficile colitis at doses of 
500 mg every 6 h for disease complicated by hypotension, 
shock, ileus, or toxic megacolon [42].

Therapeutic drug monitoring The most reliable surrogate 
for AUC/MIC ratio is trough concentrations. Trough concen-
trations can be obtained prior to the fourth or fifth dose with 
targets of 15–20 μg/mL for more severe infections, despite 

limited evidence supporting higher troughs with improved 
outcomes [43, 44]. Routine trough concentrations are unnec-
essary, but should be strongly considered for worsening clin-
ical status, documented MRSA infections, changing renal 
function, or in populations with unreliable pharmacokinetics 
(i.e., burn, trauma, obese, febrile neutropenia).

Resistance Staphylococcus aureus resistance to vancomy-
cin can be categorized into three groups: vancomycin- 
resistant Staphylococcus aureus (VRSA), 
vancomycin-intermediate Staphylococcus aureus (VISA), 
and heterogeneous VISA (hVISA) [47]. VISA and hVISA 
are both caused by a thickened cell wall. VISA, defined as 
“intermediate” with MICs of 4–8 μg/mL, requires alternative 
anti-MRSA treatment. Alternatively, hVISA is interpreted as 
susceptible, and controversy persists as to whether it is asso-
ciated with failure. VRSA possesses the VanA gene, a com-
mon mechanism of resistance for Enterococcus faecalis and 
E. faecium, causing high-level resistance by substituting 
D-ala-D-ala to D-ala-D-lactate of the peptidoglycan precur-
sors [47].

Adverse events The most common adverse reactions include 
red man syndrome and nephrotoxicity. Red man syndrome is 
associated with a rash and pruritus affecting the head, neck, 
and face often during the infusion. This can be mitigated by 
prolonging the infusion time or administering antihistamines 
prior to subsequent doses. Potential risk factors for nephro-
toxicity include troughs ≥15 μg/mL, critically ill, obesity, 
and concomitant use of piperacillin-tazobactam [33, 45, 46]. 
Anaphylaxis and ototoxicity are uncommon.

 Daptomycin
Mechanism of action Daptomycin inserts a lipophilic tail 
into the cell membrane of gram-positive organisms, causing 
membrane depolarization [33].

Table 36.2 Vancomycin dosing nomogram

Target troughs 15–20 mcg/mL
Dose based on weight Frequency based on CrCl
Weight 
(kg)

Maintenance 
dose (mg)

CrCl (mL/min) Dose frequency 
(hours)

 >90 1500–1750 ≥80 Q8a

76–90 1250–1500 50–79 (CRRT ≥ 3 L/
HR)

Q12

55–75 1000–1250 25–49 
(CRRT ≥ 1.5 L/HR)

Q24

 <55 750–1000 < 25, IHD, 
CRRT < 1.5 L/HR

~Q48; based 
on levels

aMaximum empiric dose, 1.5 g q8h if < 40 years old, CRRT continuous 
renal replacement therapy, IHD intermittent hemodialysis
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Spectrum of activity Daptomycin has similar activity of aer-
obic and anaerobic gram-positive organisms typically cov-
ered by vancomycin (see 36.4.2.1). It is often reserved for 
MRSA infections failing vancomycin therapy, VISA, and 
vancomycin-resistant Enterococcus (VRE).

Clinical pharmacology and dosing Daptomycin exerts 
concentration- dependent bactericidal activity. FDA dosing 
recommends 4–6 mg/kg every 24 h; however, higher doses 
(8–12 mg/kg) may be more effective for deep-seated MRSA 
infections and elevated enterococcal MICs of 3–4  μg/mL 
[48–51]. The drug is primarily renally eliminated and 
requires increasing dosing interval to every 48  h for CrCl 
≤30 mL/min or administered after IHD [52]. Daptomycin is 
inactivated by lung surfactant and should not be used for 
pneumonia [33].

Resistance Nonsusceptible (NS) daptomycin 
Staphylococcus aureus (MIC  >  1 μg/mL) may develop on 
therapy when the source of the infection is uncontrolled or 
the drug is underdosed. Resistance is more common with E. 
faecium compared to E. faecalis. In vitro data and case 
reports demonstrate synergy for resistant organisms when 
daptomycin is combined with some β-lactams [53, 54].

Adverse events Muscle toxicity presenting with upper 
extremity myopathy and increases in creatinine phosphoki-
nase (CPK) levels is the most common toxicity (6.7%). The 
drug should be discontinued for unexplained myopathy with 
CPK > 1000 units/L or for CPK > 2000 units/L without mus-
cle pain. Daptomycin may cause a falsely elevated prothrom-
bin time depending on reagents used [33].

 Oxazolidinones: Linezolid/Tedizolid
Mechanism of action Linezolid and tedizolid act by inhibit-
ing protein synthesis through inhibition of the 50S ribosome 
[55].

Spectrum of activity The spectrum of activity of the oxa-
zolidinones is similar to daptomycin (see 36.4.2.2) and is 
often reserved for MRSA infections failing vancomycin, 
VRE, and NS-daptomycin isolates. Unlike daptomycin, 
these drugs are bacteriostatic. Tedizolid exhibits a four- to 
eightfold increase in potency compared to linezolid [56]. 
Both agents display activity to Mycobacterium spp. [57].

Clinical pharmacology Both agents are available in IV and 
PO formulations and are dosed in a 1:1 ratio, attributing to 

100% bioavailability. Due to its longer half-life, tedizolid is 
dosed at 200 mg daily versus 600 mg twice daily for line-
zolid. Neither agent requires dosing adjustment for renal or 
hepatic dysfunction. These agents are used for several infec-
tion types as they penetrate into many body sites; however, 
they should be used with caution for endovascular infections 
as outcomes are mixed [58, 59].

Resistance Resistance is expressed via binding site modifi-
cations and is associated with prolonged use. Tedizolid may 
retain activity against linezolid resistant isolates [56, 62].

Adverse events These agents are well tolerated with GI 
symptoms predominating. Hematologic (e.g., anemia, 
thrombocytopenia, neutropenia) and mitochondrial toxicities 
(e.g., lactic acidosis, neuropathies) limit prolonged use and 
have been seen as early as 10 days after initiation [60, 61]. 
Linezolid is a reversible monoamine oxidase inhibitor 
(MAOI) and has been associated with serotonin syndrome. 
Although rare, caution should be exercised when used with 
concurrent serotonergic agents. Tedizolid, a weaker MAOI, 
may have less risk [56].

 Other Drugs for Gram-Positive Organisms
Telavancin Telavancin, a once-daily lipoglycopeptide 
approved for skin and soft tissue infections (SSTI) and pneu-
monia, has activity against gram-positive organisms, includ-
ing resistant isolates [33]. It should be used with caution in 
patients with a baseline CrCl ≤ 50 mL/min as mortality rates 
were higher compared to vancomycin for MRSA-associated 
hospital-acquired pneumonia [63, 64]. Common adverse 
events include infusion-related reactions similar to vanco-
mycin. It interferes with coagulation assays, but testing can 
be performed just prior to telavancin doses to mitigate this 
interaction [33].

Quinupristin/dalfopristin Quinupristin/dalfopristin, a com-
bination of two streptogramins, is bactericidal against most 
gram-positive organisms, with the exception of E. faecalis. It 
is often reserved for salvage therapy against multidrug- 
resistant VRE due to the availability of newer, better- tolerated 
alternatives. Common side effects leading to drug cession 
include infusion site irritation, arthralgia, and myalgia [33].

Clindamycin Clindamycin inhibits ribosomal subunits with 
activity against S. aureus, including MRSA, most 
Streptococcal spp., and anaerobic gram-positives including 
Peptostreptococcus spp., Peptococcus spp., and Clostridium 
perfringens. It has some activity against gram-negative 
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anaerobes; however, due to increased resistance to B. fragi-
lis, it should be avoided for intra-abdominal infections. 
Streptococcus milleri group resistance continues to rise; 
therefore, it should be reserved for β-lactam allergic patients 
for odontogenic infections [65–67]. With the exception of 
the CNS, clindamycin achieves excellent concentrations into 
most tissues and can be used to reduce toxin production (e.g., 
streptococci). The most concerning adverse event is 
Clostridium difficile-associated colitis.

 Fluoroquinolones

Mechanism of action FLQs achieve bactericidal activity by 
interfering with the activity of DNA gyrase and topoisomer-
ase which ultimately impedes bacterial DNA synthesis [68].

Clinical pharmacology The FLQs are concentration- 
dependent antibiotics that are well absorbed from the GI 
tract and have excellent bioavailability (~70–100%). 
However it should be noted that co-administration with cat-
ions, which are often found in enteral tube feeds, can have a 
significant impact and administration and should ideally be 
separated by at least 2 h. Due to a large Vd, concentrations of 
FLQs in tissues can exceed that of the serum, particularly in 
the kidneys and urine. Some exceptions to this include the 
bones, prostatic fluid, and cerebrospinal fluid (CSF) where 
tissue concentrations are typically lower. Both levofloxacin 
and ciprofloxacin require dose adjustment in patients with 
renal dysfunction due to primarily renal elimination and 
mixed renal and nonrenal elimination, respectively. In con-
trast, moxifloxacin requires no renal dose adjustment since 
hepatic metabolism and biliary excretion are the primary 
routes of elimination.

Spectrum of activity FLQs have a broad spectrum of activity 
including many aerobic gram-negatives, including 
Enterobacteriaceae, Haemophilus spp., Neisseria spp., and 
Moraxella catarrhalis [68]. Ciprofloxacin and levofloxacin 
are unique in that they have additional activity against P. 
aeruginosa, with ciprofloxacin being more potent. 
Respiratory pathogens such as Streptococcus spp. are best 
covered by levofloxacin and moxifloxacin. FLQ also has 
activity against atypical organisms and most mycobacteria.

Adverse drug reactions QT interval prolongation is the most 
significant adverse effect associated with FLQ therapy. Risk 
is highest in patients receiving concomitant medications 
which can prolong the QT interval and in older patients or 
those with underlying risk factors for arrhythmias [68]. 

Other side effects include GI upset, CNS effects (headaches 
and dizziness), and the risk of potential arthropathy and ten-
dinitis. In July of 2016, the Food and Drug Administration 
(FDA) administered a black box warning regarding the use 
of FLQ to treat uncomplicated infections such as acute sinus-
itis, bronchitis, and uncomplicated urinary tract infections 
since the risks of therapy likely outweigh the benefits [69]. 
FLQ use is also a risk factor for C. difficile diarrhea.

Resistance For serious infections with a high bacterial bur-
den, it is important to be aware that resistance to FLQs can 
develop while on therapy [68]. This is particularly true when 
treating pathogens like P. aeruginosa and S. aureus where 
resistance is more likely. In practice, increasing resistance to 
nosocomial pathogens has limited empiric FLQ use. 
Strategies for minimizing FLQ resistance include judicious 
FLQ use, optimizing selection of FLQ, dose, and duration of 
treatment as well as infection control procedures to prevent 
spread of resistant organisms.

 Aminoglycosides

AMGs are a class of antibiotics that have been in use since 
the 1940s to treat serious gram-negative infections [70]. The 
most commonly used AMGs in clinical practice today 
include amikacin, gentamicin, and tobramycin, which have 
similar physical, chemical, and pharmacologic properties.

Mechanism of action AMGs exert their activity by inhibit-
ing protein synthesis [70]. Unlike most other antibiotics that 
exert their activity via this mechanism, AMGs are unique in 
that they are bactericidal, rather than bacteriostatic [70]. The 
exact mechanism for achieving cell death is unknown. AMGs 
are concentration-dependent antibiotics; therefore, the 
Cmax/MIC ratio must be maximized for efficacy, where con-
centrations are ideally ten times higher than the 
MIC. Antibacterial activity of AMGs is also due to a pro-
longed PAE which allows suppression of bacterial growth 
after short antibiotic exposure.

Spectrum of activity Due to toxicities and complicated dos-
ing, AMGs are primarily used for their activity against resis-
tant gram-negative bacilli, including Enterobacteriaceae, 
Pseudomonas aeruginosa, and Acinetobacter spp., but may 
also be used synergistically with cell wall active agents for 
certain gram-positive infections [70]. When comparing anti-
microbial spectrum across the AMG class, it should be noted 
that tobramycin is more potent against Pseudomonas. AMGs 
require aerobic metabolism to exert their antibacterial effect 
and thus do not have activity against anaerobic organisms.
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Clinical pharmacology Since AMGs are highly water solu-
ble and have a low level of protein binding, they distribute 
widely throughout the extracellular space [70]. Low lipid 
solubility contributes to the limited ability of AMGs to cross 
cellular membranes and thus potential sites of infection, with 
the exception of the synovial fluid. AMGs are largely 
excreted unchanged in the urine, and thus therapeutic 
 concentrations after one systemic dose can remain therapeu-
tic for days.

Dosing and monitoring Traditionally, AMG was dosed two 
to three times per day requiring the measurement of peak and 
trough concentrations to determine efficacy and safety. This 
dosing scheme has largely fallen out of favor due to the opti-
mization of PAE and peak concentrations (efficacy) and 
decreased rates of toxicity with once-daily dosing [70]. In a 
study of more than 2000 patients, only 1.2% developed 
nephrotoxicity with once-daily dosing [71]. For most patient 
populations and infections, 5–7  mg/kg/day of gentamicin/
tobramycin and 15 mg/kg/day for amikacin will be effica-
cious. In patients with renal impairment, this dosing interval 
may need to be prolonged. Once-daily AMG dosing gener-
ally eliminates the need for peak serum level monitoring 
with the exception of some critically ill patients and cystic 
fibrosis patients where significant alterations in pharmacoki-
netics may be seen. Therapeutic drug monitoring for once- 
daily dosing may be achieved by using a nomogram or 
obtaining trough concentrations. When a nomogram is used 
(Fig.  36.2), AMG serum levels are obtained 6–14  h post- 
infusion and plotted on a graph to determine the appropriate 
dosing interval [71]. Conversely, true trough concentrations 
(18–24  h post-dose) may be obtained to document AMG 
clearance. If undetectable troughs are not achieved (<0.5–1 

mcg/mL for gentamicin/tobramycin; <3–5 mcg/mL for ami-
kacin), dosing interval should be adjusted to minimize toxic-
ity [70].

Adverse drug reactions AMGs share the potential for caus-
ing nephrotoxicity, ototoxicity, and rarely, neuromuscular 
blockade [70]. AMG-induced injury to renal proximal tubu-
lar cells is the primary mechanism of nephrotoxicity. 
Fortunately, tubular injury is generally reversible, and once- 
daily dosing can be used to minimize renal insult due to satu-
rable uptake of AMG into tubular cells. In contrast, 
AMG-induced ototoxicity caused by cochlear damage, ves-
tibular damage, or both is irreversible. Risk of ototoxicity 
increases with age, renal impairment, concomitant vancomy-
cin therapy, and prolonged AMG duration (≥3  weeks). 
Rarely, neuromuscular blockade, which can be fatal, can 
occur. To avoid, AMGs should be infused over at least 
30 min, but preferably longer, and minimize use with other 
neuromuscular blocking drugs (e.g. neuromuscular blocking 
agents).

 Sulfamethoxazole/Trimethoprim

Mechanism of action Sulfamethoxazole (SMX) is a bacte-
riostatic antibiotic that exerts its activity via interfering with 
bacterial folic acid synthesis. When used together with trim-
ethoprim (TMP), a dihydrofolate reductase inhibitor, these 
two agents display synergistic antimicrobial activity [72]. 
Therefore, the fixed ratio combination product, available in 
both oral and parenteral forms, is most commonly used 
today. It should be noted that when dosing these products, 
dosing is based on the TMP component.
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Spectrum of activity The gram-positive activity of TMP- 
SMX includes MSSA, MRSA, S. pneumoniae, and S. pyo-
genes. TMP-SMX can be effective against a wide range of 
Enterobacteriaceae as well as Acinetobacter spp.; however, 
susceptibilities vary widely, so empiric therapy with TMP- 
SMX is not generally recommended when other more effec-
tive agents are available [72]. TMP-SMX also plays an 
important role in therapy for the treatment of 
Stenotrophomonas maltophilia and Pneumocystis jirovecii 
pneumonia. Most enterococci and P. aeruginosa display 
resistance.

Clinical pharmacology TMP-SMX has excellent oral bio-
availability, with peaks similar to that of intravenous admin-
istration [72]. In general, TMP-SMX is well distributed 
throughout the body, including the kidney, lung, and sputum 
where higher concentrations than serum may be achieved. 
TMP-SMX also penetrates the CSF with concentrations of 
about 25–50% of that measured in the serum. TMP-SMX is 
hepatically metabolized and excreted in the urine as metabo-
lites and unchanged drug; therefore, dosing must be adjusted 
in patients with renal dysfunction to prevent accumulation. 
Several clinically relevant drug-drug interactions exist. 
TMP-SMX can increase the risk of bleeding in patients on 
warfarin; empiric warfarin dose reductions are warranted 
with concomitant therapy. Drug interactions also exist with 
phenytoin, digoxin, and certain antiretroviral medications. 
Toxicity of these medications should be monitored along 
with drug levels where possible.

Adverse drug reactions GI upset and hypersensitivity reac-
tions are the most common adverse effects observed with 
TMP-SMX.  In rare cases, Stevens-Johnson syndrome and 
toxic epidermal necrolysis can occur [72]. Renal dysfunction 
due to TMP-SMX is also possible, particularly in patients 
with preexisting renal disease. Patients should be monitored 
for sodium disorders and hyperkalemia, especially in elderly 
patients and those on concomitant medications known to 
increase serum potassium.

 Metronidazole

Mechanism of action Metronidazole is considered a pro-
drug since it must be activated by the target pathogen prior to 
exerting its concentration-dependent bactericidal or parasiti-
cidal activity [73]. Once activated, metronidazole induces 
cell death by inhibiting DNA synthesis and causing oxidative 
DNA structural damage leading to DNA degradation.

Spectrum of activity Metronidazole is well known for its use 
in treating anaerobic infections, including those caused by 
Bacteroides and Clostridium [73]. However, some anaerobes 
possess intrinsic resistance to metronidazole, including non- 
spore- forming gram-positive anaerobic bacteria 
(Actinomyces, Bifidobacterium, Lactobacillus, and 
Propionibacterium), and therefore metronidazole should not 
be used to empirically treat these pathogens. Facultative 
anaerobes are not reliably treated with metronidazole due to 
variable susceptibility, with the exception of the use of met-
ronidazole to treat bacterial vaginosis where Gardnerella 
may be implicated [74]. Metronidazole also remains an 
important member of many Helicobacter pylori treatment 
regimens despite increasing resistance. Of note, metronida-
zole has activity against several protozoa: Giardia, 
Entamoeba histolytica, and Trichomonas vaginalis [75].

Clinical pharmacology Metronidazole has excellent bio-
availability and is widely distributed throughout the body 
due to its lipophilicity, low protein binding, and relatively 
large Vd. Thanks to these properties, metronidazole achieves 
great penetration into the CSF, peritoneal fluid, pancreatic 
and appendix tissue, and abscesses. Metronidazole has sev-
eral clinically significant drug interactions that clinicians 
should be aware of prior to prescribing. First, patients should 
avoid consuming alcohol within 3  days of metronidazole 
therapy due to disulfiram-like reactions, producing severe 
nausea and vomiting that can occur with any route of admin-
istration. Also, warfarin and metronidazole should be used 
with caution due to the inhibition of warfarin metabolism 
and increased risk of bleeding. Preemptive warfarin dose 
reduction with close monitoring of international normalized 
ratio (INR) is warranted in most patients. Although rare, it is 
possible that metronidazole can prolong the QT interval and 
lead to risk of torsades de pointes, particularly in combina-
tion with other QT interval prolonging drugs.

Adverse drug reactions Metronidazole should be avoided in 
pregnant women, particularly in the first trimester where its 
use is contraindicated due to the risk of fetal malformation 
[73].

 Tetracyclines

Mechanism of action Tetracyclines induce their bacterio-
static activity by reversibly binding to the 30S ribosomal 
subunit which inhibits bacterial protein synthesis [75]. 
Uniquely, doxycycline can also bind to the 70S subunit 
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which inhibits protein synthesis in mitochondria allowing 
anti-protozoal activity.

Spectrum of activity The gram-positive spectrum of tetracy-
clines is very broad and includes community-acquired 
MSSA and MRSA, Streptococcus pneumoniae, and gram- 
positive anaerobes [75]. Tetracyclines are also highly active 
against atypical bacteria and play a pivotal role in the treat-
ment of spirochetes and the rickettsial family which include 
pathogens that cause Lyme disease and Rocky Mountain 
spotted fever. The gram-negative coverage of tetracyclines is 
much narrower but typically includes Neisseria, Moraxella, 
Haemophilus, and Campylobacter.

Clinical pharmacology Tetracyclines are most commonly 
used as their oral preparations due to high bioavailability; 
however, doxycycline may be administered parenterally 
when needed [75]. Administration should be separated from 
multivalent cations and enteral tube feeds containing these 
elements by about 3  h due to chelation and subsequent 
decrease in drug absorption of up to 90%. Overall, tetracy-
clines achieve good tissue and body fluid penetration with 
the exception of the CSF.  Each tetracycline antibiotic is 
eliminated slightly differently, and all, except doxycycline, 
require dose adjustment in the setting of renal dysfunction.

Adverse drug reactions The most common side effect is GI 
upset leading to nausea, vomiting, diarrhea, and epigastric 
pain. Tetracyclines are pregnancy category D and should be 
avoided during pregnancy primarily due to their potential to 
stain teeth and cause enamel hypoplasia in the fetus [75].

 Polymyxins

Due to high rates of nephrotoxicity, the polymyxin class of 
antibiotics is primarily reserved for oral and topical use. 
Unfortunately, because of emerging resistance among some 
gram-negative pathogens, their parenteral use, as polymyxin 
B and polymyxin E (colistin), is again finding a niche. 
Parenteral polymyxins have bactericidal activity against 
many gram-negative bacilli, but their use is primarily 
reserved for multidrug-resistant (MDR) P. aeruginosa, 
Acinetobacter baumannii, and carbapenem-resistant 
Enterobacteriaceae (CRE) when no other less toxic or more 
effective drug is available [76]. Inhalation therapy may also 
be used to treat colonization or infection of the pulmonary 
system, particularly in the CF population. To complicate 
matters, there is debate upon optimal dosing strategies as 

well as defined breakpoints for susceptibility. When used to 
treat serious infections, it is preferred that polymyxins are 
used as combination therapy whenever possible.

 Rifamycins

The rifamycins are a class of antibiotics that inhibit bacterial 
RNA synthesis and are most commonly used to treat tuber-
culosis and Mycobacterium avium complex infections [77]. 
However, two of the more commonly used antibiotics of the 
class, rifampin and rifaximin, may be used more frequently 
in the standard critical care population.

Rifampin In addition to the abovementioned activity, 
rifampin is effective against many gram-positive bacteria 
including Staphylococcus and Streptococcus spp. However, 
rifampin should not be used as monotherapy for these patho-
gens due to rapid emergence of resistance [77]. Rifampin is 
highly lipophilic, has a large Vd, and has the ability to pen-
etrate metabolically dormant bacteria that are commonly 
seen in biofilms. Due to these properties, rifampin has been 
studied for use in combination with β-lactams, vancomycin, 
and other antimicrobials to improve clinical outcomes or 
provide synergistic effects in certain infections [78, 51]. 
Ultimately, the role of rifampin as adjunctive therapy is still 
under debate but may be considered when treating prosthetic 
valve endocarditis, foreign-body or prosthetic joint infec-
tions, and chronic osteomyelitis [77, 78, 51]. Many drug 
interactions are possible with rifampin due to multiple differ-
ent mechanisms including modulation of cytochrome P450 
enzymes [77]. It is essential that providers evaluate for drug 
interactions and adjust therapy appropriately.

Rifaximin Rifaximin is a bactericidal oral rifamycin with 
low systemic absorption and high fecal concentrations that is 
effective against many enteric pathogens [77]. In the ICU, 
rifaximin is primarily used for hepatic encephalopathy or for 
C. difficile infections refractory to first-line therapies. 
However, rifaximin should be used with caution for treating 
C. difficile due to resistance development while on therapy. 
Compared with systemic rifamycins, rifaximin is associated 
with minimal side effects and drug interactions.

 Macrolides

The macrolide class of antibiotics consists of erythromycin, 
azithromycin, and clarithromycin. This section will focus 
primarily on azithromycin since the other two members are 
rarely used in the critical care setting.
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Erythromycin Erythromycin exerts its antibiotic activity by 
inhibiting RNA-dependent protein synthesis during chain 
elongation [79]. Today, there are few indications where 
erythromycin would be the antimicrobial of choice. 
Additionally, there are significant toxicities associated with 
its use including QT interval prolongation, GI toxicity, drug 
interactions, and the induction of bacterial resistance. 
Therefore, in the critical care setting, erythromycin is more 
commonly used for its motilin receptor agonist properties 
which promote GI motility in patients with gastroparesis or 
acute colonic pseudo-obstruction, although evidence use in 
this setting is limited [79, 80].

 Azithromycin
Mechanism of action Similar to erythromycin, azithromy-
cin produces its bacteriostatic antimicrobial properties by 
binding to the bacterial 50S ribosomal subunit to inhibit pro-
tein synthesis [65]. Because of structural changes from 
erythromycin, azithromycin has improved oral absorption, 
longer half-life, fewer GI adverse effects, and a greater anti-
microbial spectrum.

Spectrum of activity The spectrum of azithromycin includes 
Streptococcus spp., MSSA, Haemophilus influenzae, 
Moraxella catarrhalis, and atypical organisms making this 
agent useful for treating community-acquired upper and 
lower respiratory tract infections. However, clinicians should 
be aware that there has been increasing macrolide resistance 
among S. pneumoniae and MSSA isolates [65]. Azithromycin 
plays an important role in the treatment of sexually transmit-
ted diseases including Chlamydia trachomatis and dual ther-
apy for Neisseria gonorrhoeae [74]. Azithromycin also has 
activity against Mycobacterium avium complex. In addition 
to their antimicrobial properties, there have been proposed 
benefits for the use of macrolides due to their anti- 
inflammatory and immunomodulatory effects in patients 
with inflammatory lung diseases and severe pneumonia [65, 
81, 82].

Clinical pharmacology Azithromycin is available in both 
oral and parenteral forms; however, the bioavailability after a 
single oral dose is only about 35%, and this is further 
decreased when taken with food or cations [65]. Due to rela-
tively low protein binding, azithromycin achieves concentra-
tions in most tissue equal to or greater than that of the serum, 
especially in the lungs, and effective concentrations can 
remain present for days after therapy discontinuation. 
Azithromycin is primarily hepatically metabolized; no data 
exists regarding dose adjustment in patients with organ 
failure.

Adverse drug reactions Azithromycin is generally well tol-
erated with the most common adverse effect being GI upset. 
In 2013, the FDA released a warning regarding the risk of 
QT prolongation and torsades de pointes with azithromycin 
use [83]. In one study, there was a 2.88 increased risk of 
death in patients taking a 5-day course of azithromycin as 
compared to no antibiotic therapy, and this risk was increased 
in patients with underlying cardiac disease [84]. When 
azithromycin must be used, it is prudent to monitor electro-
lyte levels and limit other medications that can prolong the 
QT interval.

 Antifungal Agents

 Amphotericin B

Mechanism of action Amphotericin B is fungicidal by dis-
rupting membrane function by binding to ergosterol [84].

Spectrum of activity and resistance Amphotericin B has 
activity against most fungi (Table 36.3). Acquired resistance 
on therapy for susceptible organisms is relatively uncommon 
[85, 86].

Clinical pharmacology Amphotericin B is available as 
deoxycholate formulation (AmB-d) and two lipid-based for-
mulations – liposomal amphotericin B (L-AmB) and ampho-
tericin B lipid complex (ABLC). Amphotericin B colloidal 
dispersion is no longer available. The three available agents 
are compared below (Table 36.4) [85–88].

Table 36.3 General spectrum of activity for common intravenous 
antifungals for ICU pathogens [17]

AMB 5-FC FLU ITR VOR POS ISA ECH
C. albicans + + + + + + + +
C. glabrata + + ± ± + + + ±
C. parapsilosis + + + + + + + ±
C. tropicalis + + + + + + + +
C. krusei + ± − ± + + + +
C. lusitaniae − + + + + + + +
A. fumigatus + − − ± + + + ±
C. neoformans + + + + + + + −
Mucormycosis + − − − − + + −
Fusarium spp. ± − − ± + + + −
Scedosporium spp. ± − − ± ± ± ± _
Histo/blasto + − ± + + + + −
C. Immitis + − ± + + + + −

5-FC flucytosine, AMB amphotericin, ECH echinocandins, FLU fluco-
nazole, ISA isavuconazole, ITR itraconazole, POS posaconazole, VOR 
voriconazole
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 Imidazoles and Triazoles

Mechanism of action “Azoles” inhibit C-14α demethylation 
of lanosterol by binding to a cytochrome P450 enzyme, 
which ultimately leads to impairment of ergosterol synthesis 
and cell membrane integrity [85, 86]. All agents are CYP450 
inhibitors and/or substrates, and drug interactions must be 
assessed upon initiation.

Spectrum of activity and resistance See Table  36.2 for 
detailed spectrum of activity. Intrinsic azole resistance has 
increased among C. glabrata isolates to fluconazole from 
9% to 14% [86]. Resistance is mediated by mutations on the 
drug target, 14α-demethylase, and upregulation of efflux 
pumps (Table 36.5).

 Echinocandins: Caspofungin, Micafungin, 
and Anidulafungin

Mechanism of action The echinocandins are generally fun-
gicidal by disrupting the synthesis of the cell wall by inhibit-
ing 1,3-β-glucan synthase [86].

Spectrum of activity and resistance All three agents demon-
strate a similar spectrum of activity (Table  36.6). These 
agents are fungicidal for all Candida spp. Although C. 
parapsilosis and C. guilliermondii demonstrate elevated 

MICs, outcomes are rarely affected. C. glabrata, once 
thought routinely susceptible, now has reported rates of 
resistance up to 3–15% [86]. Echinocandins are fungistatic 
against Aspergillus spp. and do not have activity against 
Cryptococcus spp., endemic dimorphic fungi, mucormyco-
sis, Fusarium spp., or Scedosporium spp. Resistance to echi-
nocandins by candida is mediated by adaptive stress 
responses or target site FKS mutations on glucan synthase. 
Resistance is still relatively uncommon with prevalence rates 
ranging between 2.9% and 3.1% [89].

Table 36.4 Clinical pharmacology and adverse events of amphoteri-
cin formulations

Drug Dose (IV) Comments
AmB-d 0.7–1 mg/

kg/d
No dose adjustments for renal/hepatic 
dysfunction, HD
Half-life: 15 days
Continuous infusion nephrotoxicity rates 
~L-AmB
ADE: Nephrotoxicity (25%), electrolyte 
wasting, infusion reactions (chills, fevers, 
tachypnea)
Cost: $

L-AmB 3–6 mg/
kg/d

No dose adjustment for organ dysfunction
Minimal concentrations in urine
ADE: Similar to AmB-d - lower rates
Cost: $$$$

ABLC 5 mg/kg/d ↑ lung concentrations; clinical significance 
unknown
ADE: Similar to AmB-d – Lower rates
Cost: $$$

ABLC amphotericin B lipid complex, ADE adverse drug events, AmB-d 
amphotericin B deoxycholate, HD hemodialysis, L-AmB liposomal 
amphotericin B

Table 36.5 Clinical pharmacology and adverse events of azoles 
[86–90]

Drug Dose Comments
Fluconazole 
(IV/PO)

ICI: 12 mg/kg LD; 
400 mg/d (~6 mg/
kg)
Mucosal 
candidiasis: 
100–200 mg/d

Excellent bioavailability 
(> 90%)
CrCl < 50: ↓ dose 50%
Distributes into brain, 
CSF, eye
ADR: Tolerated well, 
↑LFTs

Itraconazole 
(PO)

200 mg TID × 3d, 
200 mg BID
Capsule/solution 
available

Bioavailability: Solution > 
capsule
Dose adjust: ↓ dose 50% 
(severe hepatic 
impairment; CrCl < 50 
(caution IV form)
ADR: GI, ↑LFTs
Concentrations: 2–10 μg/
mL

Voriconazole 
(IV/PO)

6 mg/kg Q12h × 2 
doses, 4 mg/kg 
Q12h (~200 mg 
Q12h)

Excellent bioavailability 
(> 90%)
Distributes into brain, 
CSF, eye
Caution with severe 
hepatic impairment
ADR: Visual impairment, 
QTc prolongation
Concentrations: 1–5.5 μg/
mL

Posaconazole 
(IV/PO)

IV: 300 mg/d
PO: 400 mg BID 
(susp), 300 mg 
BID × 2 doses; 
300 mg/d (DR)

Bioavailability: DR > susp
Dose adjust: CrCl < 50 
(caution IV form)
ADR: GI, ↑LFTs, QTc 
prolongation
Ideal concentrations 
undetermined

Isavuconazole 
(IV/PO)

372 mg Q8h × 6 
doses, 372 mg/d

Excellent bioavailability 
(> 90%)
Caution with severe 
hepatic impairment
ADR: GI, ↑LFTs, QTc 
shortening
Concentrations not 
currently recommended

ADR adverse drug reactions, BID twice daily, CSF cerebrospinal fluid, 
CrCl creatinine clearance, DDI drug-drug interactions, DR delayed- 
release tablet, GI gastrointestinal, ICI invasive candidiasis, LFT liver 
function tests, susp suspension, TID three times daily
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Adverse events Mild histamine-mediated reactions (e.g., 
rash urticaria, flushing, pruritus, hypotension), GI upset, and 
transaminitis are relatively uncommon [86].
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Table 36.6 Clinical pharmacology and adverse events of echinocan-
dins [85–87]

Drug Dose (IV) Comments
Caspofungin 70 mg LD; 

50 mg/d
Moderate hepatic impairment: 
35 mg/d
Minimal concentrations in urine, 
CNS
DDI: Cyclosporine (avoid), 
rifampin (↓ levels)

Micafungin 100–
150 mg/d

No dose adjustment for organ 
dysfunction
Minimal concentrations in urine, 
CNS
No DDI

Anidulafungin 200 mg LD; 
100 mg/d

See micafungin

CNS central nervous system, DDI drug-drug interactions, IV intrave-
nous, LD loading dose
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SIRS/Sepsis/Septic Shock/MOSF

Thomas J. Herron  and David J. Ciesla

 Introduction

The systemic inflammatory response syndrome (SIRS), mul-
tiple organ dysfunction syndrome (MODS), and multiple 
organ failure (MOF) refer to a spectrum of physiologic 
changes resulting from a dysfunctional immune response to 
infection or tissue injury. Sepsis and septic shock refer to con-
ditions due specifically to the host’s response to infection. In 
the mildest form, this dysfunctional immune response mani-
fests as SIRS (Table 37.1). More severe states progress to end 
organ dysfunction and failure which have been characterized 
by numerous definitions and scoring systems, each with par-
ticular advantages and disadvantages [1]. The purpose of such 
scoring systems is to provide a common definition for com-
parative study and outcome prediction. An ideal scoring sys-
tem would consist of readily available clinical information 
and have the ability to accurately and reproducibly predict the 
outcome of interest. The most commonly used in contempo-
rary studies are the Denver MOF score, the SOFA score, and 
the qSOFA score [2, 3] (Figs. 37.1 and 37.2).

Sepsis and septic shock are currently defined by the 
Society of Critical Care Medicine (SCCM) and European 
Society of Intensive Care Medicine (ESICM) consensus [4]. 
Sepsis is defined as a life-threatening organ dysfunction 
caused by a deregulated host response to injury and a SOFA 
score greater than 1. Sepsis is associated with an in-hospital 
mortality rate in excess of 10%. Septic shock is defined as a 
euvolemic patient who meets sepsis criteria, has evidence of 
tissue dysoxia (acidosis), and requires vasopressors to main-
tain a mean arterial pressure greater than 65 mmHg. Septic 
shock is associated with an in-hospital mortality rate in 
excess of 40% (Fig. 37.3).

Although post-injury MODS and sepsis have different eti-
ologies and several unique features, they share a common path-
way of unbridled host hyper-inflammation that leads to a 

self-sustaining cycle of indiscriminate tissue destruction and 
organ dysfunction. Scientific research on one has regularly 
complimented the other, and treatment strategies are often sim-
ilar. In this chapter we focus on the common pathophysiology, 
inflammatory syndromes, and treatment of these conditions.

 Historical Perspective

Much of our understanding of post-injury shock, inflamma-
tion, and death was advanced during times of major military 
conflicts. Deaths during World War I were thought to be a 
result of toxins released from wounds that lead to cardiovas-
cular collapse. Recognition that deaths were due to exsan-
guination and the ability to store and transfuse blood 
improved survival in World War II and Korea, but death 
came to many as a result of oliguric renal failure. The impor-
tance of replacing the extracellular fluid losses in addition to 
circulating blood volume was demonstrated in the work of 
Shires and associates in 1964. The addition of balanced salt 
solutions to resuscitation strategies during the Vietnam Era 
decreased deaths from renal failure, but a new pattern of 
refractory hypoxic respiratory failure leading to death 
emerged in some patients. Originally referred to as shock 
lung or Da Nang lung, it was further characterized by 
Ashbaugh in 1967 and termed adult respiratory distress syn-
drome. Development of mechanical ventilators improved 
survival, but again a new syndrome of progressive multiple 
organ failure became the leading cause of late post-injury 
deaths. Eiseman and associates introduced the term multiple 
organ failure (MOF) in a series of patients with progressive 
organ dysfunction at Denver General Hospital in 1977 [5].

Originally thought to be due to uncontrolled abdominal 
sepsis, MOF was also observed in patients with no evidence 
of infection [6]. Subsequent studies identified a pattern to the 
onset of MOF.  Faist and colleagues identified two distinct 
patterns: early MOF, which was associated with massive 
 tissue injury, shock, and no infection, and late MOF, which 
followed moderate tissue injury, shock, and delayed sepsis 
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[7]. From this work came the inflammatory model of multiple 
organ failure manifesting in several patterns [8]. In mild 
cases, patients are resuscitated into an early SIRS state, which 
is beneficial and resolves as the patient recovers. In massive 
injury associated with severe shock, patients can develop 
overwhelming post-injury hyper-inflammation that leads to 
organ failure and death. Alternatively, serial sublethal insults 
lead to either hyper-inflammation and organ failure or delayed 
immunosuppression and susceptibility to sepsis (Fig. 37.4).

As the pathophysiology underlying the systemic inflam-
matory response became better understood, resuscitation 
strategies, operative approaches, and ICU care improved 
such that in the 1990s and 2000s, the incidence of MOF and 
its associated mortality diminished substantially [9, 10]. Far 
fewer patients developed MOF despite having higher risk 

factors and fewer patients with MOF died early deaths [11]. 
Yet hyper-inflammatory states are common after severe 
injury; its victims continue to suffer high morbidity and con-
sume substantial medical resources.

 Pathophysiology

The cascade of events that lead to MOF begins with tissue 
injury or infection mediated primarily through the innate 
immune system which is composed of mediators and cells 
with invariant receptors that respond to conditions which 
threaten the functional integrity of the host [12]. Direct tissue 
injury results in localized cellular disruption, microvascular 
thrombosis, and tissue ischemia. The degree of the inflam-
matory response is dependent on the amount of tissue injury, 
the severity of shock, the resultant the ischemia/reperfusion 
injury, infection, and host factors.

Both mechanical injury and ischemia reperfusion cause 
cellular disruption and release of noxious intracellular con-
tents. Ischemia-reperfusion elicits a localized and systemic 
inflammatory response by a number or mechanisms. Cells 
depleted of oxygen shift to anaerobic intracellular metabolism 
and eventually exhaust the intracellular supply of adenosine 

Table 37.1 Criteria for SIRS

Parameter Value
Temperature >38 or <36 °C
Heart rate >90 beats/min
Respiratory rate >20 breaths/min or PaCO2 < 32 mmHg
White blood cell 
count

>12,000/mm3 or <4000/mm3 or >10% 
immature bands

Fig. 37.1 Sequential [sepsis-related] Organ Failure Assessment score
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triphosphate. Under these conditions, xanthine dehydrogenase 
converts to xanthine oxidase and catalyzes the production of 
the superoxide (O2

−) anion upon reperfusion. This triggers a 
peroxidation chain reaction which generates more toxic oxy-
gen species which act on local cell membranes leading to rup-
ture. Local vasoconstriction also occurs as a result Nitric 
Oxide scavenging by the now abundant oxygen free radicals 
leading to further local tissue ischemia, decreased platelet 
aggregation, and PMN adherence to endothelium [13].

Among the intracellular contents released following non- 
apoptotic cell death are damage-associated molecular pat-
terns (DAMPS), endogenous molecules (ATP, mitochondrial 
DNA and proteins, high mobility group box 1) which pro-
mote the production of inflammatory cytokines (e.g., tumor 
necrosis factor alpha, interleukin-1 [IL-1], IL-6). These 
inflammatory mediators have local (paracrine) as well as 
systemic (endocrine) effects. Specifically, inflammatory 
cytokines act locally as chemoattractants that activate endo-
thelial cells and further recruit PMNs and monocytes to the 
injury site and act systemically to signal to circulating 
immune cells and end organs [14–17] .

In addition to DAMPS, activated immune and endothelial 
cells recognize exogenous (bacterial, fungal, and viral) patho-
gen-associated molecular patterns (PAMPs) [18]. Bacterial lipo-
polysaccharide (LPS), a glycolipid component of the bacterial 
outer membrane, is the prototypical class of PAMPs. 
Lipopolysaccharides and bacterial-derived formylated peptides 
(fMLP) synergistically induce pro- inflammatory gene expres-
sion in circulating neutrophils and monocytes similar to DAMPS.

Polymorphonuclear (PMN) leukocytes are responsible 
for majority of indiscriminate tissue destruction as well as 
the production of inflammatory mediators [19, 20]. 
Circulating PMNs reside primarily in the pulmonary venules 
until acted upon by circulating inflammatory mediators at 
which time they demarginate and enter the blood stream. 
Upon arrival to injured tissue, PMNs adhere to activated 
endothelium, transmigrate to the interstitial space, and then 
degranulate releasing proteolytic enzymes and reactive oxy-
gen species through the respiratory burst. Together, these 
agents are responsible for the bulk of inflammatory-mediated 
tissue damage which mostly occurs in the lung. 
Simultaneously, activated PMNs produce additional cyto-
kines which in turn recruit more PMNs to the area.

Phenotypically, PMNs express cytotoxicity via two princi-
pal modes: a standard response triggered by a single stimulus 

and an enhanced response where a “priming” stimulus pre-
cedes an activating stimulus [21]. Primed PMNs express 
more adhesion molecules, release greater amounts of proteo-
lytic enzymes, and have an enhanced respiratory burst to an 
activating stimulus than unprimed PMNs. Priming also is 
observed in endothelial cells via upregulating the expression 
of adhesion molecules.

The responses at the cellular level in individual tissues are 
triggered by system wide changes in physiology. Local 
inflammation begins in mechanically damaged tissue while 
shock redistributes blood flow to vital organs at the expense 
of other. Visceral blood flow is greatly reduced causing in 
visceral ischemia and breakdown of the gut mucosal barrier 
[22, 23]. This results in bacterial translocation into the gut 
interstitium, a consequent local inflammatory response to gut 
pathogens and production inflammatory mediators, primar-
ily lipids, which are delivered to the pulmonary vasculature 
via mesenteric lymph and the thoracic duct as it empties into 
the subclavian vein [24]. Pulmonary endothelial cells and 
sequestered PMNs exposed to these inflammatory lipids 
become primed. Both increase the expression of adhesion 
molecules, and the PMNs demarginate and enter the circula-
tion. This is observed clinically as an increase in the periph-
eral white blood cell count shortly after injury. If exposed to 
activating stimuli in the periphery, circulating PMNs firmly 
adhere to pulmonary endothelium, transmigrate to the pul-
monary interstitium via diapedesis, and degranulate releas-
ing their cytotoxic contents. This is observed clinically as a 
precipitous drop in the white blood cell count, a harbinger of 
impending MOF. At the same time, activated PMNs produce 
inflammatory cytokines that attract additional immuno- 
inflammatory cells creating a self-sustaining cycle of indis-
criminate tissue destruction. Pro-inflammatory cytokines 
released into the circulation act on remote organs leading to 
brain dysfunction (delirium), acute renal failure, liver failure, 
and cardiac failure.

 Systemic Inflammatory Modulation: SIRS, 
CARS, and PICS

The host post-injury immune environment is influenced 
by inflammatory and anti-inflammatory signaling that 
both begin immediately following injury [25] (Fig. 37.5). 
In this conceptual model early MOF can follow a massive 
traumatic insult that overwhelms the patient’s ability to 
respond to resuscitation (“one” hit model). Alternatively, 
a sublethal traumatic event provokes a mild pro-inflam-
matory primed state (SIRS), presumed to be beneficial, 
which lasts up to 72 h and resolves as the patient recovers. 
A second sublethal event in this primed state can provoke 
enhanced destructive immune response (“two hit” model) 
precipitating MOF. Secondary insults that can precipitate 

Fig. 37.2 Quick SOFA
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Fig. 37.3 Sepsis diagram
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dysfunctional hyper-inflammation include recurrent 
shock, ischemia/reperfusion, blood transfusions, ventila-
tor-induced lung injury, long bone fixation, fat embolus, 
and infection.

In addition to SIRS and hyper-inflammation mediated 
by the innate immune system, the compensatory anti- 
inflammatory response syndrome (CARS) mediated by 
the adaptive immune system also begins immediately 
after injury. As with SIRS, mild CARS is thought to be 
beneficial and protect the host from excessive early hyper- 
inflammation. However, CARS persists after the early 
pro-inflammatory state subsides, and the patient enters a 
state of relative immunosuppression. This phase is char-
acterized by poor wound healing and susceptibility to 
recurrent infections. If infected during this window, 
patients are at risk of developing systemic sepsis, late 
MOF, and death.

As more severely injured patients survive the initial hos-
pitalization in the ICU, death from late MOF is decreasing, 
and delayed effects of dysfunctional immunomodulation 
after trauma have been observed. While some patients 
recover quickly and return to normal immunologic homeo-
stasis, most demonstrate abnormal regulation of both the 
innate and adaptive immune systems for weeks following 
ICU discharge. Many enter into a state of chronic critical ill-
ness (CCI) with prolonged ICU lengths of stay and mild 
organ dysfunction. These patients are too ill to progress to 
the rehabilitation phase of recovery and are referred to sub-
acute and long-term care facilities where they often suffer 
late deaths [26]. This persistent inflammation- 
immunosuppression catabolism syndrome (PICS) is charac-
terized by ongoing protein catabolism, poor nutritional 
status, poor wound healing, immunosuppression, and recur-
rent infections. Criteria for PICS are listed in Table 37.2.

Fig. 37.4 MOF diagram
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 Treatment

The treatment of post-injury MOF and sepsis is based on 
prevention, risk reduction, prompt recognition, and sup-
port of failing organs until they can recover. Since the 
degree of injury and shock has the greatest influence on the 
development of post-injury MOF, prevention begins on 
initial patient contact. Hemorrhage control, rapid trans-
port, and initiation of volume restoration are critical to 
minimize the time in shock. In septic patients, prompt rec-
ognition, initiation of antibiotics, source control, and vol-
ume resuscitation play analogous roles. For bleeding 
patients, damage control resuscitation employing massive 
transfusion protocols that replace shed blood using stored 
components that approximate whole blood achieves hemo-
stasis faster and consumes fewer blood products than 
resuscitation in the absence of such protocols. Isotonic 
balanced salt solutions, typically normal saline or lactated 
Ringer’s solution, are also used to augment blood replace-
ment and restore volume in septic patients, and while the 
superiority of any particular crystalloid fluid has not been 
established, it is clear that care must be taken to avoid too 
much fluid and volume overload [27, 28]. Once thought to 
augment oxygen delivery to tissues, crystalloid volume 
loading to supra-normal levels was later found to be asso-
ciated with higher incidences of abdominal compartment 
syndrome, ARDS, and MOF.

Concurrent with restoration of intravascular volume in the 
trauma patient is the operative care of major injuries. Initial 
efforts are targeted at achieving hemorrhage control, control-
ling enteric spillage, reestablishing organ and limb perfu-
sion, reconstruction of the GI tract, stabilization or fixation 
of long bone fractures, and wound closure. Ideally, all 
patients should undergo definitive operative care as expedi-
tiously as practical. However, extreme physiologic derange-
ments can prohibit the safe completion of all repairs. Under 
such conditions, a damage control strategy is recommended 
where only essential maneuvers to stop surgical bleeding, 
control spillage, temporarily stabilize fractures and cover 
wounds are done [29]. A period of resuscitation aimed at cor-
recting acidosis, hypothermia, and coagulopathy is taken in 
the ICU before returning to the operating room for definitive 
reconstruction and wound closure.

An important strategy to prevent MOF is to limit expo-
sure to secondary activating events in a primed host. Since 
priming can be established within 3 h of injury, a thoughtful 
approach toward interventions during the resuscitative phase 
is imperative. Blood transfusions independently correlate 
with major infections, multi-organ failure, and mortality. In 
addition, blood transfusions are associated with the develop-
ment of transfusion-related acute lung injury (TRALI) [30]. 
Stored packed red blood cells (PRBC), especially those 
stored longer than 2 weeks, contain pro inflammatory media-
tors that can prime or activate circulating PMNs for enhanced 
cytotoxicity. Once hemorrhage control is achieved, permis-
sive anemia with a lower transfusion threshold of 7 mg/dL 
helps limit potentially unnecessary transfusions.

The benefits of early definitive facture stabilization 
include improvements in pulmonary toilet, early mobiliza-
tion, decreased thromboembolic events, and decreased mor-
tality. However, major operations in primed patients have the 
potential to precipitate MOF. Early temporary external fixa-
tion of major long bone fractures with delayed definitive care 
timed to a more favorable inflammatory state may be indi-
cated in patients at high risk for post-injury MOF [31].

Often described as “the motor that drives MOF,” [32, 33] 
the lung plays a central role in progression of SIRS to overt 
organ failure. Lung-protective ventilation with lower tidal 
volumes (6 cc/kg ideal body weight) reduces the risk of pro-
gression from acute lung injury to ARDS. The purpose is to 
minimize ventilator-induced lung injury and the resultant 
systemic release of inflammatory mediators. Also important 
is the prevention of ventilator-associated pneumonia (VAP). 
Ventilator bundles consisting of selective oral or gut decon-
tamination, elevating the head of bed, and judicious pulmo-
nary toilet decrease the incidence of VAP.

Infection prevention is paramount in the immunosup-
pressed phase of CARS. Eliminating known infection risk 
factors (central venous catheters, Foley catheters) as early as 
possible helps to minimize the stress on the weakened 
immune capacity. History and physical examination of the 
postoperative surgical patient should direct the radiographic 
and laboratory work-up. Close attention should be paid to the 
pulmonary exam, prosthetic catheters, all surgical wounds, 
and the extremities. The clinical diagnosis of pneumonia in 
critically ill patients is often inaccurate [14]. A quantitative 
culture should be obtained, and empiric antibiotics based on 
the ICU antibiogram should be started while awaiting culture 
results depending on the overall clinical suspicion. Urinalysis 
should be obtained prior to a urine culture. When negative  it 
is a strong predictor of a negative urine culture, excluding a 
urinary tract infection.

Once MOF is established, treatment consists of continu-
ing to minimize additional insults and support failing organs. 
Acute brain dysfunction is common in patients in the inten-
sive care unit. Patients are evaluated clinically by various 

Table 37.2 Criteria for PICS

Parameter Value
ICU stay ≥14 days
Persistent 
inflammation

C-reactive protein >150 μg/dL and retinol 
binding protein <10 μg/dL

Immunosuppression Total lymphocyte count <800/mm3

Catabolic state Serum albumin < 3.0 mg/dL
Creatinine height index <80%
Weight loss > 10% of BMI < 18 kg/m2
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scoring systems such as the Richmond Agitation Sedation 
Scale (RASS), the Glasgow Coma Scale (GCS), and 
Confusion Assessment Method for the ICU (CAM-ICU). 
Delirium in patients on the mechanical ventilator is associ-
ated with higher mortality at 6  months. Targeted pain and 
sedation plans, daily awakening and breathing trials, early 
mobilization, and non-pharmacologic sleep protocols 
decrease the risk of delirium. Antipsychotics (haloperidol/
olanzapine) are effective in the acutely agitated patient.

Support of the cardiovascular system must balance the 
need for adequate perfusion pressure with the increase in 
peripheral vascular resistance that comes with most vasopres-
sors. The goal is to deliver enough oxygen to the tissues to 
meet metabolic demands, which depends on the blood’s oxy-
gen content and cardiac output. A strategy of ensuring suffi-
cient hemoglobin levels and optimal hemoglobin oxygen 
saturation followed by optimizing cardiac preload, afterload, 
and contractility optimizes oxygen delivery. Interventions to 
augment each factor come with potentially harmful effects. 
Equivocation of blood pressure with blood flow is a common 
pitfall that must be recognized. Specifically, augmenting 
blood pressure with peripheral vasoconstrictors increases car-
diac workload and, since their locus of action is the precapil-
lary arterioles, can decrease perfusion of capillary beds. At 
particular risk is mesenteric blood flow where excessive use 
of peripheral vasoconstrictors can cause visceral ischemia 
and threaten bowel anastomoses. Moreover, since dysoxia 
associated with sepsis and septic shock is more a function of 
oxygen utilization than oxygen delivery, the use of peripheral 
vasoconstrictors to drive blood pressure is of unclear value.

Renal replacement therapy is often indicated in critically 
ill patients with acute renal failure to correct volume over-
load, metabolic acidosis, uremic encephalopathy, and elec-
trolyte abnormalities. Continuous hemofiltration (CAVH, 
CVVH) uses convection for solute transport, which decreases 
the risk of hypotension compared to intermittent hemodialy-
sis. Hyperglycemia is common in critically ill patients due to 
insulin resistance.

Patients in the ICU should have a nutritional assessment 
within 24 h of their admission. Early enteral nutrition sup-
port should be started as soon as fluid resuscitation is com-
plete and the patient is hemodynamically stable, ideally 
within the first 24–72 h. Enteral nutrition support decreases 
gut permeability and diminishes release of inflammatory 
cytokines. Multiple studies have shown a reduction in infec-
tions and decreased length of stay.

Hyperglycemia is common in critically ill patients due to 
insulin resistance. The NICE-SUGAR investigators showed 
that intensive glucose control (81– 108  mg/dL) increased 
mortality in adults in the ICU and saw a reduction in mortal-
ity with a target blood glucose of <180 mg/dL.

Targeted pharmacological interventions to modulate 
inflammatory signaling pathways have not been effective. 

The onset of post-injury inflammation and activation of the 
innate immune system occur immediately upon injury or 
sepsis usually before symptoms manifest thus  denying an 
opportunity to interrupt signaling. Additionally, the redun-
dancy signaling pathways limit the effectiveness of inhibit-
ing any one pathway.

 Conclusion

Although the development of SIRS following injury and sepsis 
remains relatively common, progression to MODS, MOF, and 
death has diminished as our understanding of the pathophysiol-
ogy and our treatment strategies improved. The most effective 
approach has been to minimize the risks of further immune-
mediated injury through careful application of validated resus-
citation and intensive care principals. Our understanding of this 
disease and its treatments is a culmination of continuous inte-
grated clinical, translational, and basic science research [34]. At 
each stage, recognition of underlying pathophysiology prompted 
scientific study, targeted treatment, and improved outcome only 
to witness the emergence of new syndromes in some patients 
that would have otherwise died. Also at each stage, the time 
frame of clinical focus has expanded from the survival immedi-
ately following injury to chronic conditions and deaths occur-
ring months or years later. The resultant advances in clinical 
care and improvements in outcome are extraordinary achieve-
ments comparable to any in human disease.
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CLABSI

Tarek Madni and Alexander L. Eastman

 Introduction

According to the Centers for Disease Control and Prevention 
(CDC), central line-associated bloodstream infections 
(CLABSIs) result in thousands of deaths and add billions of 
dollars of burden to the United States (US) healthcare system 
each year [1]. CLABSIs have an estimated mortality rate of 
12–25% and are thought to be one of the deadliest types of 
healthcare-associated infections (HAIs) [2]. Following 
catheter- associated urinary tract infections, CLABSIs are 
estimated to be the second most preventable HAI [3] and 
have been estimated to be as high as the eighth leading cause 
of death in the United States [4]. In recent years, the Centers 
for Medicare and Medicaid Services developed a policy to 
both deny hospital payments for treatment of hospital 
acquired preventable events and potentially impose finan-
cially penalties [5]. Through a number of preventative mea-
sures, the rate of CLABSI has significantly declined over the 
past decade, with roughly 18,000 reported occurrences 
among patients hospitalized in intensive care units (ICUs) in 
the United States in 2009 [2].

According to the CDC, CLABSI is defined as a pathogen 
from a blood culture (a single blood culture for organisms 
not commonly present on the skin and two or more blood 
cultures for organisms commonly present on the skin) in a 
patient who had a central line at the time of infection or 
within 48 h before development of the infection [2, 4]. In 
addition, the infection cannot be related to any other infec-
tion the patient might have and may not have been present or 
incubating when the patient was admitted to the hospital [2].

 Prevention

A number of preventative measures have been recommended 
by both the CDC and the Joint Commission to significantly 
reduce preventable CLABSI in the ICU setting [1, 6]. 
Specifically, the 2011 CDC guidelines for the prevention of 
CLABSI include [1, 7]:

• Removal of unwarranted central lines through daily audit
• Proper insertion practices

 – Hand hygiene prior to insertion.
• Conventional soap and water or alcohol-based rubs

 – Maximum sterile barrier precaution.
• Mask, cap, gown, sterile gloves, sterile body drape

 – Prepare skin via aseptic technique.
• Preferably >0.5% chlorhexidine with alcohol 

solution
 – Choose best site to minimize infection.

• Current recommendations include avoidance of 
femoral site in adult patients.

• Preference for subclavian site if mechanical com-
plications can be avoided [8].

 – Cover site with sterile gauze or sterile, transparent, 
semipermeable dressing.

• Appropriate maintenance practices
 – Hand hygiene prior to access/use.
 – Access port or hub must be scrubbed with antiseptic 

immediately prior to each use.
 – Access catheters only with sterile devices.
 – Replace wet/soiled/dislodged dressings.
 – Perform dressing changes under aseptic technique 

using sterile gloves.

The aforementioned practices have been demonstrated in 
the literature to significantly decrease a facility’s overall 
CLABSI rate. Specifically, the practice of a central line inser-
tion bundle (i.e., maximum barrier precautions, hand wash-
ing, skin preparation, use of a central line cart, and avoidance 
of femoral lines) has demonstrated to significantly decrease 
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CLABSI after bundle initiation [9, 10]. In addition, adherence 
to maintenance practices such as daily line audits, replacing 
wet/soiled dressings, and hand hygiene prior to handling has 
been shown to even further decrease the risk of CLABSI in 
healthcare facilities [11]. Further topics of insertion and 
maintenance practices not mentioned in the checklist have 
been explored by multiple Cochrane and systemic reviews:

• Skin cleansing with chlorhexidine solution may reduce 
CLABSI rates greater than povidone iodine [12].

• No clear evidence demonstrating longer intervals between 
central line dressing changes are associated with more 
CLABSI [13].

• While impregnation of catheters with antimicrobials 
demonstrated a significant decrease in CLABSI in the 
ICU, there was no change in all-cause mortality or clini-
cally diagnosed sepsis [14].

• Medication impregnated dressing, such as Biopatch use, 
reduces the incidence of CLABSI [15].

• Daily bathing with 2% chlorhexidine solution signifi-
cantly decreased rates of CLABSIs in adult ICUs 
(RR = 0.46) [16, 17].

 Pathology

A review of the recent literature has verified a number of 
organisms responsible for CLABSI. A review of HAIs 
reported to the National Healthcare Safety Network (NHSN) 
between 2006 and 2007 noted the following selected patho-
gen percentages [18]:

• Coagulase-negative staphylococci (34%)
• Staphylococcus aureus (10%)
• Enterococcus species (16%)
• Candida species (12%)
• Gram-negative rods (18%)

 – Escherichia coli (3%)
 – Pseudomonas aeruginosa (3%)
 – Klebsiella pneumoniae (5%)
 – Enterobacter species (4%)
 – Acinetobacter baumannii (2%)
 – Klebsiella oxytoca (1%)

• Other (10%)

This same review by Hidron et al. (2008) explored several 
antimicrobial resistance percentages within each of the 
aforementioned subgroups [18]. Specific highlights include:

• Methicillin-resistant Staphylococcus aureus (MRSA): 
56.8%

• Vancomycin-resistant Enterococcus: 36.4%

Another review of over 1700 ICUs reporting to the 
National Healthcare Safety network in 2011 demonstrated 
the following resistance updates [19]:

• 48.9% of S. aureus CLABSI were due to MRSA.
• 27.7% of Klebsiella CLABSI demonstrated non- 

susceptibility to extended spectrum cephalosporins.
• 10.6% of Klebsiella CLABSI demonstrated non- 

susceptibility to carbapenems.

The results of these studies are based on the contribution 
of a large number of facilities; however, specific facility 
resistance may vary due to a number of variables such as 
location, patient demographics, ICU versus non-ICU, medi-
cal versus surgical, oncology related, etc. [20, 21] In addi-
tion, while the overall incidence of CLABSI appears to be 
declining annually over the last decade [22], increases in 
antimicrobial resistances, such as MRSA, may continue to 
increase [23]. These results further suggest the need for 
facility- specific data when considering the appropriate treat-
ment for a verified CLABSI.

 Diagnosis

Two important distinctions should be made, specifically 
between CLABSI and a catheter-related bloodstream infec-
tion (CRBSI). According to the CDC, CLABSI is defined as 
a pathogen from a blood culture (a single blood culture for 
organisms not commonly present on the skin and two or 
more blood cultures for organisms commonly present on the 
skin) in a patient who had a central line at the time of infec-
tion or within 48 h before development of the infection. In 
addition, the infection cannot be related to any other infec-
tion the patient might have and may not have been present or 
incubating when the patient was admitted to the hospital [2]. 
The CDC recognizes this definition may overestimate the 
true incidence of CLABSI, as some bloodstream infections 
may be secondary to sources other than the central line but 
are not easily diagnosed or known [1]. Thus, the clinical 
diagnosis of CRBSI requires the clinical manifestation of an 
infection, such as a fever, in addition to:

• Two blood cultures drawn through the central venous 
catheter and a peripheral vein positive for the same micro-
organsims [24, 25].

• Positive culture from removed catheter of the same micro-
organism isolated from the blood [24].

It is imperative to draw a venipuncture blood sample in  
addition to a catheter-drawn blood culture to avoid diagnos-
ing an infection based on a contaminant. Previous research 
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has demonstrated almost a double the chance of 
 contamination from a catheter-drawn culture versus a direct 
venipuncture [26].

In 2009, the Infectious Diseases Society of America 
(IDSA) published updated clinical practice guidelines for the 
diagnosis of CRBSI [25]. While fairly extensive, key points 
for diagnosis include:

• Catheter cultures should be performed when a catheter is 
removed for suspected CRBSI.

• Obtain blood cultures prior to antibiotic initiation.

 Treatment

While removing a central venous catheter can aid in estab-
lishing the diagnosis of a CRBSI, the risks of additional iat-
rogenic injury or healthcare costs cannot be negated [27]. 
The IDSA has recommended immediate removal based on 
the following circumstances [25]:

• Severe sepsis
• Hemodynamic instability
• Endocarditis
• Suppurative thrombophlebitis
• If susceptible organisms are present, but persistent bacte-

remia after 72 h of antimicrobial therapy

Attempts at catheter salvage may be considered if a long- 
term catheter is present and the isolated pathogens are not: 
Staphylococcus aureus, Pseudomonas aeruginosa, fungi, or 
mycobacteria [25].

Basic antimicrobial guidelines published by the IDSA in 
2009 include but are not limited to [25]:

• Day 1 of antimicrobial therapy is the first day negative 
cultures are obtained.

• Empirical therapy in the healthcare setting with an ele-
vated prevalence of MRSA should be vancomycin.

• Empirical coverage for gram-negative bacteria should be 
based on local susceptibility data.

• Empirical coverage for Candida should begin with either 
echinocandin or fluconazole.

• Empirical coverage for suspected CRBSI involving femo-
ral catheters should include coverage for gram-negative 
pathogen and Candida in addition to gram-positive 
pathogens.

• Consider Candida coverage in septic patients with TPN 
use, prolonged antibiotic use, femoral catheters, hemato-
logic malignancy, or other colonization with Candida and 
who are prior transplant recipients.

Treatment length will vary depending on the clinical  
situation and pathogens isolated from the cultures.
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Catheter-Associated Urinary Tract 
Infections

Stephanie Nitzschke

 Introduction

Urinary tract infections are the most common health- care- 
acquired infections and a significant source of patient mor-
bidity, increased length of stay, as well as increased hospital 
costs. The placement or prolonged use of an indwelling uri-
nary catheter is the most common risk factor. The overall rate 
of infection in the intensive care unit are 1–4 per 1000 cath-
eter days and are, infrequently, a source of bloodstream 
infection as well at approximately 1.4 bloodstream infec-
tions per 10,000 patient days.

 Complications

CAUTIs (Catheter Associated Urinary Tract Infections) are 
associated with an incidence of bacteremia but are less likely 
(around 3%) to be the primary cause of bacteremia in criti-
cally ill ICU patients. Clinically significant complications 
can occur to patients secondary to trauma that occurs during 
foley catheter placement with some literature showing com-
plication rates as high as one third of patients who undergo 
catheterization. This may lead to other necessary interven-
tions, such as cystoscopy, if there is an injury to the urinary 
tract or any clinically significant bleeding [1]. It is impera-
tive for a hospital system to try to avoid these more severe 
complications, as well as CAUTIs, as they increase hospital 
costs, and hospital length of stay, and most importantly, 
increase patient discomfort. 

 Risk Factors

The main risk factor for development of a CAUTI is the 
duration of catheterization, as the incidence of bacteriuria 
increases the longer a catheter is in place and is present in 
25% of patients who have their catheter in place for greater 
than 2 days. This is very telling as similar data shows that for 
patients who have a catheter in place for more than 24 hours: 
25% will develop a CAUTI and 3.4% of patients will then go 
on to develop bacteremia (which is a rare complication of 
CAUTIs) [2]. There are other risk factors for CAUTIs such 
as female gender, chronic health conditions such as diabetes 
mellitus, patients that require chronic indwelling catheters, 
and at risk populations such as elderly patients or patients 
who are immunocompromised. Certainly, another important 
risk factor would be improper placement with a breach in 
sterile technique during placement or manipulation from the 
patient or caregiver as well as any defect in the catheter 
system.

The majority of infections are acquired from bacteria that 
are present at the urethra and then are able to ascend along 
the catheter into the bladder. The catheter allows the bacteria 
a direct pathway to access the bladder and occurs more fre-
quently in women (due to a short urethra). The bacteria cul-
tured in CAUTIs are most commonly the same bacteria 
found on the patient’s own skin or in their stool. The catheter 
can cause mucosal injury that facilitates bacterial transloca-
tion as it is a foreign body that can become contaminated/
colonized with bacteria that now have access into a sterile 
space. Patients can still have a CAUTI after catheter removal 
as bacteria can still be present on the patient’s meatus.

 Diagnosis

The diagnosis of a catheter-associated urinary tract infection 
(CAUTI) can be challenging as there may not be any clinical 
symptoms especially in the critically ill patient. Frequently it 
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is diagnosed in the setting of a fever and a positive urine 
culture. However, patients may have other symptoms of pel-
vic pain, mental status changes, costovertebral tenderness, or 
hematuria. Pyuria alone is not enough for the diagnosis, and 
for those patients with an indwelling catheter, the diagnosis 
is made when the clean catch urine sample grows >105 col-
ony-forming units (CFU) of a single species (Table 39.1). 
For patients who have had their catheter removed in the past 
48 h and the clean catch specimen grows >103 CFU of a sin-
gle species, this would also meet criteria for the diagnosis of 
a CAUTI if the patient is clinically symptomatic (such as a 
complaint of dysuria). Table 39.1 compares CAUTI and 
Catheter associated asymptomatic bacteria (CA-ASB). The 
most important difference between the CAUTI and the 
CA-ASB is that the patient with CA-ASB has no clinical 
symptoms of a urinary tract infection as previously described 
above. Currently there is no evidence that CA-ASB requires 
treatment with antibiotics but there are specific patient popu-
lations that warrant special considerations and are out of the 
scope of this chapter.

 Microbiology

For patients with short term catheterization the organism is 
typically a single isolate, usually an aerobic gram negative 
bacteria, and is most frequently E.Coli. In patients with long-
term catheterization the isolates are usually polymicrobial. 
Fungal isolates are rare and are not typically associated with 
an infection. For patients that have long-term catheteriza-
tion, the isolates are typically polymicrobial.

 Treatment

The treatment of CAUTIs is also a source of controversy, 
and the optimal duration of antimicrobial therapy is not 
known. Current recommendations published by the 
Infectious Diseases Society of America recommend treat-
ment for 7 days for those who respond to treatment and a 
longer 10–14-day course for patients in whom response to 
treatment is delayed. For young healthy women who no lon-
ger have a catheter, a short 3-day course can be considered, 

and there is some evidence a 5-day course of levofloxacin 
could be sufficient treatment in a non-critically ill patient.

The initial empiric therapy in a patient who does not 
require broad-spectrum therapy for other reasons, is ceftriax-
one 1 g IV daily or cefotaxime 1 g IV every 8 h until culture 
results are back and the antibiotics can be tailored to a spe-
cific isolate with sensitivities (Table 39.2). If the patient has 
specific resistance patterns that require broader empiric cov-
erage or is critically ill, then appropriate empiric coverage 
should be determined by the clinical team.

The removal and re-insertion of a foley catheter as part of 
the treatment regimen is another area of controversy and is 
not necessarily backed by strong evidence. However, if a 
patient has a chronic indwelling catheter, then the catheter 
should/could be changed at the time of treatment due to poor 
penetration of antibiotics into the biofilm. Though this last 
recommendation lacks sufficient evidence.

Candidal infections of the urinary tract are rare, and 
determining colonization from a true urinary tract infection 
is difficult. Patients at highest risk for a candidal infection 
are patients with a chronic indwelling catheter, diabetes mel-
litus, anatomic abnormalities, or those with chronic antibi-
otic use. Typically, isolated candiduria does not require 
treatment without evidence of clinical symptoms such as 
flank pain or costovertebral pain.

Patients with an isolated growth of candiduria should not 
be treated unless there is clinical concern for disseminated 
candidiasis. A patient with persistent candiduria should have 
imaging of their kidneys to rule out renal or upper urinary 
tract involvement. Those patients who are at high risk for 
disseminated candidiasis can be treated with fluconazole 
200–400 mg daily for 14 days. However, antifungal therapy 
should be tailored to resistance patterns and if there is 
 concern for fluconazole resistance then amphotericin B 
(0.3 mg to 0.6 mg/kg daily) (the non-lipid formula as the 
lipid formula is not excreted in the urine) should be used.

The routine removal and replacement of catheters as part 
of the treatment regimen is not supported by the IDSA or the 
CDC in the setting of a diagnosis of a CAUTI or a patient 
with candiduria; however, if a catheter has been in place for 

Table 39.2 Recommendations for empiric antibiotic choices for 
catheter- associated urinary tract infections (CAUTI)

Microbe Antibiotic Alternative antibiotic Duration

Gram- 
negative 
bacteria

Ceftriaxone 1 g 
IV daily or 
cefotaxime 1 g 
IV Q 8 h

Cefepime 1 g IV Q 12 h 
or ceftazidime 1 g IV Q 
8 h. Decision for MRSA 
or VRE should be driven 
by prior culture data

10–
14 days

Candida Fluconazole 
200–400 mg 
daily

14 days

Specific therapy should be based on an individual hospital’s antibiogram 
for empiric therapy

Table 39.1 Definitions of CAUTI and CA-ASB

CA-ASB 1. Presence of indwelling catheter or recent removal 
within 48 h
2. Presence of ≥105 of at least one bacterial species
3. No symptoms compatible with UTI

CAUTI 1. Presence of an indwelling catheter or removed within 
48 h
2. Signs and symptoms of a UTI
3. ≥ 103 colony-forming units (CFU)/ml of bacteria
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greater than 2 weeks and cannot be removed, then the cath-
eter should/could be replaced to decrease the risk of future 
CAUTIs. Again, this last recommendation lacks sufficient 
evidence.

 Prevention

The CDC publishes guidelines to help prevent CAUTIs with 
an emphasis on decreasing catheter use as the primary target 
for prevention. There have been studies that have used silver 
impregnated catheters or nitrofurazone impregnated cathe-
ters that have shown a small decrease in CAUTI rates, but 
more research is needed to assess the cost:benefit ratios. 
However, the most effective strategies for reducing CAUTIs 
focus on early catheter removal and education regarding the 
indication for catheter placement [3].

Cho et al.’s recently published work demonstrates an 
intervention to reduce CAUTIs by educating nursing and 
physician staff about the indications for a urinary catheter 
and a daily prompt regarding removal. Their paper shows a 
reduction in CAUTIs as well as a decrease in hospital costs  
[4].

Once a catheter is inserted, it is important to maintain the 
integrity of the system to decrease contamination. However, 
once the catheter is in place there are little or no evidence 
based prevention strategies that can be utilized to decrease 
CAUTI rates outside of early removal. For example, there is 
no evidence to suggest that meatal care provides any protec-
tion from CAUTI or CA-ASB. This is also true for  bladder 
irrigation or antimicrobials added to the drainage bag as these 
techniques do not provide any protection against CAUTIs or 
CA-ASB and at the same time increase hospital costs. 
Empiric catheter exchange protocols have not shown a bene-
fit in decreasing CAUTIs in patients with chronic or long-
term indwelling catheters.

Prevention, which is an important and effective strategy 
that has the strongest evidence for its effectiveness, also 
involves teaching the appropriate techniques for catheter 
placement so that breaches in sterile technique are minimized. 
Standardized education of all staff who place catheters (nurses, 
residents, as well as medical students) could minimize errors 
in placement technique which could put the patient at risk for 
a future CAUTI. This could be done through simulation 
 curriculums or observed training that ensures appropriate 
placement techniques before catheters can be placed 
independently.

Conclusion

CAUTIs are a significant burden to the patient and the health-
care system and can be difficult to diagnose or separate from 
CA-ASB. Patient’s with CAUTIs require empiric treatment 
that is subsequently tailored to specific culture data once it is 
available. There are many strategies that help to prevent 
CAUTIs which include education around placement and pro-
tocols for early removal.
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Ventilator-Associated Pneumonia

Dina M. Filiberto and Martin A. Croce

 Introduction

Ventilator-associated pneumonia is a surgical disease. It is 
responsible for significant morbidity, mortality, resource uti-
lization, and increased hospital costs in our surgical patients. 
In this chapter, we will focus on risk factors, diagnosis, treat-
ment, and prevention of this scourge in our surgical and 
trauma intensive care units.

 Epidemiology

Ventilator-associated pneumonia (VAP) is a common cause 
of infection in the intensive care unit (ICU) and is a signifi-
cant cause of morbidity and mortality in critically ill patients. 
Patients with VAP have prolonged lengths of stay in the ICU 
and hospital [1], and reported mortality rates range from 
15% to 25% [2–4]. The incidence of VAP ranges from 4% to 
87% in the literature [3, 5, 6]. Such wide variability can be 
attributed to the different methods of diagnosis, the popula-
tion studied, and the lack of a uniform definition of 
VAP. However, it is clear that the incidence of VAP increases 
with duration of mechanical ventilation. Cook et al. investi-
gated 1014 mechanically ventilated patients to determine 
risk factors in VAP during their hospital course. They found 
the cumulative risk of VAP increased over time, but the daily 
risk decreased after day 5, suggesting a high risk of early 
VAP [7]. Furthermore, in a study evaluating trauma patients, 
the authors noted a linear relationship between duration of 
mechanical ventilation and the incidence of VAP [8].

 Risk Factors

Risk factors for the development of VAP in medical patients 
include chronic disease, lung disease, age, aspiration, supine 
positioning, and use of paralytic agents. As expected, patients 
with comorbidities, patients with immunosuppressive dis-
ease, and patients that are elderly have decreased physiologic 
reserve are at an increased risk of VAP. A randomized con-
trolled trial identified aspiration and use of paralytic agents as 
risk factors for VAP. Decreasing the cough reflex and impair-
ing endotracheal secretion clearance may put patients at 
higher risk of VAP [7]. Drakulovic et al. found a higher fre-
quency of pneumonia in patients positioned supine compared 
to patients in a semirecumbent position. The risk of VAP was 
even more apparent in patients positioned supine that received 
enteral feeding, alluding to aspiration as a risk factor [9].

The trauma and surgical populations have been analyzed 
in various studies, and predictors of VAP were identified as 
increased injury severity score (ISS), increased Glasgow 
Coma Scale (GCS) score, blunt injury, emergent intubation, 
shock, age, increased transfusion requirement, and specific 
injury patterns such as spinal cord injury, chest injury, and 
need for emergent craniotomy, femur fixation, or laparot-
omy. The relationship between increasing severity of trau-
matic brain injury and development of VAP is striking 
(Fig. 40.1). The incidence of pneumonia in patients with a 
GCS score of 3–8 is 40% [1]. The trauma literature suggests 
that more critically injured patients, evidenced by ISS and 
GCS, are more likely to develop VAP [1, 3].

 Diagnosis

Despite its relative frequency, there is no universally accepted 
definition of VAP. Clinical features such as purulent sputum, 
fever, leukocytosis, worsening oxygenation, difficulty to 
wean from the ventilator, and new or worsening infiltrate on 
chest radiograph are often used as criteria in patients with 
suspected VAP.
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The Clinical Pulmonary Infection Score (CPIS) is con-
structed from multiple clinical parameters and was devel-
oped by Pugin to assist in pneumonia diagnosis. The 
parameters selected to comprise the score are patient’s tem-
perature, blood leukocytes, trachea secretions, PaO2/FiO2, 
chest radiograph, and tracheal aspirate culture. CPIS >6 cor-
related to a diagnosis of pneumonia when compared to quan-
titative culture data. The study only used 28 patients who 
underwent BAL; however, this score has subsequently 
become a popular method for diagnosis of pneumonia [10]. 
Others have even described a strategy that utilizes the CPIS 
to guide antibiotic duration in medical patients [11]. 
However, its utility in guiding treatment duration and diag-
nosis of VAP in surgical patients is limited. Croce et al. eval-
uated 285 patients that underwent quantitative BAL with 
clinical evidence of VAP. The CPIS was calculated in each 
patient, and the average score in patients without VAP and 
with VAP (organism with 105  CFU/mL) was 6.8 and 6.9, 
respectively. The sensitivity and specificity was 61% and 
43% utilizing a CPIS of >6 as a threshold for VAP, demon-
strating that CPIS is not a good tool in trauma patients [12]. 
Parks et al. investigated the potential use of CPIS in deter-
mining duration of antimicrobial therapy in VAP. There was 
no correlation between VAP resolution and CPIS score. In 
fact, the mean CPIS score was greater than 6 when VAP had 
resolved on quantitative culture. Antibiotics would have 
been unnecessarily continued in 59% of patients [13]. The 
CPIS attempts to measure the inflammatory response in 
pneumonia; however, it is not successful in distinguishing 
inflammation from infection. Surgical patients frequently 
demonstrate systemic inflammatory response syndrome 
(SIRS) from operations, trauma, burns, atelectasis, transfu-
sions, and wounds. Fever and leukocytosis are common find-
ings. Additionally, pulmonary contusions and acute 
respiratory distress syndrome (ARDS) can make radiograph 
interpretation difficult [8].

A more invasive diagnostic technique can be utilized to 
differentiate SIRS from infection in surgical patients. Using 
bronchoscopy to sample the distal airways, quantitative 
bronchoalveolar lavage (BAL) culture improves diagnostic 
accuracy with the ability to distinguish between SIRS and 
VAP [4, 14–17]. Quantitative BAL is more specific than a 
combination of clinical findings and sputum culture. In fact, 
less than 50% of patients with clinical signs and symptoms 
of VAP will have an infection based on quantitative BAL. A 
bronchoscope is advanced into the involved lung segment 
without using suction, and with the tip of the bronchoscope 
in the lower airway, a BAL is performed with 100  mL of 
sterile nonbacteriostatic saline in 20 mL aliquots. The efflu-
ent is aspirated and sent to the microbiology laboratory for 
gram stain, culture, and sensitivity, which generally finalizes 
in 72 h [4].

Other methods for obtaining cultures include tracheal 
aspiration, protected specimen brush, or mini-BAL. Tracheal 
aspirates can identify causative organisms; however, upper 
airways and endotracheal tubes are frequently colonized, 
which may yield false-positive sputum cultures [18]. 
Protected brush specimen (PBS) is obtained by inserting a 
brush-tipped catheter into a bronchoscope and then brushing 
the tip along the lining of the bronchiole. Mini-BAL is per-
formed by placing a catheter into the endotracheal tube, 
injecting 20  mL of sterile nonbacteriostatic saline through 
the catheter, and re-aspirating the saline.

Comparison between tracheal aspirate, PBS, and BAL 
was performed in 107 patients with clinical evidence of 
pneumonia. The incidence of pneumonia according to each 
method was tracheal aspirate 73%, PSB 34%, and BAL 25%. 
Even in patients with classic clinical pneumonia, tracheal 
aspirate demonstrated a pathogen only 73% of the time. As 
previously stated, tracheal aspirates are often inaccurate, but 
the presence of a pathogen on tracheal aspirate in combina-
tion with clinical parameters is frequently an indication for 
antibiotics at many institutions. This study highlights the 
large difference in incidence of pneumonia between diagnos-
tic modalities. In addition to bronchoscopically obtained 
quantitative cultures being more accurate, their use is more 
cost-effective. Because the incidence of pneumonia is lower 
with PSB and BAL, costly unnecessary antibiotics are dis-
continued [19].

The diagnostic threshold of quantitative BAL has been 
debated in the literature with values of 104 [20, 21] and 105 
[22, 23] colony-forming units/mL (CFU/mL) used. A value 
of 103 CFU/mL is considered diagnostic with protective spec-
imen brush [24]. A higher threshold for quantitative BAL is 
expected because a larger area of lung tissue is exposed to the 
effluent. With approximately one million alveoli sampled, 
more organisms are recovered [4, 25]. At our institution, a 
threshold of 105  CFU/mL demonstrated few false-negative 
quantitative BAL cultures and a pneumonia- related mortality 

40

30

20

10

0

%
 w

it
h

 p
n

eu
m

o
n

ia

GCS group
13-15 9-12 3-8

Fig. 40.1 Demonstrates the relationship between GCS score and inci-
dence of VAP

D. M. Filiberto and M. A. Croce



409

comparable to what is described in the literature. In a pro-
spective study, 232 mechanically ventilated patients under-
went 443 bronchoscopies with quantitative BAL.  Incidence 
of pneumonia was 39% and was not different regardless of 
the number of BALs a patient received during their hospital-
ization. The false-negative rate of quantitative BAL was low 
at 7%. This demonstrates SIRS may occur at any time during 
a patient’s ICU course and the use of BAL with a threshold of 
105 CFU/mL can effectively diagnose VAP. In most studies 
using quantitative BAL as a method of diagnosis, antibiotics 
were continued in patients who still had clinical signs and 
symptoms of pneumonia. However, in this study antibiotics 
were discontinued with insignificant colony counts as deter-
mined by BAL, irrespective of the patients’ clinical parame-
ters [4]. When the threshold was reduced to 104 CFU/mL, the 
sensitivity was similar, and the specificity and positive predic-
tive values were much lower [21].

 Treatment

The causative pathogens of VAP are widely variable in bac-
terial etiology. Effective treatment of VAP depends on early 
administration of empiric antibiotics with broad coverage 
after cultures have been obtained. The antibiotic selection 
should then be narrowed based on the speciation and sensi-
tivity of the culture. Antibiotics should be discontinued if the 
bacterial diagnostic threshold is not achieved. The goal of 
treatment is to adequately eradicate the infection while limit-
ing exposure to unnecessary antibiotics to prevent overuse 
and development of multidrug-resistant organisms [26].

Empiric antibiotic selection should be based on the most 
likely causative pathogens. Resistant or unexpected organ-
isms can limit the success of antibiotic regimens resulting in 
inadequate empiric antibiotic therapy [19, 27, 28]. In a study 
that evaluated 82 patients with multiple VAP episodes, there 
were 39% with inadequate empiric antibiotic therapy. 
Inadequate empiric antibiotic therapy means there was no 
antibiotic with activity again the causative pathogen. Most of 
the episodes were attributed to Acinetobacter sp. and 
Stenotrophomonas sp. The mortality rate for patients with no 
episodes of inadequate therapy was 3.6% and for multiple 
episodes of inadequate therapy was 45%. In addition, inade-
quate therapy was associated with prolonged ICU length of 
stay and prolonged length of mechanical ventilation [29]. A 
meta-analysis on 32 VAP studies found the odds of death 
were 2.34 times greater for patients with inappropriate 
empiric therapy compared to those receiving adequate anti-
biotic therapy [30]. These risks support the notion that broad 
therapy is important to decrease the risk of missing a drug- 
resistant organism. Factors to consider in empiric antibiotic 
selection are time from admission, previous antibiotic use, 
and the antibiogram of the ICU [20, 31]. The gram stain from 

the quantitative BAL does not help in identifying causative 
organisms and should not be used to select empiric antibiotic 
therapy [4].

The timing of VAP development is associated with distri-
bution patterns of organisms. BAL cultures performed within 
the first week of admission primarily identified Haemophilus 
influenza, Streptococcus pneumonia, methicillin-sensitive 
Staphylococcus aureus (MSSA), enteric gram-negative bacilli, 
Escherichia coli, Klebsiella pneumonia, Enterobacter sp., 
Proteus sp., and Serratia marcescens. Many of these early 
pathogens are community acquired with a low likelihood of 
antibiotic resistance. After 1 week of admission, Pseudomonas 
aeruginosa, extended-spectrum beta- lactamase- producing 
bacteria, Acinetobacter sp., methicillin- resistant 
Staphylococcus aureus (MRSA), Stenotrophomonas sp., and 
Legionella pneumophila become more common [4, 32]. A 
clinical algorithm for diagnosis and empiric management of 
VAP was developed and validated at our institution (Fig. 40.2). 
The antibiotic selection is based on time from admission and 
our antibiogram. Empiric therapy is continued when BAL cul-
ture has “no growth to date” on the preliminary report. This is 
because the reports are done everyday at the same time in the 
microbiology laboratory, regardless of when the specimen is 
received. A specimen can be incubated up to 23 h longer than 
a different one, yet both will have a report at 24 h.

The Infectious Diseases Society of America and the 
American Thoracic Society (IFDSA/ATS) released updated 
clinical practice guidelines in 2016. Initial antibiotic therapy 
options should cover S. aureus, P. aeruginosa, and other 
gram-negative bacilli. Suggested antibiotics include 
piperacillin- tazobactam, cefepime, ceftazidime, levofloxa-
cin, imipenem, or meropenem.

Concern for MRSA or P. aeruginosa justifies the use of 
more aggressive empiric therapy. In patients with increased 
risk of antimicrobial resistance or  if >10–20% of the local 
ICU’s S. aureus isolates are MRSA, then vancomycin or 
linezolid should be used empirically.

IFDSA/ATS recommends monotherapy for treatment of 
P. aeruginosa in low-risk patients; however, in patients with 
high risk of antimicrobial resistance or if >10% of the local 
ICU’s gram-negative organisms resistant to the monother-
apy, dual therapy is suggested [33].

The recommendations emphasize antibiotic regimens 
should be based on an institutional antibiogram, where the 
most common pathogens and their susceptibilities are 
tracked. For example, our institution found monotherapy 
with cefepime was successful in treating trauma patients 
with Pseudomonas VAP; therefore, dual therapy is not rou-
tinely administered [34]. If the ICU has a high rate of 
multidrug- resistant organisms, uncommon organisms, or an 
immunosuppressed patient population (i.e., transplant 
patients or oncology patients), standard antibiotic selection 
may not be appropriate [35].
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The duration of antibiotic treatment of VAP historically 
ranged from 14 to 21 days. However, modern data supports 
shorter duration depending on the causative pathogen. Ibrahim 
et al. evaluated 102 medical patients with VAP and found a 
limited 7-day course of antibiotic therapy decreased VAP 
recurrence without increasing morbidity and mortality [26].

Chastre et  al. performed a randomized controlled trial 
comparing 8  days versus 15  days of antibiotic therapy in 
patients with VAP.  The clinical outcomes were similar in 
both groups. The long-course antibiotic group grew more 
multidrug-resistant organisms when there was a VAP recur-
rence. Lastly, the study found patients with VAP caused by 
nonfermenting gram-negative bacilli, such as P. aeruginosa, 
had a higher recurrence rate in the short-course antibiotic 
group and suggested a longer treatment course may be nec-
essary [36].

Using an arbitrary duration of time for treatment may 
result in VAP recurrence or antibiotic resistance. Determining 

the optimal duration of definitive antibiotic therapy for VAP 
limits unnecessary antibiotic exposure. Mueller et al. used 
serial quantitative BAL to determine if antibiotic duration 
can be abbreviated. Repeat BAL was performed at day 4 of 
appropriate antibiotic therapy, and antibiotics were discon-
tinued if quantitative BAL was <104  CFU/mL; otherwise, 
they were continued. This group was compared to a control 
group of patients that were not treated with repeat 
BAL.  Antibiotic duration was shorter in the repeat BAL 
group compared to the control group (9.8 vs 16.7 days), and 
there were no differences in VAP recurrence or mortality. 
82.7% of VAP isolates in the repeat BAL group were either 
community-acquired pathogens or early pathogens such as 
MSSA, H. influenza, and S. pneumoniae. These organisms 
were treated with 7–8 days of antibiotics. Late pathogens 
such as P. aeruginosa, Acinetobacter sp., and 
Stenotrophomonas sp. commonly required a longer duration 
of therapy [37].

Clinical Suspicion of VAP*

Fiberoptic Bronchoscopy with BAL

Empiric antibiotic therapy based on timing of ICU admission

≤7 days in ICU
Ampicillin/sulbactam 3g IV q6h**

>7 days in ICU
Vancomycin 20mg/kg IV q12h +

Cefepime 2g IV q8h**

Preliminary culture results ≥24 hours

Insignificant
(<100,000 CFU/mL)

No growth to date

Continue empiric
antibiotic therapy

Discontinue antibiotic
therapy

Streamline antibiotic
therapy

Final culture results

<100,000 cfu/mL ≥100,000 cfu/mL

Significant
(≥100,000 CFU/mL)

Empiric therapy discontinued Definitive antibiotic therapy

Fig. 40.2 Clinical algorithm 
for diagnosis and empiric 
management of ventilator- 
associated pneumonia. 
*Defined as any three of the 
following: appearance of a 
new or changing infiltrate on 
chest x-ray; abnormal 
temperature (>38.3 or 
<35.6 °C); abnormal white 
blood cell count (>10,000 
cells/mm3 or >10% immature 
bands); macroscopically 
purulent sputum. **If severe 
β-lactam allergy, change 
ampicillin/sulbactam to 
moxifloxacin 400 mg IV q24h 
and cefepime to ciprofloxacin 
400 mg IV q8h
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To evaluate the optimal duration of antibiotics for patients 
with hospital-acquired pathogens, Magnotti et al. performed 
repeat BAL on days 4, 7, and 10 (if necessary) of appropriate 
antibiotic therapy. Antibiotics were continued until there was 
microbiological resolution of VAP based on quantitative 
BAL. This study demonstrated MRSA and P. aeruginosa 
mostly resolved after 14  days of therapy. Sixty percent of 
Acinetobacter sp., Stenotrophomonas sp., and Enterobacter 
sp. resolved after 10 days of therapy; however, an additional 
30% of the patients required prolonged antibiotic therapy 
(14 days). By performing a repeat BAL on day 7, the subset 
of patients requiring prolonged therapy is identified. The 
recurrence rate in this study was 2% [32]. The clinical prac-
tice algorithm for definitive VAP management at our institu-
tion has subsequently incorporated repeat BAL into the 
schema (Fig.  40.3). The use of repeat BAL provides an 
objective measure to determine the resolution of VAP in 
hospital- acquired pathogens and therefore avoids arbitrary 
endpoints. Antibiotic selection and duration of therapy are 
tailored to the causative organism.

There is increased emphasis on antibiotic stewardship in 
most hospital systems. Overuse can result in increased costs, 
antibiotic-related complications, and increased resistant 
organisms. When the diagnostic threshold is not achieved, 
antibiotics should be discontinued. When the speciation and 
sensitivity is determined, antibiotics should be de-escalated 
and tailored to the organism [33]. Using our clinical algo-
rithm, the pathogen sensitivities have not significantly 
changed. It must be emphasized, however, that the coloniza-
tion patterns of other ICUs may be different from our institu-
tion. It is important to track the prevalence of organisms and 
their antimicrobial susceptibilities to guide and refine empiric 
therapy.

 Prevention

Every effort should be made to decrease the occurrence of 
VAP in critically ill patients. The Institute for Healthcare 
Improvement introduced the concept of a VAP bundle, an 
assortment of prophylactic interventions, to prevent VAP 
development in the ICU.  The original bundle consists of 
head of bed elevation and semirecumbent positioning to 
decrease the risk of aspiration, daily sedation holidays, daily 
spontaneous breathing trials and assessment for weaning 
and extubation, stress gastritis prophylaxis, and mechanical 
and chemical venous thromboembolism prophylaxis. The 
bundle was later modified to add use of chlorhexidine and 
oral hygiene to decrease oropharyngeal colonization. 
Multiple studies claim success with implementation of the 
VAP bundle or various other protocols, which include com-
ponents of the bundle [38–40]. However, there are methodo-
logic issues with these studies, and any conclusive statement 
about the effectiveness of the VAP bundle should be tem-
pered. It is not known which interventions or factors con-
tribute to its success [41, 42]. A multi-institutional, 
prospective study of trauma patients demonstrated that the 
original ventilator bundle (excluding the oral hygiene com-
ponent) had no impact on the development of ventilator-
associated pneumonia [42]. However, since the bundle is not 
detrimental to patient care, it is still typically used in inten-
sive care units.

Other preventative measures to decrease VAP are to main-
tain the endotracheal cuff pressures at 20 cm H2O, to prevent 
tracking of bacterial pathogens around the cuff, and to 
change the ventilator circuit when it’s contaminated from 
secretions and condensation. It has been demonstrated that 
routine change of the ventilator circuit does not decrease risk 
for VAP [43].

Aerosolized antibiotics have been introduced as a poten-
tial prophylactic measure. A randomized controlled trial 
was performed to evaluate aerosolized ceftazidime in the 
prevention of VAP. Forty patients were enrolled, and there 
were significant reductions in VAP in the antibiotic group 
compared to the placebo group at ICU day 14 and for the 
entire ICU stay. Additionally, aerosolized ceftazidime did 
not change the sensitivity patterns of gram-negative bacilli 
in the ICU. The study was limited by its small patient popu-
lation [44]. With this promising preliminary data, another 
randomized controlled trial was performed that compared 
aerosolized ceftazidime with placebo in 105 patients. There 
was no significant difference between the groups in VAP 
incidence at 2 weeks or at 30 days, and therefore, routine 
use of prophylactic aerosolized antibiotic cannot be recom-
mended [45].

Hospital-acquired VAP?

Continue Antibiotics
for 14 Days

Repeat BAL on Day 7 of
Appropriate Therapy

VAP pathogens ≤103 CFU/ml

Yes No

Antibiotics 10 Days Antibiotics 14 Days

PA MRSA, AB, SM, ENB

Fig. 40.3 Clinical pathway for definitive management of hospital- 
acquired VAP. AB Acinetobacter baumannii, ENB Enterobacteriaceae, 
PA Pseudomonas aeruginosa, SM Stenotrophomonas maltophilia
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 Conclusion

VAP is a common disease process in the ICU, resulting in 
significant morbidity, mortality, and hospital expenditure. 
Without a uniform definition of VAP, interpretation of data 
and management remain a challenge. The utilization of 
quantitative diagnostic modalities in surgical patients appears 
superior to clinical strategies due to the prevalence of SIRS 
in this patient population. Treatment of VAP relies on early, 
appropriate empiric antibiotic therapy that covers the most 
probable pathogens. Regimens should be guided by local 
antibiograms and likelihood of antibiotic resistance. Therapy 
should be narrowed when the causative organism is 
 determined. It is important to find a balance between ade-
quate empiric coverage and overuse of antibiotics. Prolonged 
exposure to unnecessary antibiotics can develop resistance; 
however, inadequate treatment can result in increased mor-
bidity and mortality. Short-course antibiotic duration is 
favored in community-acquired pathogens, while optimal 
duration of hospital-acquired pathogens ranges from 10 to 
14  days. Prevention measures should be undertaken to 
decrease the incidence of VAP in the ICU population.
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Fungal, Viral, and Other Oddball 
Infections and the Immunosuppressed 
Patient

Sameer A. Hirji, Sharven Taghavi, and Reza Askari

 Introduction

Infections with fungal and viral pathogens in the surgical  
intensive critical unit (ICU) are not uncommon. Often, how-
ever, diagnosis tends to be either delayed or superimposed on 
bacterial infections. In some scenarios, definitive diagnosis can 
be challenging and a high index of suspicion is warranted to 
promptly manage critically ill patients. This approach is critical 
especially in immunosuppressed patients given their relative 
vulnerability to a multitude of infectious processes. Although 
rare, oddball infections with rare viruses and fungi can signifi-
cantly affect the clinical course and recovery of patients if 
timely diagnosis is delayed. This chapter highlights important 
fungal, viral, and rare infections in the context of critically ill 
and high-risk patients, including the immunosuppressed 
patients, in the surgical ICU.

 Common Fungal Infections

Fungal infections in the critical setting are associated with 
increasing morbidity and mortality when undiagnosed 
promptly. These pathogens can place a huge burden on the 
existing health-care system. Isolated cases of fungal infections 
are possible, but often these infections occur concurrently with 
bacterial or viral infections. More than 50% of all fungal infec-
tions tend to occur in surgical patients, and a significant por-
tion are prevalent in the surgical ICU [1]. Common infectious 
fungal species include Candida, aspergillosis, and mucormy-

cosis. Fungal infections can affect any organ but most likely 
affect the brain, lungs, abdomen, and soft tissues [2].

 Candidiasis

 Epidemiology: Incidence, Mortality
Candida is prevalent in the surgical patients with reported mor-
tality between 30 and 40%, depending on the patient and asso-
ciated infection site. Most often, the major cause of mortality 
is patient acuity at the time of diagnosis and the delay in treat-
ment initiation. Candida infections typically arise from intra-
vascular catheters, bladder catheters, or the gastrointestinal 
tract. It is for this reason that sterile precautions should be 
maintained in the ICU setting at all times [1].

 Risk Factors
Several populations of surgical patients are more susceptible to 
Candida infections. These include patients on immunosup-
pression such as those who have had solid organ transplants 
(i.e., kidney, pancreas) and those with various rheumatologic 
and endocrine disorders. Other at risk populations include 
patients with prior history of Candida colonization, those 
receiving parenteral nutrition, those with poor hygiene, those 
who have undergone multiple abdominal operations, neutrope-
nic patients in the setting of chemotherapy, and those with a 
prolonged ICU stay, defined as greater than 7 days [1, 2].

The presence of indwelling catheters in moist areas as well 
as failure to adhere to sterile techniques during catheter care 
can predispose these patients to Candida colonization. The GI 
tract also serves as a reservoir for candida organisms, and over-
growth can be precipitated in critically ill patients through 
changes in GI flora due to prolonged ileus, as well as prolonged 
antiacid and antibiotic use [1].

 Subtypes
There are hundreds of different species of Candida but only nine 
that are clinically significant and pathogenic to humans. Some of 
these species include C. albicans, C. glabrata, and C. krusei, 
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although the majority of the diseases are caused by C. albicans. 
However, with increasing resistance to  antifungal therapies, these 
rare species of Candida are becoming increasingly prevalent.

C. glabrata infections are more commonly seen in older 
patients and transplant recipients. C. krusei infections, on the 
other hand, are seen in the setting of prior antifungal use, 
hematologic malignancies, neutropenic patients, and patients 
with ongoing corticosteroid use. Patients affected with C. 
krusei also tend to be much younger and less likely to have 
concomitant bacterial infections. C. parapsilosis are seen in 
patients with recent surgery while C. tropicalis, although less 
common, are most virulent and indicative of concurrent 
invasive infection. Candida infections can occur in the 
bloodstream, respiratory mucosa, and urine with or without 
endophthalmitis, with varying severity [1, 2].

 Aspergillosis

 Epidemiology: Incidence, Mortality
Aspergillosis infection can be devastating and associated 
with significant morbidity and mortality. In the ICU setting, 
Aspergillus may harbor in the ICU ventilation and water sys-
tems that have been poorly maintained and various other 
equipment. The lowest incidence for invasive aspergillosis is 
reported in HIV patients and in patients with hematologic 
malignancy, which is 0.4%. The incidence in solid organ 
transplant recipients is more variable, 0.1– 2.4%. Overall 
mortality rates are about 17% and can rise to more than 50% 
in transplant recipients [2, 3].

 Risk Factors
Populations at risk for infections with aspergillosis are simi-
lar to the ones affected by Candida species. Notably neutro-
penic patients and transplant patients receiving corticosteroid 
therapy or antirejection medications are increasingly vulner-
able. Specifically, patients receiving steroids are at increased 
risk for having cavitating lesions and aspergillomas, and 
neutropenic patients develop angioinvasive aspergillosis, as 
neutrophils play a pivotal role in disease clearance [2].

 Subtypes
Aspergillosis can be caused by hundreds of molds, but the per-
tinent species affecting critically ill patients include A. fumig-
atus, A. flavus, and A. terreus. These species have a wide 
environmental distribution and can be found in the soil, water, 
and air as well as may colonize immunosuppressed patients.

 Mucormycosis

 Epidemiology: Incidence, Mortality
Mucorales are saprophytes with mortality ranging from 35% 
up to 70% in patients with existing malignancy [2].

 Risk Factors
Populations at risk for infections include neutropenic 
patients, patients with diabetes mellitus, and patients with 
co-existing malignancy. Renal failure patients and those with 
penetrating trauma are also vulnerable.

 Subtypes
Mucormycosis can be caused by hundreds of species but the 
pertinent species affecting critically ill patients include 
Rhizopus, Mucor, and Rhizomucor.

 Common Diagnostics Tests

Despite the advent of newer technologies and diagnostics 
tests, blood cultures remain the gold standard to identify 
candidemia. Negative blood cultures do no entirely exclude 
an infection because the sensitivity is only about 50%, and 
cultures can take as long as 4 days to become positive. 
Thus, prompt treatment should be initiated based on clini-
cal evaluation. Common serologic tests include galacto-
mannan and1,3 B-D-glucan that can be obtained while 
awaiting blood cultures. Galactomannan is detected in 
body fluids and a galactomannan index is calculated based 
on the concentration. When a certain minimum threshold is 
surpassed, the diagnosis of invasive aspergillosis is made. 
B-D glucan is a cell wall component found in body fluid 
and indicates the probability of infection although it fails to 
discriminate between colonization and infection. Moreover, 
these tests are specific but they lack sensitivity [2]. 
Additionally, depending on the location of suspected  
infection, thoracentesis, interventional radiology guided 
drainage or aspiration, diagnostic paracentesis, or bron-
choalveolar lavages can be obtained to help guide treat-
ment decisions although these techniques are invasive. In 
cases of aspergillosis infection of the lung, radiographic 
signs such as the halo sign can be suggestive but not neces-
sarily diagnostic. Moreover, histopathology can be useful 
in identifying certain species, e.g., periodic acid-Schiff 
stains for Mucor, and Grocott- methenamine- silver for 
yeastlike fungus Pneumocystis jiroveci.
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 Current Treatment Options

Optimization of treatment strategies in the context of fungal 
infections is extremely essential in order to avoid excessive 
medication use, which could ultimately lead to disease resis-
tance. In recent years, several risk scores have been devel-
oped to help guide treatment strategies. While many have not 
been validated clinically, the Candida Score (CS) or the 
Candida Colonization Index (CCI) is one that is often  
utilized clinically. This is defined as the ratio of the number 
of culture-positive surveillance sites for Candida spp. over 
the number of sites cultured. If the ratio of CCI is greater than 
0.4, preemptive antifungal therapy should be initiated [2, 4].

 Candidiasis

Candidemia and invasive candidiasis are associated with 
varying degrees of mortality if untreated promptly. There 
are many treatment options for Candida infections includ-
ing polyenes, triazoles, echinocandins, and flucytosine 
(oral). Triazoles include fluconazole, itraconazole, and 
voriconazole, and they inhibit fungal cytochrome P450. 
For this reason, they can be used as first-line treatment or 
empiric treatment although drug interactions are common. 
Of note, fluconazole has the greatest penetration into the 
cerebrospinal fluid. Echinocandins include caspofungin 
and micafungin, and these fungicidals inhibit the synthesis 
of beta-1,3-D-glucan, which results in fungal cell wall dis-
ruption. Polyenes include amphotericin B, which inhibits 
ergosterol, an essential component of fungal cell wall. C. 
glabrata and C. krusei species are most commonly treated 
with echinocandins listed above [1].

 Candida in Blood
All patients with candidemia or invasive candidiasis should 
be treated with a loading dose of either fluconazole (tri-
azoles) or caspofungin (echinocandins). In critically ill 
patients, patients with severe sepsis, and those with recent 
triazole exposure, echinocandins are preferred. This must be 
followed by repeat blood cultures, and treatment is contin-
ued for 10–14 days after the last positive blood culture or if 
clinical symptoms improve.

 Candida in Urine
Candida is a common pathogen found in many ICU 
patients with urinary tract infections. Moreover, coloniza-
tion of the urine by Candida is also seen in patients that 
have diabetes or those that routinely require catheteriza-
tion. Treatment is not indicated unless the patient is immu-
nosuppressed, in which case oral fluconazole is effective. 

Removal and replacement of the catheter is the most 
important treatment strategy.

 Candida in Respiratory Mucosa
Oral candidiasis (thrush) is also common in ICU patients, 
especially those on the ventilator. Effective treatment 
involves nystatin suspensions, oral ketoconazole, flucon-
azole, or itraconazole. Oropharyngeal candidiasis should 
be treated with fluconazole for 7 days and perhaps beyond 
for immunocompromised patients. Treatment should be 
altered as needed if there is no interval improvement in 
symptoms, so as to avoid disease progression to esophageal 
candidiasis. Pneumonia due to Candida is very rare and 
growth of candida on respiratory cultures often represents 
contamination or colonization. No treatment is indicated in 
this case.

 Candida in the GI Tract
While candida can be isolated in intraabdominal cultures, 
they are rarely the etiology of the infection especially when 
there are concurrent bacterial pathogens. In these circum-
stances, antifungal therapy should not be typically used. 
The only exceptions are when there is failed treatment of 
previous intraabdominal infection or when there is spillage 
of GI contents due to anastomotic leak. As previously men-
tioned, fluconazole is the preferred empiric treatment 
choice unless there is prior evidence of resistance. 
Intraabdominal abscesses due to fungi are associated with 
high failure rate when managed via percutaneous drainage, 
so most often operative drainage is utilized with antifungal 
therapy for definitive treatment. Renal patients with perito-
neal dialysis catheters can develop candida infections as 
well. Treatment in this case involves fluconazole therapy 
and timely removal of catheter, which can be replaced once 
the infection clears [1].

 Aspergillosis

Timely diagnosis and treatment of invasive aspergillosis is 
essential particularly because the infection is transmitted 
airborne and can lead to detrimental sequela if left 
untreated. Invasive pulmonary aspergillosis is the most 
common form of infection, which manifests initially as a 
pneumonia but can lead to thrombotic, hemorrhagic events 
or complicated necrotizing bronchopneumonia that eventu-
ally necessitates surgical treatment. In most cases, the first 
line of treatment is voriconazole, but it is associated with 
high treatment failures. The dose is initially administered 
intravenously as a loading dose of 6 mg/kg twice a day and 
then lowered to 4 mg/kg twice daily. Amphotericin B is 
another alternative antifungal that can be utilized with 
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varying success. It is administered intravenously as liposo-
mal amphotericin B in a dosage of 3–5 mg/kg/day usually. 
The duration of treatment is often variable, but patients 
should be treated for at least 6–12 weeks and perhaps lon-
ger in immunosuppressed patients. In cases of medically 
refractory infection or recurrent infection despite optimal 
treatment, surgical treatment with Clagett window is often 
performed [1, 2].

 Mucormycosis

Like other fungal infections, infections with mucor  
warrant timely intervention. Amphotericin B is the pre-
ferred antifungal in most cases. Recommended doses 
include 1–1.5 mg/kg/day for the deoxycholate formulary. 
The duration for treatment is not established and so should 
be individualized for each patient depending on clinical 
response.

 Role of Antifungal Prophylaxis

Routine use of antifungal prophylaxis is effective in reduc-
ing the incidence of fungal infections in selected high-risk 
patients, although its effect on overall mortality remains 
unclear. Widespread use of antifungal prophylaxis should 
be limited to carefully selected patients based on their 
clinical condition, in order to prevent the development of 
disease resistance and avoid unnecessary toxic exposure. 
Fluconazole can be used empirically for invasive candidi-
asis in patients recently undergoing abdominal surgery 
and/or those with recurrent GI perforations or leakages. In 
the ICU setting, empiric treatment for aspergillosis in 
patients with neutropenia is not common and not recom-
mended [1, 2].

 Common Viral Infections

While viral infections are common in the community and 
outpatient setting, they are less common in the 
ICU. However, viral infections can present in the ICU set-
ting. These viral infections have a broad spectrum of pre-
sentation, from fulminant organ failure and shock, to 
chronic latent disease in immunosuppressed patients.

 Respiratory Infections

Most viral respiratory infections seen in the ICU are 
community- acquired cases that evolve into lower respiratory 
disease that progresses into respiratory failure. In their most 

severe form, they can cause acute respiratory distress syn-
drome (ARDS) requiring prolonged mechanical ventilator 
dependence. Viral respiratory infections in some patients can 
be part of a larger community outbreak. Some of the more 
common viral pathogens causing respiratory infection in the 
ICU include influenza, respiratory syncytial virus (RSV), 
SARS, varicella-zoster virus (VZV), herpes simplex virus 
(HSV), adenovirus, and cytomegalovirus (CMV) [5, 6].

While most community-acquired pneumonia requiring 
ICU admission is bacterial, 3 to 10% of cases can be caused 
by viruses. The most common viral infection causing viral 
pneumonia is influenza A and B. Patients that are immuno-
compromised are more likely to have viral pneumonia 
caused by RSV, CMV, VZV, or adenovirus. In general, clin-
ical presentation and radiographic findings for patients 
with viral pneumonia are not specific to viral infection and 
resemble bacterial respiratory infection. Respiratory 
viruses can also cause hospital- or ventilator-associated 
pneumonias [5, 6].

 Central Nervous System

Viral infections of the central nervous system can cause 
inflammation of the meninges and brain parenchyma. In the 
ICU setting, these can present as meningitis, encephalitis, 
seizure, coma, or neuromuscular weakness. In most cases of 
viral infection of the central nervous system, a specific cause 
is not found. In cases, where the specific pathogen is deter-
mined, the most common causes are HSV and VZV. Other 
less common pathogens associated with central nervous sys-
tem infection include enteroviruses, arboroviruses, influ-
enza, CMV, mumps, measles, rubella, and rabies [7, 8].

 Cardiac Infections

Viral myocarditis can be the cause of cardiogenic shock in 
the ICU setting. These patients will present with clinical 
findings consistent with heart failure. More severe cases can 
require mechanical assist device support. Coxsackievirus 
groups A and B can cause viral myocarditis, but several 
other pathogens are also known to cause myocarditis such 
as influenza, adenovirus, parvovirus, RSV, CMV, HIV, and 
echovirus [8, 9].

 Abdomen

The vast majority of abdominal infections seen in the ICU 
are caused by bacterial pathogens. CMV colitis can occur in 
immunocompromised hosts such as transplant recipients or 
patients with HIV/AIDS with low CD4 counts. CMV colitis 
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can present with fever, weight loss, abdominal pain, and 
diarrhea. More severe forms of the disease may present with 
colon ulceration or toxic megacolon with perforation. 
Typical findings on endoscopic exam include patchy 
 erythema of the colon with ulcerations. Inclusion bodies are 
seen on histopathological examination [10].

Viral hepatitis in the ICU setting is most commonly seen in 
chronic hepatitis C patients at end stages of liver disease. 
Acute viral hepatitis outbreaks in the ICU caused by hepatitis 
A or B infection, while still possible, have become more rare 
with more modern infection control practices [11].

 Common Diagnostic Tests

Diagnostic testing for viral infection is organ specific and 
centered around obtaining culture and molecular detection 
data. Patients with respiratory infections will often show 
evidence of an infiltrate on X-ray or CT scan. Viral infec-
tion can be a diagnosis of exclusion, with clinical findings 
of infection with negative bacterial or fungal cultures. 
CMV colitis has typical findings on endoscopy and histo-
pathology that are discussed above. Viral serologies in 
viral hepatitis infection can make a diagnosis of viral  
hepatitis [8].

 Current Treatment Options

Treatment of viral infections in the ICU is centered around 
early diagnosis, supportive care, and antiviral agents. 
Treatment of herpesvirus infection can be treated with acyclo-
vir, ganciclovir, or valacyclovir and valganciclovir. Acyclovir 
and valacyclovir can be also used against HSV, VZV, and 
EBV. CMV can be treated with acyclovir, ganciclovir, and 
foscarnet. Amantadine can be used against influenza A, and 
ribavirin can be used against RSV.

 Role of Antiviral Prophylaxis

Patients who are immunocompromised due to solid organ 
transplant are often on prophylactic antiviral medications to 
prevent viral infection. Antiviral medications can be used to 
suppress latent and/or chronic viral infections in organ trans-
plant recipients. In addition, they can be used to prevent trans-
mission of viral infections to seronegative transplant 
recipients. Viruses that are common and that can warrant pro-
phylactic antiviral therapy include CMV, VZV, HSV, and 
EBV. Solid organ transplant recipients should also receive 
Influenza vaccination prophylaxis [12].

 Oddball Infections

Oddball infections in the context of critically ill patients are 
rare but can present with significant diagnostic and manage-
ment challenges. They represent a spectrum of rare pathogens, 
including parasites, viruses, fungus, and bacteria. Some of 
these infections include cryptococcosis, blastomycosis, histo-
plasmosis, and coccidioidosis. Often, diagnosis is delayed 
because symptoms tend to be atypical in most patients. These 
infections are diagnosed by a variety of means including 
blood, urine, and respiratory cultures, as well as radiography, 
similar to fungal and viral infections. In certain circumstances, 
coinfection with bacteria, virus, or fungus is also possible, so 
treatment decisions are made on a case-by-case basis, usually 
with the assistance of infectious disease specialists.

 Immunosuppressed Patients

As previously discussed, these patients are increasingly  
susceptible to bacterial, fungal, and viral infections. These 
patients include those on corticosteroid therapy, neutropenic 
patients, and transplant patients on antirejection therapy. 
Neutropenia can be a result of blood disorders such as leuke-
mia, aplastic anemia, and ongoing or recent chemotherapy. In 
these patients, enteric gram-negative bacilli, Pseudomonas 
aeruginosa, Staphylococcus aureus, and Aspergillus com-
monly cause infections.

Likewise, patients who lack the ability to mount a cell- 
mediated response to infection, such as those with lymphoma, 
on chronic corticosteroid use and chemotherapy, are also vul-
nerable. Infection in this unique cohort is often due to 
Pneumocystis jiroveci, Legionella, herpes, coccidioidomycosis, 
and Cryptococcus. In patients with lack of humoral response to 
infection, such as those with multiple myeloma, chemotherapy, 
and post-splenectomy, Streptococcus pneumonia, Haemophilus 
influenzae, and enteric gram-negative bacilli infections are 
common. Treatment decisions should be carefully weighed in 
these patients because most often, these patients lack the 
immune reserve to mount a response to ongoing infection. Thus, 
empiric treatment, as previously described, should be initiated 
when a particular infection is suspected as delay in treatment 
could have adverse consequences on the patient. Adjunctive 
therapy with GCSF (granulocyte colony-stimulating factor) or 
interferon gamma can be utilized and recommended.

 Conclusions

Timely diagnosis and treatment of fungal and viral infections 
in the ICU setting is essential to improve patient morbidity 
and mortality. Sometimes, diagnosis can be challenging or 
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difficult to establish for multiple reasons. This chapter high-
lights the common infections affecting critically ill patients 
and pertinent treatment strategies to utilize when viral and 
fungal infections are suspected.
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Postoperative Intra-abdominal 
Infection

Paul B. McBeth and Andrew W. Kirkpatrick

 Introduction

Abdominal surgery is by definition invasive and thus carries 
the risk of postoperative intra-abdominal infection (PIAI) 
necessitating difficult therapeutic management. Infectious 
complications are the main cause of postoperative morbidity 
in abdominal surgery. Mortality from intra-abdominal sepsis 
depends on severity and ranges from 7.5% to 43% [1]. 
Despite many advances, postoperative intra-abdominal 
infections are common after both elective and emergency 
surgery. The assessment and evaluation of patients suspected 
of having postoperative infections are often challenging. A 
high index of suspicion is required. The use of prophylactic 
antibiotics has decreased the incidence of abdominal infec-
tions; however, there exists a growing challenge in managing 
multiresistant organisms. Thus the corollary to the impor-
tance in administering appropriate antibiotics early is not to 
needlessly administer or prolong inappropriate antibody 
therapy. Thus, knowledge of common postoperative compli-
cations and having a specific management approach is essen-
tial for all physicians caring for postoperative patients. In 
this chapter, we will discuss the evaluation of patients with 
suspected postoperative abdominal infections. A review of 
likely etiologies, common diagnoses, and therapeutic 
approaches is provided. These principles will provide the 
foundations for management of patients with PIAI. The fun-
damental principles of management of intra-abdominal 
infections are predicated on early clinical recognition and 
diagnosis followed by goal-directed resuscitation, broad- 
spectrum antimicrobial therapy, and early source control.

 Risk Factors for Postoperative Intra-abdominal 
Infections

Certain characteristics make one more vigilant at the bed-
side. Factors that raise concerns for and may influence the 
severity of an event can be considered as either patient- 
specific or procedural-specific factors. Patient factors 
contributing to increased risk of intra-abdominal infec-
tions include diabetes, immune deficiency (long-term ste-
roids, immunosuppressive therapy), smoking, elderly, 
functional status, frailty, obesity, and malnutrition. 
Procedural factors contributing to increased risk of intra-
abdominal infections include poor blood supply, excess 
suture tension, degree of contamination, hypotension, 
hypothermia, use of vasopressors, and emergency surger-
ies lasting more than 2 h.

 Strategies to Avoid Postoperative Infections

Any infection is easier to treat if it never occurs in the first 
place. The prevention of PIAI is thus an area of expanding 
research. The basic principles of infection prevention are as 
follows:

• Preoperative weight control
• Optimal nutritional status including the early administra-

tion of feeding postoperatively if possible
• Bowel preparation in selected cases (recognizing some 

controversies that exist)
• Correction of anemia
• Prophylactic use of antibiotics
• Minimizing tissue handling
• Minimizing operative time while maintaining attention to 

detail
• Reduced blood loss
• Smoking cessation

P. B. McBeth (*) 
Departments of Surgery and Critical Care Medicine, Foothills 
Medical Centre, Calgary, AB, Canada 

A. W. Kirkpatrick 
Regional Trauma Services, Departments of Surgery, Critical Care 
Medicine, University of Calgary, Calgary, AB, Canada

42



422

 Characterization of Postoperative Infections

When a PIAI occurs or is suspected, it is important to under-
stand the clinical and technical details of the original surgery 
are important as these will relate to the risk of occurrence 
and often dictate the subsequent clinical course. A relative 
advantage that surgical intensivists have is being familiar 
with the actual surgical procedures conducted on the patients 
who subsequently develop PIAI requiring critical care. A 
useful classification tool developed by the American College 
of Surgeons and based on the pioneering efforts of Simmons 
forms the basis of surgical wound classification and the eval-
uation of surgical site infections [2]. The classification sys-
tem is based on four classes outlined in Table 42.1.

 Evaluation of the Postoperative Abdomen 
Infection

Recognizing and making the diagnosis of PIAI are essential 
to minimize patient morbidity and mortality. However, the 
diagnosis of an intra-abdominal infection in the postopera-
tive period may be difficult. Delays in source control may 
make the difference between a minor setback in recovery and 
spiraling multisystem organ dysfunction (MSOD). A detailed 
evaluation of a patient’s history of presenting illness, a thor-
ough knowledge of the procedure performed, a comprehen-
sive physical exam, and a review of laboratory investigations 
and diagnostic imaging are needed to evaluate patients with 
suspected PIAI. When the anticipated progress of a postop-
erative patient deviates from that expected, a high index of 

suspicion is important to potentially permit rapid diagnosis 
and treatment.

PIAI should be considered in patients with a deteriorating 
clinical condition following abdominal surgery. Such post-
operative intra-abdominal infections can arise from a variety 
of sources including perforated viscous, ischemic bowel, 
anastomotic failure, or biliary leakage. Generalized or local 
peritonitis developing postoperatively is always concerning. 
Infected fluid collections will typically form an abscess after 
5–7  days, again. Therefore, even despite the most vigilant 
bedside care, the diagnosis may be unclear. We believe that 
liberal use of cross-sectional imaging such as CT scan should 
be made, as many abscesses are only detected this way.

 History

Patients with suspected PIAI require a careful review of the 
presenting illness and the index surgical procedure and a 
review of the intra- and postoperative course. A detailed 
review of medications, allergies, and immunosuppressive 
treatments is required. Patient complaints should be identi-
fied in detail such as nausea, vomiting, fever/chills, bloating, 
dysuria or urinary retention, unexplained pleural effusion, 
and change in bowel function (diarrhea). A full characteriza-
tion of abdominal pain is also required. Persistent abdominal 
pain and focal tenderness combined with spiking fevers, 
tachycardia, and a prolonged ileus suggest an intra- abdominal 
infection in patients with recent abdominal surgery. 
Patients under sedation in critical care units are more diffi-
cult to elicit complaints and therefore require a careful 
review of their course in ICU including hemodynamic status, 
and medications and tolerance to enteral feeds are required. 
Conversely, the uncomplicated tolerance of enteral feeds in 
any critically ill patient is very reassuring and generally 
directs attention away from the abdomen. These details are 
helpful to focus diagnostic and therapeutic interventions. 
Clinical factors predicting failure of source control for intra- 
abdominal infections are outlined in Table 42.2 [3].

Table 42.1 Surgical wound classification

Class I: Clean
  Uninfected operative wound where no inflammation is 

encountered.
  The respiratory, GI, genital, and urinary tracts are not entered.
  Wounds are primarily closed. Drains are connected to a closed 

system.
  Risk of infection: 2% or lower.
Class II: Clean/contaminated
  Operative wound that enters the respiratory, GI, genital, or 

urinary tract under controlled conditions
  No contamination or major break in surgical technique
  Risk of infection: 5–15%
Class III: Contaminated
  Open wound from surgery with a major break in sterile technique 

or gross spillage from GI tract
  Acute nonpurulent inflammation of operative site
  Risk of infection: > 15%
Class IV: Dirty/infected
  Old traumatic wounds with retained devitalized tissue
  Procedures with existing clinical infection or perforated viscera
  Risk of infection: > 30%

Table 42.2 Clinical factors predicting failure of source control for 
intra-abdominal infection [4]

Delay in the initial intervention (>24 h)
High severity of illness (APACHE II score > 5)
Advanced age
Comorbidity and degree of organ dysfunction
Low albumin level
Poor nutritional status
Degree of peritoneal involvement or diffuse peritonitis
Inability to achieve adequate debridement or control of drainage
Presence of malignancy
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 Physical Examination

The physical examination begins with reviewing the vital 
signs. Unexplained tachycardia especially if new may repre-
sent infection, as do high-spiking fevers. Hypotension is 
extremely concerning, carries a high risk of death, and 
demands both urgent interventions and an explanation as to 
the presumed cause. Similarly, a new spontaneous onset of 
intra-abdominal hypertension (IAH) must be explained in 
any postoperative patient as this may be a hard sign of 
PIAI.  Physical examination of patients with a suspected 
PIAI can be a challenge, particularly those patients who are 
critically ill who maybe sedated, paralyzed, and intubated. 
Further, it has been shown that physical examination has 
poor performance in determining the IAP. Thus, we believe 
routinely measuring IAP is required in all critically ill 
patients. A thorough review of current and recorded vital 
signs will help determine the clinical course of a patient. A 
detailed examination of the patient is required to determine 
volume status and sources of nonsurgical site infections and 
surgical site infection. Assessment of intravascular volume 
status and hemodynamics of a patient will help guide appro-
priate fluid resuscitation. The abdominal exam should 
include a careful inspection of the incision site for increased 
pain and redness, cellulitis, delayed healing, foul smell or 
wound drainage, and viability of the facial closure. This 
examination will help confirm a suspected diagnosis or guide 
appropriate diagnostic investigations. A focused examina-
tion of the abdomen can also illicit important underlying 
pathology. The presence of bowel sounds does not always 
correlate with normal bowel function. Abdominal wall 
guarding or rigidity may indicate peritoneal irritation. We 
also consider surgeon-performed bedside ultrasound as a 
simple extension of the physical examination which will be 
elaborated upon.

 Laboratory Investigations

The diagnostic work-up of a patient with suspected PIAI 
requires a selection of laboratory investigations. A complete 
blood count (CBC) including hematocrit, hemoglobin, plate-
lets, and white blood cell count with differential is routine. 
Infectious work-up should include cultures of all sources of 
fluid (blood, urine, abdominal drains). Serum amylase may 
be increased in patient with pancreatitis, ischemic bowel dis-
ease, and a perforated ulcer. Serum lipase is a specific marker 
of acute pancreatitis. An elevated serum bilirubin level is 
associated with sepsis, resolving hematoma, hemolysis, and 
hepatobiliary disease. During resuscitation of a septic 
patient, laboratory data will help guide management and cor-
rection of fluids, electrolytes, and acid-base derangements. 
Although a number of biomediators have been investigated, 

for their utility at diagnosing infection earlier, prognosticat-
ing infection, or distinguishing sterile from septic inflamma-
tion, none are clearly superior to more traditional laboratory 
tests [4].

 Diagnostic Imaging

Modern diagnostic imaging techniques are essential in the 
evaluation and management of patients with PIAI. The most 
common modalities used are plain X-ray, CT scan, and ultra-
sound, with abdominal CT being the mainstay of diagnosis.

Standard abdominal X-rays can be used for the evaluation 
of free air, postoperative ileus, bowel obstruction, and fecal 
loading. They have the benefit of being portable and avail-
able at the patient’s bedside. Abdominal X-rays are most 
commonly used to determine the position of intra-abdominal 
tubes, excluding retained foreign objects, and to evaluate 
abnormal intra-abdominal gas patterns.

Cross-sectional imaging involving CT scan is the main-
stay for evaluation of PIAI, however, as it provides greater 
detail of intra-abdominal organs and pathology than standard 
abdominal X-rays or ultrasound [5–9]. Contrast enhance-
ment with intravenous, oral, and rectal contrast can help 
characterize vascular structures and enhance intra- abdominal 
anatomy. Oral and rectal contrast can further help detect the 
presence of anastomotic leak, as differentiation of fluid-filled 
extra-luminal structure from a normal intestine is enhanced 
with oral contrast. Caution with oral contrast must be taken 
in patients with ileus to avoid aspiration. Intra-abdominal 
free fluid can be characterized as ascites or blood based on 
Hounsfield units. Postoperative tissue edema is reduced 
along with reabsorption of nonsuppurative fluid by postop-
erative day 7. In most postoperative patients, signs of intra- 
abdominal abscesses will develop after 4–5 days. Suspicious 
features on CT suggestive of an intra-abdominal abscess are 
contrast enhancement of the cavity wall, the presence of 
debris, loculations, and extra-luminal gas. Inflammatory 
edema and stranding  in the adjacent tissues are features 
which help support the diagnosis of an intra-abdominal 
abscess. Once the diagnosis of an abscess has been estab-
lished, then CT- or US-guided percutaneous drainage is rou-
tinely performed unless there is an anatomic or physical 
contraindication to proceeding.

Point-of-care ultrasonography is an essential adjunct for 
diagnostic and interventional procedures in the ED, ICU, and 
OR. It has the advantage of being portable with capabilities 
of providing diagnostic evaluation of intra-abdominal organ 
pathology. This technology is less expensive than CT but 
relies on an experienced and trained user for image acquisi-
tion and interpretation. Ultrasound is highly sensitive for 
detection of intra-abdominal fluid. In the postoperative 
period, however, bowel distention is common and often 
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 limits the interpretability and diagnostic capabilities of ultra-
sonography. Even in the presence of a “gaseous” abdomen, 
sonographic windows may be located in gravitationally 
dependent locations, and there is no contraindication to 
attempting visualization except for emergent time-critical 
situations.

 Treatment of Postoperative Abdomen 
Infection

Management of PIAI currently requires concurrent resusci-
tation for any hemodynamic compromise, early administra-
tion of broad-spectrum antibiotics, and source control. 
Mortality rates in patients with intra-abdominal infections 
have improved with advances in critical care, availability of 
broad-spectrum antibiotics, improved nutrition, and earlier 
recognition and diagnosis. Initial management is outlined in 
Fig. 42.1 [3].

 Resuscitation

Early goal-directed therapies should be initiated in patients 
with suspected intra-abdominal infection or sepsis [10]. It is 

critical, however, not to over-resuscitate, especially with 
crystalloid fluids, any patient with postoperative IAS, as they 
are physiologically “leaky” with global endothelial dysfunc-
tion and tend to be immunologically “primed” to undergo 
physiological tertiary, quaternary “hits” with massive edema 
generation if over-resuscitated. Cases of abdominal compart-
ment syndrome, formally epidemic in critical care units, are 
now much less common but are still seen if resuscitation flu-
ids are not carefully titrated to effect as any medication 
should be [11–13].

 Antibiotics

Pharmacologic therapy involves the empiric administration 
of antibiotics and at least a consideration of immunoglobu-
lins if there is a suspicion of a potential toxigenic infective 
organism [14, 15]. At present, despite decades and billions of 
dollars in research and development, pharmacologic or bio-
logic approaches do not have utility in improving outcomes 
in cases of PIAS. Attempting to derive pharmacologic thera-
pies for combating post-infective inflammation has proved to 
be an incredibly expensive and frustrating process so far. 
There have been literally 100 s of failed anti-mediator trials 
and even the one potential promising drug APC, being taken 

Fig. 42.1 Early management 
of intra-abdominal infections 
(Adapted from IDSA – 
Complicated Intra-abdominal 
Infection – In Adults, http://
www.idsociety.org)
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off the market [16]. Over 100 attempts at blocking single 
biological response mediators have failed examining the 
early cytokine storm of sepsis [17]. Thus, in 2017 it is readily 
apparent that attempt to neutralize, block, or promote a sin-
gle biomediator(s) after they have been generated is not cur-
rently helpful, and more integrated approaches to 
understanding and hopefully addressing the complex media-
tor interactions will be required to fundamentally improve 
outcomes in PIAS [18].

In patients with suspected PIAI, the initial empiric ther-
apy must be directed against a mixture of aerobic (Gram- 
positive and Gram-negative bacteria) and anaerobic 
organisms. The microbiology of abscesses is dependent on 
the organ involved and duration of critical illness. Figure 42.2 
outlines the antibiotic management guidelines of patients 
with community acquired intra-abdominal infections [3]. 
Antimicrobial therapy is accomplished with antibiotic com-
bination therapy or with broad-spectrum single-agent ther-
apy. The results of cultures retrieved by source control should 
be used to target therapy for the patient. Review of local 

resistance patterns is also required when selecting appropri-
ate antibiotic coverage.

 Antibiotics: Special Circumstances

 Intra-abdominal Candidiasis
Abdominal candidiasis is rare and most commonly seen in 
patients following major abdominal surgery or trauma. The 
incidence depends on the presence of immunodeficiency or 
prolonged exposure to antibiotics. Routine treatment for 
Candida spp. isolated in uncomplicated repair of an intra- 
abdominal perforation is not recommended in healthy 
patients. Surgical source control with elimination of contam-
inated peritoneal fluid is essential in the treatment of intra- 
abdominal candidiasis. Pharmacologic therapy using 
fluconazole or amphotericin B is recommended [19–21]. 
However, when PIAS is unexplained, unusually severe, or 
not responsive, Candida should be considered as being pos-
sibly causative or at least complicating.

Fig. 42.2 Microbiology and management of intra-abdominal infections (Adapted from IDSA  – Complicated Intra-abdominal Infection  – In 
Adults, http://www.idsociety.org)
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 Antimicrobial Resistance in Intra-abdominal 
Infections

The empirical use of antibiotics for PIAI must consider risk 
factors for the likelihood of resistant pathogens, resistant 
microorganism colonization, prolonged hospitalization, and 
previous use of antibiotics. The emergence of resistant micro-
organisms often limits the choice of antibiotic coverage. This 
challenge is generally limited to patients with complicated 
intra-abdominal infections [22–24]. Knowledge of local resis-
tance patterns is important since they may differ substantially 
between hospitals. In patients with prolonged hospitalization 
or prior antibiotic exposure, antibiotic treatment should 
include antipseudomonal coverage. Routine coverage against 
enterococcal is not required in patients with uncomplicated 
intra-abdominal infections. However, indications for entero-
coccal coverage include (1) patients in septic shock with pre-
vious treatment using cephalosporins, (2) immunosuppressed 
patients, (3) presence of prosthetic heart valves, and (4) recur-
rent intra-abdominal infection with severe sepsis [25, 26].

 Duration of Antimicrobial Therapy

The duration of antimicrobial therapy is dependent on a 
patient’s clinical course. In patients with established intra- 
abdominal infections managed with early source control, 
antibacterial therapy can be safely stopped after resolution of 
clinical signs of infection [27]. Persistent sepsis after 7 days 
of antibiotic therapy suggests a failure of source control or 
another focus of hospital-acquired infection. Recurrent 
infections are less likely when symptoms such as fever and 
leukocytosis have resolved and bowel function has returned. 
Patients with Candida spp. and Staphylococcus aureus intra- 
abdominal infections required close monitoring for recurrent 
infection and bloodstream infections. Treatment should be 
continued for 2–3 weeks.

 Source Control

Early source control of intra-abdominal infections is essen-
tial for improved survival. The three principles of source 
control are drainage, debridement, and restoration of anat-
omy and function.

 Drainage

The primary goal is to drain all infected material from the 
abdomen. If not completely drained, source control will 
fail. Abscess drainage can be done surgically or 

 percutaneously depending on the clinical severity of a 
patient’s septic state or distribution of infected fluid and 
presence of anastomotic leak requiring surgical interven-
tion. Patients with generalized peritonitis or hemody-
namic instability with suspected intra-abdominal infection 
require emergent surgical exploration to identify the 
cause. The primary source of the infection is controlled by 
repair or resection followed by a thorough washout of the 
abdominal cavity. In patients with severe contamination 
and hemodynamically unstable, the abdominal cavity may 
be temporarily left open for additional washout in 24–48 h. 
This is our preferred approach but remains controversial. 
Management of the open abdomen is discussed below. In 
stable patients with localized collections, percutaneous 
abscess drainage is the preferred method in most situa-
tions provided adequate drainage is possible. Surgical 
drainage is indicated when percutaneous drainage fails or 
cannot be performed. Surgical drainage must be 
approached with caution as re-exploration of the abdomen 
maybe fraught with difficulty.

 Debridement

Surgical debridement consists of removing dead tissue and 
foreign material from the abdominal cavity accomplished 
surgically. The extent of debridement is controversial. 
“Defibrination” with mechanical debridement of the bowel 
at laparotomy is not helpful and may lead to a catastrophic 
enterotomy that results in a fistula.

 Restoration of Anatomy and Function

Restoration of anatomy and function is the final step in the 
management of intra-abdominal infections. This is the 
goal of the surgical intervention. In most patients it can be 
established during the first operation, but in some patients 
a damage control approach is necessary. The choice of the 
procedure will depend on the anatomic source of infection, 
degree of peritoneal inflammation and generalized septic 
response, patient’s physiological reserve, and comorbidi-
ties. These factors must be considered when deciding 
whether to provide a bowel anastomosis, exteriorization of 
bowel, or temporary closure. Operative characteristics 
may serve as a guide to the surgeon on the decision to con-
struct a protective stoma. The construction of a protective 
stoma relies on the surgeon’s experience. Anastomotic 
leak risk factors for  consideration are diabetes, tobacco 
and alcohol use, duration of surgery, intraoperative fecal 
spillage, duration of operation, blood transfusion, or rectal 
anastomoses.
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 The Gut Microbiome and Human Health

Clinicians should be aware, however, that in reality any 
human being is not living in isolation but is in reality a com-
plex commensal organism in conjunction with trillions of 
microbiological organisms. Thus, clinicians should start to 
consider the microbiome of their patients, which is defined 
as all of the microbial consortia (both commensal and patho-
genic bacteria, viruses, and fungi), their genes, their gene 
products (proteins, metabolites), their community structure 
(distribution, diversity, evenness), and the particulars of the 
environment in which they reside when they consider micro-
biological infection and treatment in their patients [28]. It is 
not only possible but likely that many of the current 
approaches to intestinal antisepsis prior to an IAS complica-
tion and the medical responses to these complications will 
radically alter with a great understanding of human physiol-
ogy health in health and disease. As an example, antiseptic 
preparations for gastrointestinal surgery run counter to 
emerging concepts of intestinal microbiota health contribut-
ing to immune function and recovery from injury [28, 29]. In 
the future in addition to a beside presence diagnosing and 
resuscitation as surgeons have best done for generations, 
they may also need to consider a molecular, genetic, and 
functional understanding of the implications of IAS and both 
the contribution of the flora within and the heath of gastroin-
testinal tract to course of systemic sepsis and the homeosta-
sis of the critically ill host in all aspects of treatment [28, 29].

 The Open Abdomen: A Complication or 
an Adjunct to Severe Complicated Intra- 
abdominal Sepsis (SCIAS)

Outcomes are particularly poor in PIAS, when patients pres-
ent with septic shock and outcomes are compounded by 
medical comorbidities and frailty. However, even young pre-
viously healthy patients can tragically die from postoperative 
IAS despite the best efforts of their caregivers when IAS is 
severe and complicated. The World Society of Emergency 
Surgery has defined severe IAS as being denoted by the pres-
ence of any organ dysfunction or positive qSOFA score (sys-
tolic blood pressure < 100 mmHg, respiratory rate > 22/min, 
altered mentation) and complicated with the presence of 
purulent, feculent, or enteric spillage over at least two intra-
peritoneal quadrants [30–32]. In such cases, despite the 
appeal of a single curative operation, re-laparotomy has been 
considered necessary to eliminate persistent peritonitis or 
new infectious foci [31, 33]. Until recently, two debated sur-
gical approaches to ensuring source control in the peritoneal 
cavity consisted of “laparotomy on demand (LOD)” versus 
“planned re-laparotomy” (PRL). In a planned re-laparotomy 
strategy, re-laparotomy was routinely performed every 

36–48 h in order to inspect, drain, and lavage the abdominal 
cavity until the intraoperative findings were negative for 
peritonitis. Re-laparotomy on demand offers repeat laparot-
omy only in those patients in whom the lack of clinical 
improvement or even clinical deterioration has suggested 
that ongoing peritonitis has resulted from either persistent 
peritonitis or a new infectious focus. The relative merits of 
either approach have been widely debated for many years but 
were best addressed by the large RCT conducted by van 
Ruler [34], which noted no difference in mortality between 
the two approaches, although the ROL strategy reduced 
direct medical costs by 23%. The equivalence in outcomes, 
coupled with an apparent cost savings, has generated con-
sensus guidelines that recommended that LOD after lapa-
rotomy for peritonitis be adopted as the standard of care [35]. 
Upon critical review the mortality in this RCT of severe sec-
ondary peritonitis well illustrates the devastating nature of 
this disease with the resultant mortality of approximately 1/3 
of all afflicted patients. No matter which cohort is consid-
ered, such a dismal outcome demands alternate approaches 
to attempt to save more lives. It should be clearly stated that 
in neither of these strategies was an open abdomen approach 
to intra-abdominal sepsis considered.

Secondary (and tertiary) IAS with severe complicated 
peritonitis ultimately remains a surgical disease. Thus, if 
reoperation is required for postoperative IAS, the morbid but 
potentially lifesaving technique of adopting an open abdo-
men may be a valuable adjunct to management. The focused 
aim is to arrest the physiologic insult of severe trauma which 
most often includes hemorrhage and resultant progressive 
ischemia. Although not typically due to hemorrhage, SCIAS 
also induces progressive ischemia and tissue damage that 
must be reversed as soon as possible for patient survival. 
Ultimately this organ dysfunction is associated with a pro-
gressive oxygen deficit, ongoing organ failure, and massive 
biomediator generation, in a progressive downward spiral. 
Nontrauma damage control surgery thus attempts to break 
this downward spiral, through emergent surgical interven-
tion, aimed at controlling enteric leakage and removal of 
ischemic tissue, without regard to completing the formal 
laparotomy. It is increasingly being reported in uncontrolled 
series, as another potentially desirable option for the sickest 
SCIAS patients [30, 36–39]. Integration of OA in severe sep-
sis may allow early identification and increased drainage of 
any residual infection, control any persistent source of infec-
tion, more effectively remove biomediator-rich peritoneal 
fluid, enable prophylaxis against the abdominal compart-
ment syndrome, and allow for the safe deferral of 
 gastrointestinal reanastomosis. Compared to trauma patients, 
however, patients undergoing OA management for intra- 
abdominal sepsis have greater risks subsequent to OA utili-
zation, including entero-atmospheric fistula (EAF), 
intra-abdominal abscesses, and lower rates of definitive fas-
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cial closure. Besides the practical need to avoid inducing 
IAH, a more fundamental attribute to consider offering an 
OA is the fact that OA with newer active negative peritoneal 
pressure therapy (ANPPT) may facilitate the delivery of a 
new novel therapy to the peritoneal cavity that of ANPPT 
[11, 35, 40]. Although unexplained, significantly improved 
survival with ANPPT does warrant further exploration as a 
means of breaking the progression toward MSOF and death 
in cases of severe SCIAS. Thus the lifesaving potential of 
ANNPT after laparotomy for SCIAS coupled with global 
clinical equipoise warrants a carefully conducted random-
ized prospective study.

 Summary

Postoperative abdominal infections are common in trauma 
and acute care surgical patients. Therefore, in a patient with 
a deteriorating clinical presentation, physicians must have a 
high level of suspicion of an intra-abdominal source of infec-
tion. History and physical examination will guide further 
laboratory and diagnostic imaging investigations. Early fluid 
resuscitation, antibiotic administration, and source control 
are the foundations of treatment.
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New Fever in the Surgical Intensive Care 
Unit Patient

Evan Ross, Deidra Allison, Athena Hobbs, 
and Ben Coopwood

 Introduction

Fever is defined as an increase in core body temperature 
above 38.3  °C (101  °F). It can be considered part of the 
body’s adaptive and regulated response to infection, trauma, 
and tissue injury, or it can be considered maladaptive and 
dysregulated, as when caused by a drug side effect, venous 
thrombosis, thyroid storm, or a neurological injury [1]. Fever 
has been shown to enhance the immune response to invading 
pathogens, while on the other hand, fever increases cardiac 
output, oxygen consumption, carbon dioxide production, 
and energy expenditure, which can have untoward effects in 
those with poor cardiopulmonary reserve, those suffering 
from neurologic insult, and pregnant patients [2]. Determining 
the etiology of fever and the appropriate clinical treatment is 
therefore an important element in improving outcomes for 
critically ill patients.

 Etiology

Fever is the result of an elevation in the body’s thermal 
homeostatic set point that is maintained by the hypothala-
mus. This process is driven by receptors in the ventromedial 

preoptic area (VMPOA) of the hypothalamus in response to 
elevated levels of the prostaglandin E2 (PGE2) [3]. 
Pyrogens, a catch-all term for the broad set of small mole-
cules that stimulate fever, cause circulating leukocytes to 
release cytokines IL-1, IL-6, and TNF-α into circulation [4]. 
These pyrogenic cytokines in turn drive the synthesis of 
phospholipase A2, which releases arachidonic acid from 
cell membranes, and cyclooxygenase-2, which converts the 
arachidonic acid into PGE2 [5]. These actions are inhibited 
by steroids and nonsteroidal anti-inflammatory drugs, 
respectively [6].

The PGE2 receptor family is highly conserved from 
mice to humans and includes four different subtypes, EP1–
EP4 [7]. EP3, the PGE2 receptor in the VMPOA thought to 
be responsible for the induction of fever, is a G-protein-
coupled receptor with up to eight possible isoforms that 
mediates a decrease in cyclic AMP [8]. In rats, the EP3-
positive neurons in the VMPOA are GABAergic and proj-
ect to both the rostral raphe pallidus nucleus (rRPN) as well 
as the dorsomedial hypothalamus (DMH) where they con-
stitutively inhibit the function of excitatory neurons that 
drive brown adipose tissue thermogenesis and cutaneous 
vasoconstriction [9, 10]. The PGE2 signal releases the 
rRPN and the DMH from baseline inhibition, thus promot-
ing thermogenesis [11].

 Epidemiology of Fever

Depending upon the definition, elevated core body temper-
ature will complicate the intensive care course of approxi-
mately 25% of all patients in the surgical ICU and 
approximately 40% of patients in the trauma ICU; of those 
patients who become febrile, approximately half will be 
found to have an infectious etiology and bacteremia will be 
present in approximately one quarter [12, 13]. Fever is 
more common in younger patients than older patients, and 
severe fever is a herald of poorer outcomes in surgical ICU 
patients [12].
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 Definition

ACCCM and IDSA guidelines suggest the use of 38.3  °C 
(101 °F) as the threshold for triggering a clinical evaluation 
for a source of fever [14]. It is important to remember that 
infection can present with euthermia or low-grade tempera-
tures in immunocompromised patients such as the elderly, 
patients receiving steroids and anti-inflammatory drugs, neu-
tropenic patients, patients with an open abdominal wound, 
those with extensive burns, patients on ECMO, and patients 
receiving CRRT. As this population may have an impaired 
ability to increase their thermostatic set point, a temperature 
of 37.0 °C (100.4 °F) for more than 1 h should trigger further 
clinical evaluation.

In practical terms, it is useful to divide fever into early 
(first 48 h of hospitalization) versus late since, in the absence 
of pre-existing infection, early fevers are likely inflammatory 
unless a breach in sterile technique, aspiration pneumonia, or 
anastomotic leak are suspected. Fevers may also be classified 
as moderate (between 38.3  °C and 39.5  °C  – 101  °F and 
103.1 °F) versus severe (>39.5 °C - > 103.1 °F). While mod-
erate fevers likely signal an appropriate immune response, 
severe fevers exceed the physiological range and should be 
considered maladaptive. Sever fevers should always be man-
aged aggressively.

Finally we can divide fevers into infectious and nonin-
fectious causes; while a fever of 38.3–38.9 °C may repre-
sent either infectious or noninfectious causes, fevers of 
38.9–39.4 °C are rarely secondary to noninfectious causes 
with the exception of drug fever and posttransfusion fevers. 
Evaluation of fever in the surgical intensive care unit must 
take into consideration many factors such as onset relative 
to hospitalization, timing in relation to operative proce-
dures, immune status, age, medications, indwelling line 
and catheters, therapeutic procedures, as well as previous 
infections and antibiotics usage. Therefore evaluation of 
fever requires a thorough review of the hospital course to 
include a review of injuries, operative procedures, pre-
existing illnesses, temperature trend, previous cultures, 
radiologic studies, invasive lines/catheter insertion dates, 
and medication administrations throughout the hospital 
stay.

 Monitoring

The bladder temperature represents the best combination of 
convenience and accuracy of all options for central tempera-
ture measurement and is our preferred method; other options 
include rectal and esophageal probes. In awake, non- 
intubated patients, oral or tympanic membrane measure-
ments are acceptable alternatives.

 Treatment

Whether or not to treat elevated body temperature remains 
controversial and depends upon the clinical circumstances; 
on the one hand, the pharmacologic control of fever in sus-
pected infection has been assessed and found to offer no 
clear benefits, while on the other hand, external cooling has 
been shown to be beneficial in select circumstances [15]. 
When the fever is within the physiological range and is in 
response to infection, fever can be thought of as an adaptive 
response that facilitates clearance of the infection through 
various mechanisms. For instance, fever promotes leukocyte 
trafficking through the high endothelial venules of the lym-
phatic system [16], increases their phagocytic activity [17], 
enhances their motility [18], and increases their responsive-
ness to mitogens [19].

However, when the elevated temperature is supraphysio-
logic, as it often is in response to neurological injury, endocrine 
derangement, or adverse drug reaction, the fever should be con-
sidered maladaptive and attempts should be made to control it, 
whether via pharmacologic means or external cooling.

The pharmacologic treatment of fever revolves around the 
usage of antipyretic drugs, so-called because of their ability 
to interfere with the cascade of events leading to thermogen-
esis. The most efficacious medicine is acetaminophen, which 
is thought to exert its antipyretic effect via the semi-selective 
inhibition of COX-2-mediated PGE2 synthesis [20]. 
However, the capacity of acetaminophen to suppress PGE2 
synthesis can be overwhelmed, obviating the antipyretic 
effect at therapeutic doses in certain cases – as in isolated 
neurotrauma.

 Infectious Causes of Fever

 Sepsis

New onset fever in the ICU should always raise the possibil-
ity of sepsis, though fever is not required for the diagnosis; 
nearly 10% of septic patients will be hypothermic at diagno-
sis [21]. Sepsis is defined as “life-threatening organ dysfunc-
tion caused by a dysregulated host response to infection [22].” 
It was the single most expensive condition to treat in hospitals 
in 2013, accounting for $23.7 billion (6.2% of total) in costs 
and requiring 1.3 million hospital stays [23]. Recent data esti-
mates mortality from sepsis to be 29% across all settings [24].

The three fundamental principles of sepsis management in 
the surgical ICU are the early initiation of appropriate antibi-
otic therapy, infectious source control, and adequate hemody-
namic support. Because the critically ill surgical patient has 
numerous potential sites of infection that could cause sepsis, 
initial antibiotic selection should be empiric, broad-spectrum 
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therapy with antimicrobial activity against MRSA, pseudo-
monal species, and other gram-negative organisms. Our com-
bination of choice is vancomycin and cefepime. Consideration 
should be given to covering for fungal infections as well, 
especially if the intestines have been violated by trauma or the 
threat of anastomotic leak is present.

A source of the sepsis should be determined and treated 
aggressively. While the most common cause of sepsis across 
all ICUs is pneumonia, a high index of suspicion for intra- 
abdominal catastrophe should be maintained for both post-
operative and trauma patients as intra-abdominal processes 
are the second most common cause of sepsis and require 
intervention beyond the initiation of antibiotic therapy.

Aggressive fluid resuscitation is often required to main-
tain a mean arterial pressure ≥ 65 mmHg and a urine output 
of ≥0.5 ml/kg/hour. Administration of 5% albumin in saline 
should be considered as an adjunct to crystalloid for fluid 
resuscitation [25, 26]. We begin vasopressor support in 
patients who have been adequately volume resuscitated, as 
measured by a stroke volume variability of ≤10%, yet still 
show signs of shock [27]. Central venous pressure should not 
be used as a measure of volume status or as a predictor of 
fluid responsiveness [28, 29]. We begin vasopressor support 
with norepinephrine, titrated to a maximum dose of *** 
mcg/kg/min. If the patient remains in shock, we add vaso-
pressin at a dose of 0.4 mcg/kg/min. As opposed to norepi-
nephrine, we do not titrate the dose of vasopressin. If a third 
vasoactive medication is required, we add epinephrine and 
titrate to a maximum dose of *** mcg/kg/min.

 Ventilator-Associated Pneumonia

Ventilator-associated pneumonia may develop in up to 20% 
of ventilated patients, cost between $10,000 and $40,000 
extra per episode, and increase mortality rates from 10 to 
50% [30, 31]. While various surveillance definitions exist for 
ventilator-associated pneumonia, the diagnosis and decision 
to treat are largely based on clinical characteristics.

When we suspect a respiratory infection to be the source 
of the fever, we begin by obtaining plain films of the chest. 
The presence of a new infiltrate is highly suspicious in the 
ventilated patient and prompts a microbiological analysis. 
We obtain qualitative cultures of the airway secretions by 
aspirating the endotracheal tube, an approach which has 
been shown to have equivalent outcomes to the quantitative 
culture of bronchoalveolar lavage fluid [32]. We also simul-
taneously obtain blood cultures, given the approximately 
18% incidence of concomitant bacteremia, which requires a 
longer duration of antibiotic therapy [33, 34].

We empirically begin broad-spectrum antibiotics to cover 
MRSA and pseudomonal species – making use of the antibio-
gram to guide initial selection of medications; a usual combi-

nation for our center based upon local patterns of organism 
prevalence and resistance is vancomycin and cefepime. We 
continue broad-spectrum antibiotics until culture results are 
available, and we narrow or expand the antibiotic coverage to 
the narrowest possible spectrum of antimicrobial activity. If 
the culture results do not show any apparent pathogen (but 
rather show normal respiratory organisms), we discontinue 
antibiotic therapy. We treat ventilator- associated pneumonia 
with a total of 7 days of antibiotics [31].

 Central Venous Catheter Management

In patients with a CVC or arterial catheter, a febrile episode 
should immediately prompt an assessment of the insertion 
site for signs of infection and consideration of obtaining 
blood cultures. If no other source for the fever is identified, 
we recommend drawing two blood cultures; one culture 
sample should be drawn through the catheter, while the other 
should be obtained via a peripheral stick. If the insertion site 
is purulent, a swab for culture and gram stain is also obtained. 
If the fever is moderate (below 39.5 °C or 103.1 °F) and there 
are no signs of organ dysfunction, the catheter can be left in 
place during the workup, while cultures are growing. If the 
catheter is thought to be infected, it should be replaced and 
the tip sent for culture. Alternatively, if the patient is in extre-
mis, there are signs of organ dysfunction, or the fever is 
severe (above 39.5 °C or 103.1 °F), the catheter should be 
removed immediately after cultures are drawn and replaced, 
either in a new position or over a guidewire, and the tip 
should be collected in a sterile cup and sent for culture [35].

 Urinary Catheter Management

While urinary tract infections (UTI) are the most common 
nosocomial infections in healthcare worldwide, they are an 
uncommon source of symptoms, fever, and septicemia in the 
ICU patient [36]. UTI should not be considered the infec-
tious source of fever until all other possibilities are excluded.

In our center, the diagnostic workup for urinary tract 
infection begins by obtaining a urinalysis with microscopic 
analysis. If the UA shows >10 WBC per high-powered field, 
then the sample is reflexively sent for culture and gram stain, 
and antibiotics are started empirically. This is based on the 
fact that a WBC count below 10 per high-powered field has a 
98.6% negative predictive value for a positive urinary culture 
result [37]. This rule should not be applied to neutropenic 
patients or patients who are otherwise immunosuppressed 
and incapable of mounting a leukocyte response to infection. 
An epithelial cell count serves as quality control, and if there 
are more than two per high-powered field, the sample is con-
sidered to have been contaminated and is re-collected.
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Urinary tract infection is often suspected in catheterized 
patients. Complicating this diagnosis is the fact that catheter-
ized patients have a high rate of asymptomatic bacteriuria. 
When we suspect UTI in a catheterized patient, we first 
assess the age of the catheter; catheters that have been in 
place for longer than 24 h are replaced prior to collection of 
the specimen. In patients with a culture-confirmed UTI and 
no other source of fever, we treat with 7 days of antibiotics 
beginning with an empiric selection based upon our antibio-
gram that we then narrow based on culture results [36].

 C. difficile Infection and C. difficile Colitis

Diarrhea can be a common occurrence in hospitalized patient 
and occurs due to both infectious and noninfectious causes. 
According to the Centers for Disease Control, the most com-
mon cause of infectious diarrhea in the critically ill patient is 
Clostridium difficile infection. C. difficile, a spore forming 
gram-positive anaerobic bacillus, is transmitted via the fecal- 
oral route by spore ingestion. The spores are heat, acid, and 
antibiotic resistant and can survive on hospital surfaces for 
months. Infection with C. difficile most commonly occurs as 
a result of depletion of normal intestinal flora by antimicro-
bial drug therapy. This disruption of the intestinal microbi-
ome allows C. difficile to grow unencumbered and inflame 
the gastrointestinal tract causing mucosal injury and fluid 
secretion. The exotoxins produced by the C. difficile bacte-
ria, Toxin A and Toxin B, induce colonocyte death, loss of 
intestinal barrier, and neutrophilic colitis. The most promi-
nent risk factor for C. difficile infection is antibiotic or che-
motherapy administration within 60  day of the onset of 
symptoms. While any antibiotic can lead to C. difficile infec-
tion, the usual culprits are clindamycin, cephalosporins, and 
fluoroquinolones. Other risk factors for C. difficile infection 
include prolonged hospitalization, advanced age, and the 
usage of H2 blockers and proton-pump inhibitors.

C. difficile infection is usually characterized by loose 
stools, with or without blood or mucous, abdominal pain, 
leukocytosis, and fever. While diarrhea and fever are usually 
the hallmark signs of C. difficile infection, in the postopera-
tive patient, C. difficile infection may instead present as a 
leukemoid reaction, ileus, or toxic megacolon.

The gold standard for diagnosing C. difficile infection is a 
tissue culture assay because it is highly sensitive and spe-
cific. However, due to long turnaround time, limited avail-
ability, and cost, it is not often employed. We utilize the 
GDH antigen (glutamate dehydrogenase), a metabolic 
enzyme expressed at high levels in all strains of C. difficile, 
and toxin A/B with reflex PCR to diagnose C. difficile. This 
test simultaneously detects the presence of GDH and toxins 
A and B in a single reaction. The nucleic acid amplification 
test is only utilized if the GDH antigen and A/B toxin test are 

discordant. Direct visualization of pseudomembranes via the 
use of sigmoidoscopy or colonoscopy is pathognomonic for 
C. difficile colitis but is only used in cases of severe illness in 
need of rapid diagnosis.

Oral metronidazole and vancomycin are the mainstays for 
treatment of C. difficile infection. In the case of complete 
ileus, rectal vancomycin can be considered. For severely ill 
patients, empiric antibiotic treatment should be initiated 
before laboratory confirmation. Care should be taken to 
avoid antiperistaltic agents as these may increase the risk of 
toxic megacolon and may mask worsening symptoms. Any 
unnecessary antibiotic should be discontinued immediately; 
if antibiotics are necessary to treat a confirmed infection, 
they should be discontinued as soon as clinically able.

In our institution, we continue C. difficile therapy for 
10–14 days after other antibiotics are stopped. Recurrence is 
treated with the same antibiotic regimen initially used unless 
the severity has increased. For any subsequent reoccurrence, 
therapy is escalated to vancomycin if metronidazole has 
been used twice due to concerns for neurotoxicity; if vanco-
mycin was used for prior treatment, then therapy is escalated 
to taper and/or pulse regimen. Operative management of C. 
difficile infection is reserved for severely ill patients with 
serum lactate >5 and WBC > 50,000.

 Acute Acalculous Cholecystitis

Acute acalculous cholecystitis (AAC) is defined as acute 
cholecystitis in the absence of gallstones [38]. It is an increas-
ingly recognized and fulminant complication of critical ill-
ness. Though it is rare, occurring in approximately 0.2–0.4% 
of all admissions to the ICU, it is highly lethal, with a mortal-
ity rate of approximately 30% [39]. The most common pre-
cipitating events (in descending order) are trauma, recent 
surgery, shock, burns, and sepsis [39].

AAC is likely due to a combination of bile stasis and isch-
emia of the gallbladder and presents with nonspecific findings, 
including fever, right upper quadrant pain, and jaundice [40]. 
There may be an associated transaminitis and leukocytosis, 
though diagnosis relies more on ultrasound imaging than on 
laboratory findings [39]. AAC is managed with percutaneous 
gallbladder drainage by the interventional radiologist.

 Noninfectious Causes of Fever

 SIRS/Postoperative Fever

The systemic inflammatory response syndrome (SIRS) is 
group of clinical signs exhibited in response to physiological 
stress. SIRS may be incited by both infectious and noninfec-
tious causes. Noninfectious SIRS can be secondary to 
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 ischemia, acute trauma, burns, surgical procedures, endo-
crine derangements, immune system activation, critical ill-
ness, and various other types of cellular injury. These and 
other cytokines stimulate the production of a pro-inflamma-
tory cytokine cascade that induces both a local and a sys-
temic reaction. The local reaction involves the cardinal signs 
of inflammation: redness, swelling, pain, warmth, and loss of 
function, while the systemic response is manifested as fever, 
hypotension, procoagulant activity, muscle breakdown, 
catabolism, anorexia, heat conservation, and the release of 
stress hormones. Systemic activation also stimulates the pro-
duction growth factor, activation of macrophages, and plate-
let activation. A counter-inflammatory response typically 
limits the SIRS response by producing IL-4 and IL-10, the 
antagonists to TNFα and IL-1. The SIRS response is propa-
gated when this negative feedback mechanism fails, and con-
tinued inflammation leads to tissue destruction, humoral 
cascade activation, activation of the reticular endothelial sys-
tem, tissue hypoxia, and subsequent end-organ dysfunction.

SIRS is clinically defined as the presence of two or more 
of the following symptoms: temperature > 38.5 °C or <36 °C, 
heart rate > 90 BPM, respiratory rate > 20 breaths per minute 
or pCO2  <  32  mmHg, or WBC count >12,000 cells/ml or 
<4000 cells/ml or 10% bands (bone). Patients who undergo 
surgical procedures will often meet SIRS criteria solely due 
to activation of the inflammatory cascade due to tissue injury. 
Short of a break in sterile technique or suspected aspiration, 
fever in the first 48 h post-op is rarely secondary to infection; 
infection secondary to indwelling urinary catheters, surgical 
site infections, and pneumonia will typically take 48–72 h to 
incubate unless the condition existed prior to the operative 
procedure.

Treatment of fever in the immediate postoperative period 
is largely supportive unless there are obvious signs of infec-
tion present. The use of antipyretics such as acetaminophen 
and ibuprofen is typically effective. Medication review to 
rule out drug fever as well as review of transfusion records to 
rule out transfusion reaction should be done in cases of fever 
>38.9. Additional environment cooling may also be helpful 
but care must be taken to avoid shivering. Continued assess-
ment for infection and other noninfectious etiologies is per-
tinent for fever lasting longer than 96 h.

 Blood Transfusion

We will focus on the two adverse reactions to blood transfu-
sion that result in fever, the febrile non-hemolytic transfusion 
reaction (FNHTR) and the hemolytic transfusion reaction. 
While the FNHTR is a benign, self-limited fever caused by 
the cytokines present in the donor blood, the hemolytic trans-
fusion reaction is a life-threatening, antibody- mediated 
immune response to ABO-incompatible donor blood.

In a multicenter, prospective, observational study of 
nearly 5000 ICU patients in the United States, blood transfu-
sion caused a fever in 1.9% of recipients [41]. Leukocytes in 
the stored donor blood have been known to be responsible 
for the febrile transfusion reaction since the 1950s, but it 
wasn’t until the 1990s that pyrogenic cytokines elaborated 
by the stored leukocytes were found to be the direct cause 
[42–44]. Prestorage leukoreduction, a process by which the 
number of leukocytes in the blood is reduced prior to storage 
so as to decrease the amount of cytokines present in the 
stored blood, has been shown to decrease the incidence of 
febrile transfusion reactions [45–47].

The use of premedication with acetaminophen to prevent 
febrile hemolytic reactions is controversial [48]. The consen-
sus from several reviews of the literature is that there is no 
evidence to support the practice of premedication to prevent 
the febrile transfusion reaction [49]. We do not routinely 
administer prophylaxis, and we do not recommend it. We do, 
however, immediately stop transfusion and discard the donor 
blood in case the fever heralds a hemolytic transfusion 
reaction.

Hemolytic transfusion reactions present with fever and are 
thought to be caused by the presence of pre-existing antibod-
ies to the donor blood’s AB antigens. Hemolytic transfusion 
reactions can be fatal, causing between 10 and 37% of all 
transfusion-related deaths, but only 2% of patients who receive 
ABO incompatible blood will die from it [50–52]. Treatment 
for the hemolytic transfusion reaction is supportive, with spe-
cial attention paid to preserving renal function [53].

 Drug Fever

As the name implies, drug fever is a fever that coincides with 
administration of a drug and that resolves after discontinua-
tion of the inciting agent. The diagnosis is often one of exclu-
sion in patients with fever of unknown origin. It poses a 
unique challenge to physicians in that some of the most com-
mon provoking agents can be antimicrobials, yet these are 
initiated for suspected infection in febrile patients [54]. 
Disease processes other than infection that can cause fever 
and should be ruled out in fever of unknown origin include 
malignancy, thromboembolic disease, cerebrovascular acci-
dent, and acute gout [55]. Clinicians should also consider 
drug fever in patients with fever of unknown origin, not only 
because drug fever leads to excessive cost reflected by 
unnecessary laboratory and radiologic studies, treatment, 
and length of stay but because it can also precede more seri-
ous adverse drug reactions including hypersensitivity reac-
tions and cutaneous manifestations, which occur in 18–29% 
of patients [55–59].

Numerous agents can cause drug fever, though the  
most common implicated agents include antimicrobials, 
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 anticonvulsants, antiarrhythmic agents, and other cardiac 
agents [57, 59]. The true incidence of drug fever is unknown 
due to misdiagnosis and underreporting, but it is estimated to 
occur in 3–5% of reported adverse effects [60]. There are 
primarily five mechanisms by which drugs can cause fever 
including altered thermoregulation (e.g., anticholinergic 
agents, levothyroxine, monoamine oxidase inhibitors, sym-
pathomimetic agents), administration related (e.g., ampho-
tericin B, cephalosporins, vancomycin, vaccines, bleomycin), 
pharmacologic action of the drug (e.g., antineoplastic agents, 
heparin, penicillin, warfarin), idiosyncratic reactions (e.g., 
anesthetic agents, methyldopa, nitrofurantoin, sulfonamides, 
chloramphenicol), and hypersensitivity reactions (e.g., allo-
purinol, antimicrobial agents, carbamazepine, heparin, phe-
nytoin, sulfonamides) [54, 61].

The median time to initiation of the causative agent and 
onset of fever is 7–10 days, though drug fever can occur at 
any point during a course of drug therapy, and some agents 
can provoke a faster response [55]. Fever can be character-
ized as continuous, intermittent, or a combination of both, 
and the degree of pyrexia can range from 99 °F to 109 °F, 
though elevations from 102 to 104 °F are most common [55, 
57–59]. Though laboratory values are not always elevated in 
those with drug fever, leukocytosis occurs in approximately 
22%, eosinophilia in 22%, and skin rash in 18% of cases 
[57].

Treatment of drug fever involves discontinuing the 
offending agent if possible. If the reaction is severe and 
involves a hypersensitivity reaction, it may be most appropri-
ate to stop all nonessential drugs [54]. Defervescence typi-
cally occurs 48–72  h after discontinuation, though factors 
such as a more severe reaction like those involving maculo-
papular rash or delayed elimination may delay resolution of 
fever by days or weeks [54, 60]. In some instances where 
fever is the primary culprit, the benefit of continuing therapy 
may outweigh the risk of drug fever, in which case clinicians 
can consider switching to a chemically unrelated substitute. 
Alternative agents may not be available in some situations 
like chemotherapy for a particular type of cancer or infection 
with a multidrug-resistant organism. In these cases, it might 
be possible to continue therapy by using pretreatment with 
corticosteroids, antihistamines, and/or prostaglandin inhibi-
tors while monitoring for signs of hypersensitivity [62]. 
Rechallenge is not typically recommended, especially when 
the initial drug fever was accompanied by severe adverse 
effects [14, 54].

 Isolated Neurotrauma

Prevention of secondary brain injury is paramount in the 
recovery of the neurotrauma patient. Processes such as 
neurotransmitter- mediated excitotoxicity, electrolyte imbal-

ances, mitochondrial dysfunction, the inflammatory 
response, and secondary ischemia have all been shown to 
cause neuronal death, worsen cerebral edema, and increase 
intracranial pressure causing further exacerbation of the pri-
mary brain injury. Fever in brain-injured patients is known 
to increase metabolic demands, increase intracranial pres-
sure, worsen the local inflammatory response in brain tis-
sue, and increase mortality [63]. Therefore, efforts must be 
made to rapidly identify the cause, promptly control fevers, 
and maintain euthermia in brain-injured patients. 
Unfortunately, brain-injured patients are uniquely suscepti-
ble to a maladaptive fever termed neurogenic fever, a diag-
nosis of exclusion.

The proposed etiology of neurogenic fever is 
prostaglandin- induced elevation in the hypothalamic set 
point trigger by both local and systemic inflammatory 
responses. Blood in the ventricles, DAI, and frontal lobe 
damage are known risk factors for the development of fever 
in neurotrauma. Timing of fever onset may help to differenti-
ate infectious and noninfectious causes of fever as develop-
ment of fever prior to 72 h of admission is strong predictor of 
noninfectious etiology. Otherwise, if the patient is >72  h 
since hospital admission, it is prudent to pursue both infec-
tious and common noninfectious cases for fever. A new onset 
fever in patients who have an invasive monitoring line in 
place should prompt CSF cultures along with gram stain and 
cell counts.

Because a large portion of patients with TBI can be 
expected to be refractory to antipyretic medication (one 
study found that only 7% of patients with traumatic brain 
injury defervesced with pharmacological means alone), 
external cooling devices should be considered to maintain 
euthermia [64]. Adverse reactions of concern with external 
cooling devices include shivering and skin breakdown. 
Shivering increases metabolic demands and may thwart the 
cooling effort and can be managed via established protocols 
like the Columbia Anti-Shivering Protocol that ranges from 
acetaminophen administration through neuromuscular 
blockade with vecuronium [65]. These patients may also 
benefit from counter-warming techniques such as applica-
tion of warm blanket to extremities. Infusion of cold IV flu-
ids and esophageal cooling has also been shown to decrease 
fever burden without increased adverse events [66].

 Thyroid Storm

Thyroid storm is a rare but life-threatening “augmentation of 
the manifestations of hyperthyroidism” that occurs in the set-
ting of stress, as seen after severe infection, surgery, or 
trauma [67]. An objective scale has been developed to assist 
in the diagnosis of thyroid storm, though no uniform defini-
tion yet exists [68]. Thyroid storm is characterized by a 
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 pronounced, severe fever (above 39.5 °C or 103.1 °F) with 
diaphoresis, tachyarrhythmia due to sympathetic hyperactiv-
ity, CNS dysfunction, and gastrointestinal disturbances [69].

There are four major principles of managing thyroid 
storm: source control, reducing circulating thyroid hormone 
levels, sympathetic blockade, and supportive measures [69, 
70]. As the source of the storm is usually exposure to stress, 
source control generally takes the form of supportive mea-
sures. When the inciting stress is suspected infection, empiric 
antibiotics should be initiated immediately. Propylthiouracil 
is the drug of choice for reducing both the intrathyroid 
organification of iodine as well as the peripheral conversion 
of T4 to T3 while iodine, administered as either Lugol’s 
solution or saturated solution of potassium iodide, will block 
the release of already synthesized T4 [69, 70]. For sympa-
thetic blockade, propranolol is the drug of choice. Supportive 
measures include maintenance of normothermia using exter-
nal cooling devices and considering the use of corticoste-
roids to manage the possible relative adrenal insufficiency 
[69, 70].

 Deep Venous Thrombosis

Depending upon many clinical factors as well as the fre-
quency of ultrasound surveillance, the reported incidence of 
deep venous thrombosis (DVT) ranges widely, from 0.35% 
of general surgical patients up to 65% of trauma patients 
[71]. In a prospective, multicenter study of nearly 14,500 
ICU patients with DVT, a fever was present at the time of 
diagnosis for approximately 5% [72].

 Alcohol Withdrawal Syndrome and Delirium 
Tremens

The prevalence of chronic alcohol abuse ranges from 10 to 
33% in all ICU patients and can be as high as 50% in the 
trauma ICU [73, 74]. Alcohol withdrawal causes fever due to 
reflex sympathetic hyperactivity, itself thought to be a conse-
quence of releasing pyrogenic neurons from the chronic sup-
pression of GABAergic neuronal activity caused by alcohol 
consumption [73]. AWS and DT are both managed with 
symptom-triggered benzodiazepine therapy using the CIWA 
scoring system developed by the Clinical Institute [75, 76].
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Glycemic Control in Critically Ill Surgical 
Patients

Brian C. Beldowicz, Jeremiah J. Duby, Danielle Pigneri, 
and Christine S. Cocanour

 Introduction

Acute dysglycemia is a collective term for hyperglycemia, 
hypoglycemia, and glycemic variability that result from 
short-term, dynamic changes in glucose production, distribu-
tion, and utilization. Approximately half (47.7%) of adults 
that present to the ICU have acute dysglycemia on admis-
sion, and roughly one-third (33.2%) of the remaining patients 
subsequently develop the disorder [1]. Severe hyperglyce-
mia (> 180 mg/dL), severe hypoglycemia (< 40 mg/dL), and 
wide glycemic variability are independently associated with 
substantial increases in mortality (50–80%) [1]. However, it 
is difficult to distinguish whether acute dysglycemia repre-
sents a cause or consequence of critical illness. Further, the 
optimal target levels of and methods for achieving glycemic 
control remain open questions.

The goals of glycemic control in the ICU are to safely 
treat hyperglycemia and effectively mitigate hypoglycemia 
and glycemic variability. Clinical practice guidelines for 
insulin infusion suggest thresholds for initiating therapy, 
describe the effects of hypoglycemia, and outline appropri-
ate methods for blood glucose monitoring, among other criti-
cal considerations for what measures constitute best practice 
[2]. The purpose of this chapter is to provide a systematic 

approach for how to apply these evidence-based principles. 
No system or strategy can possibly account for every  
p atient- and disease-specific variable. Therefore, the objec-
tive is to assemble the tools and structure to facilitate indi-
vidualized glycemic control based on the patient’s baseline 
health and clinical course. The background will review land-
mark trials and emerging research. The discussion will then 
trace the typical trajectory of critically ill patients through a 
practical examination of medication reconciliation, insulin 
infusion, transition to subcutaneous insulin, and prevention 
and treatment of hypoglycemia. Finally, the unique chal-
lenges of diabetic ketoacidosis (DKA) and hyperosmolar 
hyperglycemic state (HHS) will also be reviewed.

 Background

Following the publication of the Leuven Intensive Insulin 
Therapy Trial in 2001, which demonstrated a 3.4% absolute 
reduction in ICU mortality, tight glycemic control was rapidly 
accepted as an indicator of overall quality of institutional 
healthcare delivery [3]. By 2008, the American Diabetes 
Association considered maintaining blood glucose levels “as 
close to 110 mg/dL as possible” a standard of care for critically 
ill patients [4]. The publication of the NICE- SUGAR trial 
1 year later, however, indicated a 2.6% absolute increase in 
90-day mortality for patients subjected to Leuven study targets 
compared to those patients subject to less intensive glycemic 
control [5], calling into question our entire understanding of the 
role of hyperglycemia in illness and recovery.

It is well established that critically ill and injured patients 
can develop stress-related hyperglycemia as part of the 
response to their systemic insult. Physiologically, these 
patients typically secrete higher levels of cortisol, glucagon, 
and growth hormone and have higher circulating levels of 
catecholamines and cytokines. This neuroendocrine cascade 
stimulates glycogenolysis, gluconeogenesis, and insulin 
resistance, elevating blood glucose levels [6].
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What is not yet understood is what role this hyperglyce-
mia plays in the course of critical illness. Some extrapolate 
that the pro-inflammatory, pro-thrombotic, and pro-oxidant 
effects observed in chronic hyperglycemia potentiate a simi-
larly detrimental systemic inflammatory response in acute 
illness that results in higher mortality. Others, however, sug-
gest stress-related hyperglycemia is an adaptive response that 
increases the glycemic diffusion gradient, facilitating glucose 
distribution to cells suffering insufficient perfusion [7].

Multiple investigations have examined the outcome dis-
crepancy between the Leuven and NICE-SUGAR trials. The 
original Leuven study had a substantially higher proportion of 
surgical patients than the NICE-SUGAR trial, suggesting sur-
gical patients may benefit from tighter glycemic control. In 
fact, a follow-up study at Leuven isolating medical ICU 
patients failed to demonstrate the same degree of mortality 
benefit as previously observed in their surgical ICU [8]. A 2009 
meta-analysis examining the effects of glycemic control in dif-
ferent settings confirmed a greater benefit in surgical ICUs 
compared to nonsurgical ICUs [9]. Additionally, two-thirds of 
the original Leuven study population consisted of cardiac sur-
gery patients. Subsequent studies have confirmed a dispropor-
tional mortality benefit of insulin infusions [10] and tight 
glycemic control [11] specific to cardiac surgery patients.

The Leuven study population also included a high propor-
tion of patients receiving parenteral nutrition compared to 
the NICE-SUGAR population. A 2010 meta-analysis of ran-
domized trials concluded that patients whose blood glucose 
levels are artificially elevated through the infusion of paren-
teral nutrition benefit from tighter glycemic control, whereas 
those taking enteral nutrition fared better with less strict con-
trol of blood glucose [12]. It appears that iatrogenic hyper-
glycemia caused by intravenous carbohydrate loads may be 
detrimental, and in such instances, blood glucose should be 
tightly controlled. Mild-to-moderate hyperglycemia unre-
lated to parenteral nutrition, however, may be part of a natu-
ral physiologic response to illness or injury, and its effects 
may be beneficial. Strict glycemic control in this scenario is 
not warranted and may, in fact, be harmful.

As the medical community continues its struggle to 
understand conflicting research regarding the implications 
of acute hyperglycemia in critical illness, the deleterious 
effects of abnormally low blood glucose levels have 
remained consistently apparent. Attempts to regulate glyce-
mic control in critically ill and injured patients results in 
higher rates of hypoglycemia (blood glucose <70 mg/dL) 
and severe hypoglycemia (blood glucose <40 mg/dL), 
though, interestingly, the incidence of this iatrogenic com-
plication is not directly related to the size or level of target 
glucose windows [2]. Instead, it appears that patient factors 
such as illness severity and underlying disease as well as the 
details of glycemic control protocols and their required level 
of attentiveness portend greater influence on the risk of 
hypoglycemia.

Studies have consistently demonstrated a direct correlation 
between the number, severity, and duration of  hypoglycemic 
episodes with increased risk of mortality. Patients subject 
to acute glycemic control interventions are five times more 
likely to suffer one or more episodes of severe hypoglycemia 
resulting in a fivefold greater risk of mortality with even a 
single episode [1].

To confound the issue, a 2008 study demonstrated the 
relative inaccuracy of point-of-care (POC) glucometers 
commonly used in critical care glycemic management proto-
cols. POC glucose monitors prescribed a different protocol 
intervention than laboratory measurements performed on the 
same blood sample on up to 13.3% of measurements. Most 
often, POC monitors overstated the blood glucose levels, 
which would lead to higher doses of prescribed insulin than 
would be necessary based on laboratory values. The inaccu-
racies were spread throughout the entire range of blood glu-
cose measurements, meaning episodes of hypoglycemia 
would be under-detected and undertreated based on POC 
monitor findings. Inaccuracy appeared to be exacerbated by 
states of shock and vasopressor requirements but appeared 
throughout the spectrum of illness severity [13]. According 
to the updated standards published by the FDA in 2016, glu-
cometer measurements used in a clinical setting must be 
within +/− 12% of lab-measured results for >95% of tests 
and within +/− 15% on 98% [14]. Due to both the ramifica-
tions of POC glucometers unique to ICUs and concerns of 
the concentration of confounding variables that can affect 
accuracy, there is only a single blood glucose monitoring 
system that has been approved specifically for POC use in 
critical care by the FDA [15].

Minimizing the detrimental effects of both hyper- and 
hypoglycemia requires a systematic approach to glycemic 
control that incorporates informed decisions on the initia-
tion, titration, and transition of insulin therapy. This chapter 
will provide an evidence-based, systematic approach for how 
to manage acute dysglycemia.

 Medication Reconciliation

Medication reconciliation is the process of creating and 
reviewing the patient medication profile upon admission to, 
transfer within, and discharge from the hospital. Patients 
with diabetes are admitted and discharged with approxi-
mately twice as many medications and are subject to four 
times the rate of severe medication errors as patients without 
diabetes [16]. Insulin is consistently ranked among high- alert 
medications in the acute care setting due to the frequency and 
severity of associated adverse drug events [17]. Transitions 
to and from the ICU likely amplify the risk of medication 
error and adverse drug reactions. Changes in clinical status – 
such as surgery or shock – dynamically affect both insulin 
sensitivity and nutritional support in critically ill patients, 
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thereby exacerbating acute  dysglycemia and precluding 
long-term diabetic therapy. However,  creating and review-
ing the “Best Possible Medication History” (BPMH) are 
critical to providing safe and effective glycemic management 
and to facilitating efficient transfer and disposition from the 
ICU. The process for transitioning to long- term, diabetic 
therapy is discussed separately below. Moreover, medication 
reconciliation may be used in combination with hemoglobin 
A1c (A1c) to assess the role of diabetes mellitus (DM) in 
the patient’s acute dysglycemia and to evaluate the effective-
ness of chronic glycemic management. An elevated A1c or 
a medication history indicating prior diabetic therapy may 
explain persistent insulin insensitivity and expedite transi-
tion to basal and nutritional insulin therapy. Further, a high 
A1c in patients with previously diagnosed DM suggests poor 
medication compliance, which may indicate the need for out-
patient referral or transitions of care services such as patients 
admitted for DKA. In contrast, a normal A1c in the absence 
of diabetic medications signals that hyperglycemia likely rep-
resents acute dysglycemia. This common scenario demands 
close glucose monitoring and forewarns against the use of 
long-acting insulins, especially during clinically dynamic 
intervals such as the postoperative period. Finally, alloge-
neic red blood cell transfusion effectively dilutes the level of 
glycosylated hemoglobin, thereby rendering the laboratory 
value meaningless. Therefore, a review of the patient’s recent 
transfusion history and early monitoring are prerequisites to 
ordering and assessing A1c in critically ill patients.

 Insulin Therapy in the ICU

The intensity and flexibility needed for glycemic control and 
the mode of nutritional support determine the method and 
type(s) of insulin therapy. Table 44.1 illustrates the general 
advantages, disadvantages, and traps of various methods of 

insulin support. Figure 44.1 provides a basic algorithm for 
initiating and directing insulin therapy based on clinical and 
glycemic status. Table 44.2 outlines the selection and man-
agement of insulin therapies based on nutritional support.

The dynamic interplay of insulin sensitivity, nutrition, 
and insulin tends to parallel the patient’s clinical course; the 
natural starting point for application is ICU admission. One 
of the presenting characteristics and challenges for critically 
ill patients is severe hyperglycemia and wide glycemic vari-
ability. In the acute phase of critical illness, basal insulin 
requirements are often obscured or eclipsed by severe and 
dynamic insulin insensitivity. Chasing hyperglycemia with 
basal insulin is limited by titration of long- or intermediate- 
acting insulin, which tends to lag changes in clinical course. 
The result is ineffective glycemic control as insulin insensi-
tivity worsens and subsequent hypoglycemia as acute dys-
glycemia resolves. By design then, basal insulin is best 
initiated as the patient’s insulin requirements stabilize 
(Fig. 44.1). Correctional insulin (i.e., sliding scale) also fails 
at the goals of treating hyperglycemia and mitigating glyce-
mic variability, because it is merely reactive to hyperglyce-
mia and magnifies glycemic variability. Insulin infusion is 
the only strategy with the intensity and flexibility to match 
the demands of hyperdynamic, critically ill patients.

 Insulin Infusion

Insulin infusion is the preferred method of initial glycemic 
control in critically ill patients (Fig. 44.1 and Table 44.2). 
Moreover, there is some suggestion that the benefits of insu-
lin infusion may extend beyond hyperglycemia and include 
anti-inflammatory effects and improved endothelial cell 
function [18]. However, insulin infusion is associated with 
tremendous workflow demands on nursing staff and with a 
high risk of medication error and hypoglycemia. These costs 

Table 44.1 Overview of insulin support strategies. Complete refers to the combination of basal, nutritional, and correctional insulin therapy

Strategies Advantages/role Disadvantages Traps

Insulin infusion Preferred for wide glycemic 
variability (blood glucose ±40 mg/
dL)
Provides “complete” insulin support
Effective for severe hyperglycemia
Reduces glycemic variability

Very labor intensive
Risk for medication errors
High risk for hypoglycemia

Using in combination with 
diet or bolus feeding
Using without continuous 
carbohydrate source

Correctional insulin 
(sliding scale)

Effective for monitoring 
dysglycemia
Short-term, dose-finding strategy
Least labor-intensive option

Ineffective for severe hyperglycemia
Increases glycemic variability

Using as “default” strategy 
from admission order sets
Using for nutritional needs

Complete: Basal + 
nutritional + correctional

Effective for persistent 
hyperglycemia
Provides complete coverage of 
insulin needs

Requires daily assessment and titration
May be difficult to match nutritional 
insulin with variable carbohydrate intake

Using basal insulin to cover 
nutritional insulin needs
Overfeeding
No hold parameters for 
nutritional insulin
Sudden changes in 
carbohydrate intake
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Fig. 44.1 ICU algorithm for glucose control

Table 44.2 Strategies for insulin support based on nutritional source. In reading the table, begin with the nutritional source, and select insulin 
support based on degree and variability of dysglycemia

TPN total parenteral nutrition, TDD total daily dose, BG blood glucose
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stipulate that the order for insulin infusion is regularly 
reviewed and justified based on the patient’s needs.

Insulin infusion is indicated for initial management of 
severe hyperglycemia (blood glucose >150 mg/dL) and for 
wide glycemic variability (blood glucose ±40 mg/dL). It 
effectively provides for basal, nutritional, and correctional 
insulin; all other sources of insulin and diabetic therapy must 
be held or otherwise stopped (Table 44.2). Intermittent 
enteral nutrition is a relative contraindication to insulin infu-
sion as the resultant, peri-prandial glycemic variability 
increases the risk of hypoglycemia. The risk for hypoglyce-
mia is compounded by short-term deprivation of nutritional 
support. Severe and refractory hypoglycemia may then result 
if there is any disruption in gluconeogenesis, such as surgery, 
shock, or liver dysfunction, as the patient’s glycogen stores 
may be depleted. The simple but paradoxical strategy to mit-
igate this complication is to provide a continuous source of 
dextrose, which may reduce the drive for gluconeogenesis 
and the risk of hypoglycemia. After the initial resuscitation 
period, consider using an intravenous (IV) crystalloid that 
contains dextrose (e.g., D5-LR, D10-NS) if enteral or paren-
teral nutrition is not feasible. This risk mitigation strategy is 

especially important for patients with head injury because of 
the profound impact of relative hypoglycemia (BG < 100 mg/
dL) in this population. Conversely, intermittent doses of 
medications such as antibiotics may worsen glycemic vari-
ability if prepared in dextrose bases.

In initiating an insulin infusion, it is important to recog-
nize that insulin adheres to the wall of the polyvinyl tubing 
typically used for intravenous infusions. All IV lines must 
therefore be primed with insulin in order to ensure reliable 
delivery of the prescribed insulin dose.

The initial rate of insulin infusion ranges from 1 to 5 units/
hour based on the patient’s blood glucose level at the time of 
initiation. Dosing adjustments are commonly calculated 
using a multiple of the current infusion rate rather than titra-
tion in an absolute number of units of insulin. Table 44.3 
describes an insulin titration regimen that incorporates an 
adjustment factor that is based on both the absolute blood 
glucose measurement and its change since the previous 
measurement.

Blood glucose is measured, and the insulin infusion is 
titrated every hour until no titration is required for 4 h. 
Measurements can then be spaced to every 2 h unless there is 

Con�nue 
current rate

CURRENT
Blood

Glucose
(mg/dL) 

CHANGE in blood glucose since the prior reading

Increased
11-30

Increased
more than 30

70-110
Stop for 30min 

restart at x 0.25 if 
BBG >110

current rate
X 0.25
Ø

current rate
X 0.5
Ø

current rate
X 0.75
Ø

Con�nue 
current rate

≠
current rate

X 1.5
*Max increase NOT to 

exceed 10 units

111-150
current rate

X 0.25
Ø

current rate
X 0.5
Ø

current rate
X 0.75
Ø

Con�nue 
current rate

≠
current rate

X 1.5
*Max increase NOT to 

exceed 10 units 

151-180
current rate

X 0.5
Ø

current rate
X 0.75
Ø

Con�nue 
current rate

≠
current rate

X 2
*Max increase NOT to 

exceed 10 units 

181-210
current rate

X 0.75
Ø

Con�nue 
current rate

Con�nue 
current rate

≠
current rate

X 2
*Max increase NOT to 

exceed 10 units 

0ver 210 Con�nue 
current rate

≠
current rate X 1.5

*Max increase NOT to exceed 10 units 

≠
current rate X 2

*Max increase NOT to exceed 10 units 

Decreased
more than 50

Decreased
31-50

Decreased
11-30

No change
(± 10)

≠
current rate X 1.5

*Max increase NOT to exceed 10 units 

≠
current rate

X 1.5
*Max increase NOT to 

exceed 10 units 

≠
current rate

X 1.25
*Max increase NOT to 

exceed 10 units 

≠
current rate

X 1.25
*Max increase NOT to 

exceed 10 units 

Table 44.3 Adjustment factor for insulin infusion. Plot the current BG (left column) and change in BG (top row) to determine the adjustment 
factor. The NEW RATE = current rate × adjustment factor. Do NOT increase insulin rate by more than 10 units/hour. Monitor the BG 30 min after 
rate change if insulin infusion is doubled and/or increased by 10 units/hour

BG blood glucose
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an alteration in carbohydrate intake such as titration or inter-
ruption of enteral or parenteral nutrition. Glucose is checked 
more frequently (every 30 min) if the dosing adjustment cal-
culation calls for an increase of 10 units/hour or a doubling 
of the previous infusion rate. Do not increase insulin rate by 
more than 10 units/hour.

 Basal, Nutritional, and Correctional 
Components of Insulin Therapy

Relative clinical stability and resolution of glycemic 
 variability are reasonable prerequisites to transitioning from 
insulin infusion to less intensive forms of glycemic control 
(Table 44.1). Acute dysglycemia may rapidly and completely 
resolve along with sources of inflammation and stress asso-
ciated with the acute phase of critical illness. Frequently, 
however, patients enter an intermediate phase of persistent 
but dynamic hyperglycemia that requires a more complete 
regimen. It is useful to divide insulin requirements into basal, 
nutritional, and correctional components which can be met 
by a combination of long- and short-acting insulins. 
Figure 44.2 illustrates approximate onset, peak, and duration 
of activity for the major types of insulin used in the ICU.

Basal insulin reduces gluconeogenesis and represents the 
amount of insulin a patient requires regardless of nutritional 
support. Therefore, changes or interruptions in nutritional 
support should have minimal risk of causing hypoglycemia. 
Basal insulin is typically comprised of longer-acting insulins 
such as glargine or NPH provided once every 12–24 h.

Table 44.4 indicates how to calculate initial basal and 
nutritional insulin dosing using information gleaned from IV 
infusions in patients receiving no nutrition or continuous 

enteral or parenteral nutrition. Basal insulin requirements 
should only be calculated after the patient is fully resusci-
tated with a relatively stable insulin requirement over 
2–3 days, signifying that the patient has progressed beyond 
the most physiologically stressful part of their illness and the 
neuroendocrine cascade that accompanies it. Glargine can be 
provided as a single bedtime dose of up to 50 units; however 
daily requirements above 50 units should be divided into two 
equal doses given 12 h apart. NPH may be more suitable in 
patients demonstrating varying insulin requirements at dif-
ferent times of day. NPH is initially provided twice daily in 
equal doses. Patients that demonstrate wide glycemic vari-
ability with consistent day and night variation in blood glu-
cose levels may benefit from independent titration of daytime 
and nighttime NPH dosing. Basal insulin should not be 
titrated to nutritional support.

Insulin requirements are expected to gradually decline as 
the patient’s acute dysglycemia resolves over days to weeks. 
Therefore, it is essential to carefully monitor and taper basal 
insulin based on early morning or “fasting” blood glucose 
levels (less than 120 mg/dL). Basal insulin requirements 
should be recalculated no more often than every 48–72 h, 
using the guidance provided in Table 44.2.

Nutritional insulin is the recurring requirement reli-
ably associated with the timing, quantity, and composition 
of nutritional intake. Nutritional insulin takes the form of 

Fig. 44.2 Insulin activity. The graph illustrates the approximate onset, 
peak, and duration of activity for the major types of insulin

Table 44.4 Calculation of initial basal and nutritional insulin 
requirements

Step 1 Confirm stable insulin infusion requirements
  Continue insulin infusion if insulin requirements are 

dynamic

Step 2 Calculate TDD of IV insulin
  TDD IV insulin = (average units/hour over last 4 h) × 

(24 h)

Step 3 Calculate TDD of SC insulin
  DM: TDD SC insulin = TDD IV insulin × 0.8
  Non-DM: TDD SC insulin = TDD IV insulin × 0.7

Step 4 Divide dose between basal and nutritional insulin
  Basal insulin = TDD SC insulin × 0.5
   Glargine dose = basal insulin dose, given once daily
   OR
   NPH dose = basal insulin dose × 0.5, given q 12 h
  Nutritional insulin = TDD SC insulin × 0.5
   Divided dose = nutritional insulin dose × 0.25
    Continuous enteral nutrition: Administer as regular 

insulin q 6 h
    (HOLD for BG < 150 mg/dL)
    Eating or bolus feeding: Administer as insulin aspart 

qAC and qHS
    (HOLD for BG < 150 mg/dL)
  Parenteral nutrition: TDD IV insulin added to TPN
    (Stop TPN for BG ≤ 70 mg/dL)

TDD total daily dose, DM diabetes mellitus, IV intravenous, SC subcu-
taneous, qAC before meals, qHS at bedtime, TPN total parenteral 
nutrition
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short- acting, subcutaneous insulins, such as insulin aspart, 
in patients taking regular meals or bolus tube feedings. 
Because the effect of insulin aspart is limited to 1–2 h, its role 
is most useful with intermittent nutrition. Regular subcutane-
ous insulin is preferred as nutritional insulin in patients on 
continuous nutrition. Correctional insulin is given in addi-
tion to nutritional insulin; therefore, the same type of insulin 
should be used for both.

When the route, quantity, or composition of nutrition 
changes, intentionally or unintentionally, nutritional insulin 
may require adjustment. In patients receiving intermittent 
nutrition, subcutaneous correctional insulin can be used as a 
dose-finding strategy for titrating nutritional insulin require-
ments. Because such a strategy is reactive, correctional insu-
lin will result in wider variability during the period of 
dose-seeking. In general, patients on intermittent nutrition 
are less critically ill, and glycemic variability may be less 
likely to influence acute outcomes. Table 44.2 illustrates the 
titration of nutritional insulin requirements. These require-
ments should be recalculated every 48–72 h. The risk of 
hypoglycemia may be further mitigated with order parame-
ters on nutritional insulin that stipulate holding for prepran-
dial glucose levels less than 150 mg/dL.

Correctional insulin should be reserved for short-term 
monitoring and dose-finding purposes (Fig. 44.1). The use 
for persistent hyperglycemia is of no benefit and only 
increases glycemic variability. Frequent administration of 
correctional insulin signals the requirement for basal and/or 
nutritional insulin. The varying nutritional intake and insulin 
insensitivity observed in critical illness require the addition 
of short-acting correctional insulin. This component of the 
inpatient insulin regimen helps fine-tune basal and nutri-
tional insulin requirements. By maintaining a more flexible 
and responsive component to glycemic management, correc-
tional insulin allows an acceptable degree of glycemic vari-
ability in order to minimize the risk of hypoglycemic events. 
Correctional insulin may be discontinued when blood glu-
cose levels are consistently less than 150 mg/dL and both 
basal and nutritional insulin are no longer required.

 Parenteral Nutrition (TPN)

Parenteral nutrition represents a unique situation as basal and 
nutritional insulin may be directly coupled with nutrition. 
The potential advantage is that interruptions or cycles in car-
bohydrate infusion rates automatically follow parallel pro-
files. Disadvantages include a limited flexibility in insulin 
dosing. For example, dose adjustments for the next day’s 
TPN are typically based on data from the previous day. This 
limitation naturally directs a more conservative dosing 
approach that may result in poor glycemic control. There is 
also a danger that dose titration includes correctional insulin, 

which results in using parenteral nutrition as a de facto 
 insulin infusion. Obvious dangers include the inability to 
titrate the infusion and unawareness that the parenteral nutri-
tion is a source of insulin during hypoglycemic episodes. 
The keys, then, are recognizing the limitations of insulin 
therapy via parenteral nutrition, judiciously titrating to basal 
and nutritional insulin, and strictly separating correctional 
insulin requirements by concurrent use of insulin infusion or 
sliding- scale insulin. Any episode of hypoglycemia should 
prompt immediate cessation of the insulin-containing TPN. 
Such interruption can be costly, both financially and 
nutritionally.

The half-life of regular insulin provided intravenously is 
only 9 min compared to 1.5 h when that same insulin is 
administered subcutaneously, so risks of hypoglycemia with 
the abrupt cessation of TPN are related more to the patient’s 
own insulin response rather than the insulin within the TPN, 
itself. The risk of hypoglycemia upon abrupt cessation of 
TPN can be mitigated by the immediate infusion of a D10W 
at the same rate at which the TPN had been running in order 
to compensate for the patient’s own innate insulin response 
to the previously flowing TPN. This dextrose infusion can be 
reduced by 50% every hour for 2 h and then discontinued. 
Blood glucose should be checked every 30 min until at least 
1 h after the dextrose has been discontinued.

 Transition to Outpatient Diabetic Regimens

Clinical stability is the first consideration in transitioning 
back to a patient’s home diabetic regimen, because it is typi-
cally associated with improvements in glycemic variability 
and nutritional support. Restarting each diabetic medication 
requires reconciling current insulin requirements and carbo-
hydrate intake with use and diet prior to admission. Basal 
and nutritional insulin requirements will gradually approach 
chronic insulin requirements as acute dysglycemia resolves, 
necessitating dose titration every 2–3 days. Even for patients 
that are metabolically stable, it may be prudent to reduce 
doses of basal and nutritional insulin to 25–50% of what 
patients reportedly received prior to admission. Oral dia-
betic agents generally work to improve insulin sensitivity; 
simply adding or layering these therapies on top of short-
term glycemic management strategies may result in hypo-
glycemia. Therefore, oral agents should be reintroduced in 
coordination with concurrent de-escalation of basal and 
nutritional insulin.

Sulfonylureas (e.g., glipizide, glimepiride) generally and 
glyburide especially are associated with substantially higher 
rates of hypoglycemia compared to other oral diabetic 
agents, likely due their insulin-secretagogue activity. These 
agents should not be restarted until oral nutritional intake is 
consistent and adequate.
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Metformin, in contrast, is associated with low relative risk 
of hypoglycemia [19]. The risk of metformin-associated lactic 
acidosis appears to have been grossly exaggerated,  occurring 
with an incidence of 4.3 cases per 100,000 person- years, 
 compared to 4.8 cases per 100,000 person-years with sulfonyl-
ureas, respectively [19, 20]. Temporarily holding or reducing 
the dose is indicated for both metformin and the sulfonylureas 
in patients with hemodynamic instability, acute kidney injury, 
or clearance creatinine less than 60 ml/min [21].

The thiazolidinediones (e.g., pioglitazone, rosiglitazone) 
are associated with prolonged antihyperglycemic effects; 
therefore, these agents should not be continued in the acute 
care setting. Emerging agents such as dipeptidyl peptidase 
inhibitors, glucagon-like peptide-1 agonists, and sodium- 
glucose cotransporter 2 inhibitors should not be continued as 
the safety and role have not yet been established in the criti-
cal care population.

Insulin pumps in hospitalized patients are associated with 
significant risks of medication errors and adverse events due 
to underrecognition that they are present. The identification 
of a patient with an insulin pump should automatically 
prompt an endocrine consult as well as hospital pharmacy 
and nursing safety measures.

 Diabetic Ketoacidosis and the Hyperosmotic 
Hyperosmolar State

DKA and HHS are more often associated with critically ill 
medical patients; however, it is not uncommon for patients 
with these conditions to require surgical management. The 
fundamentals of management for both of these life- 
threatening, acid-base disorders include resuscitation, electro-
lyte repletion, blood glucose normalization, and treatment of 
an inciting cause, when present. Aggressive therapy is prone 
to overcompensation resulting in wide glycemic variability, 
hypokalemia, and dangerously low serum osmolarity, which 
can generate cerebral edema, particularly in younger patients.

Management begins with resuscitation. Hypotensive 
patients receive boluses of isotonic crystalloid until blood 
pressure improves; and it is critical to continue resuscitation 
until anion gap closure occurs. It is important to recognize 
that these patients demonstrate an osmotic diuresis from 
their hyperglycemia, so urine output does not correlate with 
volume status. A corrected serum sodium is then calculated 
using the formula:

Corrected Na measured Na x blood glucose+ = ++ ( )[ ]1 6 100 100. /-

Patients with elevated corrected serum sodium receive 
0.45% NS maintenance fluid. Those with low corrected 
serum sodium receive 0.9% NS.

The traditional insulin infusion protocol is also modified 
for patients with DKA and HHS to better mitigate the risks 

associated specifically with these acid-base disturbances. An 
IV insulin bolus is not given at the inception of the insulin 
infusion. DKA and HHS patients already suffer from total 
body potassium depletion. Bolus doses of IV insulin could 
cause rapid migration of serum potassium into cells, putting 
patients at risk for cardiac arrhythmias in a hypokalemic sit-
uation where potassium repletion could prove challenging 
and prolonged.

The insulin infusion protocol is targeted to the rate of 
blood glucose correction rather than directly to blood glu-
cose normalization. The dosing adjustment calculation 
guides glycemic correction by no more than 50 mg/dL per 
hour until blood glucose is less than 300 mg/dL. In patients 
who are correcting at a rate greater than 50 mg/dL per hour, 
the insulin infusion is reduced by 25% even if their blood 
glucose remains above 300 mg/dL. To facilitate a smooth, 
safe, gradual glycemic correction, oral, enteral, and paren-
teral nutrition are held for the 12–24 h period required to 
resolve the acute metabolic disturbance.

To avoid rebound hypoglycemia, 5% dextrose is added to 
maintenance fluids once blood glucose is reduced to less 
than 300 mg/dL. Blood glucose is then maintained between 
200 and 300 mg/dL until fluid resuscitation has restored the 
anion gap to less than 12 in DKA patients or plasma osmolal-
ity is less than 315 in HHS patients. At that point, critically 
ill patients are transitioned to a standard insulin infusion pro-
tocol (Table 44.3), targeting a stable blood glucose between 
110 and 150 mg/dL. Stable patients may be transitioned to 
subcutaneous insulin (Table 44.4).

A substantial reduction in the prevalence of hypoglyce-
mia and glycemic variability has been observed by targeting 
a conservative rate of glycemic correction [22]. Though 
mean blood glucose levels are higher under this protocol, 
this strategy resulted in consistently shorter hospital and ICU 
lengths of stay in both DKA and HHS populations.

 Hypoglycemia

The largest clinical trials of glycemic control have demon-
strated an incidence of severe hypoglycemia ranging from 5 
to 18% [2]. Some of the risk factors for severe hypoglycemia 
are patient-specific, such as severity of illness, pressor require-
ment, female gender, renal failure, and dialysis. But other 
risks can be mitigated, particularly those associated with dis-
ruption of caloric intake. Interruption of oral intake, tube feed-
ing, or parenteral nutrition requires alternative carbohydrate 
supplementation, reduced insulin administration, or both. It is 
important to understand the onset of action and duration of 
effect for all types of insulin and antihyperglycemic medica-
tions prescribed in the ICU setting where nutritional disrup-
tion cannot always be anticipated. Even brief deprivation of 
nutritional support can rapidly deplete glycogen stores in the 
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context of the hypermetabolic demand often present in critical 
illness. Severe and refractory hypoglycemia may then result 
from any disruption in gluconeogenesis (e.g., shock, liver 
injury) or bioaccumulation of insulin (e.g., renal compro-
mise). The simple but counterintuitive strategy to mitigate this 
complication is to provide a continuous source of dextrose, 
which may reduce the drive for gluconeogenesis and the risk 
for hypoglycemia. When enteral or parenteral nutrition is not 
feasible, then add dextrose to maintenance infusions.

Treatment of hypoglycemia should seek to rapidly resolve 
patient symptoms and restore euglycemia while avoiding 
rebound hyperglycemia. Wide ranges of glucose variance 
have been associated with poor outcomes [23]; though as 
with many aspects of acute glycemic control, it is unclear if 
this observation is more of a correlation with severity of ill-
ness or if it has a contributory role.

Blood glucose will increase by approximately 4 mg/dL 
for each gram of dextrose administered acutely for hypogly-
cemia [24]. Each milliliter of D50W has 0.5 g of dextrose, so 
each mL of D50W will increase blood glucose by a median of 
2 mg/dL. Use these estimates to calculate doses of D50W to 
be administered to rescue patients from hypoglycemia.

100 2
50

mg dL blood glucose in mg dL volume in mL of D W

to be adm

/ / /-( ) =

iinistered

Burn patients, as well as those with diabetes, tend to have 
a higher blood glucose response to bolus dextrose, while 
patients with a history of recurrent hypoglycemic episodes 
typically have responses less than 4 mg/dL per gram of dex-
trose [24]. The generalized response of giving “one amp” of 
D50W provides 25 g of dextrose which is capable of raising 
blood glucose by as much as 100 mg/dL, resulting in 
hyperglycemia.

Blood glucose is monitored every 15 min until symptoms 
have resolved in responsive patients and every 30 min until 
it has remained >70 mg/dL for two consecutive measure-
ments without further intervention. Basal, nutritional, and 
correctional insulin orders are discontinued, while the strat-
egy for glycemic control is reassessed.

 Conclusion

Glycemic control in the ICU continues to evolve, making it 
essential that critical care providers consistently incorporate 
updated research into their management strategies. There is 
already evidence emerging that absolute blood glucose val-
ues do not correlate with benefit and harm when a general-
ized population of critically ill patients are broken into more 
specific subgroups based on pre-morbid glycemic control. 
Peak glucose concentrations during critical illness correlate 
with mortality risk in patients with admission A1C levels 

<7% but not in those with levels ≥7%. This suggests that 
patients with hyperglycemia at baseline benefit from higher 
levels of stress hyperglycemia than nondiabetics or those 
with good baseline glucose control [25]. Some emerging 
research also suggests that baseline blood glucose levels may 
account for inter-study variability and that greater personal-
ization of blood glucose targets relative to this patient- 
specific baseline may prove beneficial. One expert proposes 
a modified target glucose of 160–220 mg/dL (8.8–
12.2 mmol/L) for patients with admission HbA1C greater 
than 7 [26]. Another proposes 180–260 mg/dL [27], and still 
a third proposes a target of 30–40 mg/dL greater than the 
estimated average glucose, calculated by the formula 28.7 × 
HbA1C – 46.7 [28]. None of these proposals are currently 
widely accepted.

Conflicting results in authoritative studies and rescinded 
recommendations from professional societies indicate that 
more research is required for glycemic control in the ICU. It 
appears that its future will likely focus on patient-specific 
targets that balance individual risks and benefits of observa-
tion versus intervention in a variety of clinical scenarios.

References

 1. Badawi O, Waite MD, Fuhrman SA, Zuckerman IH. Association 
between intensive care unit-acquired dysglycemia and in- hospital 
mortality. Crit Care Med. 2012;40(12):3180–8. https://doi.
org/10.1097/CCM.0b013e3182656ae5.

 2. Jacobi J, Bircher N, Krinsley J, Agus M, Braithwaite SS, 
Deutschman C, et al. Guidelines for the use of an insulin infusion 
for the management of hyperglycemia in critically ill patients. 
Crit Care Med. 2012;40(12):3251–76. https://doi.org/10.1097/
CCM.0b013e3182653269.

 3. van den Berghe G, Wouters P, Weekers F, Verwaest C, Bruyninckx 
F, Schetz M, et al. Intensive insulin therapy in critically ill patients. 
N Engl J Med. 2001;345(19):1359–67. https://doi.org/10.1056/
NEJMoa011300.

 4. American Diabetes Association. Standards of medical care in dia-
betes--2008. Diabetes Care. 2008;31(Suppl 1):S12–54. https://doi.
org/10.2337/dc08-S012.

 5. Investigators N-SS, Finfer S, Chittock DR, Su SY, Blair D, Foster 
D, et al. Intensive versus conventional glucose control in critically 
ill patients. N Engl J Med. 2009;360(13):1283–97. https://doi.
org/10.1056/NEJMoa0810625.

 6. Dungan KM, Braithwaite SS, Preiser JC. Stress hyperglycae-
mia. Lancet. 2009;373(9677):1798–807. https://doi.org/10.1016/
S0140-6736(09)60553-5.

 7. Marik PE, Bellomo R. Stress hyperglycemia: an essential sur-
vival response! Crit Care Med. 2013;41(6):e93–4. https://doi.
org/10.1097/CCM.0b013e318283d124.

 8. Van den Berghe G, Wilmer A, Hermans G, Meersseman W, 
Wouters PJ, Milants I, et al. Intensive insulin therapy in the medical 
ICU. N Engl J Med. 2006;354(5):449–61. https://doi.org/10.1056/
NEJMoa052521.

 9. Griesdale DE, de Souza RJ, van Dam RM, Heyland DK, Cook DJ, 
Malhotra A, et al. Intensive insulin therapy and mortality among 
critically ill patients: a meta-analysis including NICE-SUGAR 
study data. CMAJ. 2009;180(8):821–7. https://doi.org/10.1503/
cmaj.090206.

44 Glycemic Control in Critically Ill Surgical Patients

https://doi.org/10.1097/CCM.0b013e3182656ae5
https://doi.org/10.1097/CCM.0b013e3182656ae5
https://doi.org/10.1097/CCM.0b013e3182653269
https://doi.org/10.1097/CCM.0b013e3182653269
https://doi.org/10.1056/NEJMoa011300
https://doi.org/10.1056/NEJMoa011300
https://doi.org/10.2337/dc08-S012
https://doi.org/10.2337/dc08-S012
https://doi.org/10.1056/NEJMoa0810625
https://doi.org/10.1056/NEJMoa0810625
https://doi.org/10.1016/S0140-6736(09)60553-5
https://doi.org/10.1016/S0140-6736(09)60553-5
https://doi.org/10.1097/CCM.0b013e318283d124
https://doi.org/10.1097/CCM.0b013e318283d124
https://doi.org/10.1056/NEJMoa052521
https://doi.org/10.1056/NEJMoa052521
https://doi.org/10.1503/cmaj.090206
https://doi.org/10.1503/cmaj.090206


450

 10. Furnary AP, Gao G, Grunkemeier GL, Wu Y, Zerr KJ, Bookin SO, 
et al. Continuous insulin infusion reduces mortality in patients 
with diabetes undergoing coronary artery bypass grafting. J Thorac 
Cardiovasc Surg. 2003;125(5):1007–21. https://doi.org/10.1067/
mtc.2003.181.

 11. Ouattara A, Lecomte P, Le Manach Y, Landi M, Jacqueminet S, 
Platonov I, et al. Poor intraoperative blood glucose control is asso-
ciated with a worsened hospital outcome after cardiac surgery in 
diabetic patients. Anesthesiology. 2005;103(4):687–94.

 12. Marik PE, Preiser JC. Toward understanding tight glycemic con-
trol in the ICU: a systematic review and metaanalysis. Chest. 
2010;137(3):544–51. https://doi.org/10.1378/chest.09-1737.

 13. Hoedemaekers CW, Klein Gunnewiek JM, Prinsen MA, 
Willems JL, Van der Hoeven JG. Accuracy of bedside glucose 
measurement from three glucometers in critically ill patients. 
Crit Care Med. 2008;36(11):3062–6. https://doi.org/10.1097/
CCM.0b013e318186ffe6.

 14. Food and Drug Aministration U.S. Department of health and 
human services, blood glucose monitoring test systems for prescip-
tion point-of-care use, Guidance for Industry and Food and Drug 
Administration Staff. Rockville; 2016.

 15. Food and Drug Administration. FDA clears glucose monitoring 
system for use in hospital critical care units. 2014. https://way-
back.archive-it.org/7993/2016022101309/fda.gov/NewsEvents/
Newsroom/PressAnnouncements/ucm416144.htm . Accessed 04 
Nov 2017.

 16. Breuker C, Abraham O, di Trapanie L, Mura T, Macioce V, 
Boegner C, Jalabert A, Villiet M, Castet-Nicolas A, Avignon A, 
Sultan A. Patients with diabetes are at high risk of serious medi-
cation errors at hospital: interest of clinical pharmacist interven-
tion to improve healthcare. Eur J Intern Med. 2016. doi:https://doi.
org/10.1016/j.ejim.2016.12.003.

 17. (ISMP). IfSMP (Accessed January 13, 2017.) ISMP list of high- 
alert medications in acute care settings. Available at http://www.
ismporg/Tools/highalertmedicationspdf.

 18. Clement S, Braithwaite SS, Magee MF, Ahmann A, Smith EP, 
Schafer RG, et al. Management of diabetes and hyperglycemia in 
hospitals. Diabetes Care. 2004;27(2):553–91.

 19. Bodmer M, Meier C, Krahenbuhl S, Jick SS, Meier CR. Metformin, 
sulfonylureas, or other antidiabetes drugs and the risk of lactic 
 acidosis or hypoglycemia: a nested case-control analysis. Diabetes 
Care. 2008;31(11):2086–91. https://doi.org/10.2337/dc08-1171.

 20. Salpeter SR, Greyber E, Pasternak GA, Salpeter EE. Risk of fatal 
and nonfatal lactic acidosis with metformin use in type 2 diabetes 
mellitus. Cochrane Database Syst Rev. 2010;4:CD002967. https://
doi.org/10.1002/14651858.CD002967.pub4.

 21. Eppenga WL, Lalmohamed A, Geerts AF, Derijks HJ, Wensing M, 
Egberts A, et al. Risk of lactic acidosis or elevated lactate concen-
trations in metformin users with renal impairment: a population- 
based cohort study. Diabetes Care. 2014;37(8):2218–24. https://
doi.org/10.2337/dc13-3023.

 22. Firestone RL, Pandya PK, Parker PL, Duby JJ. Effect of a conserva-
tive correction DKA protocol on clinical outcomes in hospitalized 
patients. Crit Care Med. 2013;41(12):A16.

 23. Krinsley JS. Glycemic variability: a strong independent predictor of 
mortality in critically ill patients. Crit Care Med. 2008;36(11):3008–
13. https://doi.org/10.1097/CCM.0b013e31818b38d2.

 24. Murthy MS, Duby JJ, Parker PL, Durbin-Johnson BP, Roach 
DM, Louie EL. Blood glucose response to rescue dextrose 
in hypoglycemic, critically ill patients receiving an insulin 
infusion. Ann Pharmacother. 2015;49(8):892–6. https://doi.
org/10.1177/1060028015585574.

 25. Plummer MP, Bellomo R, Cousins CE, Annink CE, Sundararajan K, 
Reddi BA, et al. Dysglycaemia in the critically ill and the interaction 
of chronic and acute glycaemia with mortality. Intensive Care Med. 
2014;40(7):973–80. https://doi.org/10.1007/s00134-014-3287-7.

 26. Marik PE, Egi M. Treatment thresholds for hyperglycemia in criti-
cally ill patients with and without diabetes. Intensive Care Med. 
2014;40(7):1049–51. https://doi.org/10.1007/s00134-014-3344-2.

 27. Krinsley JS, Schultz MJ, Spronk PE, Harmsen RE, van Braam 
Houckgeest F, van der Sluijs JP, et al. Mild hypoglycemia is inde-
pendently associated with increased mortality in the critically ill. 
Crit Care. 2011;15(4):R173. https://doi.org/10.1186/cc10322.

 28. Nathan DM, Kuenen J, Borg R, Zheng H, Schoenfeld D, Heine 
RJ, et al. Translating the A1C assay into estimated average glucose 
values. Diabetes Care. 2008;31(8):1473–8. https://doi.org/10.2337/
dc08-0545.

B. C. Beldowicz et al.

https://doi.org/10.1067/mtc.2003.181
https://doi.org/10.1067/mtc.2003.181
https://doi.org/10.1378/chest.09-1737
https://doi.org/10.1097/CCM.0b013e318186ffe6
https://doi.org/10.1097/CCM.0b013e318186ffe6
https://wayback.archive-it.org/7993/2016022101309/fda.gov/NewsEvents/Newsroom/PressAnnouncements/ucm416144.htm
https://wayback.archive-it.org/7993/2016022101309/fda.gov/NewsEvents/Newsroom/PressAnnouncements/ucm416144.htm
https://wayback.archive-it.org/7993/2016022101309/fda.gov/NewsEvents/Newsroom/PressAnnouncements/ucm416144.htm
https://doi.org/10.1016/j.ejim.2016.12.003
https://doi.org/10.1016/j.ejim.2016.12.003
http://www.ismporg/Tools/highalertmedicationspdf
http://www.ismporg/Tools/highalertmedicationspdf
https://doi.org/10.2337/dc08-1171
https://doi.org/10.1002/14651858.CD002967.pub4
https://doi.org/10.1002/14651858.CD002967.pub4
https://doi.org/10.2337/dc13-3023
https://doi.org/10.2337/dc13-3023
https://doi.org/10.1097/CCM.0b013e31818b38d2
https://doi.org/10.1177/1060028015585574
https://doi.org/10.1177/1060028015585574
https://doi.org/10.1007/s00134-014-3287-7
https://doi.org/10.1007/s00134-014-3344-2
https://doi.org/10.1186/cc10322
https://doi.org/10.2337/dc08-0545
https://doi.org/10.2337/dc08-0545


451© Springer International Publishing AG, part of Springer Nature 2018
A. Salim et al. (eds.), Surgical Critical Care Therapy, https://doi.org/10.1007/978-3-319-71712-8_45

Adrenal Insufficiency

Ellie Cohen and Walter L. Biffl

 Introduction

Adrenal insufficiency during critical illness was first 
described by Hans Selye in 1949, in which he described a 
stress response that occurs when an event threatens an organ-
ism’s well-being [1]. Since that time, adrenal insufficiency 
has been well recognized outside of the critical care setting 
and is defined as a failing in cortisol production resulting in 
low baseline cortisol levels, with no response to the ACTH 
stimulation test. More recently it has been recognized that a 
transient state of relative adrenal insufficiency occurs in 
patients within the critical care setting. The reported evi-
dence of this critical illness corticosteroid insufficiency 
(CIRC) in critically ill patients varies widely (0–77%), 
depending on the population of patients studied and the diag-
nostic criteria. In addition, the underlying mechanism sur-
rounding the disorder remains poorly understood.

 What Is Adrenal Insufficiency?

The hypothalamic-pituitary-adrenal (HPA) axis and sympa-
thoadrenal system are functionally related, with both playing 
an important role during times of stress.

The sympathoadrenal system is a physiological connec-
tion between the sympathetic nervous system and the adrenal 
medulla. It activates the secretion of epinephrine and norepi-
nephrine from the adrenal medulla and increases the produc-
tion of inflammatory cytokines, such as interleukin (IL)-6.

Activation of the HPA axis results in increased secretion 
from the paraventricular nucleus of the hypothalamus, 
releasing corticotropin-releasing hormone (CRH). CRH 
stimulates the release of ACTH by the anterior pituitary, 
causing the adrenal cortex to produce glucocorticoids.

In humans cortisol is the major endogenous glucocorticoid 
secreted by the adrenal cortex. More than 90% of cortisol is 
bound to corticosteroid-binding globulin, and to a lesser 
extent albumin, with <10% free in the biologically active 
form. It exerts its effects after uptake from circulation by 
binding to intracellular glucocorticoid receptors (GR), which 
then causes the activation of a steroid-receptor complex that 
moves intracellularly to the nucleus and binds to homodimer 
DNA sequences called glucocorticoid response elements. 
These response elements are found located in the promoter 
region of thousands of genes, causing a broad range of effects 
on transcription, which results in multiple effects aimed at 
restoring homeostasis during times of stress. It has been esti-
mated that 20% of the genome of mononuclear blood cells is 
affected by the activation of glucocorticoid.

Metabolically, cortisol increases the blood glucose con-
centrations through the activation of key enzymes involved 
in hepatic gluconeogenesis as well as inhibits the uptake of 
glucose into peripheral tissues, such as skeletal muscle. 
Lipolysis is also activated in adipose tissue, resulting in a 
release of free fatty acids into the circulation. It also displays 
a permissive effect on other hormones, such as catechol-
amines and glucagon.

It increases blood pressure through several mechanisms 
involving the kidney and vasculature. By acting directly on 
vascular smooth muscle, it increases sensitivity to vasopres-
sor agents like catecholamine and angiotensin II. It does this 
by increasing transcription and expression of receptors for 
these hormones. It also acts on nitric oxide synthase, an 
enzyme that increases production of nitric oxide (NO), which 
helps modulate vascular tone.

Cortisol has multiple anti-inflammatory effects, such as a 
decreased production of cytokines, chemokines, and eico-
sanoids. It also enhances the function of various immune 
cells at sites of inflammation by increasing production of 
macrophage migratory inhibitory function.

Because of these effects and others, cortisol is essential 
for our adaption during times of stress, with a pronounced 
and sustained activation of the HPA axis being vital. It has 
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been demonstrated in animal models that those that have 
their adrenal glands removed succumb rapidly to hemor-
rhagic or septic shock. Likewise, patients with a prior history 
of adrenal insufficiency are also at increased risk of develop-
ing an Addisonian crisis—a life-threatening condition that 
causes a constellation of symptoms such as severe back pain, 
abdominal pain, vomiting/diarrhea leading to dehydration, 
and low blood pressure.

A transient or relative adrenal insufficiency, characterized 
by an inappropriate cortisol response during times of stress, 
is recognized in the critical care setting and may relate to 
morbidity and mortality, particularly in sepsis.

 Clinical Scenarios

Overall prevalence of CIRC in critically ill patients remains 
controversial, with studies citing a prevalence of 10–20% in 
the general population, with a rate as high as 60% for those 
diagnosed with septic shock.

Some patients develop this insufficiency through struc-
tural damage to the adrenal gland, such as from hemorrhage 
or infarction, with hemorrhage being seen in cases of blunt 
trauma, resulting, after major surgery, in disseminated intra-
vascular coagulopathy, associated with sepsis, major burns, 
HIT syndrome, antiphospholipid syndrome, HIV infection, 
disseminated fungal infections, or TB.

Medications can also affect adrenal function, with etomi-
date being a well-known suppressor of cortisol production, 
even following a single dose. Other common drugs seen in 
the ICU include anticoagulants, phenobarbital, phenytoin, 
rifampin, opioids, chlorpromazine, and imipramine. 
Exogenous glucocorticoid administration is well known to 
cause a long-term adrenal suppression, creating a secondary 
adrenal insufficiency.

Tissue cortisol resistance is also well known to manifest 
in chronic inflammatory diseases, such as COPD, severe 
asthma, lupus, ulcerative colitis, and rheumatoid arthritis.

Finally it is something that one should suspect in all 
patients with unexplained hypovolemia or catecholamine- 
resistant hypotension.

 How Is the Diagnosis Made?

Although the mechanisms leading to CIRC are poorly under-
stood, it is generally well accepted that it involves an impaired 
production of CRH, ACTH, or cortisol. Individuals with this 
impaired production often become critically ill with illnesses 
that would otherwise be minor and are unlikely to improve 
without administration of steroids. It can be very difficult to 
diagnose, since its clinical features are similar to those of 
severe illness, and there are variable changes that can occur in 

the HPA axis during the course of an illness. If unrecognized, 
corticosteroid insufficiency can be life- threatening. Even 
with the early diagnosis and institution of therapy, patients 
have a higher mortality, decreased quality of life, and 
increased risk of developing an adrenal crisis [2–5].

The gold standard stimulation test is the insulin tolerance 
test (ITT), which assesses the integrity of the HPA axis. 
However it is limited in its use in the ICU and is not recom-
mended for use on patients with ischemic heart disease, epi-
lepsy, or severe cortisol deficiency. In normal subjects, peak 
plasma cortisol exceeds 18  μg/dL.  However, the cortisol 
response to hypoglycemia can be reliably predicted by the 
ACTH stimulation test—a safer, quicker, and less-expensive 
study.

Diagnosis is generally made on either a random serum 
cortisol level or through a short ACTH challenge or (in the 
specific case of septic shock) the incremental change seen in 
cortisol levels in response to an ACTH test. This latter test 
evaluates the cortisol response to acute ACTH stimulation 
with either a 250-μg dose (high or standard dose) or a 1-μg 
dose (low dose) [6, 7], with both tests having similar diag-
nostic accuracy for primary or secondary adrenal insuffi-
ciency [8]. Both tests are adequate to rule in, but not rule out 
secondary adrenal insufficiency. The IV administration of 
ACTH is used in the initial assessment of adrenal insuffi-
ciency, with the short synacthen test, making it easy to assess 
adrenal reserves. Baseline cortisol function tests are obtained 
before and 30 or 60 min after administration of 250-μg syn-
acthen is administered, with the highest value being utilized 
to calculate the delta. As the poststimulation value is used for 
diagnostic purposes in this test, the effects of the circadian 
rhythm are negated, and this test may be performed at any 
time throughout the day [9].

Synthetic glucocorticoids such as prednisolone and meth-
ylprednisolone cross-react significantly in most cortisol 
assays, while prednisone cross-reacts to a smaller extent, but 
is converted to prednisolone in vivo [10]. Cortisol precursors 
and cortisol metabolites cross-react in some assays, but do 
not generally present a problem in clinical use.

Increased cortisol-binding globulin and total cortisol con-
centrations are associated with estrogen use, and low serum 
albumin concentrations, such as those commonly found in 
the ICU setting or with hepatic or renal failure, which may 
lead to misleading reduced total serum cortisol concentra-
tions despite normal biologically active free cortisol concen-
trations [9], with the dissociation between free and 
protein-bound states being the most significant in patients 
with hypoalbuminemia <2.5.

In addition, random basal serum cortisol levels are of lim-
ited value of assessment of HPA axis reserve, and they fol-
low diurnal variation, with higher concentrations seen in the 
early morning.
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The interpretation of these tests is difficult, and the final 
decision regarding treatment is based on clinical context. 
There are no current tests in place to measure tissue gluco-
corticoid resistance or determine the circulating cortisol 
level needed to overcome tissue resistance. Where there is 
uncertainty, empiric glucocorticoid replacement is usually 
indicated.

The biochemical diagnosis is another approach to con-
sider. Although it can be straightforward in an outpatient 
setting, it often becomes much more difficult in the critical 
care unit. In established primary hypoadrenalism, hypona-
tremia is present in 90% of cases and hyperkalemia in 65%. 
Hyperkalemia occurs due to an aldosterone deficiency and 
is therefore usually absent in secondary hypoadrenalism. 
Hyponatremia may be depletional in Addisonian crisis, but 
elevated vasopressin levels can cause dilutional hyponatre-
mia in secondary adrenal insufficiency as well. Usually, 
free thyroxine concentrations are low or normal, but TSH 
values are frequently elevated. This is a direct effect of glu-
cocorticoid deficiency and reverses with glucocorticoid 
replacement. Thyroxine levels may also be low in second-
ary hypoadrenalism. Thyroid hormone administration 
without glucocorticoids in these situations can precipitate 
adrenal insufficiency and should be avoided. Eosinophilia 
may be seen and can occasionally alert a clinician to the 
diagnosis.

 Treatment

The benefit of moderate-dose steroids (200–300 mg/day) 
in divided doses has been evaluated for patients in septic 
shock in randomized control studies [1]. These have shown 
a more rapid reversal of shock but no decrease in mortality. 
It is currently recommended that in states of shock with 
suspected CIRC, IV doses should be given as 50 mg every 
6 h or 100 mg every 8 h. Clinical improvement, especially 
in blood pressure, should be evident within 6 h if the diag-
nosis is correct. Mineralocorticoid replacement is gener-
ally not required during high-dose hydrocortisone therapy, 
but should be considered in patients with adrenal disease, 
when daily hydrocortisone doses drop below 50  mg per 
day.

In patients with ARDS, the dosing regimen may be either 
1 mg/kg/day methylprednisolone as a continuous infusion 
or a low-dose regimen as described above. Low-dose ste-
roids utilized in the early stages of ARDS may improve 
hypoxemia and reduce the period of mechanical ventilation 
and number of ICU days, but it has not been shown to reduce 
mortality [11]. On the other hand, there are studies that 
show improvement on short-term mortality if a low-dose 

steroid administration has started within 14 days of diagno-
sis [12, 13].

Some complications that can occur with the utilization of 
steroids during treatment should be kept in mind. These 
include GI bleeding, hyperglycemia, other major organ fail-
ures (kidney, heart, and liver), arrhythmia, pneumothorax, 
and psychiatric disorders.

 Summary

Adrenal insufficiency occurs in critical illness and is associ-
ated with morbidity and mortality. Diagnosis is made on 
either a random serum cortisol level or through a ACTH 
stimulation test. Early diagnosis and treatment with cortico-
steroids are keys to optimizing outcomes.
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Thyroid Hormone Abnormalities

James M. Bardes and Elizabeth Benjamin

 Thyroid Hormone

 Function

Thyroid hormone is a permissive hormone with action 
through the body. Secreted primarily as T4, thyroid hormone 
is bound to thyroid-binding globulin (TBG) while in circula-
tion. T4 is converted to its active form of T3 in the liver and 
in the peripheral tissues. When T3 enters a cell it binds to 
chromatin-bound nuclear receptors called thyroid hormone 
response elements. Active T3 has many effects on metabo-
lism, including influence on the basal metabolic rate and 
metabolism of proteins and carbohydrates.

 Regulation

Thyroid hormone synthesis and secretion is regulated by a 
negative feedback system. Decreased thyroid hormone 
stimulates the hypothalamus to secrete thyroid-releasing 
hormone (TRH). This stimulates the release of thyroid-
stimulating hormone (TSH) by the anterior pituitary. Once 
secreted, TSH acts on the thyroid gland to induce synthesis 
of thyroid hormone. The thyroid gland then secretes thy-
roid hormone into circulation in the form of T4, or thyrox-
ine. Once in circulation T4 is converted to T3, which 
provides negative feedback to the hypothalamus.

 Measurement

In a non-critically ill patient, the preferred initial thyroid test 
is to measure serum TSH levels. High TSH levels indicate 
the thyroid gland is not producing enough thyroid hormone 

and represents hypothyroidism. A low TSH level indicates 
the thyroid gland is producing too much thyroid hormone 
and the patient is hyperthyroid. Most laboratories will per-
form reflex T4 or free T4 testing after an abnormal TSH level 
has been determined. Elevated TSH levels with low T4 point 
to the thyroid gland as the cause of hypothyroidism. A low 
TSH with low T4 indicates hypothyroidism due to the pitu-
itary gland. A low TSH with high T4 indicates hyperthyroid-
ism originating at the thyroid gland itself.

Additional testing for thyroid antibodies can be performed 
for patients with evidence of hyperthyroidism. Antibody 
tests for antithyroid peroxidases or anti-thyroglobulin in a 
hypothyroid patient are diagnostic for Hashimoto’s thyroid-
itis. Antibodies to the TSH receptor result in Graves’s dis-
ease and are often referred to as thyroid-stimulating 
immunoglobulin (TSI).

 Pharmacology

 Replacement

Thyroid hormone replacement is indicated to replace the 
function of a nonfunctioning gland and as suppression ther-
apy to prevent further progression of disease in the setting of 
thyroid cancer. Hypothyroidism is the most common cause 
for hormone replacement. Replacement is started based on 
weight, at a dose of 1.7 μg/kg/day. Older adults can be started 
safely at 1 μg/kg/day due to changes in their metabolism. 
Rarely are doses greater than 200 mcg/day required. Patients 
are advised to take thyroid replacement at the same time each 
morning, an hour before meals. If patients prefer to take 
replacement dosing in the evening, it should be more than 
3  h after the evening meal. Providers should consider this 
timing when ordering replacement in an ICU where continu-
ous tube feeds are common. Additionally thyroid hormone 
should not be administered within 4 h of certain medications 
and supplements, as they can have effects on serum levels 
(Fig. 46.1).
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The most common replacement is levothyroxine or T4. 
This will be converted peripherally into the active form T3; 
this conversion is not normally effected by thyroid disease. 
Additionally T4 has a much longer half-life, making it the 
preferred replacement hormone. There are synthetic T3 
replacements available. This form of replacement must be 
taken several times daily to maintain adequate thyroid hor-
mone levels due to its short half-life. This form of replace-
ment is not well tolerated; patients frequently complain of 
hyperthyroid-type symptoms immediately after ingestion 
due to spikes in this active form of the hormone. Lastly a 
combined T3 and T4 replacement is available. This is given 
once daily due to the presence of T4. The T3 in this combina-
tion drug will still cause some patients symptoms of hyper-
thyroidism immediately after ingestion. However, some 
patients report an overall decrease in hypothyroid symptoms 
when on either T3 replacement or combination regimens.

 Treatment of Hyperthyroidism

Medical treatment of hyperthyroidism can be directed at 
decreasing available thyroid hormone or against the thyroid 
gland itself. Two medications are primarily used to decrease 
the available thyroid hormone. Propylthiouracil (PTU) inhib-
its enzymes within the thyroid gland to decrease the produc-
tion of T4. This is done by inhibiting thyroperoxidase, which 
normally is responsible for adding iodine to tyrosine resi-
dues during the formation of T4. PTU additionally inhibits 
peripheral conversion of T4 to its active T3 form. In this 
manner PTU acts both centrally and peripherally to decrease 
available thyroid hormone. Side effects of PTU include 
agranulocytosis. This can present as infections of the skin or 
respiratory tract. Thrombocytopenia has also been reported 

with severe bleeding. Lastly and the most concerning is the 
rare case of fulminant hepatic failure. While these serious 
side effects are reported, they are rare; the majority of 
patients will tolerate PTU well.

Methimazole is another antithyroid medication. Similar 
to PTU, methimazole works centrally within the thyroid by 
inhibiting thyroperoxidase, decreasing available thyroid hor-
mone for secretion. Unlike PTU, there is no effect on periph-
eral thyroid hormone conversion by methimazole. 
Agranulocytosis is a serious side effect of methimazole as 
well. Patients and clinicians should be informed that it is also 
a potent inhibitor of the CY450 system. Plasma concentra-
tion of many other medications will be increased substan-
tially while taking methimazole, and dosing should be done 
with caution.

For patients that require long-term ablation of the thyroid 
gland itself, radioactive iodide (RAI), I-131, is used. The 
American Thyroid Association (ATA) recommends pretreat-
ing patients with antithyroid hormone medications and 
β-blockade prior, as the administration of RAI is known to 
increase serum thyroid hormone levels and could precipitate 
thyroid storm. Generally RAI is administered based on the 
size of the patient’s thyroid gland. Thyroid hormone levels 
are then checked 1–2 months after treatment and then seri-
ally until the patient becomes hypothyroid. At this time thy-
roid replacement therapy is initiated.

 Acute Infectious Thyroiditis

Normal thyroid gland is resistant to infection due to its high 
vascularity and high iodine concentrations. In rare cases the 
thyroid gland can become infected; in these cases acute 
infectious thyroiditis or suppurative thyroiditis can be a 

Fig. 46.1 Medications 
affecting thyroid replacement 
dosing
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 medical emergency. This condition is responsible for less 
than 1% of thyroiditis but can carry a mortality rate of up to 
12%. Common bacteria include Staphylococcus aureus and 
Streptococcus species. Other aerobic organisms including 
Klebsiella and H. influenza have also been reported and 
rarely a fungal infection. Most patients will also report a 
recent upper respiratory tract infection prior to developing 
thyroiditis.

Patients will present with acute onset fever, pain, ery-
thema, and swelling in the anterior neck. Dysphagia and 
voice changes are common. A leukocytosis will be present. 
Ultrasound examination will demonstrate swelling and 
edema of the thyroid and can assist with diagnosis. Treatment 
is primarily antimicrobials. Fine needle aspirate can be per-
formed to tailor antibiotic choices. Broad-spectrum antibiot-
ics should be selected to cover common organisms. Coverage 
for MRSA would rarely be indicated. Penicillins with beta- 
lactamase inhibitors are excellent first-choice antibiotics. 
Clindamycin or a macrolide can be considered in the case of 
penicillin allergy. If antibiotic therapy does not lead to 
improvements in symptoms, surgical drainage may be 
required. When performing surgical drainage, a lobectomy is 
performed.

 Hashimoto’s Thyroiditis

Also known as chronic lymphocytic thyroiditis, 
Hashimoto’s thyroiditis is an autoimmune destruction of 
the thyroid gland. With time this leads to symptoms of 
hypothyroidism and is a leading cause of hypothyroidism 
in the United States. It primarily affects women age 30–50. 
A family history of thyroid disease is common, and there 
appears to be a genetic component. The HLA-DR5 gene 
and CTLA-4 gene polymorphisms are associated with an 
increased risk of Hashimoto’s thyroiditis development. 
Pathology will demonstrate a lymphocytic infiltration into 
the thyroid gland.

Patients may present with goiter as an initial symptom 
or may present with chronic complaints related to 
decreased thyroid hormone levels. Laboratory analysis 
will show an elevated TSH, low thyroid hormone and free 
hormone levels, and antithyroid antibodies. Treatment is 
primarily based on symptoms of hypothyroidism. If 
patients are found to have elevated antibody levels but 
thyroid hormone levels are still normal, no treatment is 
indicated. When hormone levels decrease and patients 
become symptomatic, then levothyroxine should be 
started. Doses are adjusted every 6–8 weeks by following 
TSH levels. Once patients reach a steady state, then yearly 
TSH monitoring is sufficient.

 Graves’ Disease

Graves’ disease is an autoimmune disorder of the thyroid 
gland, commonly resulting in symptoms of hyperthyroidism. 
These signs and symptoms include irritability, tachycardia, 
heat intolerance, weight loss, and diarrhea. Graves’ ophthal-
mopathy is seen in more than 25% of patients and results in an 
exophthalmos or a bulging of the eyes. Pretibial myxedema is 
another sign of Graves’ disease and usually a late finding. It 
presents as a waxy discoloration of the skin overlying the shin.

The disorder results from antibodies to the TSH receptor 
present on the thyroid gland. These TSI antibodies cause the 
thyroid gland to overproduce thyroid hormone. Laboratory 
analysis shows elevated T3 and T4 levels and low TSH lev-
els. Testing for TSI will confirm the diagnosis.

Treatment for Graves’ disease is multifaceted. Initial 
treatment includes medications to reduce thyroid hormone 
synthesis and release. Methimazole and PTU are common 
treatments. Radioactive iodine-131 (I-131) is an additional 
treatment modality. As the thyroid gland is hyperstimulated 
to uptake iodine, it will absorb the majority of the radioactive 
I-131. Radioactive ablation is less commonly used due to its 
high rate of hypothyroidism requiring thyroid replacement 
after therapy. Ablation must be avoided in select patient pop-
ulations such as pregnant females and patients with prior 
radiation exposure. Lastly, surgical therapy can be applied to 
Graves’ disease. It is commonly used for young patients who 
are at prolonged risk of disease progression or recurrence. 
Additionally, it may be used in the setting of pregnancy to 
avoid antithyroid medication effects on the fetus. Lastly, sur-
gery is considered for compressive symptoms from a large 
goiter or glands with suspicious nodules.

 Sick Euthyroid Syndrome

Thyroid hormone levels remain challenging to assess among 
the hospitalized, particularly in those with critical non- 
thyroidal illness. Many of these patients will present with 
low levels of both T3 and T4 and TSH. This syndrome has 
classically been called the sick euthyroid syndrome or 
acquired transient central hypothyroidism. It is commonly 
associated with decrease in serum gonadotropin and sex hor-
mone levels and increased cortisol levels.

Patients can present with a variety of thyroid hormone 
level abnormalities. These abnormalities are often found 
incidentally during testing for other endocrinopathies or fre-
quently in the evaluation of cardiac arrhythmias. Low T3 is 
the most common finding and occurs within 24 h of critical 
illness. This decrease in T3 levels is a result of decreased 
conversion of T4 in the periphery. Thyroid hormone  receptors 

46 Thyroid Hormone Abnormalities



458

are also decreased. T4 levels can be elevated during the acute 
phase of severe illness but will become low as the duration or 
severity of illness increases. This decrease in T3 and T4 is 
partially due to a decrease in serum TSH leading to decreased 
production of thyroid hormone. Additionally, a decrease in 
thyroid hormone binding to serum proteins also occurs. This 
decrease in protein binding allows free levels of thyroid hor-
mone to remain close to normal, and patients will appear 
clinically euthyroid despite decreased hormone production.

 Management

Thyroid hormone replacement is not indicated or effective in 
patients with severe non-thyroidal illness and low T3 or T4 
levels. It has been suggested the decrease in thyroid hormone 
is protective as it prevents excess tissue catabolism in an 
already stressed patient. Studies of replacement in both burn 
patients and the critically ill have shown no improvements in 
mortality, metabolism, or outcomes. These findings were 
similar in studies of patients undergoing coronary artery 
bypass surgery who also had lower levels of T3. Recovery is 
variable post-critical illness. The vast majority of patients 
will return to normal thyroid function, although recovery 
may take several weeks, in some cases up to 6 months.

 Thyroid Storm

Thyroid storm is an acute and life-threatening clinical entity. 
It is a severe expression of hyperthyroidism. Its frequency in 
the surgical literature has varied from as low as 2% to as high 
as 10% of patients. Classically it was seen postoperatively in 
patients undergoing thyroid surgery, or after administration 
of RAI, but can also be seen in the critically ill. Better recog-
nition of the disease has led to a decreased incidence, due to 
preoperative preventative measures. By giving preoperative 
thyroid treatment to deplete the thyroid of available hor-
mone, and an increased prevalence of perioperative beta- 
blockers, the incidence of thyroid storm has declined 
significantly. Thyroid storm remains a rarely seen event in 
the modern intensive care unit. However, intensivists must 
maintain a high index of suspicion in patients with sudden 
decompensation and a history of thyroid disease. Currently it 
is most frequently seen in the setting of an infection, pneu-
monia and upper respiratory being the most common. Other 
ICU-related stressors such as trauma, diabetic ketoacidosis, 
and severe cardiac disease could all be precipitators. 
Providers should also be mindful when stopping antithyroi-
dal medications as this can precipitate thyroid storm as well. 
Rarely, it has been reported in patients receiving iodinated 
contrast when they have unrecognized or untreated thyroid 
disease.

 Clinical Presentation

The clinical presentation of thyroid storm is varied. The most 
common features are fever, tachycardia, and mental status 
changes. Fever can often range from 104° to 106  ° 
F. Additional symptoms can affect multiple organ systems. 
Neurologically these patients can exhibit a wide range of 
symptoms, from psychosis, to delirium and agitation, or even 
stupor or coma. These patients will often exhibit tremors as 
well. The gastrointestinal system commonly exhibits nausea 
and vomiting, diarrhea, and even organomegaly. Some series 
have also shown jaundice and hepatic failure. Cardiac com-
plications can be the most dangerous and are the most preva-
lent; more than 60% of patients will have cardiac 
complications. Patients with thyroid storm will exhibit 
tachyarrhythmias with heart rates exceeding 140 beats per 
minute, atrial fibrillation, and congestive heart failure. 
Complete cardiovascular collapse has been reported with a 
high mortality rate.

Physical exam can be nonspecific. Clinicians may iden-
tify typical findings of hyperthyroidism such as goiter, lid 
lag, exophthalmos in the settings of Graves’ disease, tremor, 
and skin that is warm and diaphoretic.

 Diagnosis

Diagnosis of thyroid storm remains primarily clinical. Lab 
abnormalities are common, but none are specific for thyroid 
storm. Patients will demonstrate elevated thyroid hormone 
levels, with serum T3 levels being greater than T4. TSH is 
typically low to undetectable.

Physicians should be cognizant of the possible multisys-
tem organ failure that can follow a thyroid storm. Additional 
laboratory measures to consider are liver function tests, cal-
cium levels, checking of hematocrit, and white blood cell 
count. As the condition is managed, consider ordering blood 
cultures and lactate levels to evaluate for a septic source as 
the precipitating agent. Brain natriuretic peptide and cardiac 
evaluation with EKG and echo may assist with ruling out 
cardiac disease as the inciting event or a complication of thy-
roid storm.

 Management

Management of this acute life-threatening condition is 
directed at supportive measures and treatment for the thyroid 
itself. Any patient with clinical concern for thyroid storm 
should be transferred to an ICU for appropriate management. 
Clinicians must identify the precipitating factor and provide 
treatment.
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To treat the thyroid itself, antithyroid drugs are first-line 
treatment in the management of thyroid storm. PTU and 
methimazole are both used in its treatment. PTU is preferred 
due to its better efficacy at large doses and effects on periph-
eral conversion of T4 to T3, but either may suffice. PTU can 
be started at 200 mg every 4 h, or if using methimazole, start 
at 20 mg every 6 h. One hour after patients are loaded with 
antithyroid medications, they should be given iodide medica-
tion to block the release of already formed thyroid hormone. 
Lugol’s solution is given 10 drops every 8 h until symptoms 
subside. Steroid administration, dexamethasone 2 mg intra-
venous (IV) every 6 h or hydrocortisone 100 mg every 8 h, is 
used as both a supportive and antithyroid treatment. Steroids 
prevent conversion of T4 to T3 in the periphery and manage 
any concomitant adrenal insufficiency. Lastly, consider the 
administration of cholestyramine, 4 g orally four times daily, 
to reduce enterohepatic circulation of thyroid hormone.

Supportive therapy is aimed at each patient’s symptoms. 
Many will require IV fluid resuscitation secondary to fluid 
losses from the hyperthermia. IV fluid resuscitation should 
be titrated to achieve a urine output of greater than 0.5 cc/
kg/h. Acetaminophen, other antipyretics, and cooling blan-
kets may also be needed to treat severe hyperthermia. 
Temperatures greater than 102.2 °F can be treated with cool-
ing blankets and ice packs to the axilla and groin. 
Hemodynamic support is commonly provided via β-blockade. 
Propranolol is an ideal choice to manage tachyarrhythmias in 
the setting of thyroid storm. Its β-blocking ability is aug-
mented by an inhibitory action on T4 to T3 conversion as 
well. Patients will often require 60–80 mg of oral proprano-
lol every 6  h for control of heart rate. Some patients may 
require IV esmolol for careful titration in the setting of acute 
heart failure. Esmolol is given with a loading dose of 250–
500 mcg/kg followed by an infusion starting at 50 mcg/kg/
min. Esmolol can be increased until a maximum of 300 mcg/
kg/min is achieved. If arrhythmias are present, consider the 
use of calcium channel blockers.

There are small reports using plasmapheresis to remove 
thyroid hormone during thyroid storm. Lithium has also 
been given to prevent the release of more thyroid hormone 
during acute thyroid storm. However, it cannot be recom-
mended for routine use, because the renal and neurotoxicity 
that accompany its administration limit its effectiveness.

Treatment is continued until there is clinical resolution of 
symptoms. Central nervous system symptoms will resolve, 
the patient will become normothermic without antipyretics, 
and cardiac manifestations will be resolved. At this time 
iodine therapy, Lugol’s solution, can be discontinued. Beta- 
blockers should continue until the patient’s thyroid function 
tests return to normal. PTU or methimazole can be titrated to 
maintain a euthyroid state with the assistance of 
endocrinology.

 Myxedema Coma

Myxedema coma is a complication of severe chronic hypo-
thyroidism. There is usually a precipitating stressor that 
induces this condition. Myxedema coma can be precipitated 
by cold exposure, infections such as pneumonia or UTI, 
trauma or surgery, and several common medications. 
Mortality rates are reported up to 60% for this rare 
condition.

 Clinical Presentation

Myxedema coma presents with hypothermia with cardiovas-
cular depression and altered mental status. Patients will 
report lethargy and weight gain over the preceding months as 
a consequence of their severe hypothyroidism. The patients 
experience cardiac effects due to the severe hypothermia; 
these include bradycardia and profound hypotension. This 
cardiac depression can be exacerbated by pleural or pericar-
dial effusions. The gastrointestinal tract will also become 
atonic presenting with an ileus. Lastly clinicians will note 
the effects of chronic hypothyroidism, including delayed 
reflexes, dry and rough skin, periorbital edema, and patchy 
hair loss.

 Diagnosis

Myxedema coma is a clinical diagnosis. Commonly these 
patients are unable to provide a detailed history; collateral 
history should be obtained from family and caregivers to 
demonstrate symptoms of chronic hypothyroidism.

Laboratory testing will reveal an elevated TSH and a low 
or undetectable T4 level. These labs may be indistinguish-
able from routine hypothyroidism. Additional laboratory 
abnormalities are common but not specific to myxedema 
coma. Providers should still evaluate for laboratory abnor-
malities to maximize supportive therapy; these include ane-
mia, hyponatremia, acidosis, and elevations in creatine 
kinase and lactate dehydrogenase. Up to 10% will demon-
strate adrenal insufficiency if cortisol levels are evaluated.

 Management

Severe thyroid disease resulting in myxedema coma requires 
admission to an ICU. Therapy for this condition is based on 
support for symptoms and supplemental thyroid hormone. 
Thyroid hormone replacement should begin with an IV load-
ing dose of 200–300 μg of T4. IV replacement is mandatory 
as many of these patients will present with an ileus. Daily 
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dosing of 50–100 μg follows this. If no improvement is seen 
within 12 h of the initial loading dose, a second load may be 
given. This rapid rise in thyroid hormone levels can precipi-
tate cardiac arrhythmias, so all of these patients should be on 
continuous telemetry monitoring. If arrhythmias do develop, 
they should be managed symptomatically.

Supportive therapy is initially targeted to hypothermia 
correction. Core temperatures have been reported as low as 
23 °C. For severe hypothermia, active warming of 0.5 °C per 
hour should be performed until the patient’s core tempera-
ture is above 31 °C. Above this, the patient should receive 
passive heating; do this by placing them in a warm room and 
minimizing heat loss with blankets. Hypothermia may cause 
cardiac arrhythmias requiring antiarrhythmic therapy. Severe 
hypotension is also common. Initial management should be 
with crystalloid resuscitation; fluid choice should consider 
the common hyponatremia seen in this condition. Patients 
that do not respond to IV fluids will require vasopressor sup-
port until T4 replacement begins to take effect. Due to the 
severe neurologic and cardiac dysfunction, many of these 
patients will require intubation and ventilator support during 
their treatment. Laboratory values may demonstrate hypo-
glycemia, which should be treated with dextrose infusion. 
Lastly consider treatment with hydrocortisone, 100 mg IV 
every 8 h for treatment of adrenal insufficiency.

Treatment continues until symptoms clinically resolve. 
They are then transitioned to oral thyroid replacement. This 
replacement can be titrated with the assistance of endocrinol-
ogy as an outpatient after the patient’s recovery.

 Thyroid Replacement in Potential Organ 
Donors

Thousands of Americans are currently awaiting life-saving 
organ donation. The majority will receive these organs from 
brain-dead donors. Unfortunately the process of brain death 
often causes a state of malperfusion to develop, severely 
damaging organs prior to transplantation. This process is a 
complex system affecting all organ systems with subsequent 
hemodynamic collapse. The cardiovascular collapse is 
caused by a shift toward anaerobic metabolism within the 
myocardium itself. Even with intensive vasopressor support, 
up to 25% of all available organ donors are lost. When evalu-
ated, these potential organ donors will demonstrate low lev-
els of circulating thyroid hormone, cortisol, and insulin. 
These hormone deficiencies have been targeted for interven-
tion to stabilize potential donors. Thyroid hormone replace-
ment to improve hemodynamics in the brain-dead donor has 

been trialed extensively. Finding an optimal regimen would 
potentially increase the available organ pool and potentially 
save lives.

Several studies and protocols have been presented in 
the literature. One reported regimen is the administration 
of 1 ampule of 50% dextrose, 2 g of methylprednisolone, 
20 U of insulin, and 20 μg of levothyroxine as a bolus fol-
lowed by a continuous infusion of levothyroxine at 10 μg/h 
(Fig. 46.2) [5]. This protocol has been reported to decrease 
the total vasopressor requirement and improve hemody-
namics for the brain-dead donor. As a result of thyroid hor-
mone replacement, some centers have shown increased 
organs donated. Unfortunately, some centers have not 
shown this same increase in organs. The literature is con-
founded by a wide variety of thyroid dosing with differ-
ences in steroid administration and as a result a wide range 
of efficacy. This wide range of published effect has tem-
pered enthusiasm for thyroid replacement in all potential 
donors. Additional work will need to be done to find the 
optimal regimen and demonstrate its true efficacy. For 
now, the use of a thyroid hormone replacement protocol 
should be considered for stabilization of brain-dead donors 
with high vasopressor requirements.
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Intravenous Fluids

Peter Rhee and Paul M. Evans

 Introduction

Surgical patients who are critically ill suffer all varieties of 
physiological insults, such as hemorrhagic, septic, cardio-
genic, and neurogenic shock. They often are in renal failure 
with the resulting fluid and electrolyte imbalance and often 
cannot tolerate enteral nutrition which also significantly 
impairs their ability to manage salts and fluids autogenously. 
Thus, it is the surgeon’s responsibility to control the patients’ 
fluids precisely. Thoughtful management of the intravenous 
fluids is a critical skill in the ICU, and it is incumbent on 
surgeons to know this topic thoroughly. We will briefly dis-
cuss the different fluid compartments within the human 
body, as well as their major constituents. Then, we will dis-
cuss the most common types of fluids encountered in the 
ICU, as well as briefly covering their historical origin. 
Finally, we will discuss their use in specific situations and 
the evidence for their use. Due to the complexity of blood 
transfusions, this topic will not be addressed in this 
chapter.

 Body Compartments and Constituents

In order to properly understand the effect of administration 
of intravenous fluids, it is important to have a solid under-
standing of water and electrolytes. Only for historic interest, 
the classic two-compartment model of the human body was 
first proposed by Adolf Magnus-Levy in 1906, who divided 
the body into the fat and lean tissue compartments [1]. More 
recently, a four-compartment model has been proposed, 
dividing the body into water, protein, bone ash, and fat [2] . 
Of these four compartments, water makes up the greatest 
proportion of the total body mass. However, the exact per-

centage varies based on an individual’s age, gender, and 
BMI. Total body water (TBW) is approximately 60% of the 
total weight of an average male, and 50% for females or 
those who are obese, given their relatively greater amount of 
adipose tissue.

TBW is then divided into intracellular fluid (ICF) and 
extracellular fluid (ECF). ICF is 66% of TBW and consists 
of all water found within cell membranes. ICF cations are 
predominantly potassium and magnesium, whereas the 
major anions are proteins, phosphate, bicarbonate, and sul-
fate. ECF, on the other hand, is 33% of TBW and consists of 
all water outside of a cell membrane. This includes both 
interstitial fluid (75% of ECF) and intravascular fluid (25% 
of ECF). With some minor differences in the absolute con-
centrations, both sub-compartments of the ECF have sodium 
as the predominant cation and chloride and bicarbonate as 
the major anions (Table 47.1).

Although body water is divided into the intravascular, 
intracellular, and interstitial spaces, as surgical intensivists 
we only have access to, and the ability to directly control, the 
intravascular space, and thus we only indirectly affect the 
other spaces. Although the intravascular space contains only 
8% of the total body water, it is the most important to under-
stand as it is directly related to perfusion of nutrients to 
tissues.

 Types of Intravenous Fluids

Intravenous fluids are drugs and should be given the same 
level of respect and understanding as any other intravenous 
medications. There is an optimal dose and it has toxicities 
associated with it and has a dose effect. Too frequently, fluids 
are given to a patient without much thought in regard to its 
pharmacology or any potential side effects. Current intrave-
nous fluids are by no means benign as it is not a naturally 
found substance in our blood. Because blood is so complex, 
the recognition that the current fluids are in no way represen-
tative of blood and its contents is vital. Excessive fluids have 
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been associated with dysfunction of almost every organ sys-
tem, including drowsiness and difficulty concentrating [3], 
worsening heart failure, precipitating myocardial infarction, 
pulmonary edema, ARDS [4–7], prolonged ileus [8–11], 
renal vasoconstriction and AKI [12], excessive bleeding 
from delusional coagulopathy as well as increased risk of 
DVT from hypercoagulability [13–16], neutrophil activation 
[17], and wound complications [11].

Currently intravenous fluids are broadly separated into 
crystalloids and colloids. Crystalloid fluids include normal 
saline (NS), lactated Ringer’s (LR), Ringer’s acetate (RA), 
Plasma-Lyte, Normosol, and hypertonic saline (HTS). 
Colloids are subdivided into human-derived and synthetic 
colloids. Human-derived colloids include albumin, which 
comes in 4%, 5%, 20%, and 25% formulations, and plasma 
protein fraction (PPF). Synthetic colloids come in essentially 
three varieties: hydroxyethyl starch (HES), gelatin, and 
dextran. We will now discuss each of these fluids in greater 
detail and their relative advantages and disadvantages.

 Crystalloids

Normal saline is one of the first crystalloids to come into 
existence and is still widely used in the ICU. However, its 
origins are somewhat obscure. In 1831, Irish physician 

William Brooke O’Shaughnessy first described his idea of 
giving patients suffering from cholera, salt-containing fluids. 
High volumes were required to treat the massive dehydration 
which resulted from cholera. Because of such severe total 
body water deficit, the high volumes of replacement were 
required which was often up to 10 liters of fluid. Later, when 
studying the concentration of salt water that did not cause 
erythrocytes to burst, Dutch chemist Hartog Jakob Hamburger 
erroneously concluded that 0.9% saline was the concentration 
of sodium chloride in the blood. Because this estimation was 
in error, the currently available and used normal saline (also 
known as physiologic saline) is by no means normal nor 
physiologic, with a concentration of 154 mEq/L of Na + and 
Cl- (Table 47.2), both well above their corresponding normal 
values in the blood [18]. Excessive use of NS can lead to a 
non-anion gap acidosis, renal arteriolar vasoconstriction and 
impaired ability to excrete salt loads, reduction in gastric 
blood flow, impairment of cardiac contractility, pulmonary 
inflammation, and activation of neutrophils [3]. Again, while 
large volumes of normal saline can be useful when there is a 
large deficit of water and salt, when in excess there are physi-
ologic consequences.

Lactated Ringer’s (LR) has also been widely used in the 
critical care setting for a long time. LR was originally devel-
oped by Sydney Ringer (Fig. 47.1) in 1885 while devising a 
fluid that would allow an isolated frog heart to continue beat-

67%

ICF ICF
K+, Mg++

TBW PO4---, HCO3-, SO4--
Protein

33% 75%
ECF Interstitial

Na+
Cl-, HCO3- 25% Intravascular

Table 47.1 Body compartments and constituents

Table 47.2 Composition of common intravenous fluids

Fluid Na+ Cl- K+ Ca2+ Mg2+ HCO3- source Other components mOsm
NS 154 154 308
LR 130 109 4 3 28 lactate 273
Plasma-Lyte
Normosol

140 98 5 3 27 acetate
23 gluconate

296

7.5% HTS 1283 1283 2567
5% albumin 145 145 50 g/L albumin 290
Hespan 154 154 60 g/L hetastarch 308
Hextend 130 109 4 3 28 lactate 60 g/L hetastarch 273
Voluven 154 154 60 g/L tetrastarch 308
D5½ NS + 20KCl 77 97 20 50 g/L dextrose 444
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ing longer in vitro. He found that few additional electrolytes 
and a buffering agent were useful. Then, in 1932, pediatri-
cian Alexis Hartmann modified this solution to include lac-
tate to assist in his treatment of infantile diarrhea. He chose 
lactate instead of bicarbonate as bicarbonate was thought to 
cause alkalosis too rapidly, while it took longer for lactate to 
be converted to bicarbonate by the liver. Thus, just like nor-
mal saline, LR was originally created for purposes well out 
of the scope of the surgical ICU. The difference between the 
surgical ICU and nonsurgical ICU is that due to trauma or 
surgery, the patients often have blood loss, and using crystal-
loids to replace blood loss is now recognized as being the 
source of iatrogenic injury. It has only been recently recog-
nized that large volumes of crystalloids will cause inflamma-
tion and injury as crystalloids do not resemble blood. Of 
note, the original LR formulation contained a racemic mix-
ture of the L(+) and D(−) lactate; however, only the L(+) 
enantiomer is produced by humans. This difference is clini-
cally significant as subsequent experiments determined that 
the D(−) enantiomer is more inflammatory than the L(+) 
enantiomer [19, 20]. Unfortunately, most LR formulations 
still contain the racemic mixture, and only one manufacturer 
(Baxter) makes LR with the L(+) enantiomer of lactate. Both 
NS and LR quickly leave the intravascular space. Studies 

have shown that less than 200 mL of a 1 L bolus remains in 
the intravascular compartment after a couple of hours [21].

Plasma-Lyte is a newer “balanced” crystalloid solutions 
sold by Baxter International and it has been heavily studied 
in various patient populations over the past 40  years. 
Normosol-R is a similar, cheaper alternative to Plasma-Lyte 
sold by Hospira. In comparison with LR, Plasma-Lyte has a 
lower chloride level, contains magnesium but no calcium, 
and uses acetate and gluconate as a buffer and bicarbonate 
source rather than lactate. Lactate is metabolized mostly by 
the liver, whereas acetate is rapidly metabolized by most 
cells in the human body, giving it at least a theoretical advan-
tage [22]. Unlike LR, Plasma-Lyte contains no calcium so it 
can be used for blood transfusions. Magnesium deficiency is 
common in the ICU, so Plasma-Lyte may be useful in 
decreasing its incidence although it should be used carefully 
in the setting of renal failure. Although there are no studies 
demonstrating a survival benefit with the use of Plasma-Lyte 
compared to other crystalloids, Plasma-Lyte does appear to 
have a lower rate of respiratory failure, cardiac complica-
tions, GI bleeding, infection, electrolyte abnormalities, and 
renal failure when compared to normal saline [23, 24]. When 
used in trauma resuscitations, use of Plasma-Lyte rather than 
NS results in a more rapid base deficit clearance, lower chlo-
ride levels, and slightly better overall urine output [25].

Hypertonic saline (HTS) is a general term that describes 
any formulation of salt water that contains sodium chloride 
at a concentration greater than 0.9%. The most commonly 
used formulations include 3%, 5%, 7.5%, and 23.4%. 
Although 7.5% has been the most heavily studied in 
resuscitation following hemorrhagic shock, this concentration 
is not FDA-approved and thus not commercially available in 
the USA. There are no manufacturers that are interested in 
incurring the costs of getting 7.5% solution through the FDA 
as the profit margin from a non-patentable product is thought 
to be none. Unlike NS or other isotonic crystalloids, HTS 
tends to draw additional fluid from the extravascular 
compartment into the intravascular space, requiring less 
overall volume to be given to achieve the same hemodynamic 
effect [26, 27]. In fact, HTS has been extensively studied in 
animal models of hemorrhagic shock. In such models, 1 L of 
NS was required to return to a BP of 120 mmHg, whereas 
only 182  mL of 5% HTS or 120  mL 7.5% to achieve the 
same result [28]. This showed how important sodium was in 
the treatment of acute hemorrhagic shock and not the volume. 
In acute blood loss setting, there is enough extravascular 
water in reserve to be drawn into the intravascular compart-
ment by the sodium.

These results attracted the interest of the military, who 
were interested in fluids that could be easily carried by 
medics and used for battlefield resuscitation of wounded 
bleeding soldiers. HTS was particularly attractive as it is 
stable at room temperature for many years, resistant to a 

Fig. 47.1 Sidney Ringer
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wide range of temperatures, and comes in much smaller 
volumes than isotonic crystalloids. Due to the high sodium 
concentration, it is also relatively sterile. This enthusiasm 
ultimately culminated in the Resuscitation Outcomes 
Consortium (ROC) trial, which was a randomized multicenter 
trial in both the USA and Canada, comparing the prehospital 
use of HTS, HTS with dextran, and NS in patients in 
hemorrhagic shock trauma or those who suffered traumatic 
brain injury. Unfortunately, this trial was stopped early for 
futility, as an interim analysis showed that the likelihood of 
achieving a statistically significant difference was low [29]. 
Interestingly, the hypertonic nature of these fluids also causes 
arterial vasodilation, cutaneous hyperemia, and a sensation 
of warmth soon after infusion [30]. Moreover, depending on 
the concentration, HTS can be irritating to peripheral veins 
sometimes causing discomfort to the infusion site. The 
numerous prospective randomized studies have always 
shown that in regard to complications from HTS, there was 
no higher rate of complications [31, 32].

 Human-Derived Colloids

Albumin is the mostly commonly used human-derived col-
loid in the ICU. Albumin is a 66.5kD protein that consists of 
50% of the total protein content found in human plasma but 
contributes 80% of the intravascular oncotic pressure. As a 
commercially available fluid, albumin is fractionated from 
blood and is then dissolved in salt water. It is available in 
concentrations of 4%, 5%, 20%, and 25%. Plasma protein 
fraction (PPF) is similar to albumin but simply has fewer 
purification steps than albumin and thus is of lower purity 
(>95% vs 88%). The main advantages of albumin over 
isotonic crystalloids include a smaller volume of fluid needed 
to achieve the same hemodynamic effect and a longer 
duration of effect, given that the oncotic pressure generated 
by albumin may help keep water in the intravascular space 
and is less inflammatory [33]. In earlier studies in primates, 
albumin has been shown to eventually lead out of the 
intravascular space and is thought to possibly be responsible 
for retaining water in the extravascular and intracellular 
space. However, there is a small risk of transmission of prion 
disease with albumin, and it is approximately 30 times more 
expensive than isotonic crystalloids [34].

A heated debate between camps supporting the use of 
albumin or crystalloids for resuscitation has been raging on 
for decades, unfortunately without any definitive conclusions. 
The SAFE (saline versus albumin fluid evaluation) trial, 
published in 2004, is frequently cited by both groups. The 
SAFE trial was a multicenter randomized trial carried out in 
Australia and New Zealand, looking at 7000 patients 
admitted to the ICU for a broad variety of reasons. It was 
designed to demonstrate the safety of albumin. These patients 

were randomized to either NS or 4% albumin for resuscitation, 
and no differences were seen between these two groups [35]. 
Subsequent meta-analyses of all published RCTs studying 
the use of albumin in critically ill patients reached the same 
conclusion [36–38]. The SAFE trial excluded cardiac surgery 
patients, where albumin is widely used. However, notably 
there is no evidence of benefit in using albumin in this patient 
population either [12]. Thus, one can conclude either that 
there is no benefit to albumin compared with crystalloids and 
therefore given its expense it should be avoided or that there 
is no evidence of harm in using albumin instead of crystalloid 
and the choice of fluid should be left up to the individual 
practitioner.

 Synthetic Colloids

Synthetic colloids are not derived from human blood, so they 
are much cheaper to produce and are much more widely 
available. They are stable at room temperature for long 
periods of time, and at least theoretically, synthetic colloids 
remain in the vascular space longer than crystalloids as they 
are unable to cross the capillary barrier [39, 40]. These 
putative benefits originally generated much enthusiasm for 
their use as a plasma expander, particularly in austere and 
military settings. Synthetic colloids available can be divided 
into three subgroups: gelatins, dextrans, and hydroxyethyl 
starches (HES).

Gelatin is derived from animal collagen and is chemically 
modified either via urea linkage (polygeline), succinylation 
(gelofusine, plasmagel, plasmion), or glyoxal and hydrogen 
peroxide (oxypolyn, gelifundol). Although the US 
government heavily funded research in the use of gelatins as 
a plasma expander during World War II, the wide availability 
of donated blood after the WWII quickly dampened 
enthusiasm for its use, and more recently its use has been 
shown to be associated with increased mortality [38].

Dextran is a glucose polymer produced by bacteria grown 
on sucrose media and is commercially available in either 
40  kDa or 70  kDa average molecular weight varieties. 
Dextrans are effective volume expanders, lower blood 
viscosity, and prolong bleeding times, making them 
particularly attractive in protecting vascular suture lines after 
macro- and microvascular surgery [41, 42]. However, use of 
dextran is associated with many complications, including 
anaphylaxis, pulmonary edema, CHF, coagulopathy, and 
renal failure [43, 44], so any decision for its use should be 
carefully considered.

HES is a synthetic colloid derived from plant-based amy-
lopectin. Amylopectin is chemically modified via hydrolyza-
tion to varying degrees in order to increase its solubility in 
water and slow its degradation by enzymes. There are three 
HESs available in the USA: Hespan (Braun), Hextend 

P. Rhee and P. M. Evans



465

(Biotime), and Voluven (Fresenius Kabi). Both Hespan and 
Voluven are dissolved in NS, whereas Hextend is dissolved 
in LR. Unfortunately, no studies have demonstrated any ben-
efit of synthetic colloid use compared to other fluids, and in 
fact they have been found to have many disadvantages, 
including severe allergic reactions, long-term deposition in 
the skin causing pruritis, coagulopathy, renal failure, and 
even an increased risk of death [45–47]. Thus, it is hard to 
find a setting where HES should be used. It too in large of 
concentrations has been shown to increase coagulopathy and 
thus increase bleeding time.

The artificial colloids are also not naturally found in the 
body and thus have dose effects just like all intravenous 
solutions. There are optimal doses that can be used for a 
variety of purposes. However, it should again be emphasized 
that in the setting of acute blood loss, the replacement of 
blood with artificial solutions has consequences. In the right 
dose, it can be used to benefit the patient. For example, the 
synthetic colloids interfere with the coagulation and 
inflammatory cascade as they are interrelated. Thus, in larger 
doses, it can be used to create coagulopathy which sometimes 
can be useful in vascular surgery when there are circumstances 
of wanting a controllable coagulopathic state. In high doses, 
it is well known that they cause coagulopathy, and that is 
typically undesirable in acute hemorrhagic shock.

 Summary

Thus, in the majority of situations, despite years of effort and 
thousands of papers published on the subject, there is no 
clear evidence of benefit between using crystalloids and 
human-derived colloids for fluid resuscitation in the ICU, 
whereas the currently available synthetic colloids have clear 
evidence of harm and should generally be avoided.

 Fluid Management in the Intensive Care Unit

 Maintenance Fluids

Just as important as choosing the correct fluid in a given situ-
ation, if not more so, it is crucial to be able to determine the 
appropriate volume of fluid to give to a patient at any particu-
lar point in time. Although it may sound simple, this is a 
surprisingly difficult task. Critically ill patients can have sig-
nificant blood loss from trauma, elective or emergent sur-
gery, or water and electrolyte losses from fevers, vomiting, 
diarrhea, fistulas, burns, inflammation, sepsis, or intestinal 
obstruction. Thus, an ongoing challenge facing the intensivist 
while assessing a patient is to determine their volume status. 
Patients can be hypervolemic, normovolemic, or 
hypovolemic. To be on the safe side, if assumed that the 

normovolemic window is small, then the clinician will be 
more attuned to the patient’s fluid requirements. Acute blood 
loss or sepsis causes hypovolemia, and replacement with 
appropriate fluids is needed. If the patient is hypervolemic 
after surgery, then average maintenance fluid should be 
avoided. It is nearly impossible to keep a patient precisely 
normovolemic: more commonly a patient is hypo- or 
hypervolemic. Clinically, too much volume can result in 
pulmonary edema and increase time on the ventilator, 
whereas too little volume could precipitate renal failure and 
its associated increased mortality, which can be as high as 
30%. While it is preferred to not be infused with excess 
fluids causing longer ventilatory requirements, it is more 
preferred to avoid acute kidney injury with inadequate fluid 
infusion.

When a patient is unable to receive enteral nutrition for 
whatever the reason, they are often started on “maintenance” 
fluids. Typically, this means D5 ½ NS  +  20 KCl at a 
maintenance rate of (weight in kg + 40) mL/hour in adults. 
This methodology is probably adequate for normal 
postoperative patients, but in the critical care setting, this 
approach is archaic. Despite their wide use, maintenance 
fluids have not been subjected to rigorous study, and the 
rationale for using this fluid at this rate is based on the 
estimated daily salt and water needs of a normal, healthy 
patient. Obviously, this is not the same patient population as 
is found in a typical ICU. Moreover, the rationale for adding 
dextrose to fluids is based on data from the 1920s showing 
that less urinary nitrogen was lost in fasting medical students 
if they were given IV dextrose. Thus, the choice of fluid and 
rate must be made carefully, taking into account the patient’s 
overall volume status, electrolytes, renal function, pulmonary 
status, age, and nutritional needs. In order to determine how 
much fluids a person needs, the intravascular volume status 
needs to be first determined.

 Traditional Means of Volume Assessment

Determination of volume status should be part of the overall 
daily assessment, and although newer technology is helpful 
in determining the minute-to-minute volume status, 
addressing any medical problem should always first involve 
a physical exam of the patient. Clues pointing toward 
extravascular hypervolemia include pitting extremity or 
sacral edema, anasarca, and distended neck veins, whereas 
signs of hypovolemia include poor skin turgor, sunken eyes, 
dry mucous membranes, flat neck veins, and weak peripheral 
pulses. A review of the patient’s net fluid balance over the 
previous several days, as well as the total fluid balance since 
admission are also sometimes helpful and often misleading. 
Keep in mind that the insensible losses of fluids in a critically 
ill patient that may have undergone acute blood loss and is 
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now febrile and septic is nearly impossible to assess. Next, 
review the patient’s vitals and urine output. Oliguria, 
increased heart rate, narrowed pulse pressure due to a rising 
diastolic blood pressure, and of course overt hypotension are 
all signs suggestive of hypovolemia. Tachycardia in particular 
is difficult to use as a guide to a patient’s volume status, as it 
is so easily affected by other variables, such as pain, anxiety, 
and SIRS. Next, review the patient’s laboratory values. BUN/
Creatinine ratio > 20, a rising creatinine, BUN, hemoglobin 
(due to hemoconcentration), lactate, base deficit, or a low 
HCO3- or ScvO2 are all suggestive of hypovolemia. Low 
urinary sodium (less than 20 mEq) and a FeNa <1% are also 
suggestive of hypovolemia, at least as perceived by the 
kidneys. Currently, the FeNa is still considered to be the 
most accurate in a patient without acute kidney injury and if 
not given diuretics. In most surgical critical care setting, the 
history of chronic renal failure is uncommon. For the average 
person who is assumed to have normal renal function, close 
attention to the hourly urine output can be extremely helpful 
in determining what the kidneys are doing in response to the 
intravascular renal blood flow. If the urine output is high, it 
can be assumed that the patient has adequate intravascular 
volume. If the urine output is low, it should be assumed that 
the normal functioning kidneys feel that the renal blood flow 
is lower than desired, and this should be confirmed if possible 
and maintenance fluids adjusted or increased if needed.

In regard to hypervolemia, in the absence of any acute 
pulmonary abnormality such as pneumonia, ARDS, or pul-
monary contusion, the P/F ratio (PaO2 / FiO2) is quite help-
ful to determine the amount of interstitial lung water. A high 
P/F ratio in this setting is suggestive of low interstitial vol-
ume which could indicate low intravascular volume. If a 
patient has been determined to by hypervolemic, then it is 
imperative that all fluids be minimized and stopped before 
considering any forced diuresis which has not been shown to 
be beneficial but is associated with renal failure. Concurrent 
diuresis while infusing intravenous fluids subjects the 
patients to harm from the drugs forcing the diuresis. Forced 
diuresis also eliminates the use of urine output which is typi-
cally a reflection of renal blood flow. Thus it is difficult to 
know if the high urine output is due to the hypervolemia or 
the scenario of forced diuresis while hypovolemic. Drugs 
causing forced diuresis can also contribute to acute renal 
injury if given in the hypovolemic stage. Intravascular vol-
ume needs to be critically determined constantly but at the 
minimum three times a day in the ICU setting. Maintenance 
fluids should be constantly adjusted in the critical care set-
ting, and a patient being blindly placed on 125 cc per hour of 
crystalloids irregardless of volume status, age, gender, and 
size shows lack of expertise in the management of intrave-
nous maintenance fluids. The determination of the rate of 
fluids again is determined by the clinical assessment of the 
patient’s intravascular and extravascular fluid status.

 Invasive Monitoring

The values of any available invasive or advanced monitoring 
devices could be helpful. Invasive monitoring with a central 
line can measure a patient’s central venous pressure (CVP) 
and is widely used as a means to infer a patient’s volume 
status, based on the (often rather large) assumption that CVP 
ultimately correlates with the LVEDV.  This has been 
thoroughly studied, and in fact, there is level 1 evidence that 
CVP as it is customarily used does not correlate in any way 
to volume status, and neither its absolute value nor any 
changes in its value in response to fluid are predictive. 
Therefore, it is suggested by some that CVP should not be 
used for this purpose of determining fluid status [48]. The 
pulmonary artery catheter (PAC) is an even more invasive 
catheter that can simultaneously measure CVP, pulmonary 
artery pressure (PAP), SvO2, and cardiac output (CO) via 
intermittent thermodilution and estimate LVEDV via 
intermittent measurement of the pulmonary artery occlusion 
pressure (PAOP or “wedge pressure”). Since its first 
introduction in 1970 [49], enthusiasm initially surged and 
then subsequently waned as reports of the many complications 
associated with its use came to light, including arrhythmias, 
knotting of catheter, infection, thrombosis, valvular damage, 
and even perforation of the pulmonary artery. Moreover, use 
of the PA catheter to guide resuscitation has not been shown 
to clearly have any benefit, and there may even be some harm 
[50, 51]. The problem with the PA catheter is the lack of 
expertise in interpreting the data and the concept that 
increasing oxygen delivery with a variety of fluids and drugs 
may not be valid.

Transesophageal echocardiography has been used for 
decades and can estimate a patient’s volume status and CO 
via several measures in real time. CO is estimated by 
obtaining a window of the left ventricular outflow tract 
(LVOT), whereas the cross-sectional area is roughly 
cylindrical, and then measuring the total rate of flow at this 
point over systole (the velocity time integral). These two 
values multiplied together can estimate the CO. The degree 
of variation of the diameter of the SVC over the respiratory 
cycle, or the collapsibility index, is also predictive of fluid 
responsiveness. TEE also has the distinct advantage of being 
able to assess both LV and RV function and gather an overall 
assessment of cardiac function rather quickly. Its main 
disadvantages are its invasiveness, high cost, and need for 
specific training to be able to perform TEE competently. In 
the appropriate setting, it takes on average 31 exams to 
become competent with good interobserver reliability [52]. 
Another problem is that when looking at the heart in a variety 
of cross-sectional views, what the heart should look like for 
a particular individual is not known. There are certain 
circumstances that infer severe hypovolemia, but otherwise 
in the absence of these classic findings, the interpretation and 
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action are highly variable. Traditional TEE probes are rather 
large, whereas a newer probe, the hTEE (ImaCor, USA), is 
only 6 mm in diameter and can be left in place for up to 72 h, 
allowing for ongoing, serial assessments with the TEE probe 
during resuscitation.

CardioQ™ (Deltex Medical, UK) is another device place 
in the esophagus, but rather than looking at the heart with 
ultrasound, it instead analyzes blood flow waveforms in the 
descending aorta to calculate fluid responsiveness, SV, 
contractility, and CO. The corrected duration of forward flow 
in the descending aorta, or FTc (flow time corrected), if less 
than 350 msec, is predictive of hypovolemia. There is good 
evidence for its use in the perioperative setting after major 
GI surgery, with the CardioQ™ being associated with a 
shorter hospital stay, fewer complications, and a quicker 
return of bowel function [53].

 Minimally Invasive and Noninvasive 
Monitoring

More recently, the trend has been toward creating minimally 
invasive and even completely noninvasive devices that can 
measure variables traditionally obtained with a PA catheter. 
Even more importantly, there has been a trend toward 
attempting to use these devices in the perioperative or ICU 
setting in a goal-directed manner with the goal of improving 
outcomes. There is some evidence this strategy does reduce 
hospital length of stay and incidence of postoperative 
complications [54]. Strategies used to help achieve these 
goals include arterial waveform analysis, gastric tonometry, 
transesophageal echocardiography (TEE), esophageal 
Doppler, partial carbon dioxide rebreathing, transthoracic 
electrical bioimpedance, and electrical bioreactance 
cardiography.

Arterial waveform analysis, in its most simple form, cal-
culates the degree of variation of the amplitude of the pulse 
pressure (PP) over the whole of the respiratory cycle. The 
resultant value, pulse pressure variation (PPV), if greater 
than 12%, is highly predictive of fluid responsiveness to a 
fluid challenge [55]. However, it must be kept in mind that 
fluid responsiveness doesn’t necessarily mean that the patient 
needs fluids, just that the patient’s cardiac function is still in 
the upward-sloping portion of the Frank-Starling curve. 
More advanced systems such as the FloTrac/Vigileo™ 
system (Edwards Lifesciences, USA) are based on the 
assumption that pulse pressure (PP) correlates with stroke 
volume (SV) and that therefore SV can be used to estimate 
stroke volume variation (SVV) and CO. These monitors use 
a large database of historical patients to create an adjustment 
factor to appropriate calculate the CO based on a given 
variability in PP.  However, the calculated SVV is only 
accurate if several rather restrictive criteria are met. The 

patient must be on the ventilator with complete respiratory 
support, not have any significant arrhythmias (and thus is not 
useful in the setting of atrial fibrillation), and no RV failure. 
Moreover, its accuracy is worse if the patient is on a beta 
blocker or vasoactive agents. With the FloTrac/Vigileo™ 
system, the calculated CO is not calibrated. Other systems, 
such as the PiCCO™ (Maquet, France), VolumeView™ 
(Edwards Lifesciences, USA), and LiDCOplus™ (LiDCO, 
UK) use various means to externally calibrate CO and thus 
may be more accurate. The best evidence for their use to 
date, the OPTIMIZE trial [54], demonstrated that use of the 
LiDCOplus in the perioperative setting for 6 h after major 
gastrointestinal surgery resulted in a shorter length of stay 
and fewer complications, with no effect on mortality. The 
data for these new devices in the ICU setting, however, is 
much weaker and consists of mostly small retrospective 
studies.

More recently, a technology known as electrical bioreac-
tance cardiography has been developed in an attempt to com-
pletely noninvasively evaluate fluid responsiveness. 
Currently, there is only one device on the market that uses 
this technology, the Cheetah NICOM/Starling SV (Cheetah 
Medical, USA). This device measures the phase shift of 
high-frequency alternating current signals transmitted across 
the thorax caused by pulsatile blood flow to estimate SV. The 
change in SV with a passive leg raise or 250 mL fluid bolus 
can be then used to predict fluid responsiveness. Although 
very attractive given its complete noninvasiveness, it has 
been minimally studied at this time, and its role remains to 
be defined.

 Summary

Accurate and thoughtful management of a patient’s hemody-
namic status is a critical skill in the daily work of the modern 
intensivist. Intravenous fluids, like any other foreign sub-
stance injected into the patient’s bloodstream, are drugs, and 
it is crucial that the intensivist has a complete understanding 
of the fluids being administered. Just as important as the type 
of fluid chosen are the rate and volume of fluids given, as 
these have a direct impact on the patient’s likelihood of sur-
vival, and there are many invasive and noninvasive ways to 
estimate a given patient’s volume status and to estimate the 
need for further resuscitation.
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Sodium and Potassium Abnormalities

Caroline Park and Daniel Grabo

 Introduction

Surgical and trauma patients in the intensive care unit (ICU) 
often have electrolyte (particularly sodium and potassium) 
abnormalities due to postoperative or post-injury fluid shifts, 
intravenous fluid (IVF) therapy, blood transfusions, stress 
hormones, nutritional support (including re-feeding syn-
drome), fluid loss (hemorrhage), and trauma (tissue injury). 
Frequent measurements of plasma electrolytes are indicated 
in situations of electrolyte excess or deficiency. Monitoring 
and correcting of electrolytes to normal levels can help avoid 
common surgical complications such as ileus and more 
importantly avoid devastating consequences of cardiac 
arrhythmias and neurologic sequelae.

 Fluids and Compartments

Total body water (TBW) is distributed between two major 
compartments in the body, intracellular and extracellular. 
The intracellular compartment holds 2/3 of the TBW, with 
the extracellular compartment holding the remaining 1/3. 
The extracellular space, or remaining 1/3 of TBW, can be 
further divided into the interstitial space and intravascular 
space. The intravascular space comprises the essential 
5–10% of TBW that represents the circulating plasma vol-
ume. Refer to Table 48.1 for a description of the intracellular 
and extracellular fluid compartments.

It is important to understand TBW as a percentage of 
body weight, which can vary in females, children, the obese, 
and the malnourished. The standard reference for total body 

water as a percentage of body weight in males is 60%. TBW 
is slightly less in females at an average of 50–55% and is 
attributed generally by a decrease in muscle mass percent-
age. In children, this number can vary widely but generally 
decreases with age; almost 90% of a fetus’ body weight is in 
water and falls to 60–65% in children. Depending on the 
severity of obesity, TBW as a percent of body weight may be 
up to 10-20% lower in the obese patient. In the malnour-
ished, and depending on the severity of chronic malnutrition, 
TBW may be adjusted up to 10%.

 Chemical Composition of Body Fluid 
Compartments

Understanding the chemical composition of the intracellular 
and extracellular spaces is paramount in calculating osmolal-
ity as well as identifying and treating electrolyte abnormali-
ties, which are oftentimes a result of volume shifts. This 
relates to shifts in water and not salts, which remain fairly 
compartmentalized by gradients in the otherwise function-
ing, dynamic cell membrane. There is significant clinical rel-
evance of the distribution of cations and anions to the 
regulation of water movement, which is a mostly active, 
energy-driven phenomenon.

The intracellular fluid compartment, which constitutes 
2/3 of TBW, contains mostly potassium and magnesium as 
its main solutes. The major anions include phosphate, sul-
fate, and proteins. Within the extracellular space, plasma 
contains a higher concentration of sodium cations; anions 
include mostly chloride with some bicarbonate, sulfate, and 
proteins. Likewise, the interstitial fluid also contains a higher 
amount of sodium cations with a smaller portion of potas-
sium, calcium, and magnesium. Chloride constitutes the 
majority of anions in interstitial fluid, followed by bicarbon-
ate, sulfate, phosphate, organic acids, and proteins. See 
Table 48.2 for the representative cations and anions found 
within the different body fluid compartments.
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The ratio of plasma solutes and water determines plasma 
osmolality (Posm). The normal range for plasma osmolality is 
275–290 mOsm/kg. Sodium (Na+) is the principal osmoti-
cally active particle in the extracellular space (plasma and 
interstitial fluid). It follows that the regulation of Posm is 
mostly driven by Na+, with minor contributions from glucose 
and BUN.
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Osmoregulation is the movement of water between intra-
cellular and extracellular spaces across cell membranes. It is 
principally directed by the exchange of Na+ and potassium 
(K+) via a transmembrane Na+/K+ ATPase pump. Alterations 
in water balance and sodium homeostasis are intimately 
associated with and help mediate osmoregulation; with oth-
erwise intact renal function, water intake then must equal 
output with an overall goal to maintain plasma volume rather 
than [Na+]p. Antidiuretic hormone (ADH) is released in 
response to an increase in Posm or a decrease in effective cir-
culating volume. This fine control of Posm helps maintain 
plasma sodium ([Na+]p) within the tight range of 135–
145  mEq/L, a range which may vary slightly between 
institutions.

While Posm is controlled within a relatively tight range, the 
range for urine is much wider. Accepting a preserved coun-
tercurrent concentrating mechanism with overall intact renal 
function, urine osmolality (Uosm) can range from as low as 
40m0sm/kg up to1400mOsm/kg. Therefore, in the patient 
with syndrome of inappropriate ADH (SIADH) or diabetes 
insipidus (DI), it is important to compare the Posm to the Uosm 
to determine intrinsic renal disease versus other processes, 
including alterations in the hypothalamic-pituitary axis. 
Derangements can be encountered in patients with DI, diabe-
tes mellitus, and acute renal dysfunction (refer to subsequent 
section in “Sodium” for specific examples).

 Sodium

As the major cation in the extracellular space, sodium plays 
a multitude of essential roles in cell physiology, including 
nerve impulse potentiation, active transport, and osmotic 
equilibrium. The normal range for plasma sodium is 135–
145  mEq/L, which is highly related to volume status. 
Hyponatremia in general is due to water intake that cannot be 
excreted, and hypernatremia is a result of water loss without 
replacement. Loss of sodium and water results in hypovole-
mia, and retention of sodium and water leads to the develop-
ment of edema. As such, most derangements in sodium level 
can be treated with adjustments of volume with fluid restric-
tion, diuretics, or volume administration. There are, in some 
cases, instances of intrinsic renal dysfunction (acute tubular 
necrosis from nonsteroidal anti-inflammatories, chemother-
apy) or cerebral pathology that require consideration (intra-
cranial hemorrhage with inappropriate antidiuretic hormone 
release).

 Hyponatremia

The classifications are as listed below and based on degree of 
derivation of plasma sodium from its lower limit of the nor-
mal range (135–145 mEq/L):

• Mild hyponatremia, 130–135 mEq/L
• Moderate hyponatremia, 125–129 mEq/L
• Severe hyponatremia, <125 mEq/L

The signs and symptoms are directly related to the rate 
and degree of hyponatremia. Patients with mild hyponatre-
mia are largely asymptomatic. As moderate hyponatremia 
develops, nausea, vomiting, and weakness may manifest and 
progress to headache, lethargy, and altered mental status. 
With severe hyponatremia, particularly with plasma sodium 
<120  mEq/L, neurologic symptoms such as seizure and 
coma can develop.

Table 48.1 Body fluid compartments in relation to TBW

Intravascular space Or
  Plasma (¼ of ECF)

Extracellular fluid (ECF)
  1/3 of TBW

Interstitial space
(¾ of ECF)
Intracellular space Intracellular fluid (ICF)

  2/3 of TBW

TBW = total body water

Table 48.2 Body fluid compartments and respective concentration of 
cations and anions

Compartment Cations (mEq/L) Anions (mEq/L)
Intracellular fluid Potassium 150

Sodium 10
Magnesium 40

Sulfate/phosphate 150
Protein 40
Bicarbonate 10

Interstitial fluid Sodium 144
Potassium 4
Calcium 3
Magnesium 2

Chloride 114
Bicarbonate 30
Organic acids/other: 8
Protein 1

Plasma Sodium 142
Potassium 4
Calcium 5
Magnesium 3

Chloride 103
Bicarbonate 27
Protein 16
Organic acids/other: 8
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The diagnosis of hyponatremia can be made with a simple 
laboratory test, the serum chemistry panel. Understanding 
the cause, however, relies on detailed history and physical 
examination with the additional tests of urine and plasma 
osmolality (Uosm, Posm) and plasma and urine [Na+], [K+], 
[Cl−], [HCO3−], [urea], and [glucose]. After determining the 
presence and severity of hyponatremia, it is important to 
evaluate the patient’s plasma osmolality (Posm = 2 × Na+ + 
BUN/2.8  +  glucose/18). Most commonly, hyponatremia is 
indicative of a hypoosmotic state (Posm < 275). Evaluation of 
urine osmolality is helpful to determine whether water excre-
tion is impaired; a Uosm of < 100 mosmol/kg or specific grav-
ity of < 1.003 is suggestive of ADH suppression, which can 
be found in reset osmostat or polydipsia. Functional manage-
ment of hypoosmotic hyponatremia is largely based on vol-
ume status with three main categories: hypovolemic, 
euvolemic, and hypervolemic. See Fig.  48.1 for a simple 
algorithm in approaching the patient with hyponatremia. The 
specific management concepts for hyponatremic patients 
with respect to volume status are discussed in the following 
sections.

 Hypovolemic Hyponatremia
Hypovolemic hyponatremia is the most frequent situation 
encountered and occurs in patients with processes that stim-
ulate ADH secretion and water loss. Excessive renal (diuret-
ics) or gastrointestinal losses (nasogastric suctioning, emesis, 
or diarrhea) are typically the cause. Additionally, patients 
with pancreatitis, large surface area burns, and hypoaldoste-
ronism can exhibit hypovolemic hyponatremia.

Treatment of hypovolemic hyponatremia is directly 
related to addressing the underlying cause and replacing any 
initial fluid losses in the volume-depleted patient with iso-
tonic normal saline. In addition to the serum chemistry panel, 
laboratory investigations should also include a urinalysis to 
check for ketones (diabetes mellitus) and hyaline or tubular 
casts (renal dysfunction). Specifically, check the urine creati-
nine and sodium in relation to plasma counterparts, noting 
that urine sodium of < 15–20 mmol/L is suggestive of pre-
served renal function with a “prerenal” state secondary to 
hypovolemia (i.e., gastrointestinal losses, bleeding, or 
third-spacing). Urine sodium of > 15–20 mmol/L suggests 
intrinsic renal dysfunction and should warrant additional 
investigations to identify any offending agents.

[NA+]p<135 mEq/L

Calculate Posm’
Assess volume status
Measure [Na+]u’ Uosm’
Differential
Diagnosis

Iso-osmotic =
(Posm 275-295)

*Consider:
Pseudo-hyponatremia

Hypovolemic

[Na+]u <15-20 mEq/L [Na+]u >15-20 mEq/L [Na+]u <15-20 mEq/L [Na+]u >15-20 mEq/L

Hypervolemic

Hyper-osmotic

GI losses (emesis,
NG suctioning,
diarrhea)
Large surface area
burns
Pancreatitis

Diuretics
Intrinsic renal
disease (tubular
acidosis,
medication-
induced
nephropathy)
Mineralocorticoid
deficiency

Medications
SIADH
chronic renal
failure
Mineralocorticoid
deficiency

CHF
Cirrhosis
Nephrotic
Syndrome

Acute or chronic
renal failure

(Posm >295)

Hypo -osmotic
(Posm <275)

*Consider:
Hyperglycemia

Euvolemic

Fig. 48.1 Algorithm for approaching the patient with hyponatremia. [Na+]p plasma sodium, Posm plasma osmolality, [Na+]u urine sodium, Uosm 
urine osmolality, SIADH syndrome of inappropriate antidiuretic hormone, CHF congestive heart failure
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Calculating Sodium Deficit

 
Na deficit Na weight in kg

p

+ += - éë ùû( )´ ´140 0 6.  

For acute hyponatremia (often associated with neurologic 
symptoms when severe and [Na+] < 120 mEq/L), the maxi-
mal rate of correction is 1–2 mEq/L/h for 3–4 h, more than 
10–12  mEq/L in the first 24  h or until plasma Na+ is 
>120  mEq/L or symptoms subside. Three percent normal 
saline or hypertonic saline (HTS) can be administered at a 
rate of 50 cc/h to achieve this goal. Central intravenous infu-
sion is recommended, as HTS can be caustic to peripheral 
veins. For chronic hyponatremia, correct the serum sodium 
level even more slowly at 0.5–1 mEq/L/hr. or no faster than 
10–12 mEq/L in the first 24 h. Serial monitoring of [Na+]p is 
important to track the efficacy of treatment as well as prevent 
too rapid correction, which is more common in chronic 
hyponatremia. Note that the correction of sodium deficit 
does not take into account ongoing isosmotic losses, which 
need to be additionally replaced.

 Euvolemic Hyponatremia
Euvolemic hyponatremia is often diagnosed in the acute-on- 
chronic setting. There are a variety of causes, including psy-
chogenic polydipsia, tuberculosis, malnutrition, side effects 
from medications, and inappropriate levels of antidiuretic 
hormone (or SIADH). Many medications have been impli-
cated, including selective serotonin reuptake inhibitors 
(SSRIs), carbamazepine, chlorpromazine, amiodarone, 
vasopressin analogs, and diuretics. If these medications are 
deemed necessary, they should only be continued with judi-
cious surveillance of symptoms and laboratory follow-up. 
Also associated with hyponatremia is SIADH (often seen in 
the early post-traumatic brain injury patient), although this 
phenomenon is not clearly understood in the acute state. A 
variant of SIADH, reset osmostat, occurs when ADH secre-
tion and thirst are reset at a lower plasma osmolality with 
otherwise normal regulation. For example, a patient may 
have a plasma concentration of 125  mEq/L but otherwise 
remains euvolemic and asymptomatic. Much less common 
causes of SIADH include multiple sclerosis and Guillain-
Barre syndrome.

Treatment of euvolemic hyponatremia is similarly 
directed at identifying and correcting the cause, i.e., offend-
ing medications, paraneoplastic syndromes, etc. Fluid 
restriction is often the first line of treatment as water reten-
tion and Na+ loss do not occur if water is restricted. Consider 
loop diuretics should fluid restriction prove ineffective. In 
patients with traumatic brain injury, HTS (3% normal saline) 
can also be administered via central vein access with fre-
quent monitoring of urine and serum osmolality and 
chemistries.

 Hypervolemic Hyponatremia
Hypervolemic hyponatremia is a disorder of sodium balance, 
specifically, an excess of sodium with an expanded extracel-
lular volume given an impairment in maintaining fluid in the 
intravascular space and out of the interstitium. There are sev-
eral causes of hypervolemic hyponatremia, including con-
gestive heart failure, cirrhosis, and mineralocorticoid excess 
(Cushing’s and Conn’s syndromes). Renal failure also dis-
turbs the maintenance of these hydrostatic and oncotic pres-
sures at the level of the capillary bed. Nephrotic syndrome 
similarly may lead to sodium retention with subsequent 
excess water retention.

The treatment of hypervolemic hyponatremia is directed 
toward optimization of the underlying decompensated state 
(i.e., salt restriction and diuretics with cirrhosis and heart 
failure). Diuretics are often used, including spironolactone, 
potassium-sparing diuretics, and steroids that block the 
effect of aldosterone and testosterone.

Additional causes of hyponatremia can be considered in 
the presence of a hyperosmolar state. Hyperglycemia occurs 
when a solute (glucose) is added to the extracellular fluid and 
exhibits effective osmolality. Each increase of [glucose]p of 
100 mg/dL will reduce [Na+] p by 1.6 mEq/L. Calculating the 
osmolal gap (calculated Posm – measured Posm) will help iden-
tify the presence of effective osmoles. Therapy is then 
directed at correcting the underlying causes.

Pseudohyponatremia is an often misbranded category of 
hyponatremia that illustrates the phenomenon of an increased 
percentage of large molecules (fat, proteins) that may not 
contribute to plasma osmolality (isosmotic hyponatremia) 
and result in a relative decrease in sodium concentration. 
Specific examples include severe hypertriglyceridemia and 
hyperproteinemia. The phenomenon of pseudohyponatremia 
has also been described in patients who have undergone a 
transurethral resection of the prostate using excessive hypo-
tonic bladder irrigation; serum chemistries should be moni-
tored closely in these patients in the postoperative setting. 
No specific therapy is indicated in the absence of symptoms 
as excretion of excess water and solute will generally correct 
the abnormality.

**Pitfall: Caution must be used when correcting 
hyponatremia as rapid over-correction of sodium can 
lead to a demyelinating lesion, central pontine 
myelinolysis.
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 Hypernatremia

Hypernatremia is also associated with changes in volume 
status and is defined as plasma sodium >145 mEq/L. Similar 
to hyponatremia, hypernatremia can be simplified into three 
main categories based on evaluation of the patient’s volume 
status:

• Hypovolemic
• Euvolemic
• Hypervolemic

The clinical signs and symptoms of hypernatremia are 
caused by cellular dehydration and can include irritability, 
muscle twitching or spasm, excessive thirst, and, in more 
severe cases, seizures or coma. Patients with altered mental 
status or those who are debilitated, bedbound, or at the 
extremes of age are at high risk given their inability to regu-
late water intake. Measurement of urine [Na+] will further 
help elucidate the cause of the hypernatremia. See Fig. 48.2 
for an approach to patients with hypernatremia.

 Hypovolemic Hypernatremia
Hypovolemic hypernatremia is most often diagnosed with a 
thorough history and physical exam. Patients at the extremes 
of age (infants, elderly) or those with altered mental status 
may present with clinical symptoms and signs of dehydra-
tion (thirst, dry mucus membranes, decreased skin turgor). 
Oftentimes the postoperative patient with high nasogastric 
output and/or frequent high volume emesis may present with 
hypernatremia as well as tachycardia and hypotension con-
cerning for hypovolemia. Other causes include diarrhea, 
osmotic diuretics, prolonged diaphoresis, renal tubular dis-
ease, and diabetes insipidus (DI).

The treatment of hypovolemic hypernatremia is to first 
establish euvolemia and correct any metabolic abnormalities 
that can lead to or exacerbate cardiac arrhythmias. It is pru-
dent to administer isotonic fluids first to reestablish euvolemia 
while measuring urine and serum electrolytes, BUN, glu-
cose, and creatinine to identify and correct the source of loss. 
For example, a patient with a prolonged small intestinal 
obstruction with relative hypotension and hypernatremia 
may also have hypokalemia and contraction alkalosis.

Calculate Posm’
Assess volume status
Measure [Na+]u, Uosm
Differential
Diagnosis

[NA+]P > 145 mEq/L

Euvolemic =
Monitor urine output

[Na+]u <
15-20 mEq/L

[Na+]u <
15-20 mEq/L

[Na+]u >
15-20 mEq/L

[Na+]u >
15-20 mEq/L

[Na+]u >
15-20 mEq/L

Diuretics
Renal failure

Gl losses
(entero-
cutaneous
fistula,
diarrhea)
Burns
Limited or
decreased PO
intake

Central DI
Nephrogenic
DI

Insensible
losses (GI,
skin,
ventilation)

latrogenic
Mineralocorticoid
diseases

Hypovolemic
Establish euvolemia

Hypervolemic
Consider diuretics

Fig. 48.2 Algorithm for approaching the patient with hypernatremia. [Na+]p plasma sodium, Posm plasma osmolality, [Na+]u urine sodium, Uosm 
urine osmolality, DI diabetes insipidus
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There is a role for diuretics (both loop and non-loop) in 
addition to mannitol in the treatment of hypernatremia. 
These medical therapies are usually spared in the initial 
resuscitative setting, keeping in mind that mannitol, as an 
osmotic diuretic, can precipitate transient hypotension.

 Euvolemic Hypernatremia
Euvolemic hypernatremia is often diagnosed late and 
remains a difficult entity to capture. It is essential to identify 
the cause (in most causes either neurogenic or nephrogenic 
diabetes insipidus) as the treatment algorithm is widely dif-
ferent. In neurogenic diabetes insipidus (DI), there are insuf-
ficient levels of antidiuretic hormone (ADH) or a quantitative 
deficiency. This may be secondary to head trauma with asso-
ciated cerebral edema, overall acute traumatic state, and sur-
gery or from tumor. Nephrogenic DI is characterized by a 
decreased sensitivity to ADH, with a subsequent decrease in 
ability to concentrate urine. There are several causes, includ-
ing chronic renal disease, interstitial renal disease, and expo-
sure to nephrotoxic medications (most commonly 
amphotericin and lithium).

The initial treatment of hypernatremia consists of appro-
priate initial fluid resuscitation if the patient is hypovolemic 
and monitoring of both serum and urine osmolality, glucose, 
creatinine, and electrolytes (specifically sodium). Once the 
patient has achieved euvolemia, proceed to delineate between 
neurogenic or nephrogenic DI. Patients with neurogenic dia-
betes insipidus may often develop urine output in excess of 
200–400 cc/hr. with high risk for hypovolemic shock. Urine 
output as well as urine and serum electrolytes should be 
monitored closely every 4–6 h, and 1-deamino-8-D-arginine 
vasopressin (DDAVP), IV or intranasal, ought to be adminis-
tered based on increasing urine output.

Nephrogenic diabetes insipidus is largely not responsive 
to DDAVP. The initial treatment consists of resuscitation and 
laboratory investigation as above in addition to identifying 
the offending agent. Patient intake/output should be strictly 
monitored and their free water deficit measured and replaced 
as needed. Correction should not exceed a rate of 12 mEq/L 
over 24 h (0.5 mEq/L/h) so as to avoid cerebral edema.

Calculating Free Water Deficit
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 Hypervolemic Hypernatremia
Hypervolemic hypernatremia is often diagnosed in the out-
patient setting in the adult population classically as a patient 
with primary aldosteronism presenting with headaches, 
weakness, and, less commonly, excessive urination. Besides 

mineralocorticoid excess states, iatrogenic administration of 
hypertonic saline can also lead to hypernatremia and should 
be carefully monitored. The mineralocorticoid excess states 
include Conn’s syndrome, Cushing’s syndrome, secondary 
aldosteronism, and congenital adrenal hyperplasia.

Treatment of hypervolemic hypernatremia is largely 
directed toward the primary deficiency with loss of negative 
feedback in the hypothalamic-pituitary axis and/or eliminat-
ing the excess state (i.e., tumor). These patients will initially 
require frequent electrolyte monitoring or replacements and 
may need steroid supplementation depending on severity and 
the deficiency. Minimize any excess salt administration and 
judiciously correct with free water (both PO and IV), and in 
the inpatient setting, avoid rapid overcorrection, which may 
result in cerebral edema.

 Potassium

As one of the major intracellular cations, potassium plays an 
essential role in nerve impulse potentiation in addition to 
maintenance of an ATPase transmembrane pump and cardiac 
myocyte excitability. Subtle shifts in potassium in the extra-
cellular space can lead to life-threatening consequences. 
There are numerous regulatory mechanisms to maintain 
serum potassium ([K+]p) in its normal physiologic range of 
3.5–5.0 mEq/L. Acutely, K+ is shifted intracellular by means 
of the Na+/K+ ATPase and Na+/H+ transporter which are acti-
vated by insulin and catecholamine release in response to a 
meal.

Hypokalemia is defined as K+  <  3.5  mEq/L.  There are 
several signs and symptoms of hypokalemia, many of which 
are generalized and include weakness, fatigue, tetany, pares-
thesias, and/or increased tendon reflexes. Patients may have 
nausea, vomiting, or an ileus. Myocardial conduction may be 
affected and manifest with classic electrocardiogram (ECG) 
changes including flattened T or “U” waves and ST depres-
sions. Additionally, atrial arrhythmias (sinus bradycardia and 
atrial fibrillation), atrioventricular block, and premature 
atrial and ventricular beats can occur.

There are several causes of hypokalemia, which are usu-
ally related to excessive losses, inadequate intake, or trans-
cellular shifts. Excessive losses of K+ usually come from the 
gastrointestinal tract (diarrhea, intestinal fistula) and renal 
insufficiency (diabetic ketoacidosis, renal tubular acidosis, 
and metabolic alkalosis from Bartter and Gitelman syn-
dromes). Medications, such as excess insulin administration, 
iatrogenic steroid administration, B-agonists (bronchodila-
tors), and lithium toxicity can drive K+ into the cell. 
Mineralocorticoid excess from adrenergic stimulation or 
hyperplasia or Cushing’s disease can cause excessive renal 
loss.
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The treatment of hypokalemia is targeted at correcting the 
underlying problem, whether by minimizing gastrointestinal 
losses, improving oral intake, or resuscitating with IVF. It is 
equally important to identify the offending nephrotoxic 
agents or mineralocorticoid excess states (refer to section on 
hypervolemic hypernatremia). Assessing the renal excretion 
of K+ can help with determining whether the problem is pri-
marily intrinsic or extrinsic to the kidneys. Laboratory inves-
tigations include a comprehensive serum chemistry panel, 
urine potassium ([K+]u), and urine creatinine ([Cr]u). The 
ratio between urine potassium and urine creatinine or [K+]u/
[Cr]u assesses the rate of potassium excretion and should 
generally be less than 15 mmol of K+ ions/g of creatinine in 
hypokalemia associated with acute intracellular shifts of 
potassium. Hypokalemia with [K+]u/[Cr]u > 15 mmol K+/g 
creatinine is suggestive of intrinsic renal disease (i.e., renal 
artery stenosis, Bartter, Gitelman or Liddle’s syndromes, 
recent diuretic use).

In addition to identification and correction of the prob-
lem, potassium should be replaced orally (if tolerated) as this 
form has excellent bioavailability with rapid onset or IV 
potassium chloride (KCl). The latter is reserved for patients 
who cannot tolerate or absorb oral intake or who have severe 
hypokalemia. In the presence of ECG changes, severe mus-
cle pains, or paralysis rapid administration of KCL should 
precede the detailed diagnostic endeavors. Parenteral admin-
istration of KCl should not exceed 20–60 mEq/h peripherally 
and 100–200 mEq/h centrally. Continuous cardiac monitor-
ing and frequent assessment of [K+]p response are essential. 
Doses range from 10 to 40 mEq and can be expected to raise 
[K+]p by 1 to 1.5 mEq/L after 40 to 60 mEq.

Hyperkalemia is defined as K+ > 5 mEq/L and can be life- 
threatening with the onset of cardiac arrhythmias. Signs and 
symptoms of hyperkalemia are also generalized and include 
decreased deep tendon reflexes, paresthesias, and weakness. 
This can precipitate to paralysis and respiratory failure. 
Ventricular arrhythmia can ensue and typically occur at 
K+ > 7 mEq/L. ECG changes include peaked T waves, wid-
ened QRS, and shortened QT intervals. This can quickly 
progress to ventricular fibrillation, bradycardia, and death if 
left uncorrected.

There are several causes of hyperkalemia and a few causes 
that are more unique to surgical and trauma patients. In gen-
eral, causes include acidosis, ischemia after reperfusion (par-
ticularly the extremities but also after liver transplantation 

and superior mesenteric artery or other main visceral artery 
reconstruction), rhabdomyolysis, renal failure, and succinyl-
choline administration (increased risk in patients with burns, 
crush injury, renal failure, prolonged bed rest), in addition to 
massive blood transfusion and hemolysis.

The treatment of hyperkalemia is expansive given its 
many etiologies, particularly in the trauma and surgical 
patient. However, initial resuscitation measures should be 
employed, including IV fluid resuscitation, continuous 
telemetry, and 12-lead ECG monitoring. Importantly, cal-
cium IV should be given to stabilize the cardiac myocyte 
membrane for any patient with changes on ECG. Calcium IV 
(CaCl or Ca gluconate) can help prevent the depolarization 
effect of potassium on cardiac myocytes but remains a tem-
porizing measure. Measures should then be taken to shift K+ 
intracellular or excrete excess. See Fig. 48.3 for an algorithm 
to manage hyperkalemia.

Shifting the K+ intracellular can be rapidly achieved by 
administering ten units of insulin IV with an ampule of dex-
trose (D50) or one ampule of sodium bicarbonate. The mech-
anism of action of albuterol is similar to insulin in that it 
stimulates release of glucose, thereby increasing insulin lev-
els and driving potassium into the cell. Albuterol is delivered 
as a nebulized solution, 10–20 mg in 4 ml of sodium chloride 
solution.

Potassium can also be excreted via urine or stool. Renal 
excretion can be achieved with loop diuretics (non- 
potassium- sparing, i.e., furosemide) and should be given in 
boluses of 40–80  mg IV for furosemide. Bumetanide can 
also be used in patients who are not furosemide or 
bumetanide-naïve, with starting dose of 2–4 mg IV boluses. 
Dialysis (usually hemodialysis) is reserved as a last resort 
but may already be an option for patients who have end-stage 
renal disease. Stool excretion can be achieved with both 
sodium polystyrene sulfonate (Kayexalate) and sorbitol 
PO.  The former acts as a potassium-binding resin that 
exchanges for sodium in the colon and therefore results in 
osmotic diarrhea. It should not be administered to patients 
with potential ileus or bowel obstruction as it can cause rare 
but devastating intestinal ischemia and necrosis.

 Special Cases: Rhabdomyolysis

In patients with rhabdomyolysis, which can account for 
upward of 25% of acute kidney injury in adult patients, elec-
trolyte abnormalities including hyperkalemia and kidney 
injury should be treated aggressively. Complete blood count, 
chemistry, and creatine kinase laboratory analysis should be 
performed, and urinalysis should be checked to look for 
blood in the absence of red blood cells, which is suggestive 
of myoglobinuria. The goal is to maintain a glomerular filtra-
tion rate (GFR) with urine output of 100–150 cc/hr. in adults. 

**Pitfalls: Replete magnesium first if it is low to 
potentiate potassium replacement.

48 Sodium and Potassium Abnormalities



478

Most often, this can be achieved with placement of two 
large-bore IVs and aggressive isotonic fluid administration 
(i.e., 0.9% sodium chloride). The administration of bicarbon-
ate-infused fluids is controversial and generally should be 
reserved for patients with creatine kinase levels >15,000–
20,000  U/L, at which there is a higher risk of acute renal 
failure.

 Take-Home Points

 1. Understanding the body fluid compartments and interplay 
of sodium and potassium as major contributing electro-
lytes is essential to managing the postoperative and 
trauma patient in the ICU.

 2. Sodium abnormalities in the surgical ICU are most fre-
quently related to impaired volume regulation. Correction 
of the underlying cause (i.e., SIADH, DI, GI losses, and 
renal failure) and attention to the volume status will usu-
ally correct the sodium derangement.

 3. Potassium derangements are common in the postopera-
tive and trauma patient in the surgical ICU and can 
quickly lead to cardiac arrhythmias. As such, frequent 
monitoring and aggressive correction is imperative.
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Other Electrolyte Abnormalities

Galinos Barmparas and George Paul Liao

 Magnesium

Magnesium balance disorders are common in the ICU and 
can be observed in up to 65% of medical [1] and up to almost 
50% of surgical ICU patients [2], mostly in the form of hypo-
magnesemia. Over 95% of critically ill surgical patients have 
their magnesium levels measured in the ICU [2]. The effect 
of magnesium imbalances on outcomes remains debatable as 
the available literature does not consistently and directly 
associate magnesium depletion or excess with a higher mor-
tality risk or other outcomes [3]. To further complicate the 
matter, the “normal” values obtained for serum magnesium 
can be misleading and masking a chronic deficiency [4].

The total body magnesium content, approximately 24 g, 
is almost equally divided between bones and intracellular 
compartments, with less than 1% present in the serum [5]. 
Approximately 30% of magnesium in the plasma is bound to 
protein, mainly albumin, while the remaining 70% is present 
in ionized form that can be excreted by the kidneys. Under 
normal conditions, the fractional excretion of magnesium by 
the kidneys is approximately 4%, with the majority of ion-
ized magnesium being reabsorbed at the thick ascending 
loop of Henle. The renal excretion can decrease to almost 
undetectable levels when plasma levels are low in order to 
minimize losses. The small intestine is the site of absorption 
of magnesium from dietary intake but also the site of loss of 
approximately 20 mg/day, which can increase significantly 
with gastrointestinal losses such as chronic diarrhea. There is 
no hormonal regulatory mechanism known to be responsible 
for magnesium balance in the body.

Magnesium is one of the most important electrolytes 
involved in over 300 enzymatic reactions [6]. The sodium- 
potassium- adenosine triphosphate (Na-K-ATPase) [7] and 
adenylate cyclase [8] function depends on availability of 

magnesium. Magnesium also regulates the intracellular cal-
cium levels and plays a pivotal role in controlling smooth 
muscle tone and its deficiency might be associated with cor-
onary vasospasm and seizures [9]. Several immunological 
functions are modulated by magnesium, suggesting its 
potential role in the inflammatory response and in sepsis [10, 
11], although this role has not been determined in the clinical 
setting.

Magnesium is most commonly measured in the plasma. 
As less than 1% of the total body magnesium is present in the 
plasma, these measurements can be problematic and not 
reflective of the actual total body magnesium levels. 
Measuring the ionized fraction has not been proven to be 
superior to the total serum magnesium, as these measure-
ments can be affected by various factors, including free cal-
cium levels, thiocyanate, and heparin [12]. The magnesium 
loading test, during which magnesium is administered and 
the excreted amount is measured in a 24-h urine sample [13], 
is impractical in the ICU setting, and the results may be inac-
curate as magnesium excretion can be affected by various 
factors including diuretics and other drugs very commonly 
used in the ICU.

 Hypomagnesemia

Magnesium depletion is probably underestimated in the ICU 
as the diagnosis is currently based on magnesium levels in 
the plasma with all the associated confounders mentioned 
above [14]. Certain conditions may predispose critically ill 
patients to hypomagnesemia, and these include chronic alco-
holism, cancer, malnutrition, and congestive heart failure 
requiring chronic use of loop diuretics.

Hypomagnesemia in critically ill surgical patients is usu-
ally multifactorial as it can be related to chronic deficiency, 
drugs, redistribution, and hypoalbuminemia. However, two 
systems are responsible for magnesium losses: the gastroin-
testinal tract and the kidneys. Emesis and nasogastric suc-
tioning are two common causes of magnesium depletion in 
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surgical patients, although diarrhea from any cause, includ-
ing short-gut syndrome or due to malabsorption, and entero-
cutaneous fistulae and/or biliary drainage can lead to 
significantly higher losses [15–17]. Renal losses can also be 
profound in critically ill patients. Loop diuretics are the most 
commonly cited drugs causing hypomagnesemia, although 
other diuretics including anhydrase inhibitors, osmotic 
agents, and even thiazides have been shown to decrease mag-
nesium resorption [18]. Other drugs implicated in hypomag-
nesemia include aminoglycosides, cyclosporine, cisplatin, 
pentamidine, amphotericin B, and colony-stimulating factor 
therapy [9]. Metabolic acidosis related to any underlying 
condition, including ketoacidosis, starvation, and alcohol-
ism, can be another cause of hypomagnesemia. Correction of 
hyperglycemia in ketoacidotic patients will lead to shift of 
magnesium into the cells, and careful monitoring and reple-
tion are required [9]. Lastly, it is worth mentioning that 
hypomagnesemia is a recognized cause of hypocalcemia. 
Hypocalcemic patients not responding to calcium repletion 
after thyroid or parathyroid surgery should be given magne-
sium. In these patients, magnesium stimulates parathyroid 
hormone (PTH) secretion, decreases bone resistance to the 
PTH, and, subsequently, decreases calcium losses [19, 20].

 Symptoms
Low magnesium levels manifest in the form of neuromuscu-
lar, cardiovascular, and calcium/potassium derangements. 
Neuromuscular hyperexcitability may manifest in the form 
of muscular cramps, tetany, and even generalized seizures. 
Positive Chvostek and Trousseau signs can be elicited, even 
in the absence of hypocalcemia [21, 22]. Magnesium defi-
ciency results in impaired function of the Na-K-ATPase 
enzyme affecting the normal cardiac repolarization. 
Electrocardiographic changes include prolongation of the 
PR interval and widening of the QRS complex, with flatten-
ing of the T wave. Ventricular tachycardia and ventricular 
fibrillation may also occur [23]. Torsades de pointes is a form 
of polymorphic ventricular tachycardia related to prolonga-
tion of the QT interval, and magnesium is implicated in its 
development. Digitalis cardiotoxicity may be enhanced by 
the presence of hypomagnesemia [24]. Severe hypomagne-
semia (<1.2 mg/dl) is almost always associated with hypo-
calcemia, mostly due to PTH resistance [25]. Hypokalemia 
is very common among hypomagnesemic patients due to 
assumed potassium wasting in the kidneys [26, 27].

 Treatment
In treating patients with hypomagnesemia, several factors 
should be taken into consideration, including the magnesium 
plasma levels, the presence of other associated electrolyte 
abnormalities including hypokalemia and/or hypocalcemia, 
the presence and severity of symptoms, and the presence of 
renal insufficiency and whether the gastrointestinal tract can 

be used for supplementation. When magnesium is repleted 
intravenously, the increase in the plasma levels causes inhi-
bition of reabsorption of magnesium by the kidneys which 
lose their stimulus (low magnesium levels in plasma) for 
reabsorption. This results in a significant partial loss of the 
intravenously administered magnesium by the kidneys that 
can reach 50%. In addition, due to the absence of hormonal 
or enzymatic regulatory process, the magnesium uptake by 
the cells is slow, and repletion usually requires sustained cor-
rection of magnesium levels.

In hemodynamically unstable patients, including those 
with torsades de pointes and those with associated hypokale-
mia, magnesium sulfate is given intravenously at a dose of 
1–2 g diluted in 10 ml of DW5 over 2 min [28]. Magnesium 
sulfate administration is unlikely to be beneficial in patients 
with ventricular tachycardia or inhospital cardiac arrest not 
related to prolonged QT interval and torsades de pointes as it 
hasn’t been shown to affect return of spontaneous circulation 
[29]. Magnesium should be administered in a similar fashion 
in hemodynamically unstable patients with hypokalemia 
given the interrelationship of magnesium and potassium 
homeostasis [30].

Symptomatic hypomagnesemia should be treated with IV 
administration of magnesium sulfate at a dose of 1–2 g 
diluted in 10 ml of DW5 over 5–60 min. It is essential that 
infusion of magnesium follows this regimen as the serum 
magnesium levels will drop substantially in only a few hours. 
This infusion regimen includes administration of 4–8 g of 
magnesium sulfate over 12–24 h [9, 31]. For hypocalcemic 
patients in particular, this regimen might need to be repeated 
daily for at least 3 days [13, 32]. This maintenance regimen 
needs to be decreased by at least 50% in patients with renal 
insufficiency.

Treatment of preeclampsia is based on the MAGPIE trial, 
in which patients are given 4 g of magnesium sulfate ini-
tially, followed by 1 g/h infusion [33].

 Hypermagnesemia

Hypermagnesemia is significantly less common than hypo-
magnesemia and is usually seen only in patients with com-
promised renal function and those receiving large doses of 
exogenous magnesium, such as patients with preeclampsia 
and eclampsia [34].

 Symptoms
Symptoms related to hypermagnesemia vary depending on 
magnesium levels and can range from nausea, headache, or 
lethargy for magnesium levels 4–6 mEq/l to hypotension and 
bradycardia for levels between 6 and 10 mEq/l and paralysis 
with apnea and even cardiac arrest for levels exceeding 
10 mEq/l.
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 Treatment
Mild to moderate hypermagnesemia that is associated with 
mild symptoms does not require any treatment, especially in 
patients with normal renal function. In patients with impaired 
renal function, saline hydration and loop diuretics might be 
successful in eliminating excess magnesium. Hemodialysis 
is probably the only mean of treatment for patients with end- 
stage renal disease.

 Calcium

Calcium participates in the full spectrum of physiological 
and pathological processes that are encountered daily in 
the ICU, being involved in cardiovascular physiology, 
coagulation, and neurotransmission as well as in inflam-
mation and cellular survival (calmodulin, apoptosis). In 
brief, calcium homeostasis is maintained by PTH, cal-
citriol, and calcitonin. PTH exerts direct renal and bone 
activity to increase serum calcium and has indirect action 
on the gastrointestinal absorption of calcium via calcitriol 
(1,25-dihydroxyvitamin D3), the active form of vitamin 
D.  Calcitonin lowers calcium at each of the aforemen-
tioned sites of direct and indirect PTH action. Other elec-
trolyte concentrations also affect calcium levels as elevated 
magnesium inhibits PTH release, while elevated phosphate 
increases PTH release.

The normal range of serum calcium is 8.5–10.5 mg/dl. 
In serum, 50% of calcium is ionized and biologically 
active. Up to 10% is complexed to organic and inorganic 
acids. The remaining 40% is bound to protein (80% to 
albumin) and  is not biologically active [35–37]. Ionized 
calcium concentrations can vary via chelation with the flux 
of extracellular anions (including phosphate and bicarbon-
ate) and also with pH, as alkaline conditions increase the 
affinity of albumin to ionized calcium. Free fatty acids 
have also been shown to increase calcium binding to albu-
min [38]. Hypocalcemia is defined as ionized calcium 
of less than 1.12 mmol/l.

Calcium levels are routinely checked in the critical care 
setting, often with ionized calcium levels because serum 
albumin levels as well as the acid base status do not affect 
this active form. Half of these patients will have abnormal 
levels. Calcium levels are often low in the critical state. 
The underlying etiology of hypocalcemia must be consid-
ered before correcting the calcium abnormality [39]. 
Studies, including a Cochrane review, show that correcting 
ionized calcium has not been supported in regard to out-
comes and may in fact be deleterious in the setting of sep-
sis via calcium/calmodulin-dependent protein kinase 
signaling [40–43].

 Hypocalcemia

Since the 1980s, investigators have recognized that critically 
ill patients often had transiently low ionized calcium levels, 
mostly due to sepsis or other unknown mechanisms rather 
than an underlying disease of calcium homeostasis. This was 
based on the observation that ionized calcium levels often 
normalized as patients began to improve clinically. In fact, 
inflammatory cytokines from sepsis and burns do impair 
PTH secretion [44].

Underlying diseases of calcium homeostasis include 
hormone- controlled conditions such as hypoparathyroidism, 
vitamin D deficiency, and osteoporosis. Acute diseases that 
cause hypocalcemia include severe acute pancreatitis where 
the release of free fatty acids in the acute phase sequesters 
calcium, and in later stages sepsis further decreases ionized 
calcium. Rhabdomyolysis and tumor lysis release large 
amounts of intracellular phosphate, which binds free serum 
calcium. Renal failure causes hypocalcemia via phosphate 
retention and impaired renal vitamin D activation. Iatrogenic 
causes of hypothyroidism include parathyroid surgery (hun-
gry bone syndrome) and drugs such as cisplatin, aminogly-
cosides, phenobarbital, dilantin, and proton pump inhibitors. 
Radiologic contrast containing ethylenediaminetetraacetic 
acid (EDTA) and gadolinium can cause hypocalcemia. 
Chelation occurs with citrate, which is used as the anticoagu-
lant in packed red blood cells and accumulates during rapid/
massive transfusions, and with hemodialysis and extracorpo-
real membrane oxygenation (ECMO) [45].

 Symptoms
Signs and symptoms are often confounding in the ICU, with 
patients being sedated or having neuropathy of critical ill-
ness. Classical findings related to neuromuscular dysfunc-
tion include dyspnea, stridor, carpopedal spasm (Trousseau’s 
sign) and facial muscle hyperreflexia (Chvostek sign), QT 
prolongation, bradycardia, and decreased vascular tone. 
Neurologic signs and symptoms include confusion, halluci-
nations, and seizures.

 Treatment
The current guidelines for correcting serum calcium in the 
critical care setting emphasize a targeted, selective strategy 
rather than normalizing a laboratory value. Studies demon-
strate that attempts of intensivists to correct ionized calcium 
were not associated with improved outcome nor with rapid 
normalization of ionized calcium levels [46]. Critical care 
scenarios where ionized calcium should be closely moni-
tored and corrected are cases of cardiac conductance abnor-
malities such as QT prolongation, iatrogenic hypocalcemia 
following parathyroidectomy, and severe coagulopathy.
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Intravenous forms of calcium are 10% calcium chloride 
and 10% calcium gluconate, with the former containing 
three times the elemental amount of calcium (27  mg/ml). 
Calcium chloride should be given centrally, while calcium 
gluconate can be administered peripherally due to lower 
osmolality. Boluses of calcium gluconate 1–2 mg elemental 
calcium per kilogram weight transiently increases serum cal-
cium by 0.5–1 mg/ml, but this effect declines after 30 min; 
therefore, an infusion of 1–2  mg/kg/h should be initiated. 
Calcitriol can be used at 15–50 ng/kg/day (divided into twice 
or three times daily) to transition to  an oral regimen. 
Magnesium levels should be monitored and repleted in order 
to aid calcium normalization.

Following parathyroidectomy, symptomatic hypocalce-
mia can occur with hungry bone syndrome and can be con-
trolled with oral elemental calcium of 1–2 g/day. Calcium 
carbonate is a readily available source of elemental calcium, 
containing 400 mg of elemental calcium per 1 g. Calcitriol 
can be added at 0.25 μg/day. Regarding coagulopathy, in vivo 
clot strength was studied using maximum amplitude on 
thromboelastography of patients at risk for or who had active 
bleeding, adjusting for fibrinogen, platelet counts, INR, and 
PTT and a target ionized calcium value of >1 mmol/l may be 
recommended during periods where bleeding is of concern 
[47].

 Hypercalcemia

Hypercalcemia is much less common than hypocalcemia in 
the critical care setting and in hospitalized patients in general 
can be mostly attributed to hyperparathyroidism and malig-
nancy with less likely causes being drugs and 
thyrotoxicosis.

 Symptoms
Clinically, patients will present with gastrointestinal (nausea, 
emesis, constipation, ileus, pancreatitis), cardiac (hypovole-
mia, hypotension, shortened QT interval), renal (polyuria, 
nephrocalcinosis), and neurologic (confusion, depressed 
consciousness) findings. Laboratory values of total serum 
calcium of >12–14 mg/dl or ionized calcium of >3–3.5 mmol/l 
will generally reflect these clinical findings [48].

 Treatment
The treatment of hypercalcemia is to address the underlying 
etiology and to relieve symptoms. In primary hyperparathy-
roidism, symptomatic patients and asymptomatic patients 
with age under 50 years, serum calcium levels over 1 mg/dl 
above the upper limit of normal, creatinine clearance <60 ml/
min, clinical development of a kidney stone or by imag-
ing and/or bone mineral density T score < −2.5 or vertebral 
fracture by imaging should undergo parathyroidectomy [49]. 

Surgery also is indicated for secondary and tertiary hyper-
parathyroidism. The osmotic diuresis caused by hypercalce-
mia should be treated with isotonic saline infusion. Diuretics, 
such as furosemide, administered intravenously at 40–80 mg 
every 2 h titrated to 100–200 ml of urine/h aid in urinary cal-
cium excretion but must be accompanied by and replaced 
with isotonic saline. Calcitonin is used to treat hypercalcemia 
of malignancy and dosed at 4 units/kg intramuscular or sub-
cutaneous every 12 h [50]. Corticosteroids counter neoplastic 
growth and enhance the activity of vitamin D. Hydrocortisone 
is administered at 200  mg intravenously divided into 2–3 
doses per day [51]. Bisphosphonates such as zoledronate 
(4  mg intravenous over 15  min) and pamidronate (90  mg 
intravenous over 2 h) are used to inhibit bone resorption seen 
in malignancy-associated hypercalcemia (but can be used for 
other etiologies) with effects seen in 2–4  days and can be 
repeated every 4–10 days as needed. Lastly, hemodialysis can 
be used for severe levels of hypercalcemia and when fluids 
and bisphosphonates are ineffective.

 Phosphorus

Phosphorus is an essential cellular element responsible for a 
variety of functions from bone structure, to energy storage 
and even modulation of oxygen release by hemoglobin [52]. 
Over 85% of the body phosphorus remains in the skeleton, 
with approximately 15% located in the soft tissues and less 
than 1% in the blood [53]. PTH, vitamin D, and fibroblast 
growth factor 23 (FGF23) have been recognized as the three 
hormones responsible for the homeostasis of phosphorus 
[54]. Renal reabsorption at the proximal tubule is the main 
determinant of a steady-state phosphate concentration [55]. 
The normal values for the total serum phosphate levels are 
2.5–4.5 mg/dl.

 Hypophosphatemia

Hypophosphatemia is common in the ICU, seen in almost 
30% of surgical ICU patients. This incidence can reach 75% 
in trauma patients and 100% in burn and liver surgery 
patients [56–60]. Septic patients and patients with acute kid-
ney injury requiring continuous renal replacement therapy 
have a significantly higher mortality risk when their phos-
phate levels are low [61, 62].

Hypophosphatemia is usually attributed to three different 
mechanisms: redistribution, increased renal excretion, and 
decreased intestinal absorption. In the ICU, the most com-
mon cause for hypophosphatemia is redistribution, which 
can be related to various conditions. These include respira-
tory alkalosis that causes increase in the intracellular pH 
which results in phosphate entering the cell by stimulating 
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glycolysis [63]; administration of glucose and insulin which 
results in transportation of phosphate into the cells along 
with glucose; administration of vasopressors, including epi-
nephrine and norepinephrine [64]; metabolic acidosis which 
results in increased renal excretion of phosphate; and various 
drugs including diuretics and glucocorticosteroids [65]. The 
high incidence of hypophosphatemia in sepsis might be 
related to the increased utilization of phosphate by the 
immune cells, as high levels of the cytokine IL-6 and tumor 
necrosis factor-a (TNF-a) are associated with decreased 
phosphate levels [66].

Several categories of surgical patients might be more sus-
ceptible to hypophosphatemia. These include cardiac sur-
gery patients who are at a higher risk for respiratory alkalosis 
and are more likely to receive diuretic therapy [67]. It 
remains unclear if cardiopulmonary bypass is associated 
with hypophosphatemia. Another category of surgical 
patients includes those undergoing major hepatic resection. 
These patients may require large doses to replete their phos-
phorus for several days. The cause of this hypophosphatemia 
is attributed to shift of phosphate into hepatocytes and renal 
phosphate wasting [60, 68]. In burn patients, hypophospha-
temia is related to the loss of phosphate through the skin 
[58]. For trauma patients, hypophosphatemia is usually 
attributed to the increased urinary excretion of phosphate 
[56]. In patients with traumatic brain injury in particular, dia-
betes insipidus and polyuria may lead to a higher occurrence 
of hypophosphatemia, especially when cooling measures are 
implemented [57, 69]. In patients with severe malnutrition, 
initiation of enteral or parenteral feeding may result in the 
so-called refeeding syndrome with all the associated meta-
bolic disturbances that include severe hypophosphatemia 
[70]. Diabetic ketoacidosis is also associated with hypophos-
phatemia, especially after the initiation of treatment with 
insulin that causes intracellular shifting along with potas-
sium and glucose [71]. Lastly, continuous renal replacement 
therapy may be associated with hypophosphatemia when 
low phosphate replacement solutions are utilized [72].

 Symptoms
Hypophosphatemia is usually asymptomatic and can rarely 
be life threatening. Symptoms that may develop are related 
to impaired energy metabolism. Hypophosphatemia has 
been associated with decreased diaphragmatic muscle con-
tractility [73], respiratory failure, and inability to wean off 
the ventilator [74, 75]. Impaired energy metabolism in the 
myocardium due to hypophosphatemia may result in 
decreased contractility, higher requirements for inotropic 
support, and arrhythmias in cardiac surgery and septic 
patients [59, 76–78]. Other manifestations of hypophospha-
temia that have been described include insulin resistance, 
hemolysis, and neuromuscular effects which can range from 
skeletal muscle weakness to rhabdomyolysis, seizures, and 

central pontine myelinolysis; however, direct association 
cannot be established. Multiple studies have associated 
hypophosphatemia with a higher risk for mortality; however, 
whether hypophosphatemia itself predisposes to this higher 
risk or whether it is a marker for the severity of the patient’s 
illness remains unknown. In addition, whether correction of 
hypophosphatemia in critically ill patients can decrease this 
mortality risk has not been established [52].

 Treatment
When treating hypophosphatemia, the main factors that 
should be taken into consideration include the presence of 
symptoms, the presence of other associated electrolyte 
abnormalities, and the degree of phosphate depletion. In gen-
eral, correction of hypophosphatemia in asymptomatic and 
non-ventilated patients is not supported by the available lit-
erature, and the impact of such practice on outcomes is 
largely unknown. Phosphate repletion is recommended, 
however, for symptomatic patients [79]. Given also the 
impact of hypophosphatemia on diaphragmatic contractility 
[73], achieving normal phosphate values in ventilated 
patients might be justified, although this is probably more 
relevant in chronically ventilated patients and patients with 
underlying respiratory pathology including chronic obstruc-
tive pulmonary disease [79, 80]. Cardiac surgery patients 
might benefit from phosphate repletion, independent of the 
presence of symptoms, as hypophosphatemia in this setting 
has been associated with a higher incidence of arrhythmias 
[76, 78, 81]. Prevention of hypophosphatemia in patients on 
continuous renal replacement therapy with the addition of 
phosphate to the hemofiltration solutions may improve out-
comes [82, 83]. Lastly, phosphate repletion in septic patients 
might be beneficial, although direct impact of normophos-
phatemia on outcomes has not been established [84].

Phosphorus can be provided in enteral or parenteral form. 
In most patients, especially in the absence of symptoms and 
with a moderate degree hypophosphatemia, the enteral route 
will suffice, preventing volume overload and the other poten-
tial complications associated with intravenous administra-
tion. The parenteral form can be given as sodium or potassium 
phosphate. The sodium phosphate solution is preferable in 
patients at risk for hyperkalemia. High doses of intravenous 
phosphate administration are considered safe up to 45 mmol 
with up to 20 mmol/h [84]. Phosphate may complex with cal-
cium, causing clinically significant hypocalcemia. Therefore, 
measuring calcium levels during phosphate administration is 
encouraged, especially when large doses are required.

 Hyperphosphatemia

Hyperphosphatemia (phosphate > 5 mg/dl) is less common 
and is usually related to renal dysfunction. Elevated 
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 phosphate levels may be predictors of decreasing glomerular 
filtration rate (GFR) and even mortality [85, 86]. In the ICU, 
hyperphosphatemia is usually multifactorial and might be 
related to redistribution of phosphorus, increased administra-
tion, and, most importantly, decreased renal excretion.

Tumor lysis syndrome in cancer patients can cause ele-
vated levels of phosphorus, as can rhabdomyolysis, espe-
cially when associated with acute kidney injury [87, 88]. 
Other quoted causes for hyperphosphatemia include pancre-
atitis, respiratory acidosis, and lactic acidosis, but these are 
rare. Pseudohyperphosphatemia can be caused by contami-
nation of the blood sample with phosphate-buffered saline as 
a diluent for heparin or can be related to hyperparaprotein-
emia, hyperbilirubinemia, or even administration of ampho-
tericin B [89, 90].

 Symptoms
Most patients with hyperphosphatemia remain asymptom-
atic. Due to the creation of phosphate complexes with circu-
lating calcium, the clinical manifestations of 
hyperphosphatemia are mostly related to the resulting hypo-
calcemia and the deposition of calcium phosphate salts in the 
tissues, including the myocardium. Therefore, symptoms 
including tetany and arrhythmias may develop.

 Treatment
Hyperphosphatemia usually resolves spontaneously within a 
few hours in patients with normal renal function. Calcium 
acetate tablets may be given to patients who are hypocalce-
mic; however, this practice in the ICU is uncommon. Saline 
hydration may promote phosphaturia, especially when com-
bined with acetazolamide. However, this is not an option in 
patients with impaired renal function who might require 
renal replacement therapy for correction of their phosphate 
levels.
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Acid-Base Disorders

Jack Sava and Robel Beyene

 Introduction

Under normal conditions, serum pH is the tightly controlled 
result of homeostatic buffering mechanisms. Mild, transient 
aberrations in pH may be physiologic, but if persistent, even 
subtle pH change may point to underlying pathology. As pH 
strays outside the normal range, acidemia or alkalemia may 
become harmful. Often this harm results from taxing attempts 
at compensation, such as tachypnea in response to metabolic 
acidosis, or through direct effects, such as systemic or pul-
monary vasoregulatory changes, cerebral edema, and 
arrhythmias [1]. While the intensivist may rush to correct 
pH, acidosis or alkalosis is ultimately a marker of an under-
lying disease process, and correcting the pH, while impor-
tant, is insufficient if the driving pathology is not also 
identified and corrected. In the surgical intensive care unit 
(SICU), both mild and significant acid-base disorders are 
relatively common, and an understanding of their manage-
ment is key to caring for critically ill and injured patients. 
This chapter will review a practical approach to acid-base 
disorders typically encountered in the SICU.

 Metabolic Acidosis

Metabolic acidosis is encountered daily in the SICU, occur-
ring whenever acid accumulates in the extracellular space 
and leads to a fall in the pH below 7.35. Metabolic acidosis 
ranges in severity from trivial to profound – even lethal. In 
general, it results from excess endogenous acid production 

or loss of bicarbonate [2, 3]. Regardless of how the biochem-
istry is modeled, metabolic acidosis is most easily conceptu-
alized as a non-respiratory accumulation of serum acids 
which overwhelms normal physiologic buffering capacity. 
The challenge of the surgical intensivist is to find and fix the 
underlying cause for the acidosis while also managing the 
physiologic consequences of abnormal pH. To the surgeon-
intensivist, an additional challenge may be present, as meta-
bolic acidosis is often the initial trigger that reveals a need 
for surgery. Whether it is bowel resection for mesenteric 
ischemia, laparotomy for trauma, or source control for sep-
sis, the frequent association between metabolic acidosis and 
operative treatment is well established [2].

 Diagnosis

Metabolic acidosis may be suspected by clinical exam, 
which often reveals compensatory tachypnea. More often, 
though, the disorder will be discovered on routine or targeted 
laboratory testing. Bicarbonate is nearly always measured on 
routine metabolic panels, and a low bicarbonate is frequently 
the first sign of acidosis. Although frequently an arterial 
blood gas is ordered in order to measure the base deficit, it is 
important to remember that the serum bicarbonate directly 
correlates with base deficit, and the two can be used inter-
changeably [4, 5]. In the normal course of acid-base homeo-
stasis, acidosis is buffered in the kidneys by excretion of H+ 
and reabsorption and regeneration of bicarbonate [6, 7]. 
Respiratory compensation also buffers acidosis, but when 
these processes are overwhelmed, even a mild acidosis may 
be identified on the basis of a falling bicarbonate [6]. This 
change in plasma bicarbonate can be identified on both an 
arterial blood gas (ABG) analysis and a basic metabolic 
panel (BMP), and a fall below the normal range  of 
22–26 mEq/L deserves investigation [1]. While low serum 
bicarbonate on a BMP is suggestive of acidosis, it is not 
diagnostic of the cause.
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ABG analysis is very useful in the correct interpretation 
of all acid-base disorders. The telltale signs of metabolic aci-
dosis on ABG are a pH below 7.35, a plasma bicarbonate 
below 22  mEq/L, worsening base deficit (less than 
−3 mEq/L), and a compensatory arterial partial pressure of 
CO2  (PCO2) below 35 (Table 50.1). In a simple metabolic 
acidosis  – an acidosis without a second supervening acid- 
base disorder – most of these findings will be reliably present 
on ABG [8]. Notably, the plasma bicarbonate in an ABG is a 
calculated measure and is less accurate than the measured 
plasma bicarbonate on a metabolic panel [9]. Even in the set-
ting of compensation, pH may not completely normalize, 
and metabolic acidosis will present, at least, as a pH below 
7.35 and a PCO2 less than 35  mmHg [10]. However, it is 
important to understand that a normal pH can be present in 
the setting of a metabolic acidosis (due to compensation), 
and the bicarbonate or base deficit is the critical laboratory 
measure to pay attention to.

Base deficit-excess (BDE) is a calculated value in an ABG 
defined as the amount of strong acid or base required to bring 
1  l of blood in  vitro to a pH of 7.4, assuming a PCO2 of 
40 mmHg and a temperature of 38 °C [11]. Only serum val-
ues are used in calculating BDE, so respiratory acid-base dis-
orders do not alter the BDE. Metabolic deviations, however, 
do alter the BDE [11]. The severity of acidosis can be approx-
imated by the extent of the base deficit, with mild acidosis 
generating a deficit of −4 to −9 mEq/L, moderate between 
−10 and −14 mEq/L, and severe indicated by a deficit worse 
than −14  mEq/L [10]. Even a mild metabolic acidosis, 
though, may signal potentially lethal underlying pathology.

 Etiologies

Historically, metabolic acidosis is divided into two broad 
categories based on the existence of anion gap (AG). An 
anion gap is the difference in concentration between routinely 
measured cations (Na+ and K+) and anions (Cl− and HCO3

−). 
This difference is the anion gap – normally between 8 and 
12  mEq/L.  Despite what may appear to be a surplus of 
positively charged cations, the serum is actually electrically 
neutral due to numerous unmeasured anions, including 
sulfate and lactate [1]. An increase in these unmeasured 
anions produces the so-called anion gap acidosis. A normal 
anion gap indicates a different set of potential etiologies.

 Anion Gap Acidosis
In the SICU, the most common types of anion gap acidoses 
are lactic acidosis, ketoacidosis, uremia, iatrogenic acidosis, 
or toxins. Still, a methodical approach is important, and each 
event must be investigated thoroughly to confirm the etiol-
ogy. “MUD PILES” has persisted as a long-standing mne-
monic device for the etiologies of anion gap acidosis; this 
acronym includes methanol, uremia, diabetic ketoacidosis, 
paraldehyde, infection, lactic acidosis, ethylene glycol, and 
salicylates (Table  50.2). While this is helpful, it suggests 
each one of these etiologies is equal in standing when, in 
fact, some are common and others exotically rare. The two 
most common causes of metabolic acidosis in any surgical 
ICU will always be lactic acidosis (anion gap) and renal 
(non-gap).

Lactic Acidosis
In the SICU, lactic acidosis is the undisputed king of meta-
bolic derangements. Lactic acidosis is not only the most 
common acidosis by far, but it is also used as a general screen 
for shock and resuscitation, and it frequently serves as a call 
to action [1, 8, 12, 13]. Whereas other acid-base issues may 
be resolved by medication or ventilator adjustments, lactic 
acidosis tells us – until proven otherwise – that some or all of 
the organism has entered a state of emergency.

Lactate is a product of anaerobic glycolysis, produced 
through the reduction of pyruvate by lactate dehydrogenase. 
Under normal physiologic conditions, only a small amount 
of lactate is formed in the muscle, skin, brain, intestine, and 
red blood cells. It is efficiently cleared by the liver, with 
some contribution from kidneys and other organs, and this 
clearance normally keeps serum lactate below 2 mmol/L [1]. 
When critical illness, ischemia, or trauma results in increased 
anaerobic metabolism, increased lactate production may 
overwhelm the physiologic mechanisms in place to clear or 
buffer it, resulting in lactic acidosis. As lactate is a strong 
anion, its relative increase causes an increase in the anion 
gap, which is why it is classified as an anion gap acidosis 
[14]. There is some debate regarding the actual etiology of 
an elevated lactate in shock states, with some arguing that it 
is primarily due to decreased hepatic clearance and not 
increased production due to anaerobic metabolism. But 

Table 50.1 Acid-base disorders

Disorder pH
PCO2

(mm Hg)
HCO3−

(mEq/L)
BDE
(mEq/L)

Metabolic acidosis <7.35 <35 <26 ≤−3
Metabolic alkalosis >7.45 >40–45 >26 ≥3
Respiratory acidosis <7.35 >45 >22 –
Respiratory alkalosis >7.45 <35 <22 –

Table 50.2 Anion gap acidoses

MUDPILES Etiology
M Methanol
U Uremia
D Diabetic ketoacidosis
P Paraldehyde
I Infection
L Lactic acidosis
E Ethanol
S Salicylates
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regardless of the etiology, it should be taken as an indicator 
of hypoperfusion and shock or sepsis and should prompt 
immediate evaluation and interventions.

Lactate exists in two isomeric molecular forms. Routine 
lactate labs only measure L-lactate, but its chiral opposite, 
D-lactate, can also be measured in serum in some laboratories 
[14]. Much like L-lactate, D-lactate is a product of anaerobic 
respiration but is thought to be produced in the GI tract 
through metabolism unique to gut bacteria breakdown of 
ingested carbohydrate. While the native acid-base state of 
the host may play a part, D-lactate production by gut bacteria 
is less easily interpreted than L-lactate (often just called 
“lactate”) in assessing host acid-base status. D-lactic acidosis 
should, however, be considered in patients with anion gap 
acidosis in the setting of intestinal disease and confusion, 
especially if these symptoms worsen after a carbohydrate 
load [2]. Overgrowth of gut flora can be the driving force 
behind this uncommon occurrence. Similar gut bacterial 
overgrowth can be seen in patients with hyperalimentation or 
tube feeds, jejunoileal bypass, or short gut. Diagnosis 
requires an index of suspicion high enough to order a 
D-lactate screen, and treatment consists of treating bacterial 
overgrowth and avoiding carbohydrates [2].

When lactate and BDE are discordant, lactate elevation is 
more predictive of mortality than a base deficit [13]. In 
trauma and emergency general surgery patients, an elevated 
lactate with a normal base deficit is correlated with longer 
lengths of stay and higher mortality, while base deficit 
showed no significant correlation to mortality in the setting 
of normal lactate. The superiority of lactate, compared to 
base deficit, was confirmed in blunt trauma patients 
presenting in hemorrhagic shock [15]. This highlights the 
importance of lactate in the workup and management of met-
abolic acidosis.

Any unexpected rise in serum lactate should trigger clini-
cal reevaluation and the development of a comprehensive 
differential diagnosis. Once a reasonable source has been 
identified, the intensivist should avoid “premature closure” – 
a type of cognitive error where a hasty conclusion is reached 
without full consideration of other possibilities. The causes 
of lactemia are not mutually exclusive. One etiology may 
overlap with, or lead to, another. A patient with poor cardiac 
output may develop superimposed bowel ischemia. Severe 
sepsis may be complicated by secondary cardiomyopathy.

In general, the differential diagnosis of lactic acidosis can 
be split into three broad categories. In the first group are 
those with a focal ischemia (Table 50.3) [14]. These patients 
may have adequate cardiac output but have a local area of 
impaired perfusion due to injury, infection, or vascular compro-
mise. The most likely source depends on the clinical context, 
but bowel ischemia, cholecystitis, compartment syndrome, 
and limb ischemia are common. Focal lactate spillage often 

mandates surgery or other interventions to restore flow and 
remove necrotic tissue.

The next category consists of patients who are spilling 
lactate globally. Typically, this is due to low cardiac output, 
anemia, or cellular hypoxia in sepsis. As in focal ischemia, 
specific causes depend on patient type and will be different 
in the trauma ICU compared to the cardiac ICU.  The 
intensivist must use whatever tools are available and familiar 
to rule in or out low flow. This may include clinical 
examination, looking for cool, mottled skin, altered 
mentation, and oliguria. A wide variety of tools and devices 
are available as adjuncts to this exam. When cardiac index 
(CI) is measured, a CI >3 is unlikely to result in lactate eleva-
tions, whereas CI < 2 commonly will do so. Intermediate 
lactate levels between 2 and 3 are less conclusive.

Lactic Acidosis Caused by Focal Ischemia
Acute mesenteric ischemia classically occurs secondary to 
four well-described mechanisms: thrombosis, embolus, 
venous insufficiency, and global low flow or shock causing 
nonocclusive mesenteric ischemia (NOMI) [16]. In the set-
ting of a consult for mesenteric ischemia, which is often 
driven by an elevated lactate, the surgeon must differentiate 
these etiologies to conclude the best course of treatment. 
This can be challenging because the patients will often be 
otherwise complex, critically ill patients who may not be 
able to either give a history or cooperate with a physical 
exam to help narrow the surgeon’s differential diagnosis. In 
patients who develop acute mesenteric ischemia from occlu-
sion of arterial inflow, the cause of lactic acidosis is likely 
due to a localized hypoxia that is driving the bowel into 
anaerobic metabolism. The classic presentation is sudden 
onset abdominal pain out of proportion to tenderness and 
other findings elicited on physical exam. However, this find-
ing is most reliably found in acute embolic mesenteric isch-

Table 50.3 Lactic acidoses treatable by intervention

Acidosis Intervention
Occlusive acute 
mesenteric ischemia

Revascularization (thrombectomy, 
embolectomy, stent, or bypass); bowel 
resection

Hemorrhage Control of bleeding; resuscitation
Soft tissue infection Surgical debridement of infectious or 

necrotic tissue
Abscess Drainage of abscess
Abdominal 
compartment 
syndrome

Decompressive laparotomy

Extremity 
compartment 
syndrome and eschar

Fasciotomy or escharotomy

Cardiogenic shock Pathology appropriate cardiac procedure 
(valve repair/replacement, decompression 
of tamponade, reperfusion, etc.)

50 Acid-Base Disorders
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emia. Unlike the relatively distal arterial occlusion seen in 
embolic disease, occlusion in thrombotic disease tends to 
be slower and develops closer to the takeoff of the superior 
mesenteric artery (SMA) or celiac plexus. This leads to a 
prolonged course and atypical presentation [14].

In both thrombotic and embolic mesenteric ischemia, if 
identified early enough, there may be a role for vascular 
intervention to salvage bowel or other organs undergoing 
reversible ischemia before it progresses to irreversible necro-
sis (Fig. 50.1). Thrombectomy and embolectomy, however, 
do not obviate the need for adequate resuscitation, antibiotic 
coverage, and management of other critical care needs. In 
nonocclusive or nonmechanical causes, medical optimiza-
tion, including possibly systemic heparinization, blood pres-
sure support, and treatment of possible vasospasms, may 

alleviate the underlying local hypoperfusion. These etiolo-
gies require supportive care, but operative options intended 
to reverse or limit hypoxia are limited.

In advanced disease or delayed presentation, any of the 
causes of mesenteric ischemia, occlusive or otherwise, may 
need an exploratory laparotomy to gauge the viability of the 
bowel and need for bowel resection. If nonviable or frankly 
necrotic bowel is identified, surgical resection of the involved 
bowel may be warranted [16]. Patients that require resection 
of necrotic bowel often require multiple operations for 
reevaluation, with an eye toward normalization of the lacte-
mia and acidosis to guide reoperation and eventual closure. It 
is also important to remember that there are other causes of 
bowel ischemia and necrosis, including obstruction, hernia, 
and iatrogenic injury to bowel or vasculature, which may 

Fig. 50.1 Acidosis
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cause metabolic acidosis and require operative intervention. 
Again, when feasible, revascularization is ideal, but resec-
tion may be necessary.

Colon ischemia less frequently requires emergent opera-
tion, primarily because it is often reversible or  self- limited. 
In extreme cases, a nonviable or necrotic colon would also 
need resection to reverse the resultant acidosis [16]. Limb 
ischemia, much like mesenteric ischemia, causes lactic aci-
dosis through hypoxia and anaerobic metabolism. 
Compartment syndrome, either abdominal or extremity, can 
also cause a regional hypoxia to tissue, with subsequent lac-
tic acidosis. Abdominal compartment syndrome exists on a 
spectrum of intra-abdominal hypertension and can, if left 
undiagnosed or untreated, progress to not only visceral 
injury and but multi-organ system insufficiency and possibly 
failure. In extremity compartment syndrome, a relative rise 
in pressure within a restrictive compartment eventually 
causes compromise to the anatomy within that compartment 
through hypoxia. Decompression of the offending compart-
ment, and potentially debriding nonviable tissue, is the treat-
ment of choice in each case.

Lactic Acidosis Caused by Non-focal Ischemia
The link between sepsis, septic shock, and lactic acidosis is 
somewhat controversial. While tissue hypoxia may generate 
a certain quantity of lactate in sepsis, the full etiology is 
thought to be multifactorial. Contributing factors may 
include stimulation of increased pyruvate production, limita-
tion of pyruvate dehydrogenase, reduced lactate clearance, 
hypermetabolic production of lactate from inflamed tissue, 
and production of lactate from indirectly related organs [14]. 
This is supported by the finding that, even in septic shock, rest-
ing muscle tends to utilize lactate at a higher rate than it pro-
duces it [1]. In SICU patients with sepsis, lactemia without 
acidosis can sometimes be seen, but this is thought to be due 
to hypermetabolism and has no prognostic implications [14].

In some cases, resolution of sepsis may require operative 
source control. While this is significantly limited in certain 
septic sources such as UTI or pneumonia, in cases of periph-
eral infection such as an abscess, wound, or necrotizing soft 
tissue infection, surgery or other intervention is likely to be 
necessary. In these cases, surgical therapy must be part of a 
broader strategy of supportive care for sepsis, including 
resuscitation and antibiotic care.

Elevation in serum lactate is common in most types of 
shock. A decrease in the oxygen delivery to tissues leads to 
increasing anaerobic glycolysis and an inability for pyruvate 
to enter mitochondria and undergo oxidation, a critical step 
in aerobic metabolism. Instead, under hypoxic conditions, 
pyruvate is converted to lactate, leading to a buildup of lac-
tate [14]. This mismatch between oxygen delivery and need 
is thought to be present in all forms of shock as well as in 

severe anemia or hypoxemia [12]. Differentiating focal isch-
emia from global ischemia remains a substantial challenge. 
In cases of significant lactate elevation and unreliable clini-
cal exam (e.g., obtundation), imaging or exploratory surgery 
may be necessary to exclude intra- abdominal ischemia.

Another common and confounding contributor to lacte-
mia is diminished hepatic clearance. In cases of liver failure 
or cirrhosis, even normal levels of lactate production may 
cause lactic acidosis. This can happen through viral hepatitis 
but is also possible following nonviral causes such as liver 
toxicity, infection, or even potentially malnutrition causing 
intrinsic dysfunction. Ischemic hepatopathy (“shock liver”) 
and congestive hepatopathy, if they progress to intrinsic liver 
dysfunction, are also possible causes or limited hepatic clear-
ance of lactate [14]. The intensivist may be faced with a con-
fusing circle of shock, liver dysfunction, and lactic acidosis, 
each of which may drive the others.

Numerous other conditions, while less common, may also 
cause lactic acidosis. Lung injury, in the spectrum of ARDS, 
has been shown to be a significant generator of lactate and 
subsequent acidosis. This may be due to anaerobic metabo-
lism, glucose metabolism changes, and cytokines. Asthma 
has been shown to have multiple reasons to cause lactic aci-
dosis, including elevated oxygen demand and even liver 
ischemia [1, 14]. Other increases in oxygen consumption, 
such as seizure activity, pheochromocytoma, significant 
burns, and neuroleptic malignant syndrome, similarly create 
a relative hypoxic stage through oxygen demand that out-
strips delivery [2]. In cardiac surgery patients, cardiopulmo-
nary bypass is a known cause of lactemia though inadequate 
perfusion similar to shock. Furthermore, the use of epineph-
rine can further potentiate tissue malperfusion and lactic aci-
dosis, both in cardiac and noncardiac patients. Cancer 
patients have been shown to have more anaerobic metabo-
lism and impaired hepatic lactate clearance in the setting of 
hepatic metastasis, making them more susceptible to lactic 
acidosis [14].

Even with adequate clearance and normal perfusion, there 
are metabolic causes of lactic acidosis to consider, including 
metformin and malnutrition. While it is clear that biguanides, 
such as metformin, can cause significant lactic acidosis, the 
pathophysiology is unclear, and the occurrence is rare [14]. 
Some HIV medications similarly have been shown to cause 
lactic acidosis. Malnutrition can cause thiamine and biotin 
deficiency, both of which are cofactors in pyruvate metabo-
lism. In their absence, pyruvate can build up and eventually 
become lactate [14]. Other categorizations have been 
described, including differentiation of type A lactic acidosis 
(secondary to hypoperfusion or hypoxemia) from type B lac-
tic acidosis (in the absence of hypoperfusion or hypoxemia). 
Some surgeons have found these distinctions to be of dubi-
ous value [2].
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Management
As with all acid-base disorders, management of lactic acido-
sis must be focused on identifying and reversing the underly-
ing etiology. Under-resuscitation is a common cause for 
lactate elevation, and while current surgical critical care 
trends point to judicious use of crystalloid, saline boluses 
will often resolve or improve lactic acidosis. Rapid resolu-
tion of lactemia may be reassuring, but it does not rule out 
focal ischemia. Sources of ongoing regional or global hypo-
perfusion must be addressed. For infectious etiologies, 
appropriate antibiotics and source control must accompany 
fluid resuscitation. In those cases where surgery is needed for 
source control, it should take place after careful but expedi-
ent optimization, generally within 2–4 h.

Uremic Acidosis
Renal failure, especially chronic renal failure with a low glo-
merular filtration rate (GFR), is known to cause an anion gap 
acidosis. The proposed pathophysiology for this is limited 
anion excretion in the urine, rather than increased endoge-
nous acid production. At a GFR below 25 mL/min, there is 
impaired renal acidification, reduced bicarbonate reabsorp-
tion, and impaired renal homeostasis, especially concern-
ing ammonia, phosphate, and sulfate [17, 18]. A decrease in 
renal ammonium excretion has been linked to a positive acid 
balance and reduction in bicarbonate, causing metabolic aci-
dosis. The unexcreted anions explain the anion gap, which 
makes this an anion gap acidosis [18]. Unlike other meta-
bolic acidoses, uremic acidosis can be very long standing 
and may take a very long time to correct.

Diagnosis of uremic acidosis should be suspected when 
an anion gap acidosis is identified in patients with renal 
failure, especially chronic renal failure. A GFR should be 
evaluated through a metabolic panel, as significant acidosis 
would not occur until GFR is critically low. Plasma 
bicarbonate will also generally be in the rage of 
12–20  mmol/L.  Other etiologies, including lactic acidosis, 
must also be investigated in these patients as well, as uremia 
does not preclude them from hypoxic or hypoperfused states 
[18]. Early alkali replacement to maintain adequate serum 
bicarbonate may be appropriate [2].

Ketoacidosis
Ketoacidosis is often understood to be pathognomonic for 
severe diabetes, but can also arise secondary to alcoholic and 
starvation ketosis [2]. Diabetic ketoacidosis occurs when 
fatty acid metabolism increases in the face of insulin defi-
ciency, giving rise to acetoacetate and β-hydroxybuterate 
(ketoacids). This is seen after insulin is stopped in an insulin- 
dependent diabetic or in the face of other severe illness or 
infection triggers a relative increase in the insulin demand in 
the patient; this etiology is seen with a significant hyperglyce-
mia. Patients will present with symptoms associated with 

both acidosis and hyperglycemia, including potential mental 
status changes, electrolyte abnormalities, and dehydration. 
Alcoholic ketoacidosis is seen when alcohol use is disrupted 
following chronic alcohol use and malnutrition. The catechol-
amine increase caused by alcohol withdrawal leads to 
increased lipolysis and a metabolic shift towards ketosis. 
Patients often present with nausea, vomiting, and abdominal 
pain. Finally, starvation ketoacidosis occurs when inadequate 
glucose is available for normal metabolism and the body 
breaks down fat and produces ketones. This may be patho-
logic or may be sought as a goal in certain popular weight-
loss regimens. Taken to its extreme, starvation ketoacidosis 
can also be dangerous. In all of these cases, accumulation of 
ketoacids is responsible for the widening gap and acidosis 
seen in the patient’s lab results. Serum blood tests for 
β-hydroxybuterate can indicate this as a potential cause of 
metabolic acidosis in the SICU [2].

In all ketoses management, it is important to halt the drive 
to ketosis. Treatment of diabetic ketoacidosis consists of 
low-dose insulin infusion to correct not only the 
hyperglycemia but also the electrolyte abnormalities, such as 
the total body potassium depletion that accompanies 
DKA.  The goal of therapy is to continue insulin infusion 
until the anion gap has normalized, not until the hyperglycemia 
improves, as the insulin is treating both the hyperglycemia 
and the ketoacidosis. Mangement also requires fluid 
resuscitation to replace volume lost due to osmotic diuresis 
in the setting of significant hyperglycemia.  Over time, 
chloride from the isotonic solution and renal reabsorption 
will replace the ketones, and the anion gap will close. Care 
must be taken as this correction can cause a hyperchloremic 
acidosis. Insulin therapy must be coupled with fluid 
replacement for osmotic dieresis secondary to hyperglycemia 
and, as always in acid-base disorders, reversal of the inciting 
event [2]. Alcoholic and starvation ketoses also require 
correction of concomitant electrolyte derangements, but 
rather than treating the patients with insulin (as they will not 
be hyperglycemic), an administration of glucose in isotonic 
solution is called for. It is paramount to avoid a refeeding 
syndrome, which can cause potentially deadly consumptive 
deficit in many electrolytes (most notably phosphate) when 
dealing with a patient in this state.

Other Anion Gap Acidoses
The other anion gap acidoses, while less common in surgical 
units, may occasionally be seen. Salicylate toxicity, or aspirin 
overdose, causes an anion gap acidosis and respiratory 
alkalosis by CNS-driven hyperventilation. When it is 
strongly suspected, gastric lavage and charcoal can be given 
to reverse its effects. Urine alkalinization may be offered 
through acetazolamide, but this must be done carefully when 
the patient presents with a mixed disorder, as it can exacer-
bate alkalosis [2].
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Alcohols can cause not only an anion gap but also  an 
osmolar gap, as they increase the osmolarity of serum. This 
should be suspected in patients with the appropriate history 
and lab findings. Methanol can also cause nervous system 
damage through toxic metabolites. Ethylene glycol toxicity 
can cause widespread organ damage and also causes an 
osmolar gap. In all of these cases, treatment is supportive, 
with possible use of alcohol dehydrogenase inhibitors or 
competitors to reduce toxicity. Hemodialysis must also be 
considered. Paraldehyde toxicity is exceedingly rare [2].

Utility of Anion Gap
Though the anion gap is one of the tenets of acid-base disor-
der diagnosis, there are limits to its accuracy and usefulness. 
As a calculated value, it rests on the reliability of its constitu-
ent parts, which may not be appropriate among critically ill 
patients. Electrolyte disturbances unrelated to the etiology of 
the acid-base disorder may alter the calculations underlying 
the AG. Dehydration increases the concentration of all ions, 
widening the apparent gap, while hypoalbuminemia narrows 
the gap. In the case of hypoalbuminemia, one may employ a 
correction of 2.5–3 mEq/L in the anion gap for every 1 g/dL 
decrease in the serum albumin below the normal range of 
3.5–5.5 g/dL [1]. In the setting of a mixed disorder, meta-
bolic effects may unpredictably change the AG. Exogenous 
acids and bases, such as certain medications and their metab-
olites and citrate from blood transfusion, may also increase 
the AG.

 Non-Anion Gap Acidosis

Non-gap acidosis is defined by a normal to low anion gap. In 
general, it is due to a rise in measured anions (specifically 
Cl−) with normal or low measured cations (specifically Na+) 
or a fall in cations with stable or low anions. Known etiologies 
include various renal tubular acidoses, loss of cations from 
the GI tract, iatrogenic causes, and a few uncommon and 
poorly categorized etiologies [1] (Table 50.4).

While there are three types of renal tubular acidosis (RTA) 
with many different etiologies, from inherited and acquired 
disorders to medication toxicities, they all represent a 
disturbance of Cl− management in the kidney. RTA types 1 
and 4 result from reduced ammonia production. In RTA type 
2, which presents as part of Fanconi syndrome, the issue is 
chloride resorption [10]. As with anion gap acidoses, 
treatment in all cases of RTA includes treating the underlying 
cause and preventing hypercalciuria. In RTA types 1 and 2, 
NaHCO3 or citrate administration is also needed, along with 
management of hyperkalemia. RTA type 2 may also require 
thiazide diuresis. RTA type 4 may require use of furosemide 
and treatment of adrenal insufficiency, but alkalinization is 
less commonly needed.

Fluid in the gut lumen contains high levels of sodium and 
HCO3

− [2]. When large fluid losses occur, there is a relative 
loss of sodium compared to chloride. This electrolyte discrep-
ancy is exacerbated by normal saline resuscitation that 
repletes these at an equal rate [10]. This presents as a non-gap 
acidosis. Real-world examples of this include diarrhea and 
proximal fistula. Treatment consists of controlling the losses 
and replacing volume with lactated Ringer’s rather than nor-
mal saline, to avoid increasing the relative hyperchloremia.

There are many iatrogenic cause of non-gap acidosis, but 
the two most common are total parenteral nutrition (TPN) 
and 0.9% normal saline (NS) infusion [11]. TPN contains 
Cl−  and if an inappropriate formulation is chosen, such as 
insufficient bicarbonate precursors, like citrate, this may lead 
to a hyperchloremic acidosis. In normal saline infusion, there 
can be a dilutional acidosis for essentially the same reason, a 
relative rise in Cl−, a measured anion. The reason this is so 
rarely seen, despite the ubiquitous use of normal saline, is 
that large amounts of NS are needed to cause clinically sig-
nificant acidosis in healthy patients. In the SICU, however, it 
is more common for large volumes of NS to be used in resus-
citation and for patients to have multiple underlying predis-
posing factors, including compensation- limiting respiratory 
failure or metabolic derangements limiting buffering capac-
ity [10]. TPN modification and careful and appropriate fluid 
resuscitation, respectively,  are the treatments for these 
etiologies.

Less common causes of non-gap acidosis include ketosis 
rebound, chloride ingestion (e.g., through Maalox or Mylanta), 
cholestyramine, carbonic anhydrase inhibitor use, hypoaldo-
steronism, and hyperparathyroidism. Management requires 
reversing the etiology and withdrawing any offending agents.

 Compensation

Acid-base homeostasis requires many natural mechanisms, 
including compensation. In metabolic acidosis, the primary 
compensatory mechanism is respiratory alkalosis. The respi-

Table 50.4 Non-gap acidoses

Non-gap acidosis Treatment
Renal tubular 
acidosis

Treat underlying RTA

RTA 1 and 2 NaHCO3, citrate, manage hyperkalemia; 
consider thiazide diuretics (alkalinize urine)

RTA 4 Furosemide and treat adrenal insufficiency
GI losses Stop GI losses, replace volume with LR
Iatrogenic Reverse iatrogenic causes
TPN (acetate 
and Cl−)

Chang TPN formulation

Excessive 
normal saline

Judicious fluids, ringers lactate

Medication Discontinue if possible
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ratory compensation, which occurs immediately, presents as 
an increase in minute ventilation through rising tidal volume, 
even to the point of dangerous, unsustainable tachypnea [3]. 
Central and peripheral chemoreceptors sense the falling pH 
of the cerebrospinal fluid and serum, respectively, and 
respond by triggering a rise in minute ventilation [10]. The 
increase in minute ventilation lowers the PCO2, ultimately 
increasing the pH, but cannot completely normalize it. 
Maximum compensation happens at 12–24 h [10].

In managing metabolic acidosis, it is important to calcu-
late the expected compensation and compare it to the actual 
compensation  to determine presence of a mixed acid- base 
disorder. The expected acute compensation in metabolic aci-
dosis is derived by Winter’s formula -  a PCO2 equal to 
(1.5  ×  HCO3

−)  +  8 [1]. A measured PCO2 higher than 
calculated indicates a superimposed respiratory acidosis. If it 
is lower, this suggests a superimposed respiratory alkalosis 
[3]. These would suggest a mixed disorder rather than merely 
a simple, primary metabolic acidosis. The theoretical limits 
of compensation top out at a PCO2 of 15 mmHg [2].

 Treatment

Appropriate treatment of metabolic acidemia requires man-
agement of underlying pathology and correction of signifi-
cant pH abnormality. Left untreated, acidemia and 
compensation may progress to the point where they both 
cause direct negative physiologic effects [10]. If acidemia is 
expected to be of short duration, supporting respiratory 
compensation may be the best option. This may require 
intubation, but after eventual resolution of acidemia, 
compensatory mechanisms  will also normalize [1]. If a 
prolonged course is expected and acidemia is severe (e.g., 
pH <7.15), physiologic damage from acidemia alone may 
require treatment [2].

The physiologic effects of severe acidemia can be seen 
throughout the body. In the cardiovascular system, acidemia 
can cause venodilation, arterioconstriction, conduction 
abnormalities, decreased inotropy, and splanchnic 
vasoconstriction [10]. In the respiratory system, while 
compensatory mechanisms cause increase in minute 
ventilation, the direct effect of acidemia is respiratory 
depression. Documented electrolyte changes include 
hyperkalemia, hypercalcemia, and hyperuricemia. Metabolic 
changes include stimulation of many enzymes, protein 
wasting, bone demineralization, release of inflammatory 
cytokines, and insulin resistance, as well as resistance to 
vasoactives. Acidemia is a well-known cause of acute mental 
status changes [1]. In injured patients, acidemia is a part of 
the “lethal triad,” along with hypothermia and coagulopathy, 
and contributes to traumatic coagulopathy [19].

Alkalinizing agents may be given in an attempt to normal-
ize pH in severe metabolic acidosis. One such agent is 
NaHCO3, which is indicated in sever hyperkalemia as well as 
metabolic acidemia secondary to toxicity from methanol, 
ethylene glycol, and salicylates [10]. NaHCO3 (sodium is the 
active portion of the molecule) dosed at 1  mmol/kg may 
delay the effects of the acidemia. Paradoxically, this 
treatment may cause respiratory acidosis as compensation to 
its infusion, though this is unlikely if the infusion is done 
slowly [3, 8]. Large doses may also cause hypotension or 
fluid overload [1, 2]. Other formulations, such as Carbicarb® 
and sodium lactate, have a diminished effect, both on the pH 
and in inappropriate compensation. Weak acids, such as 
tromethamine or THAM, can help maintain electrical 
neutrality and shift the pH. All of these agents can potentially 
cause a shift in the oxygen dissociation curve and rebound 
alkalosis [10]. These therapies are not consistently found to 
improve outcome and are commonly withheld unless pH is 
felt to be dangerously low (e.g., <7.2) [3].

Rarely, patients with severe or refractory acidemia may 
require hemodialysis. Dialysis removes many ions from the 
plasma and can normalize pH relatively efficiently [1]. This 
may also be accomplished, albeit more slowly, through 
continuous renal replacement therapy (CRRT) [8, 11]. While 
these adjuncts are reasonable temporizing measures and are 
capable of mitigating the direct effects of acidosis, in the 
end, each will only buy time while the clinician investigates, 
identifies, and treats the true etiology of metabolic acidosis. 
In severe acidosis due to acute renal insufficiency, dialysis is 
often indicated due to a combination of acidosis and 
hyperkalemia that is not responsive to standard treatment.

 Metabolic Alkalosis

Metabolic alkalosis is perhaps the most common acid-base 
disturbance in hospitalized patients [10]. A serum gain of 
bicarbonate or loss of acid will cause a relative accumulation 
of extracellular bicarbonate and a rise in pH [8]. Metabolic 
alkalosis is most commonly diagnosed on a basic metabolic 
panel and/or ABG. A primary metabolic alkalosis will appear 
as a measured bicarbonate level above 26 mEq/L. On blood 
gas analysis, the pH will exceed 7.45, HCO3

− will be above 
26 mEq/L, base excess will be greater than 3, and compensa-
tory PCO2 will be over 45 mmHg [10]. However, in the case 
of a mixed acid-base disorder, the pH may be normal or near-
normal, and the diagnostic value will be the elevated bicar-
bonate. In patients with normal renal function, the kidneys 
very efficiently clear excess bicarbonate, so metabolic alka-
losis requires both an etiology and a means of propagation. 
Common etiologies include GI fluid loss, loss of acid from 
the kidney, or gain of bicarbonate, though rare causes, exist. 
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Renal hypoperfusion and potassium depletion perpetuate the 
alkalosis.

 Etiology

Upper and lower GI losses may both cause metabolic alkalo-
sis. Emesis and gastric drainage contain low pH gastric flu-
ids. Acid and electrolytes are lost, while the bicarbonate 
created during production of gastric acid returns to 
circulation. This results in hypokalemic, hypochloremic 
metabolic alkalosis, a cluster of abnormalities common in 
abdominal surgical patients. Villous adenoma generally 
causes metabolic acidosis through loss of bicarbonate and 
potassium-rich colonic fluid, but some  adenomas secrete 
chloride instead of bicarbonate, resulting in metabolic 
alkalosis [20]. Laxative abuse may also cause metabolic 
alkalosis by this mechanism. These GI losses cause chloride- 
responsive metabolic alkalosis which can be treated with 
normal saline but may also be treated with potassium chloride 
(KCl) or, in severe alkalosis, hydrochloric acid [1]. As these 
mechanisms tend to deplete potassium as well, potassium 
repletion should accompany the resuscitation.

Many etiologies originate from renal pathology or insuf-
ficiency. In general, these begin as high concentration sodium 
delivery to the distal nephron, which increases potassium and 
hydrogen losses, as well as bicarbonate reabsorption. Volume 
contraction from renal losses also stimulates aldosterone 
secretion, causing a net increase of sodium and bicarbonate 
retention [20]. Chloride loss, in the absence of volume or 
potassium loss, also causes metabolic alkalosis, but it is not 
clear that these mechanisms are isolated in the clinical set-
ting. Diuretics, such as chlorothiazide and furosemide, and 
mineralocorticoids cause metabolic alkalosis by the same 
mechanisms. Mineralocorticoid effects can be treated with 
aldosterone antagonists, such as spironolactone.

Abrupt reversal of respiratory acidosis through mechani-
cal ventilation can also cause metabolic alkalosis [11]. Renal 
compensation is slower than respiratory compensation, so 
even after the primary disorder is stopped, persistent renal 
compensation continues to cause alkalosis. Bartter syndrome, 
Liddle syndrome, and Gitelman syndrome are congenital 
disorders which generate metabolic alkaloses through renal 
mechanisms [2].

Metabolic alkalosis can also result from an influx of 
bicarbonate. NaHCO3 infusion is the most common cause, 
but other causes include citrate excess from blood transfusions 
or bone lytic conditions. Bicarbonate infusion is common in 
the SICU and can cause or potentiate alkalosis. In some 
patients, overcorrection of an acidosis with bicarbonate may 
be the inciting event leading to metabolic alkalosis. Citrate, 
which is found in packed red blood cells, is metabolized in 
the body to bicarbonate, so high volume blood resuscitation 

infuses a substrate of natural bicarbonate production, which 
leads to a metabolic alkalosis [20].

Under normal conditions, renal excretion of bicarbonate 
would prevent or rapidly correct metabolic alkalosis, but this 
protective mechanism can be impaired in a number of clinical 
settings. A prerenal state (insufficient renal perfusion) 
reduces GFR, which increases renal bicarbonate reabsorption 
and release of aldosterone [8]. Increased aldosterone 
increases reabsorption of renal sodium and water. Aldosterone 
also stimulates potassium and hydrogen secretion with 
concomitant bicarbonate reabsorption [8]. Cl− and K+ 
deficiency can lead to reduced GFR and increased HCO3

− 
resorption, stimulating aldosterone secretion as well. These 
deficiencies support maintenance of metabolic alkalosis 
once it has been established [2].

 Compensation

In spontaneously breathing subjects, respiratory compensa-
tion to metabolic alkalosis is almost immediate. Ventilation 
is suppressed, causing CO2 retention and a fall in pH [1]. 
Respiratory compensation is typically not complete (pH will 
not completely normalize), but the impact of compensatory 
ventilation changes can be predicted. Respiratory compensa-
tion for metabolic alkalosis typically generates a PCO2 equal 
to 0.9 × (HCO3

−) + 9. If the measured PCO2 is higher than 
that, there may be a respiratory acidosis as well. If the mea-
sured PCO2 is lower than predicted PCO2, there may be a 
superimposed respiratory alkalosis [10].

 Treatment

Treatment is focused on reversal of the etiology of metabolic 
alkalosis, but severe alkalemia must also be treated to avoid 
its deleterious effects, many of which are the inverse of the 
effects of severe acidosis. These include increased 
hemoglobin-oxygen affinity and vasoconstriction (especially 
cerebral), which decrease oxygen delivery to tissues. 
Alkalosis causes calcium wasting, which can 
produce  hypocalcemia symptoms including paresthesias, 
weakness, and tetany [8]. Other resulting electrolyte changes, 
such as hypokalemia and hypomagnesemia, can cause 
decreased cardiac contractility and arrhythmias [2, 8, 10].

The tenets of treating metabolic alkalosis include volume 
expansion and correction of  hypochloremia and hypokale-
mia, which often accompany alkalosis. Volume is especially 
important because, even if volume loss is not the cause of 
alkalosis, it is often part of the secondary mechanism propa-
gating the alkalosis. If the patient cannot tolerate the volume 
expansion, chloride loading with KCL may be considered as 
it has similar effects at lower volumes. Acetazolamide, a car-
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bonic anhydrase inhibitor, causes bicarbonate diuresis, but it 
also leads to potassium losses and hypercapnia and must be 
managed carefully [8]. In upper GI losses, if these losses 
cannot be stopped, the acid production must be mitigated 
with an H2 blocker or proton pump inhibitor.

When the serum pH rises above 7.55, or if encephalopa-
thy or arrhythmia occurs, hydrochloric acid infusion can be 
considered, though this must be administered carefully 
through a central venous line as it is highly caustic and blood 
chemistry must be regularly monitored [8].

 Respiratory Acidosis

In healthy subjects, PCO2 remains close to 40 mmHg via 
tight control of pulmonary ventilation [1]. Production of CO2 
is matched to minute ventilation so that the normal PCO2 is 
maintained. In respiratory acidosis, CO2 elimination is 
insufficient to keep up with production and therefore 
accumulates and is metabolized into H+.

 Diagnosis
In the absence of a mixed disorder with concomitant meta-
bolic acidosis, pure respiratory acidosis is unlikely to be 
severe enough to present initially with symptoms of acidosis, 
so identification requires recognition of its presentation on 
routine laboratory results. The hallmark diagnostic feature of 
respiratory acidosis is the pCO2, as the other values of the 
blood gas can be normal or near-normal due to compensa-
tory mechanisms or the presence of a mixed acid-base disor-
der. Chronic respiratory acidosis may be identified by a 
compesatory rise in serum bicabonate above 26 mEq/L. Blood 
gas analysis will reveal pH below 7.35, pCO2 greater than 45, 
and a compensatory HCO3

− above 24 [1]. In acute respira-
tory acidosis, clinically apparent hypoventilation and mental 
status changes may be present without labarotory evidence 
of compensation. Unlike the metabolic disorders, primary 
respiratory acidosis will not generate a base deficit [11].

 Etiology
Hypoventilation is the common pathway for the myriad 
causes of respiratory acidosis [1]. Etiologies can be catego-
rized as central nervous system suppression, neuromuscular 
impairment, or primary pulmonary/tracheobronchial disor-
ders. Central nervous system depression can be pathologic or 
iatrogenic. Pathologic causes include cerebrovascular acci-
dents, tumors, brain or brainstem vasculitis or infarction, 
encephalopathy, CNS infection, seizure activity, dementia, 
metabolic derangements, uremia, and other less common eti-
ologies. When these are suspected, appropriate imaging, diag-
nostics, and specialty consultation must be initiated.

Traumatic injuries cause CNS depression through direct 
injury, decreased seizure threshold, increased intracranial 

pressure, or intracranial bleed. Toxicity, such as 
envenomation, is another consideration [10]. Iatrogenic CNS 
depression occurs through medications and surgical mishaps. 
The most common iatrogenic cause of hypoventilation in the 
SICU is medication overdose, including narcotics, 
benzodiazepines, and other anxiolytics and sleep aides. 
When mismanaged medication is identified, reversible 
causes must be reversed (naloxone for narcotics, flumazenil 
for benzodiazepines, etc.). Otherwise, supportive care must 
be offered until the patient recovers [1].

Neuromuscular impairment may result from neuromuscu-
lar diseases, such as myasthenia gravis, or electrolyte distur-
bances [1]. Paralytics, commonly given as a part of general 
anesthesia, are now frequently given in the SICU. These pre-
dictably cause a neuromuscular impairment that can lead to 
hypoventilation and respiratory acidosis, unless appropriate 
respiratory support is provided. In the postoperative patient 
in the SICU, it is important to consider direct nerve injury, 
including phrenic nerve injury, in patients presenting with 
respiratory acidosis [3]. Respiratory muscle fatigue may also 
lead to respiratory acidosis when the patient is no longer able 
to maintain adequate minute ventilation [1, 10].

Primary respiratory disorders can result in respiratory aci-
dosis as well as hypoxia. This is seen in obesity hypoventila-
tion syndrome, vocal cord paresis, tracheal stenosis, flail chest, 
acute lung injury/ARDS, pneumonia, pulmonary edema, and 
hemorrhage. This may also occur with compliance limiting 
pathology, such as flail segment, postoperative hypoventila-
tion, pulmonary fibrosis, burns, pneumothorax, and compart-
ment syndrome [1, 10]. Respiratory acidosis is seen as an 
acceptable consequence of permissive hypercapnia. In certain 
clinical settings, such as lung protective strategies employed in 
treating ARDS, low tidal volume is indicated, and a resultant 
respiratory acidosis is expected. While this is appropriate 
management for ARDS, it is not without risk. In these cases, 
the acidosis must be monitored closely, and a safe, minimum 
pH should not be exceeded. Typically, pH is maintained 
above 7.25, and a bicarbonate infusion should be initiated to 
keep the pH > 7.2 per the ARDSNet protocol [1].

 Compensation
Metabolic compensation, unlike respiratory compensation, 
is not immediate but is usually effective if the patient has 
relatively normal renal function [10, 11]. The kidney can 
normalize pH for a very broad range of PCO2, from 25 to 
80 mmHg, though this happens over many days. In respiratory 
acidosis, the compensation will present as a metabolic 
alkalosis, with a base excess (over 3 mEq/L). The primary 
mechanism is bicarbonate reabsorption in the kidney, with a 
1–3 mEq/L increase in serum bicarbonate for every 10 mmHg 
rise in PCO2 [11]. Occasionally, complex mixed acid-base 
derangements may be found, combining multiple abnormali-
ties as well as compensatory changes.
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 Treatment
When the underlying etiology is not easily or quickly 
reversed or when hypoxia becomes dangerous, ventilation 
must be directly supported. Noninvasive measures are 
possible when a patient does not have altered mental status. 
Intubation and mechanical ventilation must always be 
considered if the patient’s condition cannot be quickly 
reversed and noninvasive ventilation is undesirable. In 
patients with chronic hypercapnia, the goal PCO2 is the 
patient’s baseline, rather than normal PCO2, to avoid 
dangerous compensatory  alkalemia. Infusion of NaHCO3 
may be considered, though there is a risk of respiratory 
failure due to increased CO2 [1]. One final approach is to 
lower CO2 production  by decreasing metabolic demand 
through hypothermia or paralysis, for example, despite the 
primary respiratory nature of this disorder [1].

 Respiratory Alkalosis

Respiratory alkalosis is not unusual in the SICU. It may stem 
from many causes but always  results from the same 
mechanism, hyperventilation accompanied by hypocarbia 
[1]. Though common, mild respiratory alkalosis can be 
subtle and may go unidentified. Quantifying the patient’s 
minute ventilation can be helpful in both establishing the 
diagnosis and in assessing the efficacy of treatment, with a 
decrease in minute ventilation indicating effective therapy.

 Diagnosis

Obvious hyperventilation is often the first clinical finding sug-
gestive of the diagnosis. Definitive diagnosis, however, still 
requires correlation with laboratory findings. Outside of an 
acute setting, a routine metabolic panel will typically show a 
measured bicarbonate below 22 mEq/L (compensatory meta-
bolic acidosis). On blood gas analysis, pH will be above 7.45, 
with a PCO2 below 35 and a HCO3

− below 22. Base excess is 
not seen in respiratory alkalosis [11]. The most important 
diagnostic lab value for respiratory alkalosis is a low PCO2, as 
the other laboratory values can be altered due to metabolic 
compensation or the presence of a mixed acid- base disorder.

 Etiology

In surgical patients, hyperventilation is most commonly a 
consequence of suffering, whether due to pain, anxiety, 
agitation, or opiate withdrawal [10]. If the patient has 
effectively hyperventilated PCO2 to subnormal levels, this is 
a strong indicator of either distress or of a primary CNS 
etiology. In some cases, hyperventilation may be due to 

primary respiratory compromise, hypermetabolism, or 
compensation for metabolic acidosis, so labs may not 
indicate a respiratory alkalosis. Still, the intensivist should 
be concerned that any hyperventilating patient may eventu-
ally fatigue and become hypercarbic [1, 10].

Central hyperventilation may be driven by sepsis, preg-
nancy, hepatic failure, or salicylate poisoning [1]. Salicylate 
toxicity primarily causes metabolic acidosis but also triggers 
hyperventilation, so treatment must address both mecha-
nisms [11]. Inappropriate mechanical ventilation is an under-
appreciated cause of PCO2 abnormality [3].

 Compensation

Metabolic compensation for respiratory alkalosis is slower 
than respiratory compensation for metabolic acid-base 
disorders but faster than compensation for respiratory 
acidosis. Renal excretion of bicarbonate is very efficient, 
with an expected HCO3

− fall of 1–4 mEq/L for each 10 mm 
Hg rise in a PCO2 [2, 11]. This compensation takes up to 24 h 
to reach its full effect [3].
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Cirrhosis and End-Stage Liver Disease

James M. Tatum and Eric J. Ley

 How Bad Is this Patient’s Liver Disease 
and What Is the Probability of Survival?

 Child-Turcotte-Pugh Score

The severity of a patient’s liver disease can be quantified 
with one of two common grading systems. The Child- 
Turcotte- Pugh (CTP) score is computed by rating the sever-
ity of five contributing factors (total bilirubin, serum albumin, 
prothrombin time, ascites, and encephalopathy) on a scale of 
1–3 with the resulting composite score ranging from 5 to 15. 
Scores are then grouped into one of three grades from A to 
C. These scores roughly correlate with the chances of mor-
tality after major abdominal surgery with A (5–6) imparting 
no additional risk, B (7–9) an 81%, and C (10–15) 45% 
chances of survival, respectively [1]. The CTP score pro-
vides an easy way to communicate and recognize the sever-
ity of liver disease; it does however have limitations. Two of 
the criteria contributing to the composite score are subjective 
(severity of ascites and encephalopathy), and encephalopa-
thy requires that a patient is awake for assessment. The CTP 
score also fails to consider renal failure or thrombocytopenia 
caused by hypersplenism (Table 51.1).

 Model for End-Stage Liver Disease (MELD) 
Score

The model for end-stage liver disease (MELD) score was 
primarily developed to rate severity of end-stage liver dis-
ease (ESLD) among candidates for liver transplantation by 
predicting 90-day mortality but is now widely utilized in 
many ICU settings. The score is derived from a model incor-
porating international normalized ratio (INR), serum creati-
nine (Cr), total bilirubin, and now also serum sodium (Na). 

Of note, the two most heavily weighted variables in the 
MELD scoring system are the INR and the creatinine, which 
reflects the major morbidity associated with worsening coag-
ulopathy or declining renal function in patients with liver 
disease. The model is validated in patients older than 12 years 
of age with liver disease longer than 6 months. There are 
multiple exceptions used to modify the score as it is used in 
attempts to equitably and pragmatically allocate livers for 
transplantation. Scores range from 6 to 40 which provides an 
indication of relative illness severity while avoiding the sub-
jective variables in the CTP. A score of 14 carries as much 
risk of death after surgery as does CTP class C. The MELD 
score has prognostic value after specific interventions includ-
ing transjugular intrahepatic portosystemic shunt (TIPS), 
after non-transplant major abdominal surgery, in the setting 
of an acute variceal bleed, and even after trauma [2–5]. A 
study performed in our own high-volume liver transplant 
center showed that including variables for organ support 
modalities including continue renal replacement therapy 
(CRRT) vasopressors or mechanical ventilation significantly 
increases the reliability and predictive ability of the MELD 
model while caring for critically ill patients with cirrhosis [6] 
(Table 51.2).

 Neurological Challenges: Intoxication, 
Delirium, Cerebral Edema, and Sedation

 Acute Cerebral Edema and Hepatic 
Encephalopathy

Acute fulminant hepatic failure can cause cerebral edema 
requiring medical interventions to lower intracranial pres-
sure and even operative pressure monitor placement or 
decompression by a neurosurgeon. Hepatic encephalopathy 
is the neurological disorder more frequently encountered by 
the general surgeon. Hepatic encephalopathy (HE) is an 
incompletely understood clinical diagnosis related to 
impaired metabolism of amino acids and their impact on 
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gamma-aminobutyric acid (GABA) pathways. 
Encephalopathy can be graded on a scale of I–IV based on 
clinical findings ranging from grade I, characterized as 
minor sleep disorder and confusion, to grade IV, which is a 
comatose state. The diagnosis is supported by, although not 
made by, an elevated serum ammonia level. We observe lit-
tle value in trending ammonia levels but do check it on 
admission and consider a level greater than 60 mcg/dL con-
sistent with HE.

Any condition disturbing a patient’s health can exacer-
bate HE. The best treatment is to address the underlying 
cause of the patient’s illness with attention to electrolyte and 
fluid balance as a patient with liver disease frequently has 
poor nutrition—particularly those with liver disease caused 
by active alcoholism. In-hospital management mirrors that 
of treating any other delirium. Sleep hygiene, frequent reori-
entation, human interaction, and respect for sleep cycles 
especially in intensive care units (ICU) are helpful. Attention 
to treating infection, hypoxia, hypoglycemia renal failure, 
gastrointestinal bleeding, and alkalosis, all of which exacer-
bate HE, is necessary.

Medical treatments for HE include haloperidol for agita-
tion and the avoidance of benzodiazepines. Lactulose either 
by mouth or per rectum decreases ammonia absorption from 
the GI tract. The antibiotic rifaximin or neomycin can be 

used in addition to lactulose to prevent the production of 
ammonia by gut bacteria. Dietary protein restriction is no 
longer advocated, instead there is increased emphasis on the 
importance of nutrition, including protein nutrition, in 
chronic liver disease.

 Sedation and Pain Control

We strive to minimize the use of sedatives in patients with 
severe liver disease. Neither benzodiazepines nor dexme-
detomidine should be used to achieve sedation for bedside 
procedures nor should they be used to maintain sedation 
while a patient is intubated. We prefer to provide pain con-
trol with PRN opiates whenever possible. Fentanyl is pre-
ferred as its metabolism is not significantly altered in patients 
with liver disease as opposed to that of morphine. Tramadol 
is our preferred oral pain medication. We recommend propo-
fol to maintain sedation in intubated patients as it is effective 
but also short acting and not dependent on hepatic metabo-
lism or clearance. When paralysis is required, atracurium or 
cisatracurium is preferred to vecuronium or rocuronium [7]. 
If vecuronium or rocuronium has been utilized and reversal 
of neuromuscular blockade is desired, then the new reversal 
agent sugammadex can be safely utilized in this patient pop-
ulation as it has no metabolites and is primarily excreted in 
the urine.

 Disorders of the Heart and Blood Pressure 
Regulation

 Shock Liver and Biliary Diseases

Benign elevation in liver function tests (LFT) occurs in the 
setting of various biliary diseases, so it is important to define 
the underlying etiology early in the hospital course to opti-
mize management. Severe elevation of LFT after a systemic 
insult such as hemorrhage or cardiac arrest is directly related 
to ischemic injury [8]. These injuries generally resolve with 
supportive care if there is successful treatment of the under-
lying systemic pathology and timely reperfusion. 
Differentiating the relationship between liver and cardiac 
failure in patients with more chronic conditions can be more 
complex but is aided by obtaining a detailed history from the 
patient or family member when available and by review of 
the medical record.

 Congestive Liver Failure and Cardiohepatic 
Syndrome
The heart and liver have an intertwined relationship. For 
example, right heart disease can lead to acute ischemic hepa-
titis (shock liver) or chronic congestive cirrhosis. Cirrhosis 

Table 51.1 Child-Turcotte-Pugh scoring system

Criteria Points assigned

1 2 3

Encephalopathy Not 
present

Grade 1 or 2 Grade 3 
or 4

Ascites Not 
present

Mild/
moderate

Severe

Bilirubin (mg/dL) <2 2–3 >3

Albumin (g/dL) >3.5 2.8–3.5 <2.8

Prothrombin time
Seconds
International normalized 
ratio

<4
<1.7

4–6
1.7–2.3

>6
>2.3

Child-Turcotte-Pugh class

A (5–6 points)

B (7–9 points)

C (10–15 points)

Source: Pugh et al. [66]

Table 51.2 Mortality rates over 3 months following MELD/
MELD-NA

MELDa ≤ 9 10–19 20–29 30–39 ≥40

4% 27% 76% 83% 100%

MELD-NA 1.9% 6% 19.6% 52.6% 71.3%

Source: Kamath et al. [67]
Biggins et al. [68]
United Network for Organ Sharing (UNOS) [69]
aHospitalized patients
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from any cause can lead to a cardiohepatic syndrome (a type 
of stress cardiomyopathy), and any shock can induce both 
stress cardiomyopathy and shock liver simultaneously [9, 
10]. The treatment of congestive liver failure secondary to 
primary cardiac disease requires addressing the underlying 
cardiac disease, which can entail medical or surgical therapy 
including valve replacement, coronary artery bypass, the 
institution of mechanic circulatory support, and even heart 
transplantation alone or in conjunction with simultaneous 
liver transplantation and/or kidney transplantation [11].

 Blood Pressure Regulation

Assessment of hemodynamic status and identification of 
shock states (such as sepsis) can be difficult in the patient 
with pre-existing chronic liver failure. These patients will 
often have a baseline hemodynamic profile characterized by 
relative hypotension and low systemic vascular resistance, 
which can be difficult to distinguish from early shock states. 
Maintaining adequate systemic perfusion can also be a sig-
nificant challenge in severe liver disease. The systemic 
effects of cirrhosis include indiscriminate dilation of the 
splanchnic vascular beds which, in conjunction with low 
serum albumin levels, can lead to a profound loss of fluid 
into third spaces and intravascular hypovolemia with sys-
temic hypotension [12]. This dilation can be improved with 
high doses of oral midodrine in patients who can swallow or 
have a nasogastric tube. Midodrine is not enough in some 
severe cases where our preferred treatment includes the judi-
cious use of albumin for resuscitation, often guided by a 
Swan-Ganz catheter. Norepinephrine is our first-line vaso-
pressor, supplemented by vasopressin receptor antagonists 
(vaptans) despite their debated efficacy in this setting [13].

 Pulmonary and Thoracic Disorders

 Hepatic Hydrothorax

The most common thoracic manifestation of cirrhosis is the 
hepatic hydrothorax. Treatment may include thoracentesis 
for cases of respiratory difficulty or prior to an urgent opera-
tive procedure. A chronic hepatic hydrothorax is a difficult 
problem to manage. These persistent transudative effusions 
are the thoracic equivalent of transudative abdominal ascites, 
if not actually in continuity with the abdomen through pores 
in the diaphragm. Like abdominal ascites, a chronic hepatic 
hydrothorax may resolve only when portal pressure is 
decreased and hypoalbuminemia improves. Thoracostomy 
tubes are ill-advised and invariably lead to chronic leakage 
from the incision, problems with fluid balance, and protein 
loss and expose an inherently immunosuppressed patient to 

the risk of intrapleural infections. In a patient with chronic 
effusions, the placement of indwelling tunneled pleural 
 catheters has both been described and cautioned against in 
the literature, as have methods of pleurodesis and diaphragm 
pore closure [14–16]. Measures beyond simple thoracentesis 
should not be considered in most critically ill cirrhotic 
patients.

 Pulmonary Infections

Pulmonary infections need to be considered as cirrhosis is an 
immunocompromising condition that places patients at high 
risk for both community-acquired and nosocomial pneumo-
nias and other infections [17, 18]. Abdominal distension, 
autonomic dysfunction of gastrointestinal motility, altered 
mental status, and the frequent use of proton pump inhibitors 
put these patients at increased risk of micro- or macro- 
aspiration. Invasive fungal infections while still rare can be 
extremely resistant to treatment, even when caught early  
[17, 19].

 Hepatopulmonary Syndrome

Hepatopulmonary syndrome is defined by shortness of 
breath and hypoxemia caused by vasodilation in the lungs of 
patients with liver disease [20]. Severe liver dysfunction 
leads to inefficient distribution of blood through the lung and 
subsequent pulmonary vascular dilation causing shunting 
which leads to treatment resistant hypoxemia. When unex-
plained hypoxia is noted, an echocardiogram with bubble 
study should be ordered for possible shunting. A transjugular 
intrahepatic portosystemic shunt (TIPS) may be considered 
but may either improve or worsen the condition. The syn-
drome typically resolves within 1 year of successful liver 
transplantation, and this is currently the only effective ther-
apy for the syndrome [21].

 Airway and Ventilator Management

The threshold for intubating patients with ESLD should be 
very low. We advocate aggressive goal setting for these 
patients. One year survival in patients with ESLD who 
require mechanical ventilation in an intensive care unit and 
did not receive a liver transplant is as low as 9% [22–24]. 
Respiratory support when indicated must be by intubation as 
opposed to noninvasive ventilation. Hepatic encephalopathy 
combined with impaired gastrointestinal motility and 
increased intra-abdominal makes aspiration a constant dan-
ger. Noninvasive continuous positive airway pressure venti-
lation and bilevel positive airway pressure ventilation are 
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contraindicated in this patient population and if attempted 
frequently result in aspiration and death. We, and others, 
have had early success with high-flow nasal cannula after 
extubation but maintain that it is contraindicated if used in 
attempt to delay a probable intubation [25].

 Acute Respiratory Distress Syndrome

Among the most challenging of surgical ICU cases is the cir-
rhotic patient with acute respiratory distress syndrome 
(ARDS). The marginal function of multiple organ systems at 
baseline in these patients makes them particularly suscepti-
ble to fulminant respiratory failure [26]. It is important to set 
realistic goals. If there is little possibility of meaningful 
recovery from an acute hepatic injury, or in the case of 
chronic liver disease if the possibility of liver transplantation 
is minimal, then providing guidance on de-escalation of care 
is appropriate. When there is a chance of a positive outcome, 
we recommend maximally aggressive care as early as possi-
ble. This includes renal replacement therapy (RRT) with 
continuous renal replacement therapy (CRRT), pharmaco-
logical paralysis, broad-spectrum antibiotics, inhaled nitric 
oxide, and/or support with vasopressors. Therapies can be 
weaned as tolerated after the ARDS improves. We also use 
oscillatory ventilation, although there is no evidence for or 
against its use in this situation. Extracorporeal membrane 
oxygenation is not possible in these patients due to their 
thrombocytopenia and unacceptably high risk of intracranial 
hemorrhage.

 Nutrition, Feeding, Ascites, and Intra- 
Abdominal Surgery

 Nutrition

Attentive management of nutrition due to related challenges 
from ascites, gastric motility, biliary disease, and gastroin-
testinal bleeding is required in the care of patients with cir-
rhosis and ESLD. Protein and total caloric malnutrition is 
present in nearly all cirrhotic patients, which impacts wound 
healing, increases risk of infection, and contributes to the 
formation of ascites and extracellular fluid sequestration. In 
the past, protein restriction was advocated as it theoretically 
improved HE, although the recent studies suggest otherwise 
[13]. We recommend consultation with a dietician early in 
the ICU course and providing 1–1.5 g of protein per kg of 
dry body weight [27]. Vitamin K injections should be given 
early to any patient with poor nutrition or an obstructive bili-
ary process especially if the initial INR is elevated. We also 
provide thiamine and folate to patients with active 
alcoholism.

 Feeding and Access

We do not encourage oral nutrition in critically ill cirrhotic or 
ESLD patients due to the high risk of aspiration from altered 
mental status and increased intra-abdominal pressures which 
impair gastric accommodation to meals and lead to gastropa-
resis secondary to the autonomic dysfunction of cirrhosis 
[28, 29]. We avoid nasogastric tube feeds unless the patient 
is intubated and sparingly use post-pyloric feeding tubes in 
the non-intubated patient. Percutaneous gastrostomy tubes 
should not be placed in a patient with ascites or liver failure 
and should not be used unless placed well prior to the onset 
of cirrhosis. We advocate for early total parenteral nutrition 
(TPN) in hopes of preventing infection and wound break-
down and decreasing ascites despite little evidence to sup-
port or oppose its use in this setting [30]. Although many 
experts had previously recommended specialized nutritional 
formulas utilizing branched-chain amino acids for patients 
with chronic hepatic insufficiency, and particularly in the 
setting of encephalopathy, there is no evidence that this pro-
vides any benefit over the use of standard enteral formulas 
and medical management of the encephalopathy.

 Ascites

Cirrhosis causes abdominal ascites due to increased hydro-
static pressure in the portal system combined with decreased 
intravascular oncotic pressure from hypoalbuminemia and 
hyponatremia. Ascitic fluid is protein rich and easily supports 
bacterial growth resulting in spontaneous or secondary peri-
tonitis. Liver transplantation, TIPS placement, or rarely oper-
ative portal-systemic shunt creation reduce portal pressure. 
Improved nutrition and diuresis increase intravascular oncotic 
pressure and slow the leakage of fluid in the peritoneal space. 
Infections need to be prevented by avoiding bacterial translo-
cation with appropriate nutrition [31, 32]. Contamination of 
ascites from any procedure that violates the lumen of bowel 
should be avoided. Contamination or infection when sus-
pected needs to be treated with antibiotics and source control. 
Paracentesis as a diagnostic measure should be performed as 
early as possible, as delays lead to increased mortality [33].

If ascites cannot be treated medically, it can be removed 
by paracentesis. If more than 6 l of fluid is removed at one 
time, hemodynamic instability can result, and the patient 
should be supported with intravenous albumin at a dose of 
6–8 mg per liter of ascites removed [34]. Complete drainage 
of large-volume (>5 l) ascites in critically ill patients without 
treatment of the underlying cause results in rapid reaccumu-
lation with potential exacerbation of hepatorenal syndrome 
and hemodynamics [35]. Large-volume drainage should be 
avoided unless attempting to completely drain ascites of new 
onset or as a mechanism of source control after  contamination. 
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Bleeding into the peritoneal cavity is rare as a complication 
of paracentesis and can be avoided by performing ultra-
sound-directed needle placement during thoracentesis, even 
in patients with profound thrombocytopenia and INR >8 
[13]. It is our opinion that indwelling drain placement in a 
cirrhotic patient is ill-advised in general and particularly so 
in critically ill patients. Studies that have attempted to leave 
an indwelling peritoneal catheter have resulted in higher 
rates of bacterial peritonitis and mortality [36].

 The Abdominal Wall

Abdominal wall hernias are present in 20–40% of patients 
with cirrhotic liver disease, most of which are umbilical [37, 
38]. These can be electively repaired only in patients who 
have medically controlled ascites, as attempts at repair with 
uncontrolled ascites leak, do not heal, and rapidly recur. 
Patients with emergent indications (strangulation or bowel 
obstruction) sometimes force the surgeon’s hand. Preoperative 
optimization with TIPS is ideal, but frequently not possible 
[39]. Postoperative management often occurs in the ICU 
given the tendency to decompensate. We recommend peri-
odic paracentesis to minimize abdominal distension and pre-
vent leakage around the time of repair. TIPS is advisable 
when the patient is stable and a candidate. We do not recom-
mend indwelling drains in these or any other cirrhotic patients.

 Elective Surgery

Elective operations on patients with cirrhosis are risky espe-
cially in patients with MELD >14 or a Child C classification. 
Goals of care need to be discussed with the patient and family 
before attempting an operation, even an emergency operation 
in these patients. Patients who develop cholecystitis while 
awaiting immediate liver transplantation of any Child’s clas-
sification are best treated with a percutaneous cholecystos-
tomy aspiration or tube placement [40]. Child A and B patients 
may undergo laparoscopic cholecystectomy with careful 
attention to hemostasis in the operating room and correcting 
coagulopathies during and after surgery [41]. Placement of 
cholecystostomy tube in the OR is preferable to opening the 
abdomen when a difficult gallbladder is encountered.

There are anecdotal reports of abdominal aortic aneurysm 
repair [42] and case series on oncologic colon resections in 
Child A–B patients [43]. There are also multiple studies in 
the cardiac literature of patients with cirrhosis undergoing 
complex CABG, single, or even multivalve replacement at 
the time of liver or simultaneous liver-kidney transplantation 
[11]. Major operations that are not emergent should be 
delayed until during or after liver transplantation.

 Gastrointestinal Bleeding

 Initial Stabilization and Assessment

Gastrointestinal bleeding (GIB) occurs in 20–50% of 
patients with cirrhosis and is a common indication for 
admission to an ICU. Variceal bleeds are responsible for 
70% of acute bleeds in these patients [44]. When first 
encountered the acute GIB is treated in much the same man-
ner as a trauma patient. The airway must be assessed and 
secured with intubation if necessary, circulation and hemo-
dynamics must be stabilized, type and cross or screen and 
coagulation labs must be promptly obtained. Multiple large-
bore intravenous lines need to be placed. A focused clinical 
exam to assess for jaundice or paleness, facial wasting, 
abdominal distention, dilated subcutaneous veins, surgical 
scars, and a rectal exam for black stool performed. We do 
not place nasogastric tubes in patients with active or sus-
pected variceal bleeding except with endoscopic guidance. 
During or after stabilization, the most important action is 
timely consultation with supportive specialists including 
interventional gastroenterologists or radiologists. Patients 
should be transfused to a goal hemoglobin of 8 g/dL. Higher 
hemoglobin targets result in increased portal pressure and 
mortality [45, 46].

 Medical Prevention and Management 
of Gastrointestinal Bleeding

Proton pump inhibitors should be used only when indi-
cated for gastric ulcers or reflux disease as they do not 
prevent variceal bleeding and indiscriminate use is associ-
ated with higher rates of spontaneous bacterial peritonitis 
in patients with cirrhosis [47]. We do start patients with 
new GI bleeds on high-dose PPI drip until bleeding gas-
tric or duodenal ulcer is ruled out with endoscopy. 
Nonselective beta- blockers (propranolol or nadolol) are 
indicated for primary and secondary prophylaxis against 
variceal bleeding although these should not be started at 
the time of an acute GI bleed due to concerns for hypoten-
sion. Somatostatin or an equivalent analog (octreotide, 
vapreotide, or terlipressin) should be started as soon as an 
acute variceal bleed is suspected and continued for at least 
3–5 days [45]. Prophylactic antibiotics should be started 
when any type of GI bleed is diagnosed in these patients. 
Therapy should be with oral norfloxacin, intravenous cip-
rofloxacin, or intravenous ceftriaxone in patients with 
more severe liver disease. These antibiotics should be 
stopped if there is no other indication for use before 
7 days [45].
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 Interventions for Acute Gastrointestinal 
Bleeding

Physical examination, history, and clinical judgment are nec-
essary when faced with a cirrhotic patient with a GI bleed. If 
available nasogastric tube effluent or lavage should be used 
to determine if the most likely location of an acute GI bleed 
is upper or lower, endoscopy should follow. If bleeding is not 
found at the initial site of endoscopy, then endoscopy of the 
alternative site should be performed. Standard of care is for 
endoscopy to be performed within 12 h of diagnosis with 
coagulation, sclerotherapy, banding, or clipping as indicated 
[45]. Patients with massive bleed should have endoscopy 
performed as soon as possible; within an hour of consulta-
tion is a reasonable time frame in a tertiary or academic care 
center. Severe bleeds, ulcers with concerning features, or 
clinical suspicion frequently require repeat endoscopy within 
24–72 h. We intubate nearly all patients who require endos-
copy for acute GI bleeding.

If bleeding cannot be controlled by endoscopy, we con-
sult additional services including interventional radiology 
and general or colorectal surgery as indicated for refractory 
gastric or hemorrhoid/colonic bleeds, respectively. TIPS is 
indicated for bleeds that are recurrent or refractory to endo-
scopic and pharmacological therapy [45]. Colonic or gas-
tric resection is ill-advised before a TIPS procedure. We 
consider descriptions of esophageal transection for acute 
variceal bleeding to be anecdotal. Operative portal-sys-
temic shunts are not indicated in patients with acute vari-
ceal bleeding.

Intraluminal tamponade with a self-expanding metal 
(SEM) stent can be attempted in cases refractory to stan-
dard endoscopic interventions [48]. Balloon tamponade 
can be placed in anticipation of definitive TIPS or thera-
peutic endoscopy within the next 24 h. Balloons carry a 
significant risk of esophageal necrosis and perforation so 
should be used with caution. We left one in place for 5 days 
in a bleeding patient who subsequently underwent a suc-
cessful liver transplantation. Postoperatively the patient 
was diagnosed with a persistent effusion and esophageal 
perforation which was successfully managed with a cov-
ered esophageal stent.

Liver transplantation is the definitive therapy for portal 
hypertension, varices, and variceal bleeding. Controlled 
variceal bleeding is not a contraindication to liver trans-
plantation. These patients need to be evaluated by a pre-
transplant team and transferred to a transplant center as 
soon as possible.

 Renal Failure and Hyponatremia

Renal failure that results from liver failure is related to distur-
bances in circulation. Hypovolemia-induced renal failure is 
common after massive GIB if associated with hypotension or 
shock and is similar in presentation and treatment to any shock-
related acute kidney injury. Unique to severe liver disease is the 
spectrum of disorders known as hepatorenal syndrome (HRS). 
HRS is defined by acute doubling of serum creatinine without 
other causes such as renal parenchymal disease, diuretic use, 
shock, or drug toxicity. There are two types of HRS, type I of 
sudden onset with a doubling of serum Cr to more than 2.5 ml/
dL in less than 2 weeks from onset and type II which is more 
chronic [49]. In hepatorenal syndrome the kidneys are not ade-
quately perfused secondary to decreased systemic vascular 
resistance and splanchnic arterial dilation. This hypoperfusion 
leads to a predictable response: prerenal failure leads to retain-
ing free water to increase perfusion, which results in hypona-
tremia and total body fluid overload. In addition to elevation of 
the serum creatinine, a hallmark laboratory value seen in hepa-
torenal syndrome is a severely low urine sodium. Treatment 
includes diuretics and fluid restriction, vasopressin analogs, 
midodrine, norepinephrine, and even TIPS [49]. All of these 
therapies meet with limited success.

We routinely use a combination of Lasix, midodrine, albu-
min infusions, and occasionally norepinephrine to treat HRS 
pharmacologically. The use of terlipressin should be consid-
ered especially in patients who are awaiting liver transplanta-
tion as it may improve survival after transplant [50]. We do not 
routinely start patients on norepinephrine for the sole purpose 
of treating HRS, nor do we consider TIPS an appropriate ther-
apy for this indication alone. Progressive and more severe 
HRS is best treated with RRT. CRRT is generally our modality 
of choice in critically ill patients given their hemodynamic 
instability with conventional intermittent hemodialysis. CRRT 
can either be slow continuous ultrafiltration (SCUF) in patients 
who have total body fluid overload but maintain other kidney 
functionality or continuous veno-venous hemofiltration dialy-
sis (CVVHD) in patients with fluid overload and electrolyte, 
acid-base disturbances, or other indications for RRT.

We find the use of CRRT to be extremely helpful in opti-
mizing volume status as patients await liver transplantation, 
and have not founds it use to contribute to mortality in this 
population, as seen in Fig. 51.1. Regardless of therapy, there 
is no cure for HRS other than liver or simultaneous liver-
kidney transplantation, and in the absence of transplantation, 
prognosis is dismal with 50% survival at 1 month and 20% at 
6 months [49, 51, 52].
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 Coagulopathies, Transfusion, and Central 
Venous Access

 The State of Coagulation in Acutely Ill Patients 
with Liver Disease

The traditional opinion is that patients with end-stage liver 
disease are hypocoagulable owing to the decreased produc-
tion of clotting factors in the liver and a tendency to sequester 
platelets secondary to increased portal pressures and spleno-
megaly. Recent studies using thromboelastographic analysis 
provide a more complex picture, that of delayed clot forma-
tion and weaker thrombus strength despite decreased rates of 
clot lysis, owing to decreased production of both pro- and 
anticoagulants by the liver as well as decreased anti- Xa lev-
els. These relationships between clot formation and degrada-
tion are not reflected in conventional coagulation tests [53]. 
Some studies in fact report that patients with cirrhosis are at 
increased risk of venous thromboembolism [54].

 Line Placement and Coagulation Tests

Despite the questionable validity of conventional clotting tests, 
we continue to use them in most clinical scenarios, primarily the 
INR and fibrinogen levels. In the non-bleeding patient, we make 
no attempt to correct coagulation parameters. We have not 
observed increased rates of bleeding from the placement of cen-
tral venous catheters (CVC) using this approach, although we 
encourage a small initial skin incision and require line place-
ment by a senior-level resident or fellow when the INR is greater 
than 4. The most frequent bedside procedure other than CVC 
placement is paracentesis, which has been shown to have no 
increased risk of bleeding despite severe thrombocytopenia and 
elevations of INR beyond 8 at the time of the procedure [13].

 Treating Coagulopathy

In the acutely bleeding patient, we initially measure conven-
tional clotting tests and attempt to correct INR to a level of 
less than 3 and fibrinogen to a level of >100 mg/dL. We 
transfuse platelets to a level of 50 × 109/L. The treatment in 
these patients is to treat the source of bleeding—usually vari-
ceal bleeding. The treatment of refractory variceal bleeding 
or any diffuse bleeding in these patients is usually futile; 
however, we may order TEG to guide the therapy. All patients 
with cirrhosis or severe liver disease are administered thera-
peutic doses of vitamin K upon admission to the ICU.

 Blood Transfusions

Our transfusion guidelines for fresh frozen plasma, 
fibrinogen, and vitamin K do not differ in the care of 
patients depending on whether they are awaiting liver 
transplantation. Our practices of red blood cell transfu-
sion do differ between pre-transplant and non-pre-trans-
plant patients owing to the fear of inducing antibodies in 
a patient who routinely requires >20 L of donor packed 
red blood cells during orthotropic liver transplantation. 
We routinely let these patients’ hemoglobin level drop to 
a level of 6 g/dL if hemodynamically stable and the 
hemoglobin is not acutely dropping. Patients who are 
post-liver transplant recipients or who are not candidates 
for transplantation are managed with a hemoglobin goal 
of 7 g/dL [45, 46].

 Prophylactic Anticoagulation

Portal vein thrombosis, peripheral venous thrombosis, and 
venous pulmonary emboli all occur in patients with cirrho-
sis, despite the appearance of coagulopathy on conventional 
coagulation tests [54–56]. The traditional notion of the 
“auto-anticoagulated” patients is simply inaccurate; these 
patients have complex and dynamic coagulation disorders 
and in some studies actually have a higher incidence of distal 
venous thrombosis than patients without cirrhosis, and they 
most certainly have higher rates of portal vein thrombosis 
[57, 58]. The questions of whether or not a patient without 
contraindications should be prophylactically anticoagulated 
are controversial, and there are studies showing varying out-
comes regarding increased risk of significant bleeding [59, 
60]. This topic is very rarely an issues in the ICU phase of 
care as these patients almost uniformly have a contraindica-
tion to anticoagulation while under our care. Patients who 
recover from acute illness and who are preparing for transfer 
to the floor are occasionally started on prophylactic low 
molecular weight heparin or unfractionated heparin, depend-
ing on their renal function, if they had a prior indication (i.e., 
atrial fibrillation or history of pulmonary embolus or portal 
vein thrombosis) after consulting with hepatology, and the 
primary surgeon. The management of patients with acute 
portal vein thrombosis, pulmonary emboli, or deep venous 
thrombosis is difficult and patient specific. We have recom-
mended both TIPS for portal vein thromboses in patients not 
awaiting liver transplantation and also percutaneous directed 
thrombolysis and thrombectomy for both portal vein throm-
bosis and pulmonary emboli.
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 Infections, Disease, and Antibiotics

Patients with severe cirrhosis or ESLD all have some degree 
of immunosuppression owing to the loss of protein into asci-
tes, poor nutrition, translocation of bacteria, and often multi-
ple immunosuppressive medications. Clinicians must be 
vigilant for common infections such as spontaneous bacterial 
peritonitis and community or hospitalized pneumonias but 
also less common fungal infections. We frequently adminis-
ter prophylactic antibiotics for acute patients with an acute 
GIB or a recent history of spontaneous bacterial peritonitis. 
Other patients are administered antibiotics on an as- needed 
basis. Broad-spectrum antibiotics, typically piperacillin and 
renal-dosed vancomycin, and antifungal medications are 
commonly received by patients with secondary peritonitis 
from a hollow viscus injury, with sepsis of unclear origin or 
an acute GIB. Antibiotics are narrowed as appropriate. The 
management of acute, chronic, or posttransplant antiviral 
medications is beyond the scope of this chapter.

 Trauma in Patients with Liver Disease

Patients susceptible to hepatitis C or alcoholic cirrhosis are fre-
quently victims of penetrating or blunt trauma which is poorly 
tolerated. In the largest study of this population, the odd ratio 
for death after trauma is increased to 5.56 (95% CI, 3.72–8.41) 
compared to patients without cirrhosis [61]. Not surprisingly, 
patients with higher MELD scores do worse after trauma [3]. 
We recommend early and aggressive correction of coagulopa-
thy guided by TEG. The acute management of patients with 
penetration trauma can seldom be altered for any comorbidity, 
but we do advocate calling for help and additional blood prod-
ucts early. Severe blunt trauma in patients with Child C cirrho-
sis or an initial MELD score of >14 may best be treated with 
comfort measures and a frank discussion with family and the 
patient, when possible, about the dire prognosis.

 The Care of Patients Awaiting Liver 
Transplantation

The care of patients awaiting liver transplantation is a criti-
cally important component of the topics addressed in this 
chapter. The idiosyncrasies of this subgroup have been care-
fully noted in each section above. Worth mentioning again is 
the importance in minimizing alloimmunization of potential 
organ recipients with excess blood transfusion. Equally 
important to the management of these patients are careful 
coordination and communication between the ICU, hepatol-
ogy, and liver transplantation teams.

 Social Work, End of Life, and Palliative Care

The long-term outcome for patients with ESLD is poor 
unless they receive a liver transplant. Those that are success-
fully discharged home frequently return to the hospital with 
a recurrent GIB, infections, or fluid overload, ranging 
between 13 and 37% within 1 month of discharge [13, 62]. 
Careful attention to discharge instructions, especially diuret-
ics, is critical to maximizing the time between readmissions 
and may in fact prevent up to ¼ of these admissions [63, 64].

The most important recommendation that we can provide 
for many of these patients is guidance targeted at comfort 
and honesty. Caring for these patients, especially those who 
must be told that they are not candidates for liver transplanta-
tion, can be very difficult. We recommend the involvement 
of end of life service and palliative care team, where avail-
able. We also recommend frequent formal meetings between 
the family and the primary surgical team with frank discus-
sion about condition, prognosis, and likely outcome.
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Obesity in Critical Care

Julietta Chang and Stacy Brethauer

 Introduction

Obesity, defined as a body mass index (BMI) greater than or 
equal to 30 m/kg2, is increasing in incidence, with more than 
one-third of American adults in the United States classified as 
obese and numbers projected to increase [1]. Worse outcomes 
have been noted in both underweight (BMI <18 m/kg2) and 
obese critically ill patients [2]. Other studies have associated 
obesity as an independent risk factor for mortality in the ICU 
[3]. In addition, morbid obesity is an independent risk factor 
for the development of organ failure after trauma in the criti-
cally ill patient [4]. Given the current obesity epidemic, the 
number of critically ill obese patients will continue to 
increase, and a greater understanding of the physiologic chal-
lenges associated with obesity in this setting will be needed.

 Pulmonary

The deleterious effects of obesity on respiratory function are 
multifactorial. Increased work of breathing is partly mechani-
cal, due to the upward displacement of the diaphragm result-
ing in suboptimal muscle contraction; increased chest wall 
resistance and decreased chest wall elasticity; and increased 
upper airway resistance due to excess parapharyngeal tissue 
[5], all which lead to a ventilation-perfusion mismatch and a 
susceptibility to hypoxemia which is exacerbated in the supine 
position. In addition, due to increased adipose tissue, there is a 
higher daily production of carbon dioxide. Chronic hypoventi-
lation may develop in the super morbid obese patient as well. 
As a result, obese patients may require unplanned intubation 
more frequently than nonobese patients [6].

Airway management of the morbidly obese patient in the 
ICU setting can be challenging. Excess fascial fat may 
increase difficulty with bag-mask ventilation, while parapha-
ryngeal fat increases upper airway resistance. These, com-
bined with a large tongue and thick neck tissue, may account 
for the significant increase in difficulty in tracheal intubation 
[7], as well as serious complications associated with intuba-
tion such as severe hypoxia or cardiovascular collapse [8]. 
Adjuncts to intubation such as fiber-optic bronchoscopy are 
more commonly required in the obese patient. In addition, 
patients with BMI > 35 demonstrate a lower nadir SpO2 dur-
ing intubation, likely due to increased susceptibility to 
hypoxemia. Utilizing 30-degree reverse Trendelenburg posi-
tion has been shown to increase preoxygenation, likely by 
improving the mechanics of ventilation [5].

Once intubated, tidal volumes will need to be adjusted by 
ideal body weight rather than actual body weight to avoid 
barotrauma, as lung volumes do not increase with greater 
BMI. One study demonstrated that while obese patients had 
low tidal volumes according to actual body weight (5–6 mL/
kg), they were receiving high tidal volumes based on ideal 
body weight (10–11 mL/kg), placing them at increased risk of 
lung injury. As a result, the obese cohort had a significantly 
increased risk of developing barotrauma and acute respiratory 
distress syndrome [9]. In addition, in the patient with chronic 
hypoventilation, ventilation settings should be titrated to pH 
rather than pCO2, as the latter is chronically elevated.

Obesity is also associated with higher complication rates 
during open tracheostomy. However, centers have reported 
successful implementation of percutaneous tracheostomy in 
super morbid obese patients without complications [10]. 
Data regarding whether obesity is associated with prolonged 
mechanical ventilation once intubated is conflicting; one 
meta-analysis found significantly increased duration of 
mechanical ventilation and resultant ICU length of stay [11], 
while another study showed shorter time to extubation in 
obese patients [12]. One study reported higher rates of 
postextubation stridor in obese patients, in some instances 
requiring reintubation [7].
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 Cardiovascular

Obesity results in increased blood volume and cardiac output 
due to excess tissue. This results in left ventricular hypertro-
phy (LVH) and hypertension [5]. However, comorbid condi-
tions associated with obesity including diabetes, essential 
hypertension, and hyperlipidemia also have detrimental 
effects on the cardiovascular system.

Left ventricular hypertrophy associated with obesity 
results in diastolic dysfunction; this combined with elevated 
plasma volume can result in left atrial enlargement, and stud-
ies have shown that obesity is a risk factor for the develop-
ment of atrial fibrillation [13]. While this may suggest the 
judicious use of fluids in the critically ill obese patient to 
prevent fluid overload and the precipitation of atrial fibrilla-
tion, studies have shown that obese patients tend to be fluid 
under-resuscitated for body weight, leading to persistently 
worse base deficit and perhaps contributing to increased 
mortality in the burn ICU setting [14]. Therefore, clinical 
judgment using clinical endpoints of resuscitation including 
resolution of metabolic acidosis and adequate urine output 
rather than weight-based fluid resuscitation volumes is 
advised in the obese patient.

 Gastrointestinal

Physical examination of the obese patient may be somewhat 
limited by habitus, and x-ray imaging may be degraded by a 
thick abdominal wall as well, both of which can make the 
diagnosis of intra-abdominal pathology challenging.

Peptic ulcer disease is the product of an imbalance 
between acid production and mucosal barrier; in the criti-
cally ill patient, there is a defect in the latter, likely due to 
decreased blood flow. As obesity is a risk factor for gastro-
esophageal reflux disease (GERD) and hiatal hernias, many 
of these patients are already on some form of anti-secretory 
medication such as a proton pump inhibitors (PPIs) or hista-
mine (H2) blocker. A history of bariatric surgery, especially 
Roux-en-Y gastric bypass, may predispose a patient to ulcer 
disease and upper gastrointestinal bleeding (UGIB) due to 
ulceration at the gastrojejunostomy (marginal ulcer) [15]. 
Thus, it is important to maintain a patient’s home PPI or H2 
blocker therapy while in the ICU, and in the setting of GI 
dysfunction, these may have to be converted to IV 
formulations.

In addition, the intensivist must be cognizant that the 
post-gastric bypass or duodenal switch anatomy does not 
allow easy endoscopic access to the biliary tree. Given that 
obesity is also associated with the development of biliary 
lithiasis [16], if the patient were to develop choledocholithia-
sis and sequelae such as cholangitis or gallstone pancreatitis, 

it is significantly more difficult to decompress the biliary tree 
since standard ERCP is not usually feasible. In patients who 
have had duodenal switch, there is no endoscopic access to 
the duodenum, and biliary decompression must be accom-
plished transhepatically (percutaneous transhepatic cholan-
giography, PTC) or with direct surgical access to the bile 
duct. Options in the gastric bypass patient include PTC 
decompression with interventional radiology or laparoscopic- 
assisted transgastric ERCP. At our institution, we favor 
laparoscopic- assisted transgastric ERCP as a safe and effec-
tive method to perform ERCP in these patients and particu-
larly in cases where there is little intrahepatic ductal dilation 
which makes PTC more difficult or impossible. If needed, a 
gastrostomy tube is left in the remnant stomach to maintain 
access to the biliopancreatic limb and facilitate future endo-
scopic interventions. This remnant gastrostomy tube can also 
be used for enteral feeding access and is superior to a feeding 
jejunostomy in terms of ease of access, ability to decom-
press, and absorption of delivered nutrients.

Obesity is also associated with fatty infiltration of the 
liver, and nonalcoholic fatty liver disease (NAFLD) is the 
most common cause of cirrhosis in the United States [17]. 
More than 90% of obese patients have fatty infiltration of the 
liver, and one-fourth of these patients will have steatohepati-
tis or nonalcoholic steatohepatitis (NASH). One-third of 
these patients will go on to develop cirrhosis within a decade. 
This is relevant with regard to decreased drug clearance (see 
section “Pharmacology”). In the presence of cirrhosis, the 
patient may develop fulminant complications such as hepa-
torenal syndrome, spontaneous bacterial peritonitis, hepatic 
encephalopathy, or variceal bleeding. Ascites may be diffi-
cult to appreciate due to body habitus, and paracentesis may 
be especially challenging.

 Renal

Obesity is associated with an increased risk of acute renal 
failure [2, 9] and is an established risk factor for chronic kid-
ney disease (CKD), likely due to the existence of comorbid 
conditions such as hypertension, diabetes, and atheroscle-
rotic disease as well as due to a chronic supranormal glo-
merular filtration rate (GFR) due to an increased blood 
volume and cardiac output as noted above. In addition, obe-
sity is associated with a chronic inflammatory state with 
increased oxidative stress which may contribute to impaired 
renal function [5, 18, 19]. Local fat accumulation may cause 
increased intrarenal pressure with local intrarenal hyperten-
sion as well as lipotoxicity. There is marked activation of the 
renin-angiotensin-aldosterone system beyond expected for 
degree of hypertension due to enhanced angiotensinogen 
synthesis in fatty tissue [20]. One large retrospective study of 
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over 16,000 patients in cardiac surgery found that obesity 
was significantly associated with an increased risk of postop-
erative renal insufficiency and that the severity of injury was 
proportional to the degree of obesity [18]. It should also be 
noted that the commonly used Cockcroft-Gault equation for 
calculated GFR has been shown to be inaccurate at extremes 
of BMI and that the Modification of Diet in Renal Disease 
(MDRD) study equation is less subject to inaccuracy in high- 
obese patients and may have implications in pharmacology 
in the care of the critically ill obese patient (Table 53.1) [21].

In the treatment of renal disease and hypertension in the 
obese patient, angiotensin-converting enzyme (ACE) inhibi-
tors are ideal as they mitigate the overactivated RAAS. ACE 
inhibitors have been shown to markedly decrease proteinuria 
in obesity and decrease progression to renal failure [20]. 
However, in the acute on chronic renal failure patient, treat-
ment is largely supportive and may include temporary hemo-
dialysis for severe renal insufficiency [18].

 Hematology

Obesity has been demonstrated to be an independent risk 
factor for thromboembolic disease with a hazard ratio of 1.88 
compared to the nonobese population. Meta-analysis has 
also demonstrated a higher incidence of deep venous throm-
boses (DVTs) in the critically ill obese patient [2]. This may 
be due to decreased mobility in this patient population, 
thrombophilic changes related to obesity, or inadequate dos-
ing of weight-based chemoprophylaxis [5]. The practical dif-
ficulties in obtaining high-quality duplex ultrasonography or 
CT angiography in patients with obesity may actually result 
in underdiagnosis of DVT or subsequent pulmonary embolus 
(PE) [2]. One study examining DVT and PE after bariatric 
surgery found that nearly 40% of patients with clinically sig-
nificant PEs had negative lower extremity duplex studies 
[22]. One cohort study examining the use of heparin versus 
low molecular weight heparin (LMWH) in perioperative 
DVT prophylaxis found that the use of LMWH was more 
effective at preventing DVTs and not associated with a higher 
risk of postoperative hemorrhage [23].

Difficult vascular access should be anticipated in the criti-
cally ill obese patient as obesity results in the loss of anatomic 

landmarks [24]. The use of ultrasound in the ICU has been 
shown to aid in the placement of peripheral intravenous lines 
(PIVs) and help reduce the number of central venous cathe-
ters (CVC) placed in the hemodynamically stable obese 
patient [25]. At our institution, a dedicated vascular access 
nursing team places both midline catheters (not centrally 
positioned) and peripherally inserted central venous catheters 
(PICC) in patients in whom peripheral IV cannot be obtained. 
These types of catheters are associated with decreased blood-
stream infections as well as decreased insertion- related com-
plications such as pneumo- or hemothorax and chronic 
complications such as central venous stenosis compared to 
CVCs [26]. Although it is well established that PICC lines are 
associated with upper extremity DVTs, they have been shown 
to increase the risk of lower extremity thromboses as well, the 
pathogenesis of which is not well understood [27].

 Infectious Disease

One prospective observational study found that obese 
patients in the critical care setting were significantly more 
likely to develop bacteremia and catheter-related blood-
stream infections. The authors postulate that this related to 
difficult vascular access and reluctance to discontinue intra-
venous access even if infection is suspected, as new access 
may be prohibitively difficult to obtain. This series, however, 
did not find that there was a significant difference in the rate 
of pneumonia or urinary tract infections (UTIs) in the obese 
versus normal weight patients [28]. Other studies however 
have found that obesity is a risk factor for ICU admission 
and mortality in the setting of H1N1 influenza [29], poten-
tially due to a disordered immune response and altered cyto-
kine response [30]. Other studies have demonstrated that 
increasing BMI is a risk factor for both UTIs and pyelone-
phritis, with up to five times increased risk compared to non-
obese patients [31].

Although obesity may be a risk factor for developing 
infection, outcomes of the septic obese patient is contro-
versial. The “obesity paradox” is the observed J-shaped 
curve demonstrating that underweight and severely obese 
patients have worse outcomes, while overweight and mod-
erately obese patients with BMI between 25 and 40 have 
lower mortality [32]. As these observations are based on 
meta-analyses of heterogeneous patient populations, it is 
difficult to draw conclusions about these complex associa-
tions. However, some of the observed outcomes may be 
due to excess adipose tissue acting as an energy reservoir 
[33]. Another  retrospective analysis found that obese 
patients had the lowest 28-day mortality, followed by over-
weight and then normal weight patients. They hypothesize 
that this may be due to a blunted inflammatory response, 
as levels of proinflammatory IL-6 were lowest in higher 

Table 53.1 Equations for renal function

Cockcroft-Gault equation

Creatinine clearance (male) = ((140−age)/(Scr)) × (weight / 72)

Creatinine clearance (female) = 0.85 × ((140−age)/(Scr)) ×  
(weight / 72)

Modification of renal diseases study

GFR (mL/min/1.73 m2) = 175 × (Scr)−1.154 × (age)−0.203 ×  
(0.742 if female) × (1.212 if African American)

Scr Serum creatinine
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BMI patients. In addition, obese and overweight patients 
received less body  weight-adjusted fluids and vasopressors 
compared to normal weight patients. The authors conclude 
that fluid resuscitation and vasopressor doses should be 
adjusted for ideal body weight, and what appeared like 
underresuscitation was ironically protective in this patient 
population [34].

 Pharmacology

Considerations in drug dosing in obesity include the drug’s 
volume of distribution (Vd), a function of its lipophilicity. 
Drugs with a high Vd (i.e., more lipophilic) will require 
higher doses in patients with increased adipose tissue with 
higher loading doses, while those with low Vd may require 
little adjustment in drug dosing [35]. Lean body weight 
(LBW) as calculated by the James equation (Table 53.2) is 
most commonly used when calculating weight-based dosing 
by investigators in drug trials. As it correlates to creatinine 
clearance, it may be more accurate than other calculations 
such as ideal or adjusted body weight [15]. With regard to 
maintenance dosing, clearance is multifactorial and depends 
on whether the drug is metabolized by the liver, kidney, or a 
combination. Rarely, drugs such as cisatracurium undergo 
Hoffman degradation. As noted above, obesity is associated 
with renal and hepatic dysfunction. Thus, the best measure 
of subsequent drug dosing after initial loading is clinical 
response. For example, antiarrhythmic medications may 
require breakthrough dosing, heparin drips should be titrated 
on coagulation studies, and antibiotics should be dosed on 
trough and peak serum levels after initial weight-based 
loading dosing. Another consideration is altered gastroin-
testinal anatomy in the bariatric patient in enteral dosing. 
For example, one study from the Netherlands found that the 
area under the curve (AUC) for aspirin was significantly 
higher after gastric bypass, while it was significantly 
decreased for oral omeprazole after bypass, perhaps 
accounting for persistent ulcer symptoms in this patient 
population [36]. This issue can be avoided by administering 
parenteral formulations.

 Pearls in the Management of the Morbidly 
Obese Patient

Venous access as noted above, peripheral line placement is 
more difficult in the obese patient [24]. Preemptive use of the 
ultrasound in placement of peripheral intravenous catheters 
(PIV) is recommended. We recommend avoiding routine 
placement of central venous catheters due to increased com-
plications compared to PIVs.

Intubation placement of obese patients in a “ramped” posi-
tion rather than the standard “sniff” position allows for easier 
laryngoscopy. A high index of suspicion should be main-
tained for all obese patients with regard to difficult intuba-
tion, and an awake fiber-optic intubation should be considered 
for those with a history of difficult intubation [37].

Chest tube placement normal anatomic landmarks may be 
impossible to palpate in the obese patient. The intersection 
of the anterior axillary line and inframammary folds, even in 
the obese patient, will reliably lead to the placement of an 
intrathoracic tube. In patients with prohibitively thick chest 
walls, the use of a 12 or 15 mm optical trocar and a 0-degree 
laparoscope has been described [38]. This allows for visual-
ization of the soft tissue, intercostal muscles, and lung paren-
chyma. The laparoscope is removed, and a 28 French chest 
tube is inserted through the trocar into the chest cavity, and 
the trocar is removed over the chest tube. The use of a 
smaller-diameter optical trocar could be used for thoracente-
sis as well, if ultrasound image guidance is unsuccessful.

Bedside ultrasonography due to poor tissue penetration, 
the use of bedside ultrasound may be limited in the evaluation 
of the obese patient. Obesity has been shown to be associated 
with increased rates of false-negative FAST (focused assess-
ment with sonography for trauma) [39]. Lower- frequency 
ultrasound probes will allow for greater tissue penetration at 
the expense of image quality, while higher- frequency probes 
will do the opposite [40]. Multiple probes may need to be 
utilized in the same patient. Placing the patient on their side 
contralateral to the organ of interest will help displace adi-
pose tissue in those with truncal obesity. The pannus should 
be elevated when scanning the suprapubic region.

Paracentesis due to the increased number of patients pre-
senting with cirrhosis from nonalcoholic fatty liver disease, 
there has been interest in finding the ideal site for paracente-
sis. The infraumbilical midline is associated with increased 
abdominal wall thickness compared with the left lower quad-
rant. The right lower quadrant is avoided due to proximity to 
a thin-walled, gas-filled cecum. Placing the patient in a left 
lateral oblique position will increase the depth of ascites as 
well, increasing the chance of successful aspiration [41].

Table 53.2 Common weight equations

Lean body weight (LBW)

LBW (men) = (1.10 × weight in kg)−120 × (weight 2 / 
(100 × height in m) 2)

LBW (women) = (1.07 × weight in kg)−148 × (weight 2 / 
(100 × height in m) 2)

Ideal body weight (IBW) in kg

IBW (men) = 50 kg + 2.3 kg for each inch in height over 60 inches

IBW (women) = 45.5 kg + 2.3 kg for each inch in height  
over 60 inches

Adjusted body weight (ABWadj) in kg

ABWadj = IBW + 0.4 (actual weight−IBW)
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 Conclusions

Obesity is an increasing epidemic and a major public health 
problem globally, and there are specific challenges in the 
management of the obese critically ill patient. Evidence cur-
rently suggests that the disparate outcomes between obese 
and normal weight patients in the critical care setting are not 
due to weight alone but are due to complex alterations in 
physiology and organ dysfunction, hormone regulation, and 
interactions between cytokines. Evidence is lacking as to 
whether obesity is protective in critical illness, and further 
studies are required to refine the best management practices 
in the care of these patients.
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Care of the Elderly Critical Care Patient
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 Introduction

Critical care poses significant challenges for all patients. 
However, the elderly population requires extra vigilance 
owing to age-related changes in physiology, multiple medi-
cal comorbidities, polypharmacy, and deconditioning. The 
elderly, defined here as persons 65 years or older, account for 
14.5% of the population and account for 42–52% of ICU 
admissions. The impact of the elderly will dramatically 
increase as their population will double to 70 million in 
2030. Given increasing life expectancy (78.8  years in the 
United States), and the fact that this segment of the popula-
tion accounts for 42–52% of ICU admissions [1, 2], the 
impact on health care and critical care is immense. Mortality 
is increased in the elderly, and studies demonstrate an 18.7% 
mortality for surgical patients, up to 26.5% ICU mortality for 
medical cause, and up to 50% mortality 1  year after dis-
charge [1–3]. Aging affects every system in the body, and 
combined with comorbidities, multiple medications, and fre-
quent end-of-life ethical issues, caring for these patients 
poses significant challenges in today’s health-care environ-
ment [4–13]. Knowing how to care for this special popula-
tion with age-related physiologic changes and a lack of 
physiologic reserve compared to the general population is of 
paramount importance.

 Cardiovascular

Cardiovascular comorbidities are prevalent in the elderly. In 
the United States, 50% of all heart failure patients occur in 
patients aged over 70, with 90% of deaths due to heart failure 
in patients older than 65 years old [14]. Coronary artery dis-
ease occurs in 21.1% of men and 10.6% of women aged 
60–79 – increasing for those older than 80 to 34.6% of men 
and 18.6% of women [15, 16]. Ventricular changes from 
impaired contractility and relaxation result in reduced sys-
tolic and diastolic function with an increased atrial depen-
dence for stroke volume augmentation. There is a blunted 
baroreceptor reflex and decreased adrenergic responsiveness 
with a decreased reliance on heart rate in times of physio-
logic stress. Furthermore, medication used to treat chronic 
medical conditions in the elderly can further blunt compen-
satory mechanisms. Conduction abnormalities arise from 
changes in surrounding autonomic tissue and lead to an 
increased incidence of sick sinus syndromes, atrial arrhyth-
mias, and bundle branch blocks [6]. Understanding these 
physiologic changes due to aging combined with systemic 
stress responses from critical illness is vital in improving 
outcomes and quality of care.

 Changes in Cardiac Function

Structural and functional cardiovascular changes occur in 
aging and have implications for critical care management. 
With aging, there is a depressed myocardial contractility and 
decreased ventricular compliance from progressive muscular 
degeneration and increased collagen deposition [17]. 
Myocardial thickness increases due to cardiomyocyte hyper-
trophy from increased collagen deposition with an overall 
depletion of myocytes [18]. This is predominantly focused in 
the intraventricular septum and results in the heart changing 
shape from elliptical to spheroid – affecting ventricular com-
pliance and intraventricular dependence [18]. Cardiac 
reserve is substantially diminished and contributes to 
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increased cardiac dysfunction in types of physiologic stress 
(e.g., sepsis, acute blood loss, hypoxia, or hypovolemia).

Cardiac output (CO) and ejection fraction (EF) are main-
tained in times of rest. In the elderly, hypertension, ventricu-
lar myocyte hypertrophy, and increased resistance to 
ventricular emptying owing to stiffening of the ventricular 
outflow tract and arteries exacerbate heart failure in times of 
stress [6, 19]. Acute stress response from illness, trauma, or 
even with exercise result can result in decreased cardiac out-
put [6, 20]. Oxygen delivery (VO2max) progressively 
decreases with age starting between 20 and 30 years old and 
continues to decrease by 10% per decade [21]. Although it is 
observed that stroke volume (SV) is generally preserved with 
aging, decreased CO is predominantly due to impaired heart- 
rate acceleration (or maximal heart rate). Multiple factors 
including increased vascular afterload, reduced myocardial 
contractility, impaired autonomic regulation, and physical 
deconditioning contribute to the reduction of cardiac reserve 
as evidenced by decreased VO2max.

Although systolic function at rest is preserved with aging, 
diastolic dysfunction worsens with age and is responsible of 
nearly 50% of heart failure cases in the aged [22, 23]. Since 
ventricular relaxation is more energy dependent than ven-
tricular contraction, myocardial hypoxia increases end- 
diastolic pressure (EDP), exacerbates pulmonary congestion, 
and results in increasing hypoxia. Cardiac filling decreases 
with age, primarily from impaired diastolic filling and 
increased isovolumic relaxation time [24]. This contributes 
to significant atrial enlargement contributing a greater pro-
portion of total end-diastolic volume as ventricular filling 
shifts to later in diastole.

Compensatory sympathetic stimulation from β-adrenergic 
stimulation decreases with age as the myocardium has a 
blunted response to catecholamines [19, 25]. Changes in car-
diac conduction system develop with the age-related increase 
in collagen and from cardiac myocyte fibrosis. This can 
result in AV nodal conduction abnormalities and AV block. 
Lipomatous deposition around the SA node with age can 
lead to bradyarrhythmias. Additionally, there is a decrease in 
pacemaker cells that can limit compensatory sympathetic 
stimulation and a reduction in calcium channel proteins 
which suppress action potentials and propagation [19, 26]. In 
addition to a blunted response to catecholamines, with aging, 
the baroreceptor reflux is blunted and may contribute to syn-
cope from orthostatic hypotension with the loss of compen-
satory cardiac chronotropy [27–29].

With aging, CO becomes dependent upon preload which 
is augmented by increasing ventricular filling and stroke vol-
ume [4]. Preload dependence makes CO sensitive to volume 
status. In critical illnesses, fluid resuscitation for hypovole-
mia to preserve CO is essential. However, avoidance of 

hypervolemia is equally essential since the elderly are par-
ticularly at risk of developing pulmonary congestion and 
subsequent heart failure. Complicating the care of the elderly 
is that a significant number take medications (e.g., β-blockers, 
calcium channel blockers, digoxin) that can further blunt or 
inhibit compensatory tachycardia from hypovolemia. 
Autoregulation of coronary blood flow is affected by a coro-
nary artery disease. With increased myocardial activity from 
critical illness, increased myocardial oxygen demand with 
decreased VO2max can result in cardiac ischemia and heart 
failure.

 Arrhythmias

The prevalence of clinically significant arrhythmias increases 
with age [15]. The most common arrhythmia is atrial fibrilla-
tion (AF), occurring in up to 12% of individuals above 
85 years of age [15]. Numerous factors likely contribute to 
the increase in AF prevalence with age, including an 
increased prevalence of comorbid conditions, such as hyper-
tension, diabetes, thyrotoxicosis, and mitral valve disorders. 
Age-related increase in left ventricular stiffness, with result-
ing diastolic dysfunction and elevated left atrial pressure 
contributes to age-related changes in the cardiac conduction 
system.

As a result of the previously described changes in the car-
diac conduction system, a number of changes occur in car-
diac electrical properties as demonstrated by EKG. Although 
the R-R interval does not change with age, there is a decrease 
in its variation with respiration and an increase in sinus bra-
dycardia due to decreased parasympathetic activity and 
pathologic sick sinus syndrome [30]. The P-R interval 
increases with age, while the QRS axis shifts left secondary 
to increased LV wall thickness, and although not clinically 
significant, there is an increase in nonspecific ST-T [15, 31, 
32].

With increased age, atrial arrhythmias, atrial fibrillation 
(AF), paroxysmal supraventricular tachycardia (pSVT), and 
ventricular arrhythmias (VA) are more frequently observed 
[15, 31]. AF afflicts approximately 4% of patients over 60 
and 15% over 85, representing a tenfold increased rate over 
the general population. The increased rate of AF in the 
elderly arises from atrial distention from large-volume resus-
citation, acute changes in inflammatory cytokines (IL-6, 
IL-8), changes in endogenous catecholamine release, fluid 
and electrolyte shifts, hypoxia, and hypercarbia [33–35]. As 
a consequence of increased rates of atrial fibrillation in the 
elderly, these patients are often on chronic anticoagulation 
and can pose challenges in the acutely bleeding patient or in 
traumas.
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 Arterial Changes in Aging

Arteries are dynamic structures that can adapt to stimuli, 
remodel, repair, and age. With aging, large arteries dilate 
and thicken. For example, the aortic root dilates by ~6% 
between 40 and 80 years old and stimulates LV hypertro-
phy given increased afterload [19]. It is recognized that the 
aorta thickens with time in healthy individuals by up to 
three times from adolescence to age 90. At the microscopic 
level, structural and functional changes occur with aging. 
Increases in arterial medial collagen content, nonenzy-
matic collagen cross-linking, and fraying of elastin fibrils 
result in hypertrophy and extracellular matrix accumula-
tion and ultimately decreased distenisbility [36]. 
Additionally, calcium deposition and changes in the vascu-
lar endothelium also contribute to increased vascular stiff-
ness [37, 38].

Further contributing to arterial age-relate are inflamma-
tory stress responses from acute and chronic illnesses. 
Hypertension, hypercholesterolemia, and coronary/periph-
eral atherosclerosis result from endothelial dysfunction. 
Decreased concentrations of NO and expression of endo-
thelial nitric oxide synthase (eNOS) reduce the ability of 
the arterial system to vasodilate further contributing to 
increases in hypertension and afterload [36, 37, 39]. With 
age, changes in the renin-angiotensin system (RAS) include 
increases of angiotensinogen, renin, angiotensin I and II, 
angiotensin- converting enzyme (ACE), angiotensin, and 
angiotensin II receptor (AT1) [40, 41]. For example, it is 
thought that increased angiotensin II level in aging arterial 
walls contributes to decreased plasma concentrations and 
increased expression of proteins important in extracellular 
remodeling including matrix metalloproteinase 2 and 9 
(MMP-2 and MMP-9), monocyte chemotactic protein-1 
(MCP-1), and transforming growth factor-beta 1 (TGF-β1)  
[40, 42].

Functionally, increased arterial stiffness and loss of wall 
compliance results increased systolic blood pressure (SPB), 
decreased diastolic blood pressure (DPB), and ulti-
mately results in an increased pulse pressure. According to 
some studies, this increase in pulse pressure may be a more 
powerful predictor of cardiovascular events in older adults 
than changes in SBP or DBP [43]. Another consequence of 
arterial stiffness and loss of compliance is increasing arterial 
pulse wave velocity (PWV) [44]. It is recognized that 
reflected waves assist with coronary artery diastolic filling. 
However, with increased arterial stiffness, the reflected 
waves arrive at the coronary ostia during late systole, increas-
ing ventricular afterload, failing to augment DBP, and com-
promising coronary blood flow. Studies reveal that PWV 
may be a predictor of future CV events, independent of blood 
pressure [45].

 Critical Care Considerations

As described above, the aged patient lacks physiologic 
reserve. Maintenance of adequate preload, cardiac contrac-
tility, and afterload is paramount. Assessment of the patient 
begins with physical exam to determine signs and symptoms 
consistent with a shock state. This is complicated by the 
presence of age-related conditions that affect mental status 
including delirium and dementia. Chronic renal insufficiency 
and loss of glomerular function (described in the following 
sections) limit the use of urine output as an endpoint of 
resuscitation. Peripheral vascular and arterial disease can 
compound physical findings of cool extremities and weak 
pulses. Laboratory evaluation includes CBC with differen-
tial, ABG, and lactic acid to assist with diagnosing shock.

A strong consideration for invasive arterial blood pressure 
monitoring with an arterial line should be given to elderly 
patients with a diagnosis of shock or questionable hemody-
namic status [46]. In a study by Scalea and co-workers, up to 
50% of patients with “normal” blood pressure showed evi-
dence for occult cardiogenic shock with invasive pulmonary 
artery monitoring [47]. Although numerous studies have 
questioned the benefit of pulmonary artery catheterization in 
light of increased complication rates, the interpretation of 
pulmonary artery pressures and cardiac function are vital to 
its successful use in determining a therapeutic plan. 
Pulmonary artery catheters are useful in patients with a con-
cern for cardiogenic shock, the inability to confidently deter-
mine the patient’s intravascular volume status, and actively 
make management decisions based upon pulmonary artery 
catheter parameters. Alternatively, bedside echocardiography 
is a quick, noninvasive test that can illuminate the intensivist 
toward cardiac function and volume status. Noninvasive mon-
itoring devices that calculate stroke volume variance can also 
offer guidance to volume resuscitation. Some clinical studies 
comparing the accuracy of pulmonary artery catheters and 
noninvasive techniques measuring change in stroke volume 
variation (ΔSVV), SvO2, and change in pulse pressure varia-
tion (ΔPPV) show equivalence and possibly improved out-
comes in the elderly and surgical patients [48–52].

 Pulmonary

In the elderly, several morphological changes reduce the 
respiratory efficiency of the chest wall and diaphragm. Most 
of the aging-associated changes in the respiratory system 
evolve from a decrease in chest wall compliance, reduced 
static elastic lung recoil, and weakened respiratory muscles. 
The cross-sectional areas of the intercostal muscles start to 
decrease after the age 50. There appears to be no change in 
the thickness of the diaphragm with age. However, structural 
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changes in the chest wall reduce the curvature of the dia-
phragm and maximal transdiaphragmatic pressure which 
results in a reduction in respiratory muscle strength. Decreased 
intercostal muscle mass and strength, calcification of rib cage 
cartilage and vertebral articulations, narrowing of interverte-
bral disk spaces, and osteoporosis contribute to reduced chest 
wall compliance. Increasing thoracic kyphosis results in 
decreased mechanical advantage for the diaphragm further 
impeding inspiration [53–56]. At rest, this can predispose the 
elderly to muscle fatigue resulting in nearly at 50% decrease 
in maximal inspiratory and expiratory force. In spite of acces-
sory muscle use, these changes can significantly affect pul-
monary function in acute illnesses [57–59].

Decreased static elastic recoil of the lung with age con-
tributes to decreased tidal volume (Vt) and an increase in 
respiratory rate (RR) that increases breathing-related energy 
expenditure by 20% [53]. Sarcopenia with aging results in 
loss of fast-twitch muscle mass, decreased muscle energy 
production, and decreased muscle protein synthesis [60–64]. 
As a result, during stress there is an impaired ability to main-
tain minute ventilation that is exacerbated by decreased max-
imum inspiratory and expiratory pressures generated [53]. In 
trauma patients, 71% of 149 severely injured elderly patients 
(median age 79  years) were sarcopenic [65]. Multivariate 
linear regression demonstrated that sarcopenia was associ-
ated with decreased ventilator-free (P = 0.004) and ICU-free 
days (P = 0.002) [65].

Tracheobronchial and pulmonary parenchyma change 
with aging in addition to the previously described chest wall 
changes. The diameter of bronchioles decreases, while alve-
olar diameter increases resulting in an increased resistance to 
airflow and reduction of alveolar surface area, respectively 
[53, 61]. A form of obstructive airway disease known as 
“senile emphysema” arises from dynamic collapse of bron-
chioles <2 mm in diameter owing to a decrease in supporting 
tissue. In association with structural remodeling, pulmonary 
arterial pressure and pulmonary wedge pressure become sig-
nificantly elevated after 50 years. Gas exchange is also com-
promised with reduced pulmonary capillary volume and 
number. These changes result in predictable changes in PaO2, 
decreased DLCO, and increased work of breathing.

Compensation for increased pulmonary demands is 
decreased in the elderly. Responses to hypoxia and hypercapnia 
are blunted due to changes in chemoreceptor function. The 
response to hypoxemia and hypercapnia is significantly reduced 
as compared to younger patients. This may permit elderly 
patients who are hypoxic or hypercapnic not to manifest clini-
cal signs such as tachypnea through age- related CNS changes 
[58]. As a result of decreased pulmonary function and a lack of 
adequate compensatory mechanisms, the elderly require care-
ful monitoring and vigilance for respiratory collapse.

Centrally, cough reflexes are less forceful and productive 
in the elderly. Cough sensation is suppressed, and due to 

decreased muscle strength, the motor component of the 
cough reflex that aids in airway clearance is also less effec-
tive. Weakening of the cough reflex could be a factor in the 
higher incidence of aspiration pneumonia in older patients 
[66, 67]. Additionally, loss of fast-twitch muscle fibers and 
decreased maximum expiratory pressure combined with 
decreased ciliary motility and mucus production from the 
tracheobronchial tree further diminish clearance of mucus 
[53, 67]. Impaired clearance of mucus and secretions along 
with blunting of an immune response to pathogens predis-
poses geriatric patients to increased frequency of pulmonary 
infections [54]. Pneumonia in the elderly is associated with a 
sixfold increased mortality and 16% lower quality of life in 
the post-discharge year among patients surviving hospital-
ization for community-acquired pneumonia [68]. In 
ventilator- associated pneumonia (VAP), mortality among 
patients was higher among elderly patients accounting for a 
20% increase in the elderly (35% vs. 51%). Thus strategies 
to prevent, identify, and treat VAP is paramount [69]. Acute 
respiratory distress syndrome (ARDS) has also become 
increasingly prevalent in the geriatric population, and his-
torically the mortality rate was up to 80%, but with protocol- 
driven treatment and early recognition, recent studies 
demonstrate mortality as low as 50% [70].

 Critical Care Considerations

Foremost in managing elderly patients with pulmonary 
pathology is optimizing gas exchange. Every decade there is 
an age-related decrease of PaO2 due to decreased efficiency 
of gas exchange. Simple maneuvers to prevent atelectasis 
can improve ventilation-perfusion matching (V/Q matching) 
and include (a) raising the head end of the bed 30° [71, 72], 
(b) incentive spirometry to promote alveolar re-expansion 
[73–75] and pulmonary toilet to clear secretions [76, 77], 
and (c) minimizing sedation adequately – emphasizing non-
narcotics, local nerve blocks, and epidural anesthesia. These 
maneuvers also can decrease the incidence of aspiration that 
is a common cause of respiratory failure. Additionally, evi-
dence suggests early gastrostomy, avoidance of long-term 
nasogastric tubes [78], and early detection of high gastric 
residuals [79–82] from tube feedings can decrease aspiration 
risks. Avoiding prolonged intubation may decrease the risk 
for microaspiration [83] as does oral decontamination with 
chlorhexidine gluconate [84]. The IHI VAP bundle which 
includes elevation of the head of the bead, daily sedation 
holidays, appropriate PUD and DVT prophylaxis, and oral 
hygiene studies demonstrate statistically significantly 
decreased VAP rates [85].

The decision to provide supplemental noninvasive or inva-
sive positive-pressure ventilation is based on early detection of 
respiratory compromise. Factors independent of  surgical 
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 considerations should be evaluated when deciding to provide 
invasive positive-pressure ventilation versus noninvasive venti-
lation such as BiPAP or CPAP. Should mechanical ventilation 
be required, this decision must be tempered by life expectancy, 
patient/family wishes, advanced directives, and prognosis [86]. 
Intubated elderly patients have a significant mortality – up to 
30–67% for patients aged 85–89 and up to 75% for those over 
90 [87]. In a study of ARDS patients, age > 70 was associated 
with increased overall mortality, increased in-hospital mortal-
ity, increased ICU stay, and decreased ventilator-free days [88]. 
Failure to liberate from mechanical ventilation can be improved 
with tracheostomy but is associated with a mortality rate 
upward of 75% in 3  months and 93% in a year [89, 90]. 
Decision to perform a tracheostomy must be in line with the 
patient’s wishes, goals of care, and minimal acceptable out-
comes. Noninvasive mechanical ventilation in select patient 
populations may act as a palliative bridge avoiding endotra-
cheal intubation and is associated with decreased mortality in 
COPD patients [91–93].

Signs such as changes in mental status and vital signs may 
be subtle and are exacerbated by pulmonary infections. 
Often only subtle mental status changes and increasing agi-
tation are noted. When there is a clinical suspicion for infec-
tion, early identification of sources including pneumonia, 
tracheobronchitis, pharyngitis, or sinusitis should be under-
taken. If clinical suspicion is high for a respiratory infection, 
deep tracheal aspirates for cultures should be obtained and 
empiric antibiotics started based upon hospital antibiograms. 
Consideration to cover methicillin-resistant Staphylococcus 
aureus (MRSA) and hospital-acquired multidrug-resistant 
gram-negative organisms (MDRO) should be strongly con-
sidered in patients with recent hospitalizations, skilled nurs-
ing facility boarding, and recent antibiotic use.

 Renal

In the absence of an intrinsic disease, the kidney undergoes 
age-dependent structural and functional alterations leading 
to a significant decrease in renal mass, functioning nephrons, 
and baseline kidney function. The incidence of sclerotic 
glomeruli rises with advancing age, increasing from less 
than 5% of the total glomeruli at the age of 40  years to 
10–30% by the eighth decade of life. Overall the incidence 
of acute kidney injury (AKI) has increased with increasing 
life expectancy and the use of nephrotoxic therapies [94–97]. 
Renal dysfunction is common (~66%) in the ICU, and 
upwards of 5% of patients will require some sort of renal 
replacement therapy (RRT)  [98]. Multiples studies confirm 
increased mortality, hospital length of stay, ventilator days, 
and costs in patients with AKI [99–102]. One in five patients 
that require RRT in the ICU becomes dialysis dependent 
with a 50–60% mortality rate [98, 103–105].

In critical illnesses or trauma, hypovolemia, malnourish-
ment, shock and baseline cardiovascular disease, congestive 
heart failure, and pre-existing kidney disease can further 
increase AKI risk [106, 107]. With aging, there is a variable 
decrease in glomerular filtration rate (GFR) [16, 108, 109]. 
The number of functioning glomeruli declines roughly in 
proportion with the changes in renal weight, whereas the size 
of the remaining glomeruli increases. As renal mass declines, 
the ability to clear creatinine is reduced. Measuring serum 
creatinine (SrCr) as a surrogate for renal function is difficult 
to interpret in the elderly as decreasing total lean body mass 
reduces SrCr  – which is further reduced in critical illness 
[110–112].

The ability to regulate electrolyte homeostasis decreases 
as the kidney ages. Sodium reabsorption decreases with 
age – affecting up to 85% of the aged – and results in inabil-
ity to maximally concentrate urine and promoting dehydra-
tion. Decreased responsiveness to antidiuretic hormone 
(ADH) can result in chronic hyponatremia and is more sus-
ceptible to becoming hyperkalemic [106, 107, 109]. This 
hypovolemic state can be exacerbated by underlying conges-
tive heart disease and increases the risk of ischemic and 
nephrotoxic-induced nephropathy [106, 109, 113]. In resus-
citation for hypovolemia, the goal is euvolemia to minimize 
tissue edema which can further exacerbate end-organ dys-
function [114–116]. Furthermore, infection or sepsis is asso-
ciated with nearly 50% of ICU patients developing AKI 
[117–121]. As a consequence, understanding age-related 
changes in kidney function can augment strategies aimed at 
minimizing renal insults resulting in AKI and maximizing 
outcomes.

 Critical Care Considerations

Treatment is supportive, as summarized by the Kidney 
Disease: Improving Global Outcomes (KDIGO) clinical 
practice guidelines that recommend avoiding nephrotoxins, 
maintaining euvolemia, avoiding the use of diuretics, avoid-
ing hyperglycemia, and providing adequate nutrition [122]. 
Although it may be beneficial to use diuretics in managing 
pulmonary edema, studies reveal that there is neither 
decreased mortality nor RRT utilization, with the use of 
diuretics [123, 124]. The indications for RRT are renal sup-
port for conditions including severe electrolyte derange-
ments, acidosis, congestive heart failure, liver failure, and 
multi-organ failure [125–127]. Early initiation of RRT may 
have superior outcomes and be associated with decreased 
mortality, shorter lengths of stay, and decreased RRT 
 utilization [118, 128]. Survival rates between intermittent 
hemodialysis (iHD) and continuous renal replacement ther-
apy (RRT) are similar [126, 128, 129].

53 Care of the Elderly Critical Care Patient



524

Endpoints to discontinue RRT, especially CRRT, are ill- 
defined. Failure to recover renal function in the elderly fol-
lowing RRT is increased when compared to younger patients 
[130], is associated with 33% in-hospital mortality [131], 
and carries approximately 8 months median survival [132]. 
Long-term use of CRRT (>7d) was observed to carry a 100% 
mortality rate in non-liver transplant surgical ICU patients 
and was associated with an increased adjusted odds ratio of 
death [OR:1.39 (95% CI, 1.01–1.90; P  =  0.04)] [133]. 
Because of the morbidity and mortality associated with AKI 
and RRT in the elderly, the decision to initiate and withdraw 
RRT is a challenging ethical consideration. Supportive or 
hospice care may be a consideration in elderly patients with 
a limited life expectancy or with an expected unacceptable 
quality of life, while transitioning to iHD may be acceptable 
for others [134–136].

 Gastrointestinal and Nutrition

With aging there are profound changes in motility, nutrient 
absorption, and gut-associated immunity. Esophageal func-
tion displays impaired motility, increased esophageal pres-
surization, and decreased LES relaxation and results in 
dysphagia [137, 138]. Gastric acid secretion decreases, 
affecting the absorption of iron and other vitamins. Gastric 
emptying appears to be unaffected with age. Small-bowel 
motility transit time is unaffected by aging, but migrating 
motor complexes become less frequent. It is at the colon, 
however, that motility decreases in the elderly and results 
in constipation [139]. Enteral absorption of nutrients is 
hampered by mucosal atrophy. The gut microbiome has 
been postulated to change with aging, and may attenuate 
mucosal immunity [140–142]. Taken together these 
changes contribute to malnutrition and pathology in the 
elderly.

Elderly patients are more sensitive to changes in intestinal 
motility and are subjected to higher rates of postoperative 
and narcotic-induced ileus [143–146]. Ogilvie syndrome, 
also known as acute intestinal pseudo-obstruction, is attrib-
uted to enteric dysautonomia and results in a severe ileus of 
the large bowel and is not uncommon in the elderly and criti-
cally ill [147, 148]. Bowel perforation from Ogilvie’s can 
result in mortality rates as high as 40% [149, 150]. 
Management is supportive, but care must be made to initiate 
bowel decompression prior to impending perforation. 
Neostigmine is used to treat Ogilvie’s owing to a parasympa-
thomimetic stimulation of colonic intestinal motility [151]. 
Side effects of neostigmine include potentiation of baseline 
cardiac arrhythmias including severe bradyarrhythmias. 
When administering neostigmine, the patient must be placed 
on continuous telemetry, and atropine should be readily 
available.

Malnutrition can be defined as weight loss ≥5% in 
1 month or ≥10% in 6 months, body mass index <21 (note: 
BMI ≥21 does not exclude malnutrition), and serum albumin 
concentrations <3.5 mg/l. Severe malnutrition can be defined 
as weight loss of ≥10% in 1 month or ≥15% in 6 months, 
BMI <18, and serum albumin <3.0 mg/l. The elderly have 
impaired ability to maintain weight via increased food intake, 
even after periods of starvation, owing to changes in metabo-
lism. Loss of skeletal muscle, or sarcopenia, is a well-known 
consequence of aging. Patients may lose up to 6 pounds of 
lean mass per decade after age 50 [152, 153].

Depending on criteria used, the prevalence of malnutri-
tion ranges from as low as 5% to 12% among elderly patients 
in the general population to as high as 52–85% among insti-
tutionalized geriatric patients [154, 155]. Elderly patients at 
higher risk for malnutrition include  those with poor social 
and financial situations, dementia, and neurological disor-
ders. Depression is thought to be the most common cause of 
involuntary weight loss and malnutrition in older adults.

The causes are multifactorial and include limitations in 
activities of daily living and functional limitations in addi-
tion to physiologic changes. With age, the basal metabolic 
rate (BMR) decreases, total body fat increases, and protein 
content decreases [156]. Patients with swallowing and mas-
tication impairment are at risk from malnutrition due to 
dietary modification or food avoidance. Impaired cognition 
can also be a result of malnutrition. Dementia can cause 
impairment of food intake by failure to remember to eat or 
prepare meals. Dementia can be complicated by swallowing 
difficulties. Caloric and protein intake are affected with 
changes in taste, smell, and regulation of the hunger response. 
These changes are further exacerbated with chronic medical 
conditions and critical illnesses. Dysphagia, early satiety, 
and altered bowel habits are common and are related to 
esophageal and colonic dysmotility, dyspepsia, reflux, atro-
phic gastritis, lactose intolerance, bacterial overgrowth, and 
the use of laxatives to treat chronic constipation.

Assessing nutritional status in the elderly is challenging. 
The utility of body mass index in assessing nutritional status 
has its limitations in the elderly due to loss of muscle mass 
owing to an age-related decrease in appetite and energy 
intake, where the average daily energy intake decreases by 
30% up until 80 years of age. This decrease in energy intake 
coincides with the age-associated decline in energy expendi-
ture and contributes to weight loss in this population. Body 
weight and BMI increase until age 60 and then decline. BMR 
can be estimated through a variety of equations that estimate 
resting energy expenditure such as the Harris-Benedict equa-
tion. These equations are confounded by a number of factors 
including obesity/cachexia, volume overload, metabolic 
stress from infection, surgery, or other critical illnesses. The 
most accurate method to determine BMR is indirect calorim-
etry [157, 158]. Screening tools described in the literature for 
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the elderly include the Mini Nutritional Assessment (MNA) 
and the Nutrition Risk in the Critically Ill (NUTRIC)  [159]. 
Standard markers for malnutrition include albumin 
(t1/2 = 20–21 days) and prealbumin (t1/2 = 2 days). Transferrin 
(t1/2  =  8–10  days) is not accurate in the elderly owing to 
falsely normal levels in malnourished elderly patients with 
low iron stores. The use of C-reactive protein can distinguish 
between decreased levels of nutritional markers owing to an 
inflammatory state.

Owing to malnutrition, changes in BMR, anorexia to 
food, and impaired GI function, protein, calorie, and vita-
min deficiencies are common. Decreased appetite, the 
inability to chew certain foods (e.g., fresh fruits and vegeta-
bles), and the increased incidence of lactose intolerance 
contribute to these deficiencies. Iron, folate, and vitamin 
B12 are the predominant vitamins found to be deficient. Up 
to 20% of geriatric patients are deficient in vitamin B12 – 
thought to be caused by achlorhydria that decreases secre-
tion of intrinsic factor. Vitamin D is often deficient owing to 
limited exposure to sunlight, decreased consumption of 
dairy products, and lactose intolerance. In addition to vita-
min C deficiency, elderly patients with a poor diet are at risk 
for vitamin K deficiency, which is important for clotting fac-
tors and the mechanism of vitamin K antagonists such as 
warfarin [160–162].

 Critical Care Considerations

All patients admitted to the ICU should be assessed for the 
risk of malnutrition. A careful history detailing prehospital-
ization/illness nutritional intake, assessment of anthropomet-
ric data, and nutrition laboratories (albumin, prealbumin, 
iron panel, vitamin B12, folate, vitamin D) should be per-
formed. Nutritional supplementation with protein-rich liq-
uids is routinely used in the inpatient setting and has 
demonstrated benefits in the postoperative period in hospital-
ized patients. Appetite stimulants (e.g., megestrol acetate) 
can improve appetite and well-being with no overall increase 
in weight gain or survival. It must be used with caution as 
side effects such as deep vein thrombosis, adrenal suppres-
sion, and hypoglycemia are not uncommon. In patients 
unable to tolerate enteral nutrition, parental nutrition can be 
offered.

Enteral feeding is common in the elderly patients and 
has shown to improve outcome in non-demented and mal-
nourished patients; its role in elderly patient with dementia 
is still controversial. There is no evidence that tube feeding 
would prevent aspiration pneumonia, prolong survival, or 
provide palliation in patients with advanced dementia [108, 
163–170]. The decision to offer nutrition in the terminally 
ill should only be used when it would improve the quality 
of life.

Advanced directives and discussions with surrogate 
decision- makers are important prior to any permanent enteral 
access is established as to be in line with the wishes of the 
patient [171].

 Hematologic

Given the physiologic changes that occur with aging, it is not 
surprising that anemia and thrombocytopenia are seen in the 
elderly population–occuring in more than 10% of adults age 
65 years and older and exceeding 20% in those 85 years and 
older. In nursing homes, anemia is present in 48–63% of 
residents. Though anemias are multifactorial resulting from 
iron, folate, vitamin B12 deficiency, and renal insufficiency 
or chronic inflammation. The predominant cause of anemia 
in the elderly is decreased stem cell proliferation [172–174]. 
This decreased stem cell proliferation results in elevated 
erythropoietin levels in the eldery [174]. As a result of ane-
mia, the physiologic response to acute blood loss in the aged 
is compromised.

Pharmacologic anticoagulation and antiplatelet therapy is 
commonly seen in the elderly population, as atrial fibrilla-
tion, coronary artery disease, deep vein thrombosis (DVT), 
and strokes are some of the more common comorbidities 
present. It doesn’t help that this population is also more 
prone to accidents secondary to falls and have bones that are 
less dense, making the elderly patient more prone to bleed-
ing when these agents are present [175]. Interestingly, age is 
a risk factor for DVT, and if combined with a traumatic 
injury, the risk increases [176].

Warfarin can be readily reversed by administering pro-
thrombin concentrates (PCC), fresh frozen plasma (FFP), 
and vitamin K. FFP has a disadvantage in that it has to be 
thawed and is colloid, which delays reversal and for older 
frail patients accounts for a significant volume challenge for 
the aging heart. Aspirin and clopidogrel irreversibly bind to 
platelets, and thus administration of platelets is the only 
reversal agent available in the emergency setting. Heparin 
can be reversed with protamine, and the low molecular 
weight heparins do not have specific reversal agents [177].

The non-vitamin K antagonist oral anticoagulants 
(NOACs) can pose challenges in the bleeding geriatric ICU 
patient. NOACs are approved for the treatment of atrial 
fibrillation and venous thromboembolic disease and in stud-
ies revealed equivalence or increased efficacy in preventing 
CVAs in atrial fibrillation patients and venous thromboem-
bolic disease  [178–185]. The documented benefits, in addi-
tion to decreased bleeding events, are as follows: there is 
often no need for bridging therapy, they have limited drug 
interactions, they do not require routine laboratory 
 monitoring, and they have predictable pharmacokinetic/
pharmacodynamic profiles [186, 187].
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In the geriatric trauma patient population, there is an 
increased utilization of NOACs and until recently presented 
a challenge to reverse NOAC anticoagulation. Dabigatran 
can now be reversed with the use of idarucizumab and its 
effectiveness monitored with thrombin time or ecarin clot-
ting time. Direct factor Xa inhibitors have no specific rever-
sal agent, but their effects can be used with inactivated 3- or 
4-factor protein C concentrate (PCC) or activated PCC 
(aPCC; factor VIII inhibitor activity bypassing agent 
(FEIBA)) [188–190]. Other therapies to decrease 
pharmacologic- based bleeding include the use of recombi-
nant activated factor VII (rFVIIa), tranexamic acid, or vaso-
pressin (DDAVP) with limited efficacy.

 Neurological and Psychiatric Changes

As persons are living longer, the prevalence of dementia and 
other neurodegenerative disorders increase in prevalence. In 
addition, the degree of polypharmacy and the degree of drug 
interactions, and impaired hepatic and renal clearance of all 
classes of medications, increase the risk of delirium. ICU 
delirium. This results in a prevalence of up to 28% in the 
elderly population, increases both morbidity and mortality 
[191, 192]. Strategies such as lessening centrally acting med-
ications are potentially of benefit to this population [191, 
193–195]. In addition, this population is at higher risk of 
aspiration and falls. Even a mild traumatic brain injury, 
regardless of gender, has a significant mortality [195–197].

Delirium can occur in up to 60% of elderly patients and 
up to 70% of surgical ICU patients [198, 199]. It is defined 
as an acute, fluctuating, transient, reversible syndrome of 
impairment of consciousness, attention, and perception 
Delirium is divided into three subtypes (hyperactive, hypo-
active, and mixed). Delirium may occur following cognitive 
disorders, immobilization, metabolic derangements, sleep 
deprivation, age >65, hyper-/hypothermia, hypoxia, hypo-
glycemia, encephalopathy, CNS infections, seizures, or med-
ications [200, 201]. Medications particularly linked to 
delirium are psychoactive drugs especially with anticholiner-
gic mechanism of action [202]. Narcotics and sedatives can 
exacerbate delirium – especially when used to treat postop-
erative pain which also is an independent risk factor for 
delirium [203–205].

ICU delirium increases morbidity and mortality rates and 
results in significant increases in health-care costs [206, 
207]. It is an independent predictor of worse global cognition 
and decreased functional status as measured by activities of 
daily living and impaired perception of motor sensory func-
tion [199, 208, 209]. A meta-analysis by Salluh et al. revealed 
that ICU patients who develop delirium have increased mor-
tality (OR 2.19 (CI 1.78–2.70)), trend toward longer ICU 

lengths of stay (OR 1.38 (CI 0.99–1.77)), and trend toward 
longer ventilator dependence [210].

Diagnosis of delirium is challenging and results in under-
diagnosis. All elderly patients should be screened for risk 
factors and the presence of delirium. Recommended tools 
include clinical assessment by DSM-IV criteria (disturbance 
of consciousness, change in cognition, development over a 
short period, and fluctuation) [211] or the use of the 
Confusion Assessment Method (CAM). Intubated or postop-
erative patients should be screened with CAM-ICU 
[212–214].

Treatment of delirium is also challenging. It is often pref-
erable to minimize risk factors that may result in a delirious 
state rather than initiate pharmacologic therapy as a front- line 
therapy. These maneuvers include frequent reorientations to 
time, place, and condition, continuity of caregivers, mainte-
nance of circadian rhythms, and avoiding medications associ-
ated with delirium. Analgesia should be tailored and minimize 
the use of opioids and sedatives [215]. Elderly patients should 
be monitored for hypoxia and infections which also can man-
ifest as delirium. Functional impairments, visual, auditory, 
and mobility should be addressed and optimized. Should the 
patient remain delirious despite non-pharmacologic treat-
ment, short-term medications may be indicated. Medications 
useful in the management of delirium include haloperidol or 
olanzapine. Should the delirium be caused by alcohol with-
drawal, dexmedetomidine rather than benzodiazepine infu-
sions are recommended, as benzodiazepines in the geriatric 
patient may exacerbate delirium [216].

Dementia is defined as multiple severe cognitive deficits 
representing a persistent declining functional status. It 
encompasses a spectrum of diseases including Alzheimer’s 
disease, vascular disease, frontal lobe dementia, and Lewy 
body dementia. Alzheimer’s disease (AD) affects more than 
5 million people in the United States, affects one in ten peo-
ple over 65 and 32% over 85, is the sixth leading cause of 
death in adults and the fifth leading cause of adults over 65, 
and results in increasing direct medical costs [217]. It is a 
progressive and irreversible disease resulting from neurofi-
brillary tangles and neuritic plaques [218]. Vascular demen-
tia includes multi-infarct dementia and small vessel disease. 
Cardiovascular risk factors such as diabetes, hypertension, 
dyslipidemia, smoking, and inactivity increase the risk for 
vascular dementia. Defects are related to the location of 
infarction and include language problems (left-sided lesions), 
visuospatial deficits (right-sided lesions), mood/memory 
deficits, and neurocognitive deficits. Lewy body dementia 
accounts for 20% of dementia and is characterized by visual 
hallucinations, fluctuating cognition, falls or syncope, and 
loss of consciousness. This form of dementia is character-
ized by hallmark protein located in the cortex and amygdala 
disrupting cholinergic and dopaminergic systems. 
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Degeneration of the frontotemporal lobe results in a hetero-
geneous group of dementias known as frontal lobe dementia 
affecting behavior and personality.

To diagnose dementia, reversible cognitive deficits must 
be first ruled out resulting from hypercapnia, hypoxemia, 
hypoglycemia, electrolyte disturbances, sepsis, and trau-
matic brain injury. The Mini-Mental State Examination 
(MMSE) is a short questionnaire that evaluates for dementia 
[219]. Mini-Cog is a shorter questionnaire including a three- 
item recall and clock drawing, with a higher sensitivity at 
99% than the MMSE [220].

Treatment depends on the type of dementia and ideally 
includes a multidisciplinary approach with internists and 
neurologists, among others. Progression of AD and Lewy 
body dementia cognitive symptoms can be slowed with the 
use of cholinesterase inhibitors and memantine. Although 
Lewy body dementia motor symptoms may be improved 
with levodopa, this can exacerbate neuropsychiatric symp-
toms. Frontal lobe and vascular dementias have no specific 
treatment, and management is aimed at reducing risk factors. 
Acute treatment should be non-pharmacologic and includes 
frequent reorientation, preservation of the sleep-wake cycle, 
and regular meals. When medication is needed, atypical anti-
psychotics are preferred but carry a risk of extrapyramidal 
symptoms [221, 222]. Benzodiazepines and tricyclic antide-
pressants should be avoided as this may exacerbate agitation, 
sedation, confusion, motor impairment and result in anticho-
linergic effects.

Depression in the aged is common occurring over 5 mil-
lion or 1 of 20 elderly adults and is increased in hospitalized 
patients or those receiving home health care [223]. Diagnosis 
includes depressed mood or anhedonia that cause decreased 
functional capacity. Risk factors for depression include 
dementia, stroke, Parkinson’s disease, and cancer. Screening 
for depression is facilitated with a variety of tools including 
the Geriatric Depression Scale or diagnosis based on DSM- 
IV- TR criteria [211]. Patients at risk for depression should be 
evaluated by a psychiatrist to assist with medical manage-
ment, cognitive and behavioral therapy, and psychotherapy.

 Ethics, End-of-Life Care, and Advanced 
Directives

The principles of non-maleficence, confidentiality, benefi-
cence, autonomy, and justice are the core pillars to medical 
ethics. In the elderly, these factors, along with severity of 
illness/injury, recuperative potential, and minimal expected 
outcome, shape discussions with family and patients alike 
regarding end-of-life care. Elderly patients should be 
assessed for cognition. This is important in determining if 
the patient has capacity to provide informed consent or if a 
surrogate decision-maker is needed to guide care [224, 225].

Decision-making capacity is central to patient autonomy, 
and determining if an elderly individual possesses capacity 
can be challenging. Capacity can be determined if the patient 
demonstrates understanding of the planned therapeutic course, 
ability to express a clear choice and rational for a choice when 
multiple options are presented, and appreciation of how these 
choices could affect the patient [226]. Unfortunately, with 
aging changes in cognition including delirium and dementia 
can limit decision-making capacity and competency to pro-
vide informed consent. When capacity is limited, advance 
directives and surrogate decision- makers are paramount to 
providing high-quality, ethical care to the geriatric patient.

The purpose of advance directives is to honor and respect 
a patient’s values and beliefs in relationship to medical care. 
Advance directives include living wills, durable power of 
attorney (DPOA), and Physician Orders for Life-Sustaining 
Treatment (POLST). Living wills are a legal document out-
lining goals for medical therapy, resuscitation, and end-of- 
life care. Often, living wills name a DPOA as a medical 
decision-making surrogate to assist with decisions not spe-
cifically addressed in a living will when the patient lacks 
capacity or to address the patient’s expressed minimal 
acceptable outcome following a critical illness.

In-line with honoring a patient’s minimal acceptable out-
come, the concepts of “do not resuscitate” and “medical 
futility” are important to understand. Patients have the right 
to refuse medical treatment given that they demonstrate 
capacity and informed consent is given including the risks, 
benefits, alternatives, complications, and expected outcomes. 
“Do not resuscitate” (DNR) limits resuscitation efforts 
including chest compressions, electrical defibrillation, medi-
cal interventions and endotracheal intubations. The patient, 
or decision-making surrogate, can limit all or some of these 
interventions for a cardiopulmonary arrest. Of note, physi-
cians are not obligated to perform CPR in patients with a 
chronic, fatal, medical illness, or medical futility.

Futility is defined as the lack of significant medical benefit 
for a patient undergoing a medical intervention. Generally, 
futility is applied to specific interventions (i.e., continuation 
of CRRT, applying CPR to a moribund patient, etc.) that will 
not offer benefit to the person as a whole. In determining 
futility, there are multiple definitions including physiologic 
futility (intervention cannot achieve its desired clinical effect 
due to underlying physiologic derangements), clinical futility 
(clinical benefit will not achieve a minimal acceptable out-
come regarding interaction of the patient with the surround-
ing environment), and qualitative futility (if the intervention 
could be physiologically and clinically effective but with sig-
nificant morbidity that would limit future functional status 
and quality of life) [227]. A multidisciplinary approach is 
needed including the patient/medical decision surrogate, fam-
ily, treating physicians, supportive care/palliative care provid-
ers, medical ethics, and occasionally risk management.
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Burns

Gary Vercruysse

 Introduction

This chapter was written to guide the general surgeon through 
the thought processes used by burn surgeons that guide 
patient care, specifically in the ICU. It is divided into sections 
covering the initial care of the burn patient, and ICU manage-
ment, which goes hand in hand with the initial care. It is not 
designed as a stand-alone guide for all of burn care but more 
of a guide to the special problems faced by burn surgeons in 
the management of complex burn patients in the ICU.

 How to Decide if a Patient Needs 
to Be Admitted

As burn surgeons, we look at patients in terms of what they 
can and cannot accomplish if left to their own devices. We 
admit anyone who cannot adequately care for their burn by 
themselves, or with a relative, or friend’s help at home. It is 
much easier to admit a patient, teach them wound care, and 
send them home than to readmit the same patient a few days 
later with an infected burn wound, bacteremia, and SIRS and 
then to be forced to care for the now sicker and more compli-
cated burn patient.

As a general rule, we will admit:

 1. Full-thickness (third-degree) burns >3% TBSA
 2. Burns with possible inhalation injury
 3. Infected burns (those who did not seek care until their 

burn became infected)
 4. Electrical burns
 5. Hydrofluoric acid burns
 6. Suspicion of child or elder or spousal/significant other 

abuse

 7. Perianal and/or buttock burns
 8. Lower extremity burns in diabetic patients or patients 

with peripheral vascular disease
 9. Any significant chemical burns
 10. New circumferential extremity burns
 11. Any burn in a child greater than 10% TBSA
 12. Any burn in an adult greater than 20% TBSA
 13. Any burn in an “elderly” (more than 50 years old)  

person greater than 10% TBSA

 Who Should Be Admitted to the ICU

As a general rule, burn patients are sicker than they may 
appear. A patient with a 90% burn who is 60 years old can 
have a normal conversation with you and be in only moder-
ate distress for about 4 h post-burn. It is important that you 
remember that this is a temporary phenomenon. The cyto-
kine release that is occurs during this period will cause shock 
to begin about 6 h post-burn, and the patient will soon 
become much sicker.

In a similar fashion, a patient with a much smaller burn 
(~20% TBSA) can look relatively well for a couple of days 
before developing an infection that will become life- 
threatening in a matter of hours. These patients are severely 
immunosuppressed and are prone to acute deterioration  
[1, 2]. Our current theories of multisystem organ failure sug-
gest that ARDS (acute respiratory distress syndrome) results 
from under resuscitation of shock [3, 4]. For these reasons, 
we routinely admit the following patients to the ICU:

 A. Burns 20% TBSA or greater, any age patient
 B. Burns 10–20% TBSA if the patient is >50 or <5 years 

old, or if most of the burn is full thickness (third degree)
 C. Burns <10% TBSA if there is a significant history of 

smoke inhalation
 D. Any burn patient with severe medical problems
 E. Any patient with toxic epidermal necrolysis or Stevens- 

Johnson syndrome
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 F. Any patient that has to be sedated to the point of 
 unconsciousness to do wound care

 G. Any patient that requires more than 4 l nasal cannula 
oxygen

Keep in mind that ARDS can start in a burn patient at 
almost any time. It can be triggered by something as simple 
as an infected IV site. Whenever a patient does not “look 
right” on the floor, check a pulse ox. It is difficult to tell when 
a patient has ARDS. A patient can be at rest and have an 
oxygen saturation of 80–85% without clinical symptoms [5].

Anyone who needs ICU care for a burn should be admitted 
to the ICU at a burn center. That being said, due to EMS triage, 
inclement weather, or other complications, critically ill burn 
patients may reside in hospitals without burn centers for a period 
of time. If a burn patient is initially triaged to a trauma center, 
they should be assessed in the trauma bay and other life-threat-
ening injuries ruled out. Once this is accomplished, formal burn 
resuscitation should begin, and the patient should receive ICU-
level care, while arrangements are being made for transfer to a 
burn center. If ICU-level care cannot be rendered in the emer-
gency center due do patient volume and nursing limitations, the 
patient should be transferred to the ICU and resuscitated until a 
time at which they can be transferred to a burn center.

 Initial Care in the ED

When a major burn victim first arrives in the ED:

 1. Check airway and breathing.
 2. Check blood pressure and establish IV access.
 3. Draw electrolytes, CBC, ABG with carboxyhemoglo-

bin, coags, and type and cross.
 4. Obtain relevant history quickly:

 (a) Cause and type of fire.
 (b) Location, smoke exposure, loss of consciousness?
 (c) Time burn occurred.
 (d) Other trauma: does patient need a trauma workup?
 (e) Allergies.
 (f) PMH and PSH.

 5. Obtain CXR (chest X-ray) and other needed films.
 6. Estimate wound size (%TBSA).
 7. Call burn center to begin transfer arrangements.
 8. Wash the patient with warm saline solution and towel 

dry, and then place in dry sheets and blankets to avoid 
hypothermia.

 9. Photograph all burns pre- and post-debridement for the 
medical record and subsequent communication with the 
burn center.

 10. Include all films and labs obtained to transfer with the 
patient.

 11. Prepare for transport to burn center.

 Initial Debridement

As burn surgeons, we need to assess the burn to determine 
depth (deep or superficial burn) in order to determine if the 
burn is likely to heal or if it will require surgery to close. To 
this effect, we debride all blisters and cleanse the wound to 
remove all possible dirt and debris to try to prevent eventual 
burn wound cellulitis or burn wound sepsis.

Burn wounds are debrided with warm or room tempera-
ture saline, mild soap, and a washcloth. Titrate IV ketamine 
and morphine or fentanyl for analgesia and IV versed for 
amnesia after being sure that the patient has a working pulse 
oximeter, working NC oxygen, oral airway, and bag valve 
mask in proximity. It is a good idea to have Narcan available. 
Always check blood pressure before giving more narcotic. 
Remove all loose epidermis, open and debride all blisters, 
and reestimate the size and depth of the burn after debride-
ment. If the patient is to be transferred to a burn center in the 
near future, it would be reasonable to simply place the patient 
in clean dry sheets as they will be reassessed upon arrival to 
the burn center. If transfer will take a relatively long time due 
to distance or availability of transportation, wrap the burns in 
Silvadene and Kerlix gauze. These patients will get hypo-
thermic very quickly, so try to keep the patient warm by 
increasing the room temperature, warming IV fluids, French 
fry lights, blankets, and Bair Hugger as needed.

 IV Access

It is imperative that patients with major burns have reliable 
IV access, especially during the resuscitation period. These 
guidelines are designed to help provide for this access while 
minimizing the risk of infection and complications.

 Resuscitation Phase (First 72 h)

This is the time that reliable IV access is the most important 
and sometimes the most difficult to achieve. Peripheral IV 
lines placed through burned areas often will infiltrate 5–8 h 
after being placed, and they are difficult to secure. They 
should be replaced with IVs through unburned areas as soon 
as possible. IVs placed through the burn or near the wounds 
have a very high infection rate and should always be changed 
to a site away from the burn or to a central line. It is reason-
able to change lines that are placed in the ER or in the field 
within 24 h (This includes IVs placed at other institutions).

In burn patients with TBSA burns larger than 30% or so, 
it is a good idea to place a central line to provide for reliable 
access for the large volume of fluid that is required. Do not 
place Cordis catheters as large bore lines. These catheters are 
relatively short and will often be pulled out of the vein by the 
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swelling of the patient and the frequent turning that is 
required. The best choice is a 7 French triple-lumen catheter; 
it provides separate ports for sedation/analgesia, antibiotics 
(when necessary), and fluids. Initially, the best approach is 
probably the femoral route. It has the advantages of being 
easy to place and not requiring an X-ray to rule out pneumo-
thorax and confirm placement. In addition, the groins are 
often spared from the burning process. Although a femoral 
line can be threaded into the thorax to measure the CVP, this 
is seldom done because the volume and rate of fluids are 
titrated to markers of perfusion and not to a specific CVP.

In pediatric burn patients, use a 5.5 French triple-lumen 
catheters for children <25 kg. The largest port these catheters 
have is 20 gauge. Do not use other pediatric multi-lumen 
catheters that have ports smaller than 20 gauge because the 
IV pumps may not be able to pump the fluids through them 
at the required rate and unless fluid is running through them 
constantly, or they are filled with heparinized saline, the 
lumens tend to become thrombosed.

Intraosseous lines are often placed in the ECC for large 
burns in small children. Unfortunately, these lines are unreli-
able and may not able to accept the relatively high rates of 
fluids that are required to resuscitate large burns. These lines 
should be replaced immediately with percutaneous femoral 
lines. If a percutaneous femoral line cannot be placed, then a 
cutdown may have to be performed. The most reliable cut-
down is the groin at the saphenous-femoral junction. 
Saphenous vein cutdowns at the ankle are very difficult to do 
because the vein is so small, the area is difficult to immobi-
lize, and the subsequent line that is placed is small. Cutdowns 
are seldom if ever needed in adults but, on occasion, can be 
lifesaving. Occasionally the burn eschar may need to be 
incised in an adult to feel the appropriate landmarks in a 
badly burned individual.

 Basic Initial Fluid Resuscitation

There have been many formulae developed for the resuscita-
tion of the burn patient. Fluid resuscitation is necessary in 
those who have a burn large enough for them to be unable to 
meet their fluid needs orally. That is, not all burn patients will 
require fluid resuscitation. It is quite common for referring 
centers to give large amounts of fluids (often normal saline) 
to burn patients before and during transport to the burn cen-
ter without taking the patient’s needs into consideration.

Burn patients who require fluid resuscitation include the 
following:

 1. Children (<5 years old) with burns larger than 10% TBSA
 2. Adults with burns larger than 20% TBSA
 3. Elderly (> 50 years old) with burns larger than 10% TBSA

Generally fluid is given as a rate, not a bolus. If given in 
bolus form, this fluid is likely to extravasate into the intersti-
tial space very quickly and increase the amount of general-
ized and pulmonary edema the patient will experience.

The goals of fluid resuscitation are to prevent dehydration 
and hypotension. This is important because if the patient 
experiences either of these things for a prolonged period  
of time, areas of burn that are initially partial thickness  
may become full thickness due to a lack of blood supply 
(blood is shunted centrally away from skin and soft tissue to 
perfuse the brain, heart, etc.). This is known as extension of 
the burn.

Conversely, if large amounts of fluid are given without 
regard to patient requirements, resuscitation morbidity may 
occur. This is a phenomenon by which too much fluid causes 
excessive pulmonary edema, abdominal, and secondary 
extremity compartment syndromes necessitating opening of 
the abdomen and extremity fasciotomies [6–8]. If a patient 
with a large burn suffers resuscitation morbidity, mortality is 
in the range of 95% or greater.

Several long-standing formulae exist for the resuscitation 
of burn patients. Below are some examples.

For burns in Adults >20% TBSA or the Elderly >10% 
TBSA

The Parkland Formula:
4 cc × (% TBSA of second- and third-degree burn) × kg 

wt = cc/24 h.
Give one-half of this fluid in the first 8 h and the other half 

over the next 16 h; use Ringer’s lactate.

Or

The Rule of Tens for Burn Resuscitation:
This formula was developed by military surgeons for use on 

burn patients. It has the advantage of being easy to calcu-
late and gives you an initial fluid rate that can be titrated 
up or down to urine output [9].

Using Lactated Ringer’s
 1. Estimate burn size to the nearest 10%.
 2. Multiply %TBSA × 10 = Initial fluid rate in ml/h (for 

adult patients weighing 40–80 kg).
 3. For every 10 kg above 80 kg, increase the rate by 

100 ml/h.
If the patient is an adult and weighs less than 40 kg, use the 

Parkland formula.
For children: burns >10% TBSA

The Galveston Formula (Pediatric Burns <40 kg):
 1. 3–4 ml/kg/%TBSA burn
 2. 1/2 volume over the first 8 h, second half over the next 

16 h
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 3. Also infuse maintenance fluid at:
• 4 ml/kg for the first 10 kg body weight
• 2 ml/kg for the second 10 kg body weight
• 1 ml/kg for the remaining kilogram body weight

Use D5LR for the maintenance component to avoid hypo-
glycemia in small children.

We always use Ringer’s lactate for initial resuscitation. If 
NS is used, within a few hours, the patient will predictably 
develop a severe hyperchloremic metabolic acidosis in addition 
to the already serious lactic acidosis driven by the dehydration 
experienced by those with large burns. We do not resuscitate 
children with large volumes of hypotonic fluids. It is important 
to understand that these formulas are for initial IV fluid rates 
only. If a patient is making adequate urine, and not physiologi-
cally deranged, (not hyperglycemic or acidotic) you should tai-
lor the fluid rate to urine output. During pediatric burn 
resuscitation, remember that children may have limited glyco-
gen stores, so give part of the Galveston formula (the mainte-
nance fluid component) as D5 LR to avoid hypoglycemia. As 
stated before, always adjust the IVF rates such that adults have 
a urine output of at least 40 cc/h; and children have an output of 
1 cc/kg/h but not 3 cc/kg/h. Also make certain that if present, 
the patients’ metabolic acidosis is resolving. Remember, some 
patients require more fluid; some require less. On post-burn 
day #2 for larger burns (>30% TBSA), a 5% albumin drip can 
be started at 1 cc/kg % TBSA burn for 24 h. This will help to 
mitigate unnecessary interstitial edema [10, 11].

Exceptions to the 30 cc/h or (1 cc/kg/h) urine output rule:

 A. Chronic Renal Failure – these patients require a CVP, 
Swan-Ganz catheter, or other objective measure of end-
points of resuscitation.

 B. Myoglobinuria – not uncommon in large burns or electri-
cal burns; in this case you should try to achieve 100 cc/h 
of urine output in adults and 2 cc/kg/h of urine output in 
children.

 C. Hyperglycemia – more common in young patients. 
Glycosuria causes a high urine output in face of hypovo-
lemia. If this is persistent, it would be reasonable to 
reduce (not eliminate D5LR given as maintenance in 
pediatric resuscitation.)

 The Difficult Resuscitation

The difficult resuscitation is defined by oliguria despite opti-
mal fluid delivery. This may be the result of underestimate of 
burn size or a missed injury leading to early sepsis (hollow 
viscus injury) or hypotension due to hemorrhagic shock. 
Once these alternatives have been excluded, an escalation in 
basic resuscitation strategy should follow.

 Difficult Resuscitation Guidelines

• Switch intravenous fluid to 5% albumin to attempt to 
maintain more volume within the intravascular space.

• Check bladder pressures every 4 h to rule out abdominal 
compartment syndrome.

• If urine output (UOP) <30 ml/h in a >30 kg patient or 
<1 ml/kg/h in a ≤30 kg patient, strongly consider moni-
toring central venous pressures (CVP) from a subclavian 
or IJ line along with central venous (ScvO2) saturations 
(goal CVP 8–10 mmHg, ScvO2 60–65%):
 (a) If CVP is not at goal, then increase fluid rate by 33%.
 (b) If CVP is at goal, then consider dobutamine 5 μg/kg/

min (titrate until ScvO2 (if available) at goal). Max 
dose of dobutamine is 20 μg/kg/min.

 (c) If both CVP and ScvO2 (if available) are at goal, then 
stop increasing fluids (even if UOP < target). In these 
instances, the patient should be considered hemody-
namically optimized, and the oliguria is likely a result 
of established renal insult. Some degree of renal fail-
ure should be tolerated and expected. Continued 
increases in fluid administration despite optimal 
hemodynamic parameters will only result in “resusci-
tation morbidity” that is oftentimes more detrimental 
than renal failure.

Every attempt should be made to minimize fluid adminis-
tration while maintaining organ perfusion. If UOP >70 ml/h 
and patient >30 kg, then decrease the fluid rate by 33%. If 
UOP >2 ml/kg/h and patient is ≤30 kg, then decrease the 
fluid rate by 33%. Do not decrease below the maintenance 
IVF rate based on the patients’ weight. After 24 h, infusion of 
lactated Ringer’s should be titrated down to maintenance 
levels, and 5% albumin continued until the 48-h mark.

 Resuscitation Morbidity

If guidelines for resuscitation are not followed and patients 
are simply repeatedly bolused large amounts of crystalloid, 
they will continue extravasate fluid into the interstitial space 
[7]. If this mode of resuscitation continues unchecked, it may 
eventually lead to resuscitation morbidity, a consequence of 
over resuscitation. It is characterized by pulmonary edema, 
difficult oxygenation despite elevated ventilatory pressures, 
distended abdomen, and edematous extremities [12]. If not 
recognized and fluid management optimized, it may lead to 
abdominal compartment syndrome necessitating laparotomy 
and an open abdomen and secondary extremity compartment 
syndrome requiring fasciotomy for limb salvage [13]. It is 
important to carefully avoid this complication as patients 
with a large burn and resuscitation morbidity requiring lapa-
rotomy and fasciotomy have a very high mortality rate [8].
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 Airway/Intubation

Managing the airway of an acute burn patient is one of the 
most difficult aspects of the first 24 h of care. Major deci-
sions involve which patients will need intubation, and when 
and where is the best location to intubate [14].

 A. Which patients to intubate:
Very strong indications:

 1. COHb >10% with depressed mental status (note 
COHb >10% with fairly normal (talking) mental status 
is in itself not an indicated to intubate.)

 2. Burns >50% – especially in children.
 3. Burns > with full-thickness facial component.
 4. The entire head is burned (both face and scalp) even if 

it is all just second degree.
Relative indications:

 (a) Burn occurred indoors with significant smoke 
inhalation.

 (b) Hoarseness.
 (c) Carbonaceous sputum.
 (d) Partial thickness burns to the face.
 (e) Very young <1 or very old >75.

Patients with the above findings who have relatively large 
burns, 40–50%, often need to be intubated. Patients with the 
same findings, and smaller burns, can often be successfully 
observed without intubation.

Findings that are generally not helpful:
 (a) Singed Nasal Hairs. This occurs frequently with 

home oxygen burns, where a patient smokes a ciga-
rette while on oxygen for COPD. This type of burn, 
by definition, does not have an inhalational compo-
nent. The patient may have a low pulse oximetry 
reading, but it is due to the fact that the person is on 
chronic O2 for lung disease, not because of an inhala-
tion injury.

 (b) CXR.
 (c) Bronchoscopy findings are relatively unhelpful 

(Fig. 54.1a–c).

 B. Thought process: when and where to intubate
In most patients, there is a 4–6-h period of time post-burn 

before edema will occlude the airway. We will generally 
establish good IV access, check vital signs, and then get 
anesthesia or the ED to help intubate the patients in a rela-
tively elective fashion:

 (a) We always do a pre-intubation physical exam, espe-
cially a neurological exam focusing on other possible 
injuries beside the burn.

 (b) Oral tracheal intubation is preferred. Try to put in as 
large an ET tube as possible. It is not possible to per-
form bronchoscopy on an adult with an endotracheal 
tube smaller than a size 7 in an adult or a 4.5 in a 
child.

Fig. 54.1 (a–c) Singed nasal and facial hair in a patient after suffering a home oxygen burn. He had a pulse oximetry reading in the high 80s (due 
to COPD) which improved with oxygen. He was managed conservatively and did quite well. Six weeks later, his burn was completely healed

54 Burns



538

Tips on intubation:
 A. Size of pediatric ET tube: Age + 16 = Size of ET 

tube/4. Remember: pediatric ET tubes traditionally 
were uncuffed. Recently high-volume, low-pressure, 
cuffed endotracheal tubes have become available. Use 
a cuffed tube if possible. If an adequate seal does not 
form between the trachea and ET tube, ventilation 
will be difficult. Additionally, smaller ET tubes inter-
fere with the removal of secretions and occlude easier. 
Try to use a 4.5 ET tube or larger when possible. 
Cuffed pediatric ET tubes offer better seals when 
dealing with advanced modes of ventilation.

 B. Always listen carefully for breath sounds to avoid a 
right mainstream intubation. Record the position of 
the ET tube at the teeth.

 C. Carefully secure the ET tube with adhesive tape or 
umbilical tape. Heavy sedation and/or paralytic drugs 
and restraints are essential to make certain that the air-
way is not dislodged. If the patient has a facial burn, 
tape will not stick to the fa; however, it can be used to 
secure an airway if it is laid on the skin above the 
upper lip and stapled in place. This offers a secure air-
way and allows for facial swelling. A second piece of 
tape is then often placed over the staples to mitigate 
family discomfort.

 Escharotomies

In patients with circumferential extremity burns, the arm or 
leg swells, while the burned dermis does not stretch. This 
can allow pressure to build up under the burn eschar. When 
the pressure rises to above tissue perfusion, pressure isch-
emia will result. First, the nerves will become ischemic, and 
patients, if conscious, will note tingling. Next, the muscles 
will become ischemic, and if nothing is done, rhabdomyolysis 
and necrosis will result. If left under compression, the patient 
will develop a compartment syndrome of the effected extrem-
ity. This is prevented by cutting the eschar and letting the 
swollen tissue expand. Escharotomies are done for patients 
with deep 2 and 3° burns that are circumferential around the 
chest, extremities, abdomen, penis, or neck [15–17].

The most common indication for escharotomies is loss of 
the palmar arch Doppler signal for upper extremities and loss 
of the posterior tibial Doppler signal for lower extremities. 
Other indications are cyanosis of the extremity paresthesias 
and loss of capillary refill/loss of pulse-ox signal from the 
extremity. It is important to note that this “compartment syn-
drome” is due to the burned skin and dermis and not to 
pathology of the actual muscular compartments. Therefore it 
is escharotomy that will relieve the compartment syndrome, 
and a deeper fasciotomy is not required unless there is some 
coexistent pathology (such as a fracture or vascular injury) 
that creates a true compartment syndrome.

After giving sedation, cut the eschar with a knife or bovie 
cautery. This can be very painful, so make certain that the 
patient has received sufficient narcotics. Classically, a medial 
and lateral incision is made on the arms or legs. It is carried 
down to the subcutaneous fat to allow the extremity to 
expand. After ensuring hemostasis, wrap the limb with 
Silvadene after the procedure. Avoid cutting through normal 
skin during escharotomies if burned skin is available. 
Incisions do not need to be strictly medial and lateral but 
should be adjusted to avoid non-burned skin when possible.

Always check the patient after an escharotomy has been 
done to make certain flow has been reestablished. Rarely, a 
fasciotomy will be needed to reestablish adequate blood 
flow. Escharotomies are most commonly needed in patients 
who have circumferential deep 2 or 3° burns on the chest or 
extremity and who will receive large volumes of fluid for 
their resuscitation. If it is apparent that the patient will even-
tually need an escharotomy, do not wait until Doppler signals 
are lost. The most advantageous time to do this procedure is 
when the patient is in his room with good IV access and fully 
monitored (Fig. 54.2a, b).

Fig. 54.2 (a, b) Demonstration of hand, chest, abdomen, and lower 
extremity escharotomies through clearly dead dermis to allow for fur-
ther swelling as a result of necessary resuscitation. Without this proce-
dure, these patients would have developed compartment syndromes
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 Basic Wound Care and Dressings

 Antimicrobial Dressings
After the initial debridement of the epidermis, topical 
 antimicrobial dressings are started on all burns. The goal of 
the antimicrobials is to limit bacterial overgrowth on and 
under the eschar and thus prevent or limit burn wound cel-
lulitis and burn wound sepsis:

 A. 1% Silver Sulfadiazine Cream (Silvadene) – A combined 
agent sulfonamide and silver ion. SSD has fair eschar 
penetration. Apply once a day, and cover with gauze. 
Not used on face or ears. SSD has good gram-positive, 
gram- negative, and antifungal properties. It is painless 
but can cause leukopenia that usually spontaneously 
resolves. It is contraindicated in true sulfa allergies. The 
sulfonamide component of silver sulfadiazine can be 
absorbed through the skin. This is especially true in 
small children who have a greater area-to-mass ratio. 
Sulfonamides can cause kernicterus in newborns. For 
these reasons silver sulfadiazine is contraindicated in 
children under 2 months of age. For these patients, gen-
tamicin or bacitracin ointment should probably be used. 
As an ointment, it does not contain propylene glycol and 
the absorption can easily be monitored by checking gen-
tamicin levels. Silver sulfadiazine cream is the most 
common dressing used for initial wound care. It can also 
be used on donor sites [18–20].

 B. Mafenide Acetate (Sulfamylon) – A 2% solution of sul-
fonamide that penetrates eschar well and is rapidly 
absorbed. Sulfamylon has broad spectrum antimicrobial 
qualities and is bactericidal at wound concentration. It 
has good gram-positive and gram-negative activity, 
including Clostridia, but has little antifungal activity. It 
can be used BID because wound levels fall as it is 
absorbed. It causes pain when applied, and it is a strong 
carbonic anhydrase inhibitor, causing loss of bicarbonate 
in the urine and if used in great amounts can cause poly-
uria [21]. It is mainly used to control invasive wound 
infections (until surgery can be done). It is often used 
alternately with Silvadene. Patients who are getting 
Sulfamylon dressings need close monitoring of their pH 
and often need supplemental bicarbonate. This is often 
used on ear burns because it penetrates into the cartilage 
and helps prevent chondritis [22].

 C. 0.5% Silver Nitrate Solution – Prepared in distilled water 
(because of the solubility of silver salts). Broad spectrum 
antimicrobial action resistance is uncommon. Minimal 
absorption occurs, and it does not penetrate eschar. It is 
used by placing the patient in large bulky dressings of 
gauze and pouring the silver nitrate Solution on them 
Q2-3H to keep the dressings moist. The bulky dressings 

are changed Q8-12H. This dressing is more of a historic 
footnote, but it can be used if other preparations are not 
available. These dressings can cause hyponatremia and 
hypokalemia due to the distilled water washing out elec-
trolytes. BMP should be checked at least Q8H initially. 
In addition, the nitrate ion can cause methemoglobin-
emia (the iron atom is oxidized), which will impair oxy-
gen delivery. Methemoglobinemia levels should be 
checked Q4-6H. If above 10%, 1 amp of methylene blue 
(up to 1 mg/kg) (a reducing agent) should be given. 
Vitamin C (another reducing agent) should be given 
500 mg BID for patients on silver nitrate dressings over 
a large part of their body. This type of dressing is used 
only for documented sulfonamide allergy, patients with 
toxic epidermal necrolysis (Stephens-Johnson syn-
drome), or sometimes on fresh skin grafts for a couple of 
days [23–25].

 D. Bacitracin Ointment – Used on the face burns or on small 
burns <5% because it is clear. It probably does not inhibit 
epithelialization as much as Silvadene. It is useful for 
superficial partial thickness burns or clean donor sites 
where the opsite or xeroform dressing has come off. It is 
best if used with nonstick gauze.

 E. Nystatin-Silvadene – 50–50 mixture. Nystatin is a poly-
ene antibiotic structurally similar to amphotericin 
B. They bind ergosterol in the fungus cell membrane. It 
has broad spectrum antifungal effect but little antibacte-
rial effect. It is used with Silvadene in cases of heavy 
fungal colonization of the burn wound or in invasive fun-
gal burn wound infections. It is not systemically 
absorbed, and resistance is rare.

Once the wound is washed and debrided and antimicrobi-
als have been applied, we dress the wound with Kerlix gauze 
and either loosely applied elastic netting or ace wraps. 
Dressings are then changed daily until a decision to operate, 
or manage nonoperatively has been determined. All along, 
patients and their families are encouraged to participate in 
dressing changes as much as possible, so as to learn to care 
for the wound once the patient is discharged.

 Antibiotics and Infections

Burn injury causes suppression of all components of the 
immune system. Furthermore, when burned, patients have 
lost the barrier function that the skin provides. This makes 
burn patients very prone to infection [26, 27]. Early diagno-
sis and intervention are essential to care for the burn patient. 
Antibiotics should be directed as specifically as possible at 
the known or most likely pathogens. The most common 
types of infections are:
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 A. Burn Wound Cellulitis – This usually occurs in the first 
3–5 days after the burn injury (but it can occur within 
24 h of injury). The burn acts as a portal of entry for 
Gram (+) organisms (usually streptococcus and, less 
commonly, staph). The patient develops an erythema 
extending several centimeters from the wound edge. 
There is swelling, especially if an extremity is involved. 
The patient will almost always have a fever to 
38–39.5°C. Treatment is with a beta-lactamase-resistant 
penicillin or a first generation cephalosporin (Ancef). 
The patients usually respond to therapy within 48–72 h, 
and then they can be switched to PO antibiotics. If peni-
cillin allergic, clindamycin is a good alternative. Rarely, 
the cellulitis will not respond to these measures, and 
gentamicin can be added, or the burn may need to be 
excised [28].

 B. Burn Wound Sepsis – This is a systemic infection caused 
by proliferation of bacteria in the burn wound. It has a 
high mortality. The diagnosis is usually made clinically 
by the appearance of the wound. The diagnosis can be 
confirmed by wound biopsy and frozen section. The 
treatment is broad spectrum antibiotics and excision of 
the necrotic part of the wound. Burn wound sepsis can 
attack normal tissue and thus cause portions of the burn 
wound that were initially superficial to “extend” and 
become full-thickness burn. It can also infect donor sites 
and convert them to full-thickness wounds. On a large 
wound, these infections can have a very rapid course 
[29–31] (Fig. 54.3).

 C. Pneumonia – This is the most common infection occurring 
in the ICU, usually in intubated patients. It is  difficult to 
diagnose. The patients need to have three of the  following: 

(1) a new infiltrate on CXR, (2) numerous white blood 
cells on gram’s stain of sputum, (3) a predominant patho-
gen on sputum culture, and (4) some of the signs of sepsis 
(see signs of sepsis in the burn patient). This infection 
most often occurs after the patients have been intubated for 
5–7 days. The pathogen is almost always a gram-negative 
rod (Acinetobacter or Pseudomonas are common). There 
is no one antibiotic or combination of antibiotics that kills 
all of the gram-negative pathogens, so it is essential that 
you check the cultures and sensitivities daily. In the past, 
antibiotics such as ticarcillin/clavulanic acid, or imipe-
nem/cilastatin with an aminoglycoside such as tobramycin 
or amikacin, have been effective [32]. It is important to 
recognize and treat pneumonia early as it may lead to sep-
tic shock, which may result in further extension of the 
burn, or conversion of donor site (which are by definition 
partial thickness wounds) to full-thickness wounds due to 
hypotension resulting in shunting of blood to the central 
circulation and exclusion of oxygen-rich blood to the sub-
cutaneous tissue and skin.

 D. Peripheral and Central Line Infection – Intravenous 
catheters are both essential to the burn patient and one of 
the most frequent portals of infection [33].

 Line Changes
Central lines are changed to prevent infection. The longer the 
lines stay in, the greater incidence of infection. Line sepsis is 
a clinical diagnosis. To prevent sepsis, the site of the line 
should be changed if the patient has a fever, elevated white 
cell count, and without an obvious source. If the line site is 
purulent or erythematous, change the line. In general, do not 
do changes over a guide wire unless you have tried three 
times to change a line and have not met with success. There 
is little to be gained by culturing the tip or the intracutaneous 
portion of the catheter. Never draw a blood culture from a 
central line unless you do it as you are inserting it [34, 35].

Peripheral lines should be changed when the patient 
arrives in the unit (field lines) and if they become erythema-
tous, or a palpable cord is present.

 E. Suppurative Thrombophebitis
When a peripheral line becomes infected, pus can accu-

mulate inside the cannulated vein, forming what amounts to 
an intravascular abscess. The infection subsequently pro-
gresses up the vein. The patients develop a fever, leukocyto-
sis, and a painful swollen IV site. Sometimes pus can be 
expressed from the insertion site. This is a common hospital 
acquired infection in burn patients. The organism responsi-
ble is usually a gram-positive, though gram-negatives and 
yeast can also cause it. Remember that suppurative thrombo-
phlebitis can occur in veins where the IV had been removed. 
The treatment is to administer antibiotics and to excise the 
infected vein up to the point where it becomes normal again. 

Fig. 54.3 Severe burn wound infection in a 5-year old with a 73% 
TBSA burn. Note the obvious bacterial invasion of the dead dermis as 
black stippling within the hair follicles. This type of wound requires 
broad spectrum IV antibiotics and immediate debridement to viable 
tissue
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Rarely, suppurative thrombophlebitis can occur in a deep 
vein. Keep in mind that suppurative thrombophlebitis or an 
infection in a site of an infiltrated IV can be a life-threatening 
infection in a burn patient.

 Special Problems/Nontypical Burns that May 
Require ICU Care

 Ear Burns

The ear is unique in that it contains cartilage that is just under 
thin skin. This cartilage can easily be exposed or injured by 
a deep second- or third-degree burn. Because the cartilage 
has a poor blood supply, it is very susceptible to infection, 
and these infections are very difficult to cure. Sulfamylon 
penetrates into the cartilage better than any other topical 
antibiotic, so it is always used on ear burns. It is important 
that ear cartilage infections, auricular chondritis, be recog-
nized promptly and be properly treated. The diagnosis is 
made by history and physical exam. The patient will report 
new pain or an increase of pain in the ear; the ear will be 
erythematous and tender to palpation; and there will be an 
increase in the auriculocephalic angle (the ear will protrude 
laterally from the head). Chondritis usually occurs 2–6 weeks 
after the burn, often after the patient has gone home. It can 
occur after a superficial second-degree burn, as well as a 
third-degree burn. The ear must be carefully examined for 
small abscesses. If any are present, they must be incised and 
drained in the OR, and any necrotic cartilage must be 
debrided. Sometimes, an irrigation catheter is left in the ear, 
and antibiotic irrigation is used post-op. The patients should 
be started on IV antibiotics. There is a technique for making 
antibiotics go into the cartilage with a low-voltage electric 
current (ionophoresis). This technique can be used for refrac-
tory cases. The most common organism is Pseudomonas 
aeruginosa, but gram-positive infections are possible, and 
cultures should always be sent. The infection in the cartilage 
can be very difficult to eliminate. Often it recurs after appear-
ing initially to be eradicated. The patients occasionally 
develop chronic severe pain that can only be cured by ampu-
tating the ear [36].

 Tar Burns

Tar or pitch blend is used in sealing roofs. It is heated to 
about 450°F to melt. Burns are usually on the hands and 
forearms. Patients present with a thick layer of adherent tar. 
Do not try to peel it off. Apply petroleum ointment or a 
fleet’s oil retention enema. This will slowly dissolve the tar 
so that it can be removed. The burns are then treated with 
Silvadene [37, 38].

 Electrical Burns

There are two kinds of electrical burns:

 1. Arc burns – flash burns produced by heat generated by an 
electrical arc

 2. Current burns – tissue destruction caused by electricity 
passing through the human body

It is very important that you be able to distinguish between 
these two types of burns.

Arc burns are essentially thermal burns caused by electri-
cally generated heat. They are much more common than cur-
rent burns. There usually is no history of tetany in involved 
muscle groups. The neurological exam of the affected 
extremity is usually normal. There is no entrance and exit 
wound. There is no deep tissue damage and no rise in com-
partment pressures, and urine myoglobin does not need to be 
checked. Arc burns are treated just like thermal burns [39].

Current burns represent direct tissue destruction by electricity. 
There is a characteristic deep well-circumscribed entrance and 
exit wound. The entrance and exit wounds are usually on widely 
different areas of the body (i.e., entrance hand; exit feet). There is 
usually a history of tetanus muscle contracture. The neurological 
exam of the involved extremity is usually not normal [40].

Management:

 1. Document and careful neurological exam.
 2. Watch closely for compartment syndrome. If there is any 

doubt, measure compartment pressures directly with 
Stryker soft tissue pressure monitor.

 3. If myoglobin is present in the urine, maintain urine output 
of 100 cc/h.

 4. Most of the patients will need operative debridement 
within 48 h of admission. Often, multiple procedures are 
done with eventual soft tissue coverage of the defect.

 Chemical Burns that Usually Require ICU 
Care

Burns from caustic chemicals are uncommon. It is important 
to ascertain exactly what the offending chemical was, how 
the exposure occurred, whether or not any of the chemical 
was swallowed or inhaled, and how long the chemical was in 
contact with the skin before being irrigated.

The first aid for all chemical burns is copious irrigation in 
shower for adults and with normal saline for small children. 
Remove and dispose of contaminated clothing. Be careful 
not to get any chemical on yourself.

Chemical exposures to the eyes should be irrigated with 1 
liter normal saline, and then a visual acuity test and a fluorescein 
dye test should be performed. Ophthalmology should be con-
sulted on any patient with a significant eye chemical exposure.
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After irrigation, the burn should be debrided and dressed 
like any other burn. Some chemical exposures cause unique 
problems and require specific therapy. These are hydroflu-
oric acid (HF), phenol, and white phosphorus burns.

 HF Concentration Symptoms and Systemic 
Toxicity

Hydrofluoric acid (HF) is used in chrome or rust cleaners 
and in industry for etching other metals or glass. It is corro-
sive and the fluoride ion penetrates deeply into tissues to 
cause progressive tissue destruction. Burns are usually seen 
when HF concentrations are >20%. The fluoride ion is inac-
tivated by calcium ions.

Hydrofluoric acid is toxic. Even small amounts swal-
lowed, inhaled, or absorbed through the skin can cause sys-
temic symptoms. Toxicity from isolated dermal exposure is 
uncommon when the HF concentration is less than 50%. For 
HF concentrations above 50%, even small burns can be fatal.

The toxicity of HF is related to its ability to bind Ca++ and 
Mg++ ions and remove them from the blood. The classic 
physical signs of hypocalcemia do not usually occur. The 
patients develop ventricular arrhythmias (V-tach, V-fib) that 
are remarkably resistant to antiarrhythmic drugs and tend to 
recur after cardioversion. The arrhythmias occur even after 
the ionized calcium, and magnesium have been corrected. It 
is thought that the fluoride ion is directly cardiotoxic [41].

Patients who present with acute HF burns that are obvi-
ously full thickness and are >1% TBSA should be taken 
immediately to surgery to excise the wound and thus remove 
the toxin. Intravenous doses of calcium chloride and magne-
sium sulfate should be given to prevent cardiac arrhythmias. 
Magnesium and ionized calcium levels should be followed.

Inhaled HF causes severe pulmonary edema and lung 
parenchymal destruction. The patients develop an ARDS- 
like syndrome that is rapidly progressive. Aerosolized cal-
cium gluconate has been used to treat the condition with 
mixed results. Dilute the calcium gluconate with saline to 
2.5–3.0% and aerosolize it with a nebulizer.

 HF Hand Burns

HF hand burns are typically seen in those who use industrial 
strength chrome cleaner at home without gloves to wash the 
chrome on their car (wheels). The hallmark of ongoing tissue 
destruction is pain. If the patient has persistent pain after 
rinsing the involved part, begin calcium therapy. If there is 
no bleb formation or tissue blanching, calcium gluconate gel 
(2.5%) (available from the pharmacy) can be rubbed over the 
affected area and put into rubber gloves and worn by the 
patient. The glove is left in place until the pain and tender-
ness resolves or progresses to a more severe burn.

For more severe burns (tissue blanching or bleb  formation) 
not on the digits, calcium gluconate 10% solution is injected 
into the subcutaneous tissues with a 25 gauge needle, 0.5 cc/
cm2 of burned tissue.

For HF digital burns that progress to bleb formation or 
blanching, an intra-arterial calcium infusion may be used. 
10 cc of 10% calcium gluconate is mixed with 40 ml of 
D5W. Place either a radial or brachial art line. Infuse at 
12 cc/h (4 h for the entire mixture) and then reevaluate. If the 
symptoms have not resolved, infuse for another 4 h. These 
burns will rarely be severe enough to need palmer or digital 
fasciotomies [42].

 Phenol Burns

Phenol is a solvent used by industry. It acts as a local anes-
thetic, so the patient may not realize that he is burned. If 
removed promptly, it causes a partial thickness burn. Phenol 
is rapidly absorbed through the skin and has systemic toxic-
ity. The burn should be cleaned with polyethylene glycol 
(PE6 300 or 400), propylene glycol, or vegetable oil to 
remove the phenol. Eucerin lotion contains these substances. 
Rinse off the lotion and apply Silvadene. Delayed toxicity 
from the absorbed phenol can cause renal failure, intravascu-
lar hemolysis, and altered hepatic function [43, 44].

 White Phosphorus Burns

White phosphorus is an incendiary agent used in fireworks 
and military ammunitions. White phosphorus is used primar-
ily by the military in bullets, mortars, rockets, improvised 
explosive devices, or bombs. Its’ use was outlawed by the 
Geneva Conventions years ago, but old stockpiles exist, and 
it is used by terrorist groups and rogue states and non-state 
actors. The burn is progressive as long as oxygen is avail-
able. This thermogenic reaction generates a number of phos-
phates and oxidates, which bind calcium ions producing 
hypocalcaemia. It causes potentially lethal deep burns. It is 
highly lipolytic, which penetrate the tissue producing sys-
temic effects. If still burning, soft tissue may need rapid 
debridement until all visible white phosphorus has been 
removed. It is important to remember that water application 
will not “extinguish” the white phosphorus and in fact may 
only exacerbate the chemical burn. Physical removal (via 
debridement) of the white phosphorus is what will be effec-
tive. Then soak the wounds with saline or water to avoid 
exposure to oxygen and then 2% copper sulfate solution if 
available. Monitor calcium and phosphorus levels closely. 
Debride the wounds until no more white phosphorus can be 
found in the wound. Sudden death from electrolyte abnor-
malities has been seen for burns more than 10% 
TBSA. Delayed hepatotoxicity is possible [45, 46].
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Care of the Patient with Liver Failure 
Requiring Transplantation

Caroline Park and Damon Clark

 Introduction and Preoperative Care

Patients undergo liver transplantation to address chronic 
liver failure, acute fulminant liver failure, or primary liver 
cancer. Depending on acuity, patients with decompensated 
chronic or acute fulminant liver failure generally require 
preoperative intensive care unit (ICU) admission to manage 
organ dysfunction.

Those with chronic liver failure are allocated an organ 
based on waiting list position determined by their local organ 
procurement organization (OPO). This position is dependent 
upon blood type and Model for End-Stage Liver Disease 
(MELD) score. MELD is determined by a weighting of 
serum bilirubin, creatinine, and international normalization 
ratio (INR). Those with a high MELD score have a greater 
risk of mortality and thus are given priority to transplantation. 
Patients with a MELD score of 40 have a 75% chance of 
death within 3 months. This is particularly important given 
the transplantation is typically performed on those with high 
MELD scores in large urban areas such as ours in the greater 
Los Angeles area. These patients thus are critically ill and 
require preoperative ICU monitoring and care.

Patients with hepatocellular carcinoma (HCC) who 
require liver transplantation are given a MELD exception 
and rarely require preoperative ICU care. The patient’s 
ability to undergo liver transplant in the setting of HCC is 
determined by the Milan criteria or the University of 
California, San Francisco (UCSF) criteria. HCC patients 
with a single tumor <5 cm, up to three tumors <3 cm, absence 
of macroscopic vascular invasion, and absence of extrahe-
patic spread may undergo liver transplantation based on the 
Milan criteria.

 Preoperative Care of Patients 
with Decompensated Chronic Liver Failure

 Neurologic
Altered level of consciousness is common in patients with 
decompensated cirrhosis. This is a result of portosystemic 
shunting and hepatocellular dysfunction/toxin production 
that results in hepatic encephalopathy. Most severe or accel-
erated changes in the level of consciousness are the result of 
a precipitating event such as a significant upper gastrointes-
tinal bleed and resultant uremia or a new infection. 
Encephalopathy can be exacerbated by the administration of 
medications such as benzodiazepines that are generally 
avoided in the routine treatment of this patient population. 
Those with low-grade encephalopathy, manifested by mild 
confusion and tremors, are administered agents such as lact-
ulose to decrease ammonia absorption by acidifying bowel 
content and increase transit of the bowel contents. Rifaximin 
is also commonly used to diminish the presence of urease 
and protease-splitting bacteria. It is important to remember 
to discontinue lactulose therapy in advance of anticipated 
liver transplantation to avoid intraoperative diarrhea and pos-
sible bowel distention.

 Cardiac
Systemic and splanchnic arteriolar vasodilation is a well- 
known physiologic derangement in patients with end-stage 
liver disease. As a result, these patients have hyperdynamic 
and low systemic vascular resistance cardiac profiles and 
often require vasopressor therapy—whether oral (e.g., mido-
drine) or intravenous (e.g., norepinephrine)—to maintain 
adequate mean arterial pressures (MAP) of >65 mmHg. It is 
important to consider that hypotension may be multifacto-
rial, resulting from active hemorrhage, infection, and/or sys-
temic inflammatory response (SIRS). Further, cardiac 
contractile function may be impaired in patients with long-
standing cirrhosis or in those with associated ischemic car-
diac disease. Routine use of beta blockade as prophylaxis in 
those with varices may also cause hypotension. If hemor-

C. Park ⋅ D. Clark (*) 
University of Southern California Keck School of Medicine, Keck 
Hospital, Norris Cancer Hospital and LAC-USC, Department of 
Surgery, Acute Care Surgery and Surgical Critical Care,  
Los Angeles, CA, USA
e-mail: Caroline.Park2@med.usc.edu; Damon.Clark@med.usc.edu

55

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-319-71712-8_55&domain=pdf
mailto:Caroline.Park2@med.usc.edu
mailto:Damon.Clark@med.usc.edu


546

rhage and SIRS response have been addressed and ruled out, 
refractory hypotension could be a result of adrenal insuffi-
ciency; this is a common pathophysiology in end-stage liver 
disease patients. There is little additional role for invasive 
cardiac monitoring in cirrhotic patients for the diagnosis and 
treatment of shock over echocardiography and other nonin-
vasive means. In general, the treatment of shock does not 
depart much from that in other patients. Patients should be 
approached similarly with crystalloid resuscitation and early 
goal-directed therapy; there is little evidence that albumin 
should be the resuscitative fluid of choice. Monitoring base 
deficit and lactate is as prognostic and useful to guide resus-
citative efforts in patients with decompensated liver disease 
as it is for the general ICU population.

 Pulmonary
Patients with advanced liver disease may have other associ-
ated pulmonary disorders, including hepatic hydrothorax, 
emphysema from alpha-1-antitrypsin deficiency, hepatopul-
monary syndrome (HPS), and portopulmonary hypertension 
(PPH).

Hydrothorax is typically the result of tense abdominal asci-
tes and should be addressed by paracentesis, thoracentesis, and 
total body volume management. Draining of pulmonary effu-
sions should be limited to those with impending respiratory 
failure due to the risk of infection and hemorrhage associated 
with invasive procedures and re-accumulation. Definitive treat-
ment of pulmonary effusions is with liver transplantation.

HPS is caused by intrapulmonary shunting and does not 
result in right heart failure. Patients with HPS will classically 
experience positional hypoxia. PPH on the other hand results 
from pulmonary vascular vasoconstriction and can ultimately 
lead to thrombosis and fibrosis. In contrast to HPS, right 
heart failure is typical in PPH.

It is important to distinguish between HPS and PPH. In gen-
eral, liver transplantation is curative of the former and, until 
recently, was contraindicated in the latter. However, the intro-
duction of many new agents and classes of agents to treat pul-
monary hypertension may render liver transplantation possible 
in centers of excellence with careful pre- and intraoperative 
monitoring. Although noninvasive monitoring is helpful and 
new modalities are being developed, the most expeditious and 
accurate modality to differentiate between HPS and PPH is 
right heart catheterization. HPS, PPH, and CHF can all cause 
elevated pulmonary artery pressures. However, pulmonary 
artery wedge pressure (PAWP) is low in HPS and PPH (and 
elevated in CHF). Pulmonary vascular resistance (PVR) is nor-
mal to decreased in HPS but elevated in PPH. Thus, cardiac 
output is elevated in HPS and normal to decreased in PPH.

 Renal
One of the major causes of AKI in patients with advanced 
cirrhosis and ascites is the phenomenon of hepatorenal syn-
drome (HRS) or acute renal failure without other etiology. 

There are two subtypes of HRS, types I and II. The first type 
generally progresses with a rapid decrease in renal function 
and is characterized with doubling in serum creatinine within 
that period of time. It may be precipitated by spontaneous 
bacterial peritonitis, gastroenteritis with high-volume diar-
rhea, volume loss from gastrointestinal bleed, or large- 
volume paracentesis without appropriate volume repletion. 
Type I HRS can be fatal and often leads to multi-system 
organ failure. Type II HRS demonstrates a more indolent 
course of renal failure, often precipitated by ascites refrac-
tory to diuretic treatment [1]. HRS develops due to splanch-
nic circulation vasodilation, intravascular hypovolemia, and 
renal vasoconstriction and is most often a diagnosis of exclu-
sion after investigating for other causes of renal failure. The 
treatment approach includes strict intake and output moni-
toring, serum creatinine monitoring, and following changes 
from baseline or within the past 48 h. If the patient develops 
oliguria with elevated serum creatinine greater than 50% 
from a reference value or baseline serum creatinine level, 
suspect AKI. Multiple diagnostic variable are used to diag-
nose HRS in patients with cirrhosis (Fig.  55.1). These 
patients may require combined liver and renal transplant 
and/or intraoperative renal replacement therapy to assist with 
volume status, correcting acidosis, and electrolyte abnormal-
ities. The mainstay of treatment for HRS is liver transplanta-
tion, after which a majority of patients demonstrate a return 
to adequate renal function. Consideration should be given to 
a combined liver/kidney transplantation in those who have 
required dialysis for greater than 2  months, although this 
time period is controversial. A variety of approaches can be 
used to increase intravascular volume and MAP including 
albumin and vasopressors (norepinephrine, terlipressin). 
Intermittent paracentesis may be necessary to manage third 
spacing of fluids in hepatorenal syndrome prior to liver trans-
plant [2, 3]. Type 1 HRS requires multiple therapeutic strate-
gies and therapies; please refer to Fig.  55.2 for a detailed 
algorithm.

 Infectious Disease
The presence of infection in a cirrhotic patient quadruples 
mortality and worsens liver function. Those with chronic 
liver failure are functionally immunosuppressed and are 
often colonized with multiresistant organisms. The most 
common infection in these patients is spontaneous bacterial 
peritonitis. Strict attention should be paid to removing 
unnecessary catheters and avoiding intubation/mechanical 
ventilation, when possible. Patients require prophylactic 
antibiotics for spontaneous bacterial peritonitis after a 
variceal bleed; however, there is little need for general broad- 
spectrum antimicrobial therapy.
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 Preoperative Care of the Patient with Acute 
Fulminant Liver Failure

Patients with fulminant liver failure receive a MELD exemp-
tion in listing—the appropriateness of transplantation may 
be determined by King’s criteria (Table  55.1). In general, 
patients experience toxic necrosis of the liver on a baseline 
of normal function, most commonly due to intentional or 
inadvertent ingestion of large doses of acetaminophen. Thus, 
the abnormalities noted are lactic acidosis, marked elevation 
of INR, and high-grade encephalopathy. Ascites and hepa-
torenal syndrome are often not present given the acuity of 
presentation. Creatinine, however, is often elevated due to 
ATN.  If time of ingestion is known, and within 8  h, 
N-acetylcysteine should be administered to prevent further 
toxicity in acute liver failure patients. If the patient fails med-
ical management with progression of liver failure, liver 
transplantation will be required. The most significant risk of 
mortality to a patient with fulminant liver failure is that of 
cerebral edema and subsequent death from cerebral hernia-

tion. Intracranial monitoring remains controversial given 
severe coagulopathy, thrombocytopenia, and risk of infec-
tion. Serum sodium of 145–150 meq/L should be maintained 
with hypertonic saline to decrease the amount of cerebral 
edema. If renal dialysis is required, a continuous mode is 
preferred to avoid rapid fluid shifts that may exacerbate cere-
bral edema.

 Postoperative Care

Patients having undergone liver transplantation will require 
postoperative intensive care unit (ICU) admission. Close 
communication and coordination of care between the sur-
geons, anesthesiologists, intensivists, and nursing staff are 
essential to the management of the patient in this setting. 
Liver transplantation typically entails a lengthy surgical 
procedure requiring significant amounts of blood product 
transfusion and risk of postoperative respiratory insuffi-
ciency. Preoperatively, many of these patients have neuro-
logic, cardiopulmonary, and renal dysfunction requiring 

Fig. 55.1 Diagnostic algorithm to evaluate acute kidney injury in the 
hospitalized patient with cirrhosis. AKI acute kidney injury, Scr serum 
creatinine, UO urine output, CKD chronic kidney disease, RRT renal 

replacement therapy, Na sodium (Reproduced with permission from 
Nadim et al. “Management of the critically ill patient with cirrhosis: A 
multidisciplinary perspective”)
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Fig. 55.2 Algorithm for patients with suspected type 1 HRS. HRS 
hepatorenal syndrome, RRT renal replacement therapy. *The authors 
recommend a trial of octreotide IV and midodrine for a maximum of 

3  days prior to the initiation of norepinephrine (Reproduced with 
permission from Nadim et al. “Management of the critically ill patient 
with cirrhosis: A multidisciplinary perspective”)
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ICU admission prior to the transplant. Pre-liver transplant 
patients that are in renal failure requiring dialysis, in respi-
ratory failure requiring mechanical ventilation, and/or 
admitted to the ICU prior to transplant have a higher risk of 
postoperative complications and prolonged ICU length of 
stay (LOS) [4].

 Neurologic

Fentanyl, a narcotic, is the first-line agent for the treatment of 
pain and agitation given its rapid onset and short duration of 
action in postoperative transplant patient. Those who require 
additional sedation for agitation not controlled with narcotic 
analgesia benefit from the use of dexmedetomidine over 
benzodiazepines given a decreased risk of iatrogenic delirium 
and decreased length of mechanical ventilation [5]. 
Dexmedetomidine is an alpha-2 adrenoreceptor agonist and 
should be used in caution with patients with hypotension and 
baseline bradycardia as it can exacerbate both conditions. 
With the use of spontaneous awakening trials (SATs), 
Richmond Agitation and Sedation Score (RASS), and 
Confusion Assessment Method for the ICU (CAM-ICU), 
patients have decreased episodes of delirium, duration of 
mechanical ventilation, and ICU and hospital length of stay 
[6]. In this particular population, however, sustained delirium 
and encephalopathy may be the result of poor functioning of 
liver transplant graft, infection, intracranial hemorrhage or 
cerebral ischemia, seizures, and/or immunosuppressant 
toxicity. There should be a low threshold to pursue diagnostic 
CT scan of head, cultures including cerebral spinal fluid, and 
electroencephalography (EEG) in the posttransplant patient 
with change in mental status.

Encephalopathy due to cerebral edema associated with 
fulminant liver failure and elevated ammonia levels in 
patients with end-stage liver disease should be corrected 
with an adequately functioning liver transplant graft. If an 
intracranial monitor was placed preoperatively, it should be 
maintained until the INR is corrected and the liver is func-
tioning well.

 Respiratory Failure and Insufficiency

In the past decade, early recovery after surgery or “fast- 
track” programs have been implemented in a variety of 
disciplines, including hepatobiliary and colorectal patients 
after elective surgery with no worsening of postoperative 
outcomes and improvement in patient satisfaction. Liver 
transplant patients may be eligible for fast-track extubation 
immediately postoperative in the operating room and upon 
arrival to the ICU. Patients that successfully undergo fast- 
track extubation have been shown to benefit from decreased 
rates of re-intubation and tracheostomy along with improved 
survival [7]. Patients that are likely not candidates for fast- 
track extubation include those with preoperative acute liver 
failure, re-transplantation, Child’s C cirrhosis, and 
intraoperative red blood cell transfusion >6 units [7]. Patients 
that require continued mechanical ventilation upon arrival to 
the ICU should be placed on ventilator settings of tidal 
volume 6  mL/kg and FiO2  <  0.4 [8]. Patients who may 
exhibit transfusion-related lung injury after receiving a 
significant amount of blood products require ventilation 
strategies similar to patients with acute respiratory distress 
syndrome (ARDS); in this case, target tidal volumes of 
6  mL/kg with supplemental oxygen and positive end- 
expiratory pressure (PEEP) [9]. Infections of the lower 
respiratory tract require broad-spectrum antibiotics and 
antifungals until species and sensitivities are established. 
The liver transplant patients who remain hemodynamically 
stable and require minimal mechanical ventilation settings 
with resolved encephalopathy should undergo daily 
spontaneous breathing trials (SBT) and subsequent evaluation 
for possible extubation to reduce the duration of mechanical 
ventilation and ICU length of stay [10]. Early mobilization 
and aggressive chest physiotherapy are performed to prevent 
complications of atelectasis and inadequate ventilation.

 Cardiovascular

Centers may opt to monitor patients intraoperatively with 
pulmonary artery catheters and/or transesophageal 
echocardiography. Once stable and resuscitated, patients 
should be liberated from these devices. Steroids are routinely 
administered as a part of early immunosuppression regimen 
after liver transplant and may require a prolonged course in 
treating hypotension secondary to adrenal insufficiency.

 Hematology

Liver transplantation patients remain at risk for postoperative 
hemorrhage due to thrombocytopenia, fibrinolysis, and defi-
ciency of coagulation factors. Abnormal coagulation tests and 

Table 55.1 King’s College criteria for patients with acute liver 
failure

Acetaminophen Non-acetaminophen
Lactate >3.5 INR > 6.5 regardless of encephalopathy
pH < 7.3 3 out of 5 of the following
Grade 3 or 4 
encephalopathy

Bilirubin >3.0

INR > 6.5 INR > 3.5
Creatinine >3.0 Age < 10 or >40

Cause indeterminate or drug induced
Jaundice to encephalopathy >7 days
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platelet count are not good predictors of bleeding; thus aggres-
sive correction of these coagulopathies should be avoided. 
Therapy should also include practical measures as avoiding 
hypothermia and persistent acidosis. Aggressive correction of 
coagulopathy and thrombocytopenia may also put patients at 
higher risk of hepatic artery, portal vein, and deep vein throm-
bosis. Typical target ranges include hemoglobin of 8 g/dl and 
platelet count >20 × 10^9/l [11]. Thromboelastography (TEG) 
may be useful in dictating guided blood product resuscitation 
in the post-liver transplant patients to decrease blood loss and 
transfusion requirements [12]. Liver transplant patients with 
hemorrhage that are undergoing appropriate blood product 
resuscitation and become hemodynamically unstable or 
develop abdominal compartment syndrome should return 
immediately to the operating room.

 Nutrition

Patients with advanced cirrhosis are often malnourished and 
as such are at higher risk for infections, worsening 
encephalopathy, and decompensation. Though these patients 
may appear grossly overweight, their usual or dry weight is 
often masked by massive ascites and edema secondary to 
hypoalbuminemia. The American and European Society for 
Clinical Nutrition and Metabolism and the European Society 
for Clinical Nutrition and Metabolism (ASPEN [13] and 
ESPEN [14], respectively) have compiled an extensive set of 
guidelines, both of which provide a subset of consensus 
statements for patients with hepatic failure.

The primary goals of nutrition for patients with hepatic 
failure include (1) identifying and assessing patients at risk 
for undernutrition, (2) calculating nutritional needs and 
incorporating adequate protein and high-calorie formulas, 
and (3) considering dobhoff placement if encephalopathy 
precludes voluntary enteral nutrition or short-term parenteral 
nutrition if unable to provide enteral feeds secondary to ileus 
or malabsorption.

Dry or usual weight may be difficult to ascertain given the 
chronicity of liver disease, thus complicating calculations for 
caloric needs. Poor oral intake may be a result of underlying 
encephalopathy, gastroparesis, and overall decreased 
gastrointestinal motility. In prior years, protein restriction 
was emphasized to mitigate the effects on worsening hepatic 
encephalopathy. However, given the already reduced lean 
muscle mass of this vulnerable patient population, protein- 
restricted diets can worsen hepatic failure. Recommended 
protein intake is 1.2–1.5 g/kg/day, with a total energy intake 
of 35–40 kcal/kg/day. Dobhoff placement is recommended if 
the patient is unable to meet his/her caloric needs per os; 
percutaneous endoscopic gastrostomy or open gastrostomy 
tube is otherwise not recommended given an increased risk 
of complications [14].

 Renal

Post-liver transplant acute kidney injury (AKI) is a frequent 
event with reports of up to 52% of patients developing AKI 
[15]. Factors such as increased Child-Pugh score, pre- 
existing diabetes, and large number of intraoperative 
transfusions increase the risk of AKI in the post-liver 
transplant. The development of post-liver transplant AKI 
leads to prolonged ICU and hospital length of stay, increased 
mortality, and decreased duration of liver graft function [15]. 
In patients that develop AKI post-liver transplantation, 
treatment includes the prevention of hypotension and 
decreased use of unnecessary blood products. The use of 
renal replacement therapy is reserved for patients that 
develop significant volume overload, uremia, and electrolyte 
abnormalities. The most effective treatment of postoperative 
liver transplant AKI is prevention. Preventive strategies 
include delayed initiation of calcineurin inhibitors, avoiding 
nephrotoxic agents such as IV contrast, and ensuring 
adequate control of hyperglycemia [15].

 Infection

The most common cause of morbidity and mortality after 
liver transplantation is infection, accounting for 60% of the 
deaths after liver transplantation [16]. Prolonged and 
complicated operations, multiple catheter insertions, 
immunosuppression, and large quantities of fresh frozen 
plasma can all increase the risk of infectious complications 
[17]. Diagnosis of infections in this patient population may 
be difficult due to the lack of signs and symptoms such as 
fever, chills, cellulitis, and leukocytosis due to an 
immunosuppressed status. Early postoperative infections in 
liver transplant patients are typically bacterial and related to 
the donor’s status (previous infections from advanced 
cirrhosis), the surgical procedure itself, prolonged use of 
invasive catheters, and duration of mechanical ventilation. 
Perioperative antibiotics are typically broad spectrum and 
may include third-generation cephalosporins. Early removal 
of invasive catheters, early mobility, pulmonary toilet, 
vigilant monitoring of patient’s surgical wounds and drains, 
and early discharge from the ICU may decrease these 
infectious complications. Liver transplant patients are at risk 
of developing opportunistic infections given the initial burst 
of immunosuppression with high-dose steroid therapy and, 
as such, should be initiated on prophylactic trimethoprim- 
sulfamethoxazole (TMP-SMX) to prevent Pneumocystis 
carinii pneumonia and ganciclovir to prevent cytomegalovi-
rus infection.
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 Complications

 Technical Errors
Besides surgical and coagulopathic bleeding, other postop-
erative complications can occur; these include postoperative 
hepatic artery thrombosis (3%) or portal vein thrombosis (< 
1%) [11]. The resulting lack of blood flow and developing 
ischemia and necrosis from hepatic artery thrombosis pres-
ent with signs and symptoms similar to fulminant liver fail-
ure patients with elevated liver serum tests, coagulopathy, 
and severe metabolic acidosis. Doppler ultrasound of the 
hepatic artery and portal vein is routinely employed within 
the first 24–48 h after liver transplant to diagnose possible 
vascular complications prior to the development of ischemia 
and necrosis of the liver transplant graft. These patients are at 
high risk for continued ischemia and necrosis of the graft 
with the need for urgent relisting and re-transplantation. 
Compared to patients with hepatic artery thrombosis, those 
with portal vein thrombosis do not present with such critical 
signs and symptoms as a rapid rise in liver function tests and 
disruption in synthetic function. Although portal vein throm-
bosis leads to elevation in liver serum tests, signs and symp-
toms are less dramatic and may consist of mesenteric venous 
congestion, gastrointestinal hemorrhage, and the develop-
ment of ascites. Although these patients may require re-
transplantation, they can typically be managed with 
thrombectomy, shunt, or revision of the portal vein anasto-
mosis. Biliary duct complications, which include anastomo-
sis stricture or leak, affect 5–25% of liver transplant patients 
and are often delayed diagnoses [18]. Thrombosis of the 
liver transplant hepatic artery can also lead to non- 
anastomotic stricture [18]. Biliary duct complications can be 
evaluated with ultrasound of the liver transplant graft looking 
for biloma and biliary duct dilation. Similarly, internal to 
external drains placed during the liver transplantation may 
show biliary drainage during the first several postoperative 
days. Elevated serum liver tests specifically bilirubin will 
elevate or fail to appropriately decrease after liver transplant, 
and the patients may develop signs and symptoms of 
infection. Magnetic resonance cholangiopancreatography 
(MRCP) may be used as a noninvasive diagnostic modality 
to look for biliary anastomosis complications. Endoscopic 
retrograde cholangiopancreatogram (ERCP) can be used for 
the diagnosis of biliary anastomosis leak and stricture, in 
addition to possible treatment with sphincterotomy and/or 
biliary stent [19]. Endoscopic treatment is often preferred 
over percutaneous management of biliary leaks and stricture. 
Treatment options include endoscopic dilation and stenting 
and have excellent success rates approaching 75% [20]. 
Surgical revision of the biliary anastomosis due to stricture 
or leak may be required in 10–20% of patients [18, 21]. The 
use of broad-spectrum antibiotics for treatment or prophylaxis 
is recommended due to the high risk of cholangitis and intra- 

abdominal sepsis [22]. 30–50% of patients with biliary 
stricture will have to undergo re-transplantation due to 
chronic biliary cirrhosis due to obstruction even with 
adequate treatment [19, 22].

 Nontechnical
Primary graft nonfunction and hyperacute rejection can 
occur in the immediate or acute postoperative setting. 
Primary graft nonfunction occurs in 2–14% of orthotopic 
liver transplants and typically presents similar to fulminant 
liver failure with significant metabolic acidosis, elevated 
liver enzymes, coagulopathy, and lack of bile production [11, 
23]. Intraoperative hemodynamic instability, reperfusion 
injury of the liver transplant graft, marginal livers, and 
advanced age of donors and recipient are factors that may 
lead to primary graft nonfunction. Once diagnosed, the only 
treatment indicated is for relisting and liver re-transplantation. 
Development of hyperacute rejection (HAR) after liver 
transplant is a rare complication that may develop 
intraoperatively or in the immediate postoperative period, 
which is antibody-mediated and due to ABO crossmatch 
incompatibility. Patients with HAR typically present with 
progressive encephalopathy and weakness, elevated 
bilirubin, severe coagulopathy, thrombocytopenia, metabolic 
acidosis, and shock. Diagnosis is confirmed with Doppler 
ultrasound that displays portal vein thrombosis and absence 
of biliary duct stricture. Along with critical care supportive 
therapy, patients can be managed with plasma exchange for 
antibody removal and intravenous immunoglobulin [11]. 
Overall, patients that develop HAR will need immediate 
relisting and re-transplantation. Acute cellular rejection after 
liver transplant may occur within the first 6–8 weeks, and the 
patients are often out of the ICU and no longer critically ill. 
Patients with acute cellular rejection typically are not 
critically ill and may present with fever, weakness, and 
elevated liver function tests. Prior to treating the patients for 
acute cellular rejection, one must rule out all possible acute 
infections that could account for the signs and symptoms 
given that the treatment of acute cellular rejection requires 
immunosuppression with pulse-dose glucocorticoids and 
adjustment of other immunosuppression medications.

 Immunosuppression
Glucocorticoids are the first-line therapy for the prevention 
and treatment of acute cellular rejection. Common 
glucocorticoids used for liver transplant include prednisone, 
hydrocortisone, and methylprednisolone with the first dose 
given while in surgery. Intravenous hydrocortisone is 
typically administered in the immediate postoperative period 
until the patient is taking enteral nutrition and can transition 
to oral prednisone. Most patients will undergo a glucocorticoid 
taper and either transitioned off of glucocorticoids or to a 
low maintenance dose, typically over a 6-month to 2-year 
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period [24]. Glucocorticoids have a significant number of 
side effects including poor wound healing, increased 
infection risks, hyperglycemia, and hypertension; these 
patients may need judicious adjustment of insulin sliding 
scale for hyperglycemia. Glucocorticoid-free 
immunosuppression is possible and may be of benefit in 
patients with cirrhosis due to hepatitis C virus. [25, 26]

Calcineurin inhibitors (CNI), including cyclosporine and 
tacrolimus, are used to prevent and treat acute rejection and 
liver transplant graft loss. Both provide immunosuppression 
by inhibiting interleukin-2 and interferon-gamma produc-
tion and require monitoring of blood levels to reach appro-
priate therapeutic levels. Potential side effects including 
altered mental status, seizures, neuropathy, renal failure, 
electrolyte abnormalities, and others should be monitored 
for and treated appropriately. Tacrolimus is currently the 
CNI of choice and has demonstrated superiority in prevent-
ing acute rejection and graft loss with decreased mortality 
[27, 28]. Posterior reversible encephalopathy syndrome 
(PRES) is a rare syndrome and side effect of CNI that is 
diagnosed with clinical exam and CT or MRI. Patients with 
PRES most commonly present with seizures but may also 
have symptoms such as headache, delirium, and visual 
changes. Head CT or MRI typically demonstrates vasogenic 
edema of the parietal or occipital lobes; however MRI may 
be more sensitive in diagnosing PRES. Treatment of PRES 
most often involves discontinuing the offending CNI and 
supportive care.

Mycophenolate mofetil (MMF, CellCept) is an antime-
tabolite that inhibits purine and pyrimidine synthesis with 
the active by-product of mycophenolic acid (MPA). MPA 
ultimately inhibits the proliferation of T lymphocytes for 
immunosuppression. MMF is typically used long term to 
reduce the dose or replace glucocorticoids. As such, the 
use of MMF will avoid common CNI side effects, such as 
nephrotoxicity and neurotoxicity, though it can cause 
other side effects, including abdominal pain, nausea, 
vomiting, anorexia, diarrhea, and bone marrow suppres-
sion. MMF as a monotherapy after the acute phase of liver 
transplant has shown similar results to glucocorticoids 
and CNI for prevention of chronic rejection and mortality 
[29, 30].

Mammalian target of rapamycin (mTOR) inhibitors 
(everolimus and sirolimus) inhibit the proliferation of lym-
phocytes. The use of mTOR inhibitors allows for immuno-
suppression while avoiding renal dysfunction and has shown 
potential benefit in patients undergoing liver transplant for 
HCV.  Common complications of dyslipidemia and oral 
ulcers are typically easy to manage.
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Care of the Critically Ill Pregnant Patient

Alexandra Edwards and Wendy F. Hansen

 Introduction

While pregnancy and childbirth are common, trauma and 
critical illness during pregnancy are relatively rare. This 
chapter will review the evaluation and management of a criti-
cally injured or critically ill pregnant woman when a fetus is 
considered viable: the gestational age in which a premature 
infant is able to survive outside the womb with modern neo-
natal care. It will start with a review of pregnancy epidemiol-
ogy with a focus on trauma and the critically ill. It will review 
the profound maternal physiologic changes that accompany 
pregnancy as nearly every organ system is altered. It will 
explore the concept of the fetus as a patient and discuss 
mechanisms of injury to the maternal-fetal unit that are 
unique to pregnancy. Lastly it will provide a template for 
evaluation of the fetus and the mother whether in the setting 
of trauma or an ICU setting.

 Epidemiology of Injury Pregnancy 

Each year more than four million American women give 
birth. In 2014, in most recent reported data by the CDC, 
there were 2,699,951 vaginal deliveries and 1,284,551 cesar-
ean deliveries for a national cesarean rate of 32.2% [1]. The 
CDC defines pregnancy-related maternal deaths as the death 
of a woman while pregnant or within 1 year of pregnancy 
termination – regardless of the duration or site of the preg-
nancy – from any cause related to or aggravated by the preg-
nancy or its management, but not from accidental or 
incidental causes. These maternal deaths are reported per 
100,000 live births and are called pregnancy mortality ratios. 

Like infant deaths, pregnancy mortality is often used as a 
general indicator of a nation’s health. Pregnancy-related 
mortality ratios increased from 7.2 deaths per 100,000 live 
births in 1987 to 17.8, 15.9, and 17.3 deaths per 100,000 live 
births in 2011 through 2013, respectively [2].

Although maternal mortality has significantly improved 
over the last 50 years, there is significant concern that mater-
nal mortality is increasing over the past decade. The causes 
are likely multifactorial with authors pointing to a new 
broader definition, improved reporting capabilities on death 
certificates, continued problems with access to prenatal care, 
rising cesarean rates, older age at first birth, the rising obe-
sity epidemic, and the increase in comorbid chronic diseases 
such as hypertension and diabetes.

Considerable racial disparities in pregnancy-related mor-
tality continue to exist. Black women continue to have the 
highest rates of pregnancy-related mortality; over three times 
that of white women. During 2011–2013, the pregnancy- 
related mortality ratios were:

12.1 deaths per 100,000 live births for white women
40.4 deaths per 100,000 live births for black women
16.4 deaths per 100,000 live births for women of other 

races [2]

In 2014, the all-cause maternal mortality ratio in the 
United States was 24/100,000. Trauma is the leading cause 
of non-obstetric maternal death with motor vehicle collisions 
leading the list. In a recent systematic review of trauma in 
pregnancy, the overall incidence rate of MVC during preg-
nancy was estimated at 207 cases per 100,000 pregnancies 
[3]. It is one of the leading causes of maternal and fetal mor-
tality with estimated maternal mortality rates of 1.4/100,000 
and fetal mortality 3.7/100,000 pregnancies. The fetus is dis-
proportionately harmed in comparison with the mother in all 
reports of trauma in pregnancy; ranging from 3:1 to 9:1 fetal 
mortality/maternal mortality [4]. One of the traditional 
teachings in obstetric trauma care is that when a mother is 
severely injured, the fetus is almost always severely injured; 
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however when the mother is only mildly injured, the fetus is 
often severely injured, deliberately communicating a sense 
of urgency and due diligence for the fetus in all trauma cases.

Prevention strategies and reduction in injury to both 
mother and fetus come with proper seat belt use during preg-
nancy. Several studies have shown that proper seat belt use 
reduces the risk of adverse maternal and fetal outcomes. Their 
use throughout pregnancy is recommended by the American 
College of Obstetricians and Gynecologists (ACOG). The 
recommendation is very specific to wearing the shoulder belt 
between the breasts and wearing the lap belt below the uterus 
and across the lap. This three-point restraint system distrib-
utes the force of the impact and reduces the risk of injury to 
both the mother and fetus [5]. The safety of airbags in preg-
nancy has also been studied. Two reports have confirmed the 
safety of front airbags in pregnancy [6, 7]. There are no 
reports of side airbags on pregnancy outcomes.

Domestic violence or intimate partner violence (IPV) is 
the most common cause of trauma. Injury in pregnant women 
is not uncommon with a prevalence of 8307/100,000 preg-
nancies, a considerable increase from 5239/100,000 in non-
pregnant women [3]. Reported incidences have a broad range 
depending on the population studied and the definition 
applied. Several studies have identified pregnancy as a high- 
risk time for the acceleration of IPV. A high index of suspi-
cion for IPV must be maintained when caring for pregnant 
patients with traumatic injuries. Slips and falls are another 
common cause of trauma. Up to one in four pregnant women 
will fall during pregnancy [3]. Gravid women have increased 
joint laxity, weight gain, and disturbed balance leading to the 
increased incidence. Most falls are not major issues but are a 
frequent cause of maternal and fetal evaluation.

 Epidemiology of Critical Care

About 200–700 per 100,000 pregnant women require admis-
sion to an ICU during pregnancy or the postpartum period. 
Most admissions occur in the immediate postpartum period 
(60–70%). The majority of ICU admissions are related to 
obstetric complications including hemorrhage, hypertensive 
diseases of pregnancy (preeclampsia and eclampsia), sepsis, 
thromboembolism, and cardiac disease [8]. Non-obstetric 
causes are the same as for the nonpregnant state. It is impor-
tant to remember that any disease or injury that can happen 
in a nonpregnant woman can happen in a pregnant woman.

Prediction of mortality risk for pregnant patients is diffi-
cult. APACHE scores do not adequately predict mortality in 
pregnant women. No scoring system adequately adjusts for 
the physiologic changes and other unique pregnancy charac-
teristics. Of obstetric patients admitted to the ICU, the rate of 
mortality ranges from 0% to 20% with most series report a 
mortality rate near 5%.

 The Physiologic and Maternal Adaptation 
to Pregnancy

Pregnancy brings profound hemodynamic, cardiopulmonary, 
and hematologic changes to maternal physiology 
(Table 56.1). These changes are perhaps easiest understood 
using a developmental biology model and asking the ques-
tion: “What adaptation in maternal physiology is needed in 
order to make a baby and survive childbirth in order to ensure 
continuation of the species?”

Once fertilization occurs, the fetus must be nourished for 
the next 40  weeks. Although the maternal and fetal blood 
systems are separate and parallel, complex mechanisms have 
evolved that transport oxygen and nutrients from mother to 
fetus and in return transport carbon dioxide and metabolic 
waste from fetus to mother. These complex mechanisms 
transport across fragile boundaries at the uterine-placental 
interface. By 30 weeks gestation the maternal body has pro-
foundly changed. Blood flow to the uterus has increased 
from 80 ccs/min in the nonpregnant state to 500–800 ccs/min 
in the gravid uterus. This increase is essential in order to per-
fuse the uterine-placental interface and support the growth 
and well-being of the fetus. In order to bring this much blood 
to the uterine-placental interface, the maternal body must 
make more blood, pump more blood, and accommodate 
more blood. Blood volume increases by 30–50%, cardiac 
output increases by 50%, and vascular resistance decreases 
throughout the body in order to accommodate this increased 
volume. Normal adaptation results in a small but measurable 
decrease in maternal blood pressure of 3–5 mmHg systolic 
and 5–10 mmHg diastolic and an increase in normal resting 
pulse rate by 10–15 bpm.

The uterine-placental circulation is maximally dilated 
during pregnancy and does not have the capacity to vasocon-
strict. This circulation is dependent on having adequate 
blood pressure, adequate blood volume, and adequate car-
diac output. If any of these three are reduced, the maternal 
compensatory response (no matter the cause) is to selectively 
direct blood flow to the vital organs. The pregnant uterus is 

Table 56.1 Normal adaptation to pregnancy

Cardiac Increased cardiac output (30–50%), increased 
heart rate 10–15 bpm

Pulmonary Increased minute ventilation (20–50%), increased 
tidal volume, decreased functional residual 
capacity, respiratory alkalosis

Hematologic Increased blood volume RBC > plasma, 
physiologic decrease in hct

Renal Increased renal blood flow (50%), decreased 
creatinine, uric acid

Gastrointestinal Decreased peristalsis, gastric emptying
Coagulation Increased clotting factors
Breasts Increased glandular tissue, increased blood flow
Vascular Decreased resistance, vasodilation
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NOT a vital organ. Blood will be shunted from the uterine- 
placental interface circulation (away from the fetus) with a 
resultant fetal distress. If this is not remedied quickly, deliv-
ery of a viable fetus will be urgent.

The coagulation cascade is skewed toward coagulation, 
placing a pregnant and a postpartum woman at increased risk 
for thromboembolism especially when other comorbidities 
such as obesity, genetic predisposition, cesarean delivery, 
and/or trauma are present. The highest risk time for thrombo-
embolism is postoperative cesarean that persists for 
4–6 weeks.

The mother completes basic respiratory exchange for the 
fetus with the placenta acting as an ECMO circuit for the 
baby. Any disruption in oxygen to the fetus because of an 
alteration of oxygen or blood flow at the uterine-placental 
interface as found in trauma with either a placental abrup-
tion, a fetal-maternal hemorrhage, or maternal shock from 
hemorrhage or in a critically ill woman with hypoxemia or 
shock (regardless of the cause) will also be life-threatening 
to the fetus.

These basic maternal physiologic changes that occur 
in  pregnancy, summed up in Table  56.1, coupled with an 
understanding of the uterine-placental unit, are essential in 
order to optimize resuscitation and manage the critically 
injured or critically ill gravida in the ICU.

 The Fetus as a Patient

Trauma in a pregnant woman is a paradigm shift for the 
trauma team. Taught to focus on the ABCDE of resuscitation 
on a single human, the trauma team must now consider two 
humans, the mother and fetus, intimately dependent on one 
another. The mother is readily identifiable by approximate 
age and weight and easily evaluated with vital signs, whereas 
the fetus is hidden, not readily identifiable and not as easily 
evaluated.

Mother always first has been the long-standing mantra 
and tradition and a common belief by many. However, as we 
understand better the close interdependency of both mother 
and fetus, it is hard to define them as separate. The decision 
to separate them by a cesarean delivery may benefit both 
mother and fetus. Their interdependence is reflected in that 
delivery may very well help with resuscitation of the mother 
with a cardiopulmonary arrest and in certain circumstances 
emergency delivery is the only alternative for fetal survival. 
In terms of priorities and initial resuscitation goals, the focus 
should be on the mother first and the fetus second. Fortunately, 
what is good for the mother in terms of resuscitation and 
reversal of shock is usually also what is best in the acute 
stage for the fetus.

Modern-day neonatology has brought significant 
improvements to the morbidity and mortality for premature 
infants. By 28 weeks gestation, 99% of preterm infants sur-
vive, and the vast majority are without any major impair-
ment. At 24  weeks, all infants are standardly resuscitated. 
The most recent review of survival and neurodevelopmental 
outcomes in neonates born at 24  weeks gestation and fol-
lowed out to 18–22 months reports a 55% survival rate with 
32% of neonates without neurodevelopmental impairment 
and 23% with neurodevelopment impairment [9]. Current 
obstetric practice now counsels women about fetal survival 
at 23 weeks, although the 23–24-week period remains a gray 
zone. This period of peri-viability is certain to slowly change 
over time.

These changes in outcomes for preterm infants have 
shaped our thinking and our ethics regarding the fetus as a 
patient.

If the mother is indeed first, then the fetus is a very close 
second. Obstetricians think of them simultaneously in both 
the evaluation and management. It’s a change in thinking for 
some but one that reflects modern-day best obstetric 
practice.

 Mechanisms of Fetal Injury/Harm 
During Maternal Trauma and Critical Illness

 General Considerations

The maternal-fetal unit is two separate circulatory systems, 
intimately interdependent, and physiologically defined by 
the uterine-placental unit. At term 15% of cardiac output 
goes to the uterus (500–800 cc/min). The uterine-placental 
vascular bed is maximally dilated and completely dependent 
on maternal cardiac output and volume. There is no known 
autoregulation of this vascular bed. The uterine-placental 
unit is not necessary for maternal survival. Any maternal dis-
ease state or injury that disrupts the basic circulatory require-
ments of the maternal uterine-placental unit has the potential 
to bring harm to a fetus.

 Maternal Shock

In the setting of maternal shock, whether it is from hemor-
rhage (trauma), sepsis, severe allergic reaction, or primary 
cardiac failure (regardless of the reason,) the maternal uterine- 
placental unit will not be perfused adequately with significant 
consequent harm to the fetus. This would be detected by con-
tinuous fetal heart rate (FHR) monitoring with changes in the 
FHR pattern whether in the immediate resuscitation of trauma 
or during maternal decompensation in the ICU.
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 Placental Abruption

Placental abruption is the premature separation of the pla-
centa from the uterus and has a wide spectrum of clinical 
significance. It can be mild or partial or at its worst severe 
and complete causing life-threatening consequences for the 
mother and fetus. Risk factors for abruption include chronic 
hypertension; hypertensive disorders of pregnancy such as 
preeclampsia and eclampsia; tobacco, alcohol, and cocaine 
use; trauma; maternal age multiple pregnancy; and a previ-
ous abruption.

Abruption accounts for 50–70% of fetal death following 
trauma and is more common among women with higher 
injury severity [10]. However, major placental abruptions are 
seen even when the mother has relatively minor injuries. The 
uterus is muscular and can change shape to accommodate 
external forces (blunt trauma or a deceleration from a MVC); 
however, the placenta contains no elastic tissue leading to a 
shearing effect of the placenta from the uterus. Abruption 
may result from shearing forces, tensile failure, or contre-
coup injury.

Abruption is clinically characterized by painful vaginal 
bleeding from the maternal placental site. The placenta is 
abundant in tissue factor. When a significant disruption of 
the uterine-placental interface occurs, tissue factor is exposed 
to maternal circulation. Tissue factor initiates the extrinsic 
system of the coagulation cascade causing thrombin to form. 
Thrombin acts as a uterotonic or irritant by initiating a cas-
cade of chemical changes that induce labor. Continued expo-
sure to tissue factor propels the cascade causing 
life-threatening bleeding. The coagulopathy is marked by 
hypofibrinogenemia, thrombocytopenia, and an elevated 
INR.  The coagulopathy will continue until the placenta is 
removed (delivery). Blood component therapy with attention 
to immediate delivery is lifesaving. An abruption that is 
major enough to cause a fetal death in the late second and 
third trimester is highly likely to cause a life-threatening 
maternal coagulopathy.

Abruption continues to be a clinical diagnosis and not an 
ultrasound diagnosis. The role of ultrasound is largely confir-
matory in major abruptions in the setting of trauma. 
Ultrasound fails to detect up to 50% of all placenta abrupti-
ons especially those that are more partial. Therefore, a nega-
tive ultrasound does not rule out abruption. Abruption has a 
wide range of ultrasonographic appearances as the initial 
bleeding undergoes the normal changes of clot formation, 
inflammation, and resolution.

Management of abruption depends upon maternal and 
fetal status. Abruption does not preclude a vaginal delivery; 
however, a cesarean delivery may be indicated if the mater-

nal or fetal status is unstable as it allows for immediacy. 
Once delivery occurs, the coagulopathy will begin to resolve.

When the mother is severely injured, the fetus is almost 
always severely injured. However, a fetus is often severely 
injured even when the mother has relatively minor injuries. 
Most case series of trauma in pregnancy report fetal injury 
far more common than maternal injury. Major placental 
abruptions are seen in women with minor injuries who have 
incurred a MVC or a direct hit to the abdomen.

 Penetrating Trauma

The gravid uterus protects maternal viscera. The uterus, 
amniotic fluid, and fetus decrease missile velocity and trans-
fer of energy. Gastrointestinal injuries are less common in 
pregnancy because of the force absorbed by the uterus. As 
the pregnancy advances and the uterus grows, the risk to the 
uterus increases. Laceration and/or perforation of the uterus 
occurs with increasing uterine size. Direct injury to the fetus 
has been reported in gunshot wounds, stab wounds, and 
shrapnel injuries.

 Traumatic Uterine Rupture

Traumatic uterine rupture is rare. It is the catastrophic 
sequelae after penetrating or high-energy blunt abdominal 
trauma. When traumatic rupture of the uterus occurs, fetal 
mortality approaches 100%. Open pelvic fractures carry a 
high risk of maternal and fetal mortality rate. Fetal head inju-
ries are more common when a pelvic fracture is sustained. 
Pelvic vasculature increases during pregnancy as the near- 
term uterine arteries carry 500–800 cc/min. Thus the risk for 
more significant hemorrhage in the pelvis after pelvic frac-
ture is increased. Uterine artery injury or avulsion can lead to 
retroperitoneal hemorrhage. Emergency surgery is the only 
response.

 Maternal-Fetal Hemorrhage

Fetal-maternal hemorrhage (FMH) is the loss of fetal red 
blood cells into the maternal circulation. Although this can 
happen in normal pregnancies, trauma is thought to be one of 
the inciting causes. In rare instances, FMH can cause a sig-
nificant anemia in a fetus. There is typically no vaginal 
bleeding or contractions. It is detected by an abnormal fetal 
heart rate tracing during continuous monitoring. If a sinusoi-
dal pattern or a Category 3 tracing is noted, cesarean delivery 
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is indicated urgently with preparations for immediate trans-
fusion of the infant.

Kleihauer-Betke and flow cytometry are quantitative lab-
oratory tests that estimate the percentage of fetal hemoglobin 
that has been lost into the maternal circulation. These test 
results typically return far too late for clinical decision- 
making. However, they are helpful for dosing anti-D immu-
noglobulin in order to prevent future alloimmunization in an 
Rh-negative mother.

 Management of the Fetus as a Patient (ABCDE)

In keeping with the spirit of trauma and critical care, these 
authors would like to propose an ABCDE algorithm for the 
fetus as a patient:

Age: How to assess gestational age.
Beating/Breathing: Is the heart beating? In a fetus breathing 

(oxygenation) is consistent with body movement and car-
diac activity.

Continuous cardiac fetal monitoring.
Determine need for immediate delivery.
Effect a plan.

 Age
It is generally accepted that a fetus is able to survive outside 
a mother at 24 weeks gestation. Given that the trauma team 
cannot see the fetus, there are only three ways to assess age:

 1. History: If the mother is able to give a reliable history, use 
her stated due date. Be careful in trying to equate layman 
months with weeks. The most reliable history comes from 
prenatal ultrasound and due date based on an early scan.

 2. Measurement of fundal height remains a cornerstone of 
the obstetric physical exam with the umbilicus acting as 
the traditional milestone marker for 20 weeks gestational 
age. Every centimeter above the umbilicus represents 
another week of gestation. This is limited in obese 
women, in women with fibroids, and in twins and frankly 
can be difficult to ascertain in some women. However, if 
the top of the uterus is palpated two fingerbreadths above 
the umbilicus, you are close to 24 weeks gestation in a 
singleton fetus. This is good enough in an emergent situ-
ation without history or an ultrasound

 3. Ultrasound: All modern-day emergency departments 
have point-of-care ultrasound. Assessing the age of a 
fetus can be done with a single biparietal diameter, a 
femur length, or an abdominal circumference. The first 
two are preferred.

 Breathing/Beating
Clearly a fetus does not breathe as we commonly think of 
breathing. Instead the mother via the placenta acts as the 
lungs of the fetus. Cardiac activity and fetal movement are 
indirect measures of a well-oxygenated fetus. A normal FHR 
is 120–160  bpm. If the expertise is present, evaluation of 
amniotic fluid and placentation can be very helpful.

 Continuous Fetal Monitoring
Once the fetus is thought to be 24 weeks and alive, continu-
ous FHR monitoring should be immediately started. Fetal 
well-being cannot be fully assessed without continuous 
monitoring. If this is not possible for whatever the reason, 
the fetus needs to have some form of ongoing assessment. 
This is essential in order to understand if an intervention 
such as delivery is needed.

 Decision for Delivery
If the fetus were to have a Category 3 FHR tracing and a 
major clinical abruption or is having repetitive FHR 
decelerations, an emergent cesarean is needed, and the 
team should move urgently toward delivery. Sometimes it 
is necessary to proceed with delivery in the trauma bay, 
while at other times it can be done in the main operating 
rooms. If the mother is so severely injured that a cardiac 
arrest is witnessed, a perimortem cesarean delivery is 
indicated.

 Effect a Plan
If delivery is not needed immediately, full evaluation of 
maternal injuries should be completed with simultaneous 
continuous fetal monitoring. Decisions will need to be made 
concerning admitting service, need for a planned delivery, 
length of continuous monitoring, and more. As the uterus is 
a nonessential organ bed, hypovolemia will affect the uterus 
early and moreover the fetus. If the fetus is viable and moni-
tored, maternal hypoperfusion will manifest as changes in 
the fetal heart rate. A fetus with reassuring tracing is often a 
reassuring measure of maternal status as hypoperfusion will 
often lead to changes in FHR before maternal vital sign 
changes. The fetus is an occult barometer of maternal status. 
It is important to remember that fetal distress and demise 
may occur with relatively minor maternal trauma. Fetal mon-
itoring following trauma is often indicated for 4–24  h 
depending on clinical scenario. A minimum of 4 h of fetal 
heart rate and contraction monitoring is recommended after 
blunt trauma to pregnant women regardless of maternal 
injury. If contractions are present or other concerns arise, a 
24-h period of continuous fetal monitoring is common 
practice.
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 Special Considerations for Initial 
Management of the Critically Injured 
Pregnant Patient

 Initial Management

Pregnant traumatically injured patients should be managed 
via Advanced Trauma Life Support (ATLS) algorithms. A 
multidisciplinary team approach including obstetrics, neona-
tology, emergency medicine, and trauma surgery can allow 
for best care of the patient. Advance notice if available is 
ideal to assemble teams and equipment. The clinician should 
perform necessary tests and procedures on the traumatically 
injured obstetric patient that are indicated including but not 
limited to radiographic studies, intubation, vascular access, 
and surgical intervention. Caring for the mother is caring for 
the pregnancy, and maternal care should not be compromised 
due to pregnancy. ATLS emphasizes the ABCDE mne-
monic – airway, breathing, circulation, disability, and expo-
sure. Following the assessment and stabilization of airway, 
breathing, and circulation, rapid confirmation of gestational 
age and viability of the fetus is imperative. If gestational age 
is greater than 24  weeks, continuous fetal monitoring is 
imperative. This ABCDE assessment of the fetus can be per-
formed simultaneously with maternal resuscitative or stabili-
zation techniques. This simultaneous evaluation will allow 
decision-making regarding the need for immediate delivery 
(Fig. 56.1).

 Airway

Obtaining a definitive airway in an obstetric patient may 
prove more difficult. Airway edema is increased as well as 
the risk for aspiration secondary to delayed gastric emptying. 
Avoiding maternal hypoxia and maintaining pulse oximetry 
saturations greater than 92% are ideal for the fetus. However, 
short-duration hypoxia is tolerated if utero-placental blood 
flow is maintained [11]. Respiratory failure may manifest as 
tachypnea and should not be mistaken for normal pregnancy 
physiology. If rapid sequence intubation is required, bear in 
mind that sedatives cross the placenta readily. A delivery fol-
lowing general anesthesia often leads to a depressed infant 
for which the neonatal resuscitation team should prepare.

 Breathing

Pregnant women increase minute ventilation by 40% in tidal 
volume and small increase in respiratory rate. The end result 
is a respiratory alkalosis. A pCO2 of >35 in a pregnant woman 
is often an indicator of impending respiratory failure.

If a chest tube is required, care should be taken to avoid 
the elevated diaphragm. As pregnancy continues, the chest 
widens at the subcostal angle to accommodate the elevation 
of the gravid uterus. Consequently the diaphragm is elevated. 
If tube thoracostomy is required, it should be placed two cos-
tal margins higher than typically placed [12]. After airway 
and breathing are assessed, during assessment of circulation, 
is it quick and easy to displace the uterus.

 Circulation

Pregnancy brings profound changes in the cardiovascular 
system. The natural increase in blood volume can cause a 
delay in tachycardia and hypotension until the patient loses 
nearly 30% of her blood volume [13]. The growing uterus at 
two fingerbreadths above the umbilicus, typically at 
24–25 weeks, causes a aortocaval compression and decreased 
venous return to the heart when lying supine. To improve 
maternal venous return and cardiac output, the uterus should 
be displaced off the vena cava. Place a blanket or towel 
underneath the backboard at hip level on either side of the 
patient to allow for displacement off of the inferior vena 
cava. Emphasis is often placed on tilting away from the IVC, 
but this is sometimes impractical. If a pregnant patient 
requires emergent transfusion, Rh-negative blood should be 
administered.

 Laboratory

Typical trauma blood work is indicated in the pregnant 
trauma patient along with obstetric-specific blood work such 
as fibrinogen and a Kleihauer-Betke or flow cytometry. A 
fibrinogen level that is normal in a nonpregnant patient may 
be abnormal for pregnancy and a potential early indicator of 
placental abruption with consumptive coagulopathy. A 
Kleihauer-Betke and flow cytometry are qualitative tests that 
allow for evaluation of a fetal-maternal hemorrhage.

 Radiology

Indicated diagnostic imaging studies should be obtained in 
the obstetric trauma patient. No study to date has shown any 
increase in teratogenicity for a fetus exposed to less than 
100 mGy or 0.1 Gy. Risks for teratogenicity of radiation to 
the pregnancy are well above typical diagnostic imaging 
doses. However, the risk of childhood cancer in the fetus 
may be increased. The risk of carcinogenesis as a result of in 
utero exposure to radiation is unclear but probably very 
small. A 10–20 mGy fetal exposure (the amount of radiation 
in a CT scan) may increase the risk of childhood leukemia 

A. Edwards and W. F. Hansen



561

Traumatic injury in female with reported 
pregnancy near 23 weeks
Trauma activation and notification of 
obstetrics team

Maternal primary survey:
A
B
C-Roll backboard right side 
up 10-15 degrees
D
E
CXR/pelvic XR 
FAST + OB US performed by 
OB to ascertain FHT and 
gestational age

Fetal Survey
A-assessment of gestational age
B-breathing or body movement
C-continuous fetal monitoring if >23 
weeks gestation
D-determine need for delivery
E-effect a plan

Maternal assessment Fetal assessment 

Stable

Unstable and 
undergoing 
resuscitative 
thoracotomy or 
emergent 
laparotomy

Stable or
No FHT 
(Fetal 
demise)

Unstable: FHT 
present but non
reassuring 

-

Delivery in 
Trauma bay or 
Main OR via 
vertical midline 
skin incision if 
>23 wga 

Admission to Trauma or 
Obstetrics depending upon 
gestational age, maternal/fetal 
status 

Viable?

Yes >23 weeks, 
monitor during 
secondary survey

No, follow 
routine 
trauma 
algorithm 

Unstable initially 
but responded to 
fluid

Fig. 56.1 Flow diagram of trauma protocol for pregnant women
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by a factor of 1.5–2 to an existing risk of 1  in 3000. The 
fetus is exposed to a background of 1 mGy of radiation dur-
ing the pregnancy from the environment alone. The 
American College of Obstetrician Gynecologists has pub-
lished guidelines on use of radiographic imaging in preg-
nancy [14]. Pregnant women who have incurred serious 
traumatic injury should have the same imaging as a non-
pregnant woman.

MRI is a safe alternative to CT scan to avoid ionizing 
radiation if accessible in a timely manner. Magnetic reso-
nance imaging is able to penetrate soft tissues without the 
use of ionizing radiation. There are no precautions or specific 
contraindications for MRI in pregnancy. However, MRI has 
not been evaluated in the setting of trauma likely due to time 
burden, feasibility, and availability.

 Non-obstetric Surgical Intervention

If non-obstetric surgery is indicated but delivery is not indi-
cated, attention should be paid to maternal positioning, oxy-
genation, and intravascular volume in order to optimize 
uterine perfusion to maintain fetal oxygenation. Surgical 
decisions must be based on maternal and fetal clinical status. 
Whether to perform fetal heart monitoring during a surgical 
operation is dependent on several variables. ACOG has 
established the following guidelines:

• No currently used anesthetic agents have been shown to 
have any teratogenic effects in humans when using stan-
dard concentrations at any gestational age.

• Fetal heart rate monitoring may assist in maternal posi-
tioning and cardiorespiratory management and may influ-
ence a decision to deliver the fetus.

• If the fetus is considered previable (<24 weeks gestation), 
it is generally sufficient to ascertain the fetal heart rate by 
Doppler before and after the procedure.

• At a minimum, if the fetus is considered to be viable, 
simultaneous electronic fetal heart rate and contraction 
monitoring should be performed before and after the pro-
cedure to assess fetal well-being and the absence of con-
tractions [15].

Intraoperative electronic fetal monitoring may be appro-
priate when all of the following apply:

 1. The fetus is viable.
 2. It is physically possible to perform intraoperative elec-

tronic fetal monitoring.

 3. A healthcare provider with obstetric surgery privileges is 
available and willing to intervene during the surgical pro-
cedure for fetal indications.

 4. When possible, the woman has given informed consent to 
emergency cesarean delivery.

 5. The nature of the planned surgery will allow the safe 
interruption or alteration of the procedure to provide 
access to perform emergency delivery.

If there is some concern about deteriorating maternal or 
fetal status during the procedure, delivery via cesarean may 
be required.

 Perimortem Cesarean Delivery/Resuscitative 
Hysterotomy

It is clear that a cesarean can be lifesaving for a fetus. What 
is not as clear is whether a cesarean can be lifesaving for a 
mother in the setting of a cardiac arrest, regardless of the 
cause.

Steeped within the obstetric literature is the concept of 
the “4-min rule” which refers to 4 min from the time of a 
witnessed cardiac arrest to delivery of the fetus by emer-
gent cesarean whether in the trauma bay or in labor and 
delivery. This “4-min rule” allows for a fetus to be deliv-
ered with the least harm, although normal infants are 
reported as far as 30 min after an arrest. So, even if it has 
been longer than 4 min, an immediate cesarean should be 
completed [16, 17].

There are multiple case reports in the literature describ-
ing successful resuscitation of a pregnant woman only 
after delivery of the fetus. It is well known that the preg-
nant uterus, after 24–25 weeks gestation, causes aortoca-
val compression when the woman is supine. Cardiac 
output has been shown to decrease by 60% in the supine 
position limiting preload and in the setting of cardiac 
arrest limiting the effectiveness of chest compressions. 
Emptying the uterus by way of an emergent cesarean 
allows relief of the aortocaval compression and restora-
tion of circulation with effective chest compressions and 
hopefully successful resuscitation. The concept of peri-
mortem cesarean has transitioned to resuscitative hyster-
otomy and should be part of the algorithm and included in 
the ABCDE of the fetus when a cardiac arrest, whatever 
the cause, occurs. The steps of an emergency cesarean 
delivery have been outlined in Fig.  56.2 and further 
described in Box 56.1.
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Fig. 56.2 Flow diagram of stepwise management of uterine atony

Box 56.1 Emergency C/S Steps

 1. Prep abdomen as much as possible.
 2. Enter abdomen; generally obstetricians are most 

comfortable or quickest with Pfannenstiel inci-
sions, but the clinically scenario (i.e., traumatic vs 
medical code) should dictate the incision.

 3. Enter uterus:
 (a) If near term, create a low transverse hysterot-

omy above the vesicouterine peritoneum 
avoiding the bladder. The incision should 
enter the musculature of the uterus; bleeding 
will be encountered. Ideally the surgeon 
would use their finger to enter the uterus after 
the initial incision to avoid fetal injury. Extend 
hysterotomy by placing two fingers in the 
uterus and applying traction superiorly and 
inferiorly taking care not to extend the inci-
sion directly laterally into uterine 
vasculature.

 (b) If fetus is preterm, create a vertical incision on 
the uterus. A vertical incision is preferred to 
avoid uterine vasculature as the lower uterine 
segment is underdeveloped early in gestation. 

It is also a preferable incision for a small fetus 
with an unknown lie as delivery could be more 
difficult. This incision will traverse the thick-
est part of the myometrium and will take sev-
eral passes with a scalpel to create an area thin 
enough to enter with a finger. Once uterus has 
been entered, place two fingers within the 
incision and pull the uterus toward the opera-
tor using the other hand to extend the incision 
with bandage scissors.

 4. Deliver fetus:
 (a) Near term the vast majority of fetuses will be 

in cephalic or head down presentation. 
Delivery requires elevation of the fetal head to 
the level of the hysterotomy while the assis-
tant gives fundal pressure. Once the fetal head 
is delivered, attention turns to shoulders and 
the rest of the body follows.

 (b) If preterm, position is variable and a breech 
delivery may be necessary. Breech deliveries 
vary based on the type of breech, but the final 
pathway once hips are out is the same. For a 
footling breech (both feet presenting first): 
grasp feet and pull through incision ideally 

(continued)
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 Obstetric Hemorrhage

 Introduction

Hemorrhage during pregnancy carries significant morbidity 
and is a leading cause of maternal mortality worldwide [18]. 
Within the United States, obstetric hemorrhage accounts for 
10% of maternal deaths and is a leading cause of severe 
maternal morbidity. Blood transfusion has become the most 
common indicator of severe maternal morbidity and is on the 
rise. Hemorrhage-related deaths are typically preventable. 
Management of hemorrhage during and immediately after 
pregnancy depends on a clear diagnosis. Although resuscita-
tion from hemorrhage is similar to the nonpregnant state, the 
actual management is based on the diagnosis that is specific 
to pregnancy.

 Antepartum Hemorrhage

Antepartum hemorrhage is defined as vaginal bleeding after 
the 20th week of pregnancy up until birth. The two main 
causes of antepartum hemorrhage are placental abruption 
and placenta previa.

 Placental Abruption

Management of abruption is individualized based on mater-
nal and fetal status, gestational age, and severity of abrup-
tion. Bleeding after viability requires simultaneous 
evaluation of mother’s hemodynamic stability and uterine 
contractions and fetal status along with continuous heart 
rate monitoring. Maternal vitals should be measured fre-
quently on initial presentation and/or if there is a sudden 
change clinically such as increased pain, contractions, or 
bleeding. Peripheral intravenous access should be obtained, 
and hemodynamic stability of the mother or emergent nature 
of the situation may demand additional access. Initial labo-
ratory studies should include complete blood count, type 
and screen (cross if unstable), coagulation studies, fibrino-
gen level, and a Kleihauer-Betke.

Preparation should be made for urgent cesarean delivery 
if maternal or fetal status should deteriorate. If the mother 
and fetus are stable, management is generally dependent on 
gestational age.

Between 23 and 34 weeks, if maternal and fetal status 
allow, conservative or expectant management may be con-
sidered. Betamethasone should be administered for fetal 
lung maturity in preparation for an early delivery. Tocolysis 
in the setting of abruption is controversial but may be con-
sidered. Magnesium should be considered for neuropro-
tection in the event a preterm delivery is likely. After 

with fetal back facing up. For a complete or 
frank breech (hips being the lowest point): 
elevate hips to the level of the incision and 
sweep legs medially bending and unbending 
them to remove them from the uterus. This 
does not require force; it requires using the 
path of least resistance that the fetal legs fol-
low if gently guided. Once the lower body is 
out of the uterus, pull down until scapula is 
noted. Once scapula is visible at incision, 
sweep arms bilaterally. To sweep the fetal 
arms, the entire fetus is elevated and the body 
rotated so that the arm being swept medial is 
down. The arm is bent at the elbow, swept 
midline, and brought out near the chest and 
abdomen. Once both arms have been deliv-
ered, lift the fetus and flex the fetal head by 
placing a hand on the fetal maxilla (modified 
Mauriceau-Smellie-Veit maneuver).

 (c) Doubly clamp and cut umbilical cord leaving 
several inches with the fetus to allow for neo-
natology to place lines if necessary.

 5. Deliver the placenta:
 (a) Gently give traction to the cord while massag-

ing the fundus and the placenta will generally 
spontaneously deliver. If it does not, a manual 
extraction can be performed by separating the 
plane between the placenta and uterus using 
the surgeon’s hand.

 6. Exteriorize the uterus:
 (a) Not always a necessary step but improves 

visualization of the full hysterotomy.
 7. Wipe uterus free of clots, debris, and membranes 

using a dry laparotomy sponge.
 (a) The uterus will consistently bleed until the 

hysterotomy is closed because it is a large hol-
low muscular organ that requires contraction 
to decrease blood flow and stop bleeding.

 8. Close hysterotomy:
 (a) The hysterotomy should be closed with a 

large absorbable suture (#1 chromic, 0 vicryl, 
0 monocryl) in the running locking fashion.

 (b) Hemostasis along the hysterotomy should be 
achieved with suture and may require addi-
tional layers. In the case of a vertical hyster-
otomy, a three-layer closure is required due to 
the thickness of the myometrium.

 9. Replace uterus into abdomen, inspect surgical 
field particularly bladder, and lower rectus mus-
cles; irrigate.

 10. Close fascia and skin.

Box 56.1 (continued)

A. Edwards and W. F. Hansen



565

34 weeks gestation, delivery is indicated in the setting of 
abruption. The risk of remaining pregnant outweighs the 
risks of prematurity. If maternal and fetal status permits, a 
vaginal delivery is preferred. The patient may already have 
contractions and amniotomy alone or with Pitocin may be 
used for augmentation. Again, preparation should be made 
for expeditious delivery if maternal or fetal status 
deteriorates.

Disseminated intravascular coagulopathy (DIC) may 
occur and should be managed with component therapy and 
volume resuscitation as plans for delivery are moving for-
ward. In the setting of a severe abruption with fetal demise, 
the rate of coagulopathy is about 40% [19]. DIC will not 
resolve until delivery has occurred.

 Management of Placenta Previa

Placenta previa is defined as placental tissue covering or 
directly adjacent to the internal cervical os. The term “low- 
lying placenta” is reserved for a placenta which lies within 
2 cm of the cervical os but does not cover it [20]. Placenta 
previa complicates less than 1% of pregnancies at term (0.4–
0.5%). As the cervix thins or effaces, maternal bleeding 
occurs as part of the placenta that detaches from the uterus. 
The classic presentation for placenta previa is painless bleed-
ing in the late second and early third trimester. For women 
who present with vaginal bleeding after 20 weeks gestation, 
placenta previa should be suspected and digital exam 
deferred until previa is appropriately excluded by ultrasound. 
A digital exam increases the likelihood of bleeding if the 
examiner’s digits pass through the cervix and disrupt the pla-
cental tissue. Risk factors for previa include increased parity, 
increased maternal age, tobacco use, IVF, previous cesarean 
delivery, or other uterine surgery. The incidence may be 
increasing with the increase in cesarean delivery rate. 
Placenta previa can lead to hemorrhage, preterm birth, and 
the need for an emergent cesarean delivery. Vaginal birth is 
contraindicated with placenta previa. Ultrasound, in particu-
lar transvaginal approach, is the gold standard for diagnosis 
of placenta previa. Transabdominal ultrasound can be used 
to identify placenta location but does not always adequately 
diagnose previa [21].

Management decisions regarding placenta previa may 
be divided into symptomatic and asymptomatic. 
Asymptomatic previa may be managed expectantly as an 
outpatient with plan to deliver electively at 36w0d to 
37w0d if stable. The goal is to avoid labor and thereby 
avoid hemorrhage. In symptomatic women delivery by 
cesarean depends on the gestational age of the fetus and 
the severity of bleeding. Once the decision is made to 

deliver, the team should be prepared for a large blood loss 
and emergency surgical interventions. Placenta previa has 
the potential for hemorrhage secondary to atony. 
Classically the lower uterine segment with the placenta 
attached does not contract, and bleeding ensues once the 
placenta is removed from the uterus. Preparation should be 
in place for aggressive uterotonic medication, surgical 
intervention, or tamponade. Ultimately, if bleeding is 
uncontrollable, a hysterectomy may become necessary. 
Inspection of the lower uterine segment should occur prior 
to uterine incision. If increased vascularity is noted, a ver-
tical lower uterine or classical uterine incision may be nec-
essary to avoid potential sources of hemorrhage. 
Occasionally, placenta previa is accompanied by invasive 
placentation that went unrecognized until delivery. In this 
case, the placenta should be left in place (in utero), and a 
cesarean hysterectomy should be undertaken.

 Morbidly Adherent Placenta/Invasive 
Placentation

Morbidly adherent placenta or invasive placentation is a seri-
ous complication of placenta previa and describes a spec-
trum of abnormal trophoblastic invasion beyond typical 
boundaries. Risks of morbidly adherent placenta include 
massive immediate postpartum hemorrhage, blood transfu-
sion, and hysterectomy. Three major variants of invasive pla-
centation have been recognized based on differing histology 
and severity. Placenta accreta describes abnormal attachment 
of the placenta through the decidua and to the myometrium. 
Placenta increta describes invasion of the placenta into the 
myometrium. The most severe form of these is placenta per-
creta, which describes penetration of the placental villi 
through the uterine serosa or to adjacent organs. Of the three 
types, placenta accreta is the most common and increasing in 
incidence [22]. The incidence of morbidly adherent placenta 
is about 1 in 500 to 1 in 2500 deliveries. Variations in reported 
incidence may be related to variation in definition and local 
cesarean section rates. In 1950, placenta accreta were rare, 
occurring in 1 out of 30,000 deliveries. The reason for the 
increase in incidence is due to an increase in cesarean deliv-
ery over time. The most important risk factor for placenta 
accreta is a placenta previa after a prior cesarean delivery. 
With each successive cesarean delivery, the risk of accreta 
increases. In an observational cohort of 723 women with pre-
via, the risk for placenta accreta was 3, 11, 40, and >60% for 
first, second, third, and fourth or more repeat cesareans, 
respectively. Prior uterine surgery is also a risk. Rarely, 
patients with placenta previa and an unscarred uterus can 
have placenta accreta as well [23].
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 Pathogenesis

The pathogenesis is not known with certainty, but the most 
common theory is defective decidualization related to incom-
plete healing from prior insult (cesarean, surgery, etc.). 
Trophoblastic invasion must then occur in the lower uterine 
segment to include the area of defective decidualization [24]. 
Some have speculated that abnormal or excessive tropho-
blastic invasion is necessary for development of a morbidly 
adherent placenta beyond just defective decidualization [25].

 Diagnosis

Ideally, invasive or morbidly adherent placenta is diagnosed 
before delivery on prenatal ultrasound. Ultrasound is a reli-
able modality, and the reported sensitivity and specificity 
based on meta-analysis for the diagnosis of invasive placenta 
are 97% and 90%, respectively [26]. The ultrasound findings 
considered to be consistent with invasive placentation 
include the following:

 1. Obliteration of the bladder-uterine interface with loss or 
irregularity of the normal hyperechoic area representing 
the bladder wall-uterine serosa junction (“bladder line”)

 2. Loss of placenta homogeneity aka placental 
sonolucencies

 3. Increases in vascularity noted between the uterus and 
bladder seen on color Doppler

 4. Loss or irregularity of the normal hypoechoic retropla-
cental line or “clear space”

 5. Obvious protrusion of the placenta into the bladder

The presence of any one of these findings in the setting of a 
previa with prior cesarean is characteristic of invasive placenta-
tion. MRI may be a useful adjunct to ultrasound for operative 
planning or when ultrasound is inconclusive [27]. Postnatal 
diagnosis is definitively made on histological examination.

 Presentation

Placenta accreta can present with similar symptoms to pla-
centa previa as most are previae as well. However, what dis-
tinguishes a morbidly adherent placenta is the loss of plane 
between the uterus and the placenta. This leads to an inability 
to manually separate the placenta with ease and profuse hem-
orrhage in the area of placental invasion where the uterus can-
not contract. Placenta increta and percreta may present with 
abnormal vasculature in the lower uterine segment noted on 
initial entry to the abdomen. Women with placenta percreta 
which have invaded the bladder may present with hematuria.

 Complications and Management

Management of a morbidly adherent placenta varies as there 
are no randomized trials to define the best practice [28]. As 
such, recommendations for management are based on case 
series, expert opinion, and good clinical judgment. In gen-
eral the diagnosis of invasive placentation requires a cesar-
ean hysterectomy; there are rare cases in which uterine 
conservation may be attempted, and those will not be dis-
cussed here. Moreover some of the most severe percreta may 
be managed conservatively with placenta in situ [29].

Once invasive placentation of any kind is suspected, 
patient should be counseled about the diagnosis and poten-
tial complications including hemorrhage, blood transfusion, 
preterm birth, bladder resection, and hysterectomy. The 
American College of Obstetricians and Gynecologists rec-
ommends a multidisciplinary approach to cases of suspected 
invasive placentae. Management by a multidisciplinary team 
at a tertiary care center has been shown to improve maternal 
morbidity [30]. Moreover, an aggressive standardized insti-
tutional multidisciplinary approach at Baylor Houston has 
been shown to improve patient outcomes [31].

All patients with placenta previa and/or invasive placenta-
tion should be placed on pelvic rest. Admission to the hospital 
should ideally occur prior to becoming symptomatic. 
Hospitalization may occur anytime within the third trimester 
or if the patient becomes symptomatic. If the patient is asymp-
tomatic, delivery should occur electively at 34 weeks which 
reduces maternal morbidity [32]. Preparation may include 
consultation with other services such as neonatology, anes-
thesiology, urology, IR, blood bank, and surgical or critical 
care services. If bladder invasion is suspected, consultation 
with urology or gynecologic oncology should be obtained.

 Delivery Technique

Preparation should be made for massive hemorrhage includ-
ing notification of blood bank. Before induction of anesthe-
sia, placement of large-bore intravenous catheters as well as 
arterial or central lines may be indicated. Patients are posi-
tioned in low lithotomy with Allen stirrups to allow access to 
bladder for potential urologic interventions as well as obser-
vation of vaginal bleeding. Low lithotomy also allows for a 
third co-surgeon to have access to the surgical field. 
Anesthesia for delivery must be individualized; however, it 
has been shown to be safe to use spinal-epidural for sched-
uled deliveries [33]. This minimizes fetal exposure to gen-
eral anesthesia and facilitated postoperative pain 
management. If feasible or necessary, endotracheal intuba-
tion and general anesthesia can follow delivery of the neo-
nate. In emergency cases, general anesthesia is preferred.
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A vertical midline laparotomy allows more access to 
the abdomen for hysterectomy. A fundal or classical hys-
terotomy is recommended as it allows for avoidance of the 
placenta which results in better maternal outcomes [34]. 
Following the clamping of the cord, a quick closure of the 
hysterotomy is completed as preparations are made to 
complete the hysterectomy. Cesarean hysterectomy in the 
setting of a morbidly adherent placenta requires access to 
the retroperitoneum and identification of the ureters and 
iliac vessels, and this is often accomplished with initial 
division of the round ligaments. There have been multiple 
techniques described to accomplish this complicated 
cesarean hysterectomy when anatomy is distorted and 
highly vascular.

 Postpartum Hemorrhage

 Introduction

Postpartum hemorrhage (PPH) is a potentially life- 
threatening complication after delivery. The term postpartum 
hemorrhage is used to describe an etiologically heteroge-
neous event but does not define a cause and is not a diagno-
sis. The most common causes of postpartum hemorrhage 
include uterine atony, retained or abnormal placenta, and 
lacerations of the genital tract. The mean blood loss for a 
vaginal delivery is 500  ml, and for a cesarean delivery is 
1000  ml. The definition of PPH is variable in literature. 
ACOG defines postpartum hemorrhage as >500 ml. Uterine 
atony complicates 1 in 20 deliveries and is the most common 
cause of PPH.

 Definition/Pathogenesis

Postpartum hemorrhage is generally divided into early 
and late. Early PPH refers to excessive bleeding within 
the first 24  h after delivery, while late may occur up to 
12  weeks following delivery. Uterine atony is the most 
common cause of PPH. The term atony refers to inability 
of the uterine myometrium or musculature to contract 
effectively to stop bleeding. After the placenta is deliv-
ered, contraction of the uterus is required to decrease 
blood flow through the dilated spiral arterioles, which 
have been bringing 500–800 cc each minute to this area. 
Without contraction, bleeding can become profuse. Many 
risk factors have been identified for uterine atony includ-
ing induction of labor, rapid or prolonged labor, grand 
multiparity, uterine overdistension, use of uterine relax-
ants or certain anesthetics, retained products of concep-
tion, and abnormal placentation.

 Presentation

PPH is recognized with excessive bleeding following deliv-
ery of the placenta. A vaginal examination is completed, and 
the source of the hemorrhage is typically readily apparent on 
examination. Uterine atony will present with an enlarged and 
boggy uterus with brisk bleeding from the cervical os. 
Retained products of conception may lead to uterine atony, 
and manual exploration of the uterus will reveal a roughened 
area of the endometrium. Genital lacerations of the vaginal 
mucosa are readily recognizable; however cervical lacera-
tions are more difficult to identify.

 Management

Prevention of PPH may be accomplished with active man-
agement of the third stage of labor as well as routine oxyto-
cin infusion following placental delivery. Active management 
of the third stage includes controlled cord traction, uterine 
massage, and administration of oxytocin prior to removal of 
the placenta [35]. Prolonged oxytocin infusion has been 
shown to be effective in preventing postpartum hemorrhage, 
and data supports infusion of oxytocin 4–8 h following deliv-
ery [36]. Once preventative measures have failed and bleed-
ing is continued, management of PPH typically begins with 
medical therapy and uterine massage.

ACOG and the California Maternal Quality Care 
Collaborative (CMQCC) have published guidelines on man-
agement of obstetric hemorrhage, and most institutions have 
specific protocols. However, PPH management has some 
generalizable tenants, organized in a flow diagram in 
Fig. 56.3. Once PPH has been identified, it is practical to 
call for further assistance from nurses, scrub techs, and 
anesthesia. The patient will require adequate intravenous 
access, frequent vital sign monitoring, volume resuscitation, 
and potentially administration of blood product. Prompt 
review of potential sources of hemorrhage should be 
completed.

Uterine atony is the most common source of hemorrhage; 
oxytocin should be administered either IV infusion or 
IM. Oxytocin should not be bolused as it can cause hypoten-
sion. Other uterotonics such as methylergonovine maleate 
(Methergine) and 15-methyl analogue of prostaglandin 
F-2alpha (Hemabate) may be given intramuscularly. Both 
have contraindications for hypertension and asthma, respec-
tively. Misoprostol is another prostaglandin which can be 
administered orally, rectally, or vaginally (Table  56.2). If 
bleeding is uncontrolled after medical management, uterine 
tamponade may be attempted using a Bakri balloon or sterile 
gauze packing. In rare cases, bleeding will persist and explor-
atory laparotomy is required. Surgical management of 
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 uterine atony includes compression sutures, uterine artery 
ligation, and ultimately hysterectomy.

Management of severe hemorrhage in the obstetric patient 
will occasionally include utilization of massive transfusion 
protocols. A 1:1:1 ratio of pRBC to plasma to platelet con-
centrate has been shown to improve mortality in the first 24 h 
for trauma patients [37]. No evidence exists for component 
ratios in the obstetric population as MTP activation is uncom-
mon in the obstetric population [38].

 Amniotic Fluid Embolism

Amniotic fluid embolism (AFE) is a rare and potentially 
catastrophic event. AFE has been recognized as a spectrum 
disorder ranging from subclinical to fatal. The mechanism 
underlying AFE is uncertain; despite its name AFE is no lon-
ger theorized to be embolic but an anaphylactoid reaction. 
Registries have been set up in the United States and the 
United Kingdom to further characterize AFE. The incidence 

Fig. 56.3 Emergency cesarean delivery steps

Table 56.2 Medical management of postpartum hemorrhage

Drug Dose/route Frequency Comment
Oxytocin (Pitocin) IV, 10–40 units in 1 l normal 

saline or lactated Ringer’s 
solution IM, 10 units

Continuous Avoid undiluted rapid IV infusion, which causes 
hypotension

Methylergonovine 
(Methergine)

IM: 0.2 mg Every 2–4 h Avoid if patient is hypertensive

15-Methyl PGF2α 
(carbopost) (Hemabate)

IM: 0.25 mg Every 15–90 min, 
eight doses 
maximum

Avoid in asthmatic patients; relative contraindication 
if hepatic, renal, and cardiac disease. Diarrhea, fever, 
and tachycardia can occur

Dinoprostone (Prostin 
E2)

Suppository: vaginal or rectal 
20 mg

Every 2 h Avoid if patient is hypotensive. Fever is common. 
Stored frozen, it must be thawed to room temperature

Misoprostol (Cytotec, 
PGE1)

800–1000 mcg rectally

Modified from Ref. [59]
Abbreviations: IV intravenously, IM intramuscularly, PG prostaglandin
All agents can cause nausea and vomiting
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ranges from 1 in 8000 to 1 in 83,000 live births. Mortality 
ranges from 26% to 86% [39]. AFE may occur during labor 
and delivery or postpartum. In many cases delivery has not 
yet occurred [40]. The diagnosis of AFE is a clinical diagno-
sis of exclusion. The cardinal signs are cardiovascular col-
lapse, acute left ventricular failure with pulmonary edema, 
DIC, and altered mental status. Early recognition is critical 
to a successful outcome. Management is primarily support-
ive and resuscitative. Therefore, airway management is the 
first step in care, typically with endotracheal intubation and 
administration of 100% O2 with positive pressure ventila-
tion. If still pregnant, delivery of the fetus should be expedi-
tious to avoid hypoxic injury and increase chances of 
survival. Inotropes and vasopressors are generally needed for 
hemodynamic support. Echocardiography is a sensitive tool 
for evaluation of cardiac function and volume status and can 
be useful in the acute phase of resuscitation for 
AFE.  Cardiopulmonary bypass and VA ECMO have been 
used with good effect for supportive treatment during AFE 
[41, 42]. Maternal morbidity is high with historically 
reported case fatality of 50% with only 15% of survivors 
being neurologically intact. Most recently a population- 
based cohort study from the UK registry showed a maternal 
mortality of 37% [43].

 Critical Care in Obstetric Patients

 Access

Central venous catheter (CVC) access is commonly used in 
critically ill patients for various reasons including reliable 
access, delivery of parenteral therapies (drugs, nutrition), or 
infusion of vesicants (vasopressors). Standardized insertion 
technique, ultrasound utilization, catheter design, and site 
maintenance have reduced complication rates. The rate of com-
plication with CVCs is difficult to estimate depending upon the 
anatomic site, operator experience, and the amount of time the 
catheter which has been in place. Mechanical complications 
such as failure to place, arterial puncture, and line malposition 
occur in about 1/3 of catheter placements [44]. There are no 
complications specific to pregnancy. However, one retrospec-
tive series examined CVC complications in pregnancy and 
found that infection is the most frequent complication and 
mechanical complications occurred less frequently [45].

 Nutrition

Critical illness and pregnancy are states of hypermetabolism. 
Nutritional support is now considered a key component in the 
care of critically ill patients. Moreover, early enteral support 
has been shown to improve outcomes in critical illness. The 

American Society of Parenteral and Enteral Nutrition 
(ASPEN) has put forth straightforward recommendations for 
nutrition in critically ill patients. It is important to keep in 
mind that in pregnancy there are additional caloric and vita-
min requirements. The total maternal energy requirements for 
a full-term pregnancy are 80,000  kcal. When divided into 
250  days of pregnancy, energy requirements are about 
300  kcal additional daily. Protein requirements increase in 
pregnancy from 0.8  g/kg/day to 1.1  g/kg/day [46]. Folate 
supplementation is recommended to reduce the risk of neural 
tube defects [47, 48]. Women of childbearing age should con-
sume 400  μg of folate daily as well as low-risk pregnant 
women. Women who are high risk of NTD or who have had a 
previous NTD should take 4000 μg or 4 mg of folate daily 
[49]. Lastly, iron supplementation (30–60 mg elemental iron) 
should be provided to pregnant women for prevention of ane-
mia, maternal sepsis, low birth weight, and preterm birth [50].

 Respiratory Failure

Acute respiratory failure is a rare complication of pregnancy. 
As such, the body of evidence surrounding ARF in preg-
nancy is limited, and there are no randomized controlled tri-
als of ventilator strategies in pregnant women. Dyspnea is a 
common symptom within pregnancy, and it is important to 
distinguish from pathological shortness of breath. Causes of 
acute respiratory failure in pregnancy include pulmonary 
edema, infection, and pulmonary embolus [51]. It is impor-
tant to be mindful of anatomic and physiologic changes dur-
ing pregnancy. Appropriate management of a difficult 
intubation in pregnancy is essential in reducing maternal and 
fetal morbidity and mortality.

Airway anatomy alteration can result in difficult airway 
and lead to a potential failed intubation. Upper airway edema 
is the result of increased blood volume and capillary engorge-
ment of the mucosa throughout the respiratory tract [52]. 
These changes can be made worse by pathology such as edema 
associated with preeclampsia or infection. Decreased tone at 
the lower esophageal sphincter as well as displacement of the 
stomach superiorly places pregnant women at increased risk 
of aspiration. Preoxygenation was 100%; O2 is ideal. 
Equipment for difficult airway management, surgical airway, 
and suctioning devices should be immediately available.

 Physiologic Considerations

Oxygen delivery to the fetus is accomplished via uterus 
blood flow, maternal blood oxygen content, and concentra-
tion of maternal hemoglobin. The placenta exchanges gas 
between mother and fetus driven by a gradient of oxygen and 
carbon dioxide. Even in the setting of mild maternal 
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 hypoxemia, the low oxygen content within fetal blood pre-
serves the gradient between mother and fetus. In an experi-
mental trial of hypoxia in term pregnancy, fetal parameters 
including heart rate, variability, and umbilical artery, Doppler 
indices were unchanged during maternal hypoxia. These val-
ues are considered representative of fetal oxygenation [11]. 
The umbilical venous blood returning to the fetus has only a 
PaO2 of 25–33 mmHg. Therefore, the most highly oxygen-
ated blood on the fetal side is still lower than the least oxy-
genated blood in maternal circulation. Maternal venous 
oxygen content is accessible by testing the mixed venous 
saturation of oxygen (SvO2). It is a common recommenda-
tion to maintain maternal oxygen saturation by pulse oxim-
etry at 92% or greater due to the fetal hemoglobin oxygen 
dissociation curve. However, uteroplacental blood flow 
rather than maternal oxygenation is the major determinant in 
fetal oxygen delivery. The fetus is specifically adapted to this 
environment with a higher hemoglobin affinity for oxygen 
and higher cardiac output relative to fetal size.

Traditional higher tidal volumes were previously utilized 
in a pregnant population with ARDS, and barotrauma rates 
were notably high [53]. Lower tidal volumes in patients with 
ARDS (6–8 ml/kg) are associated with improved mortality 
and morbidity [54]. This benefit is presumed in pregnancy as 
well. In the era of low tidal volume ventilation, permissive 
hypercapnia is a common strategy in treating patients with 
ARDS.  However, the effects of maternal hypercapnia are 
less well understood. Hypocapnia results in decreased uter-
ine blood flow, while mild hypercapnia, in a pig model, leads 
to decreased uterine vascular resistance [55]. However, an 
elevated maternal pCO2 may impede transfer from fetal CO2 
to into maternal circulation as this is gradient driven. 
Retention of CO2 within the fetus could lead to potential 
worsened acidosis, and thus monitoring would be imperative 
in monitoring fetal well-being. Hypercapnia has been associ-
ated with loss of fetal heart rate variability, but normalization 
to moderate variability occurred when normocapnia is 
returned [56]. Thus, if fetal heart rate tracing is consistent 
with fetal acidosis, attempts to improve maternal pCO2 may 
lead to improvement in the tracing and fetal acid-base status. 
Options to reduce maternal pCO2 would include increasing 
TV, increasing releases, or breaths.

 Prone Position

Prone positioning may be required to improve oxygenation 
in a patient with ARDS. This strategy has been used in preg-
nant patients. Fetal concerns regarding sedation medication 
should not interfere with adequate care of a mother. NMB 
agents do not cross the placenta.

 ECMO

ECMO is becoming a more common technique in patients 
with ARDS or cardiogenic shock who fail conventional strat-
egies. The CESAR trial demonstrated mortality benefit in an 
ARDS, non-obstetric population. In pregnancy and recently 
postpartum patients, ECMO use in the literature has been 
reported with increasing frequency though it is still uncom-
mon. In obstetric and recently postpartum women, no spe-
cific maternal or fetal morbidity or mortality has been 
reported. Among pregnant and postpartum women who 
underwent ECMO for ARDS, maternal and fetal survival on 
ECMO were 80% and 70%, respectively [57]. One report of 
catastrophic bleeding was noted in the peripartum period.

 Delivery

There are a multitude of indications for delivery in preg-
nancy. Specifically if delivery improves, maternal respira-
tory status in the setting of ARF or ARDS is unknown. 
Several studies have asked this question all to no avail, with 
small numbers. Delivery itself utilizes additional oxygen and 
increase in cardiac output.

Fetal survival in ARDS is directly related to gestational 
age at delivery which would imply that the fetus gains the 
most benefit from staying in utero if feasible and safe after 
consideration of maternal and fetal status. Maternal respira-
tory parameters may only improve slightly with delivery 
[58]. However, consideration of the pathology which leads to 
maternal respiratory decompensation may alter decision to 
deliver. If respiratory decline is related to preeclampsia or 
amniotic fluid embolism, delivery would likely be indicated. 
But, the decision to delivery is typically a multifaceted one 
and requires a discussion among maternal-fetal medicine, 
intensivist, anesthesiologist, and neonatologist.

 Summary

Although uncommon, pregnancy can become complicated 
by trauma and critical illness. Trauma remains the leading 
cause of mortality in pregnant women, while obstetric causes 
are the leading indication for ICU admission. Regardless of 
etiology, there are several important points to bear in mind 
when caring for a traumatically injured or critically ill preg-
nant woman.

 1. If mom is hurt badly, baby is certainly hurt badly. 
Conversely, if the mother is uninjured, the fetus may be 
severely injured.
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 2. Blood flow to the uterus is everything for baby, as such 
maternal physiologic changes are directed at the goal of 
bringing blood supply to growing fetus. Maintaining ade-
quate maternal hemodynamics and oxygenation is crucial 
for a good fetal outcome.

 3. Modern-day obstetrics and neonatology have improved 
fetal outcomes; mom is always first, but baby is a very 
close second. We propose an ABCDE mnemonic for the 
care of the fetus as well.
 (a) A – assessment of gestational age
 (b) B – breathing or body movement
 (c) C – continuous monitoring
 (d) D – determine need for immediate delivery
 (e) E – effect a plan

 4. Perimortem cesarean section, now termed resuscitative 
hysterotomy, is a procedure initially intended for 
improved fetal survival but importantly improves mater-
nal survival as well. The 4-min rule is gone; if maternal 
cardiac arrest occurs, resuscitation of the mother should 
include a simultaneous cesarean section when the fetus is 
greater than 23 weeks gestational age.
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 Introduction

The care of critically ill children can differ significantly 
from their adult counterparts by virtue of the differences in 
anatomy, physiology, behavioral development, and family 
factors. It is also important to understand that although the 
terms “children” and “pediatric” are often used as if they 
represent a relatively homogenous group, they are general 
catchall terms that have little validity for directing evalua-
tion or ICU management. With the wide variations in anat-
omy, physiology, metabolism, and response to injury/
illness that are present along the age spectrum from neo-
nate to adolescence, it is more important to characterize 
the patient by their specific age or developmental category. 
While the care and considerations for a neonate will be 
entirely different than care for a similar illness or injury in 
an adult, the care of an older adolescent will essentially be 
identical to that for non- elderly adults. But for all true 
“children,” the multiple significant differences will impact 
choices of monitoring tools, therapeutic interventions, and 
operations that may differ substantially from those applied 
in adult patients. In this chapter, we review the key differ-
ences in critical care between children and adults using a 
systems-based approach.

 Anatomic, Physiologic, and Behavioral 
Differences in Children as Compared 
to Adults

 Vital Signs

Normal vital signs and urine output vary by patient age and are 
summarized in Table 57.1 [2]. For providers that rarely care 
for children, age-normal references for vital signs and urine 
output can be rapidly obtained from either a color- coded 
length-based estimation tape (Broselow tape) or a digital ref-
erence card that can be downloaded to a mobile device 
(Fig. 57.1) [3]. The pediatric surgical intensivist must realize 
that hypotension is a late finding for children in shock and that 
bradycardia is an ominous sign in the progression toward car-
diac arrest. Moreover, young children are more prone to rapid 
development of hypoxia due to increased metabolic rate, ana-
tomic and physiologic shunts, and pulmonary immaturity.

 Pediatric Airway

Anatomic differences present unique airway management 
challenges in children – especially neonates and children with 
craniofacial anomalies related to genetic syndromes. Younger 
children have a relative large occiput, redundant soft tissue, a 
large tongue, adenotonsillar hypertrophy, a long and narrow 
epiglottis, and a laryngeal inlet that appears more anterior [4, 
5]. A straight miller blade and a shoulder bump to better align 
the airway can be used to facilitate successful intubation. 
Videolaryngoscopy may improve visualization of the anterior 
airway, but the practitioner must anticipate tremendous diffi-
culty in maneuvering the tube through the anterior structures 
and bend the stylet accordingly [6]. The airway of a child is 
both smaller in diameter and shorter in length than that of an 
adult and is therefore more prone to obstruction with secre-
tions or foreign bodies and more prone to endotracheal tube 
positional changes such as mainstem intubation or dislodge-
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Table 57.1 Normal vital signs by age [1]

Age Heart rate (beats/min) Systolic BP (mmHg) Diastolic BP (mmHg) Respiratory rate (breaths/min) Urine output (mL/kg/hr)
Newborn 90–180 50–70 27–47 30–50 1–2
1–5 months 100–180 70–90 30–60 30–40 1–2
6–11 months 100–150 60–120 50–70 25–35 1–2
1 year 100–150 65–125 40–90 20–30 0.5–1
2–3 years 65–150 75–125 40–90 15–25 0.5–1
4–5 years 65–140 80–120 50–80 15–25 0.5–1
6–9 years 65–120 80–120 50–80 12–20 0.5–1
10–12 years 65–120 90–130 55–85 12–20 0.5–1
≥ 13 years 55–110 100–140 60–90 12–28 0.5–1

ment. Particular attention must be paid by the respiratory care 
practitioner (RCP) to frequent suctioning and careful secure-
ment of the tube (especially in an active child). Critical air-
ways in children often require deep levels of sedation to 
prevent accidental dislodgement, disconnection, or obstruc-
tion – particularly in children that may be adept at getting out 
of restraints. Generally, uncuffed endotracheal tubes are pre-
ferred for children less than 8 years old due to historical con-
cerns for the development of  subglottic stenosis, though more 
recent data suggests this risk may be overstated. Endotracheal 
tube size can be approximated to the size of a child’s fifth 
finger or can be calculated using the formula (age in years 
+4)/4 or, again, can be referenced from a color-coded tape or 
smartphone app [5]. The depth of endotracheal intubation for 
children >1 year old is outlined in the PALS guidelines and 
can be estimated by (age in years / 2) + 12 cm [7, 8].

A difficult airway should be anticipated in patients with 
facial dysmorphia or genetic syndromes such as Pierre Robin, 
Goldenhar, Freeman-Sheldon, Apert, Hunter and Hurler, and 
Beckwith-Wiedemann syndrome, and a practitioner with 
expertise in advanced airway management for pediatric diffi-
cult airway should be present for intubation [4, 9]. If an air-
way cannot be established by other means, an emergency 
cricothyroidotomy may be performed in older children. A 
needle cricothyroidotomy is preferred in young children due 
to the small size of the cricothyroid membrane and the larynx 
and risk of injury and total loss of the airway with the surgical 
technique. The absolute age with which needle cricothyroid-
otomy is preferred over the surgical technique is controver-
sial, but a conservative age cutoff is less than 12 years old [8]. 
Formal tracheostomy techniques are similar to those in adults 
but require short, pediatric cannulas.

 Vascular Access

While often straightforward in older children, vascular access 
can be challenging in very young children, particularly neo-
nates. Peripheral venous access can be attempted in traditional 
sites in the upper or lower extremity veins but can also be 

attained using the scalp veins (frontal superficial, temporal pos-
terior, auricular, supraorbital, and posterior facial veins) in 
infants and toddlers. The femoral, internal jugular, external 
jugular, and subclavian veins can be used for central venous 
access, but the disproportion of vessel size must be considered 
[8]. Babies have large heads with small arms and legs in rela-
tion to the torso and head, which in practice makes the internal 
or external jugular the preferred site for access in smaller chil-
dren. Femoral vessels, in particular, can be quite small and are 
at risk for vascular thrombosis if large catheters are placed in 
the groin. Children under 1 year of age are at particular risk of 
arterial thrombosis with femoral arterial lines, and these should 
be avoided if at all possible [10]. In neonates at or shortly after 
birth, umbilical vessel cannulation can be performed for venous 
access or arterial monitoring [11]. While this site is attractive in 
this population, lines generally are not maintained in place for 
longer than 1 week due to the risk of mesenteric vascular and 
portal venous thrombosis [12–15]. Establishing intravenous 
access, peripheral or central, can be particularly challenging in 
hypovolemic children. Early resuscitation can be effectively 
administered via intraosseous (IO) access in the larger long 
bones (humerus, femur, tibia) or the iliac wings. Although ster-
nal IO is increasingly used in adults, it is absolutely contraindi-
cated in children (age  <  14). Laboratory studies may be 
obtained from intraosseous cannulas including serum chemis-
tries, coagulation studies, venous blood gas, and blood typing 
and crossmatch, though traditional blood counts are generally 
unreliable. The main drawback of IO use is the propensity for 
the IO to become dislodged with resulting risks of extravascu-
lar infusion and the attendant complications. Once intravascu-
lar volume has been restored, attempts at durable vascular 
access with peripheral IV placement, percutaneous central 
access, or saphenous cutdown (at the ankle peripherally or in 
the groin centrally) should be attempted. Unlike adults, chil-
dren do not tolerate central venous catheterization awake and 
should be anesthetized for central line placement because it can 
be technically challenging with perhaps only a few millimeter 
margin of error and because children will not hold still reliably. 
Careful selection of anesthesia and sedation should be bal-
anced with the putative benefits of central venous cannulation.
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Fig. 57.1 A digital reference sheet for age-specific vitals can be downloaded from the American Heart Association for quick reference on one’s 
mobile device
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 Other Anatomic, Physiologic, and Behavioral 
Vulnerabilities Specific to Traumatically 
Injured Children

This chapter focuses mostly on ICU care of children, but 
there are a number of vulnerabilities of which the surgical 
intensivist must be aware. We direct the reader to the ATLS 
student guide for a more thorough discussion of these vul-
nerabilities but will summarize highpoints below [16].

• The large, relatively heavy head of young children and the 
associated cervical ligamentous laxity place them at 
increased risk of traumatic brain injury and cervical spine 
injury.

• The pliable cartilaginous ribs of young children do not 
confer the same degree of rigid protection of the chest and 
upper abdominal structures that those ossified ribs of 
adults provide. Pulmonary injuries may occur in the 
absence of rib fractures and may not be apparent on initial 
trauma radiography until after the first 24–48  h in the 
ICU. The surgical intensivist must monitor for this even 
in the absence of bony thoracic cage injuries.

• The abdomen in young children is larger, more rotund, 
and less protected by the horizontal oriented ribs and 
small pelvis in these children. Abdominal viscera (partic-
ularly the spleen, liver, and bladder) are at increased risk 
of blunt injury in this population.

• Children have smaller circulating blood volume (see later 
section – hematology) and a remarkable ability to com-
pensate for blood loss.

• Children have higher relative metabolic rates that require 
higher levels of substrate administration and that predis-
pose them to hypoperfusion, hypoxia, and acidosis.

• Due to their higher ratio of body surface area to weight 
than adults and relative lack of brown fat, children are 
prone to hypothermia if left uncovered or if cold fluids are 
administered. Particular attention to active warming mea-
sures in cold pediatric trauma patients is needed.

• Psychologic response to trauma or loss of a loved one can 
be quite variable in children and can range from regres-
sion to nonverbal behavior to aggressive behavior that can 
be quite disruptive. Early engagement of a child life spe-
cialist to assist the healthcare team can be quite helpful in 
caring for these patients. Adolescents may have occult 
and evolving psychological or psychiatric disorders and 
have notable rates of illicit substance use and abuse.

 Expected Neurodevelopmental Milestones

The care of infants and children requires a basic knowledge 
of expected stages of neurodevelopment. Table 57.2 includes 

an overview of basic developmental milestones that are 
attained by 50–90% of children [17]. While these milestones 
may not seem relevant to a trauma surgeon or surgical inten-
sivist on the surface, one must remember that a knowledge of 
appropriate motor activities is essential in recognizing non-
accidental trauma (e.g., a 1-month-old will not roll off a bed) 
and in knowing when a child is expected to follow com-
mands or have reliable verbal skills to calculate a Glasgow 
coma score (GCS). Moreover, stages of development should 
be considered when the clinician interacts with the child, 
designs therapeutic interventions, and evaluates responses 
over time. This table need not be committed to memory, but 
should be kept as a reference for instances such as these.

 Overview of Unique Aspects of Pediatric 
Surgical Critical Care by Organ System 
Neurologic

 Pain, Sedation, and Delirium Assessment

Evaluation of pain management, sedation, withdrawal 
symptoms, and delirium in infants and children to assess 
adequate interventions for pain and distress is a critical 
component of their care and is particularly challenging for 
intubated, nonverbal, or developmentally delayed children. 
Various standardized tools have been developed to assess 
infants and children in this setting. A detailed review of all 
of these assessments is beyond the scope of this chapter, 
but we present examples of an assessment in each of the 
four domains [18]:

• Withdrawal Assessment: The WAT-1 scale for withdrawal 
in children is a validated instrument that maps 11 factors 
tracked by bedside nurses to four domains (gastrointesti-
nal symptoms, wakefulness, return to calm state, and 
autonomic evidence of withdrawal) [19].

• Pain Management Assessment: The FLACC scale is an 
established instrument for pain assessment in infants and 
children evaluating the face, legs, activity, cry, and conso-
lability [20].

• Sedation Assessment: Sedation can be assessed in infants 
and children using the COMFORT behavior scale which 
has been validated for bedside use. The scale evaluates 
distress, alertness, agitation, respiratory response, physi-
cal movement, muscle tone, and facial tension [21, 22].

• Delirium Assessment: The Cornell Assessment of Pediatric 
Delirium (CAPD) tool has been validated for the assess-
ment of delirium. Eye contact, purposefulness, awareness, 
ability to community needs, restlessness, inconsolability, 
and responsiveness to interaction and activity are evalu-
ated and can be used for bedside assessment [23].
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There are several additional assessments available, and 
this field is developing continually as more research efforts 
are becoming focused on neurodevelopmental outcomes in 
children with prolonged ICU courses that develop ICU delir-
ium [24–26]. This is a rapidly evolving field, and the long- 
term impact of delirium in the pediatric ICU is currently 
being elucidated. We do suspect that the impact is greater 
than we currently understand and particular attention should 
be paid to treatment of delirium in children. Involving pedi-
atric mental health providers in the management of PICU 
patients at risk for delirium is warranted.

 Pediatric Traumatic Brain Injury and Blunt 
Cerebrovascular Injury

Pediatric traumatic brain injury (TBI) warrants special 
consideration for critical care physicians as it is the lead-
ing cause of morbidity and mortality in infants and chil-
dren [27]. Infants and children with TBI may be more 
difficult to assess in the trauma bay and ICU due to differ-
ences in their neurodevelopment. In particular, orientation 
or ability to follow commands cannot be assessed in non-
verbal trauma patients. Infant and pediatric Glasgow coma 
scores (GCS) have been developed to assist in the assess-
ment of young trauma patients (Table  57.3). Evidence-
based criteria for obtaining head CT in the work-up of 
both verbal and nonverbal children have been developed 
and validated to decrease the overuse of CT in children 
with minor head trauma (Fig. 57.2) [29, 30]. Furthermore, 
there is increasing evidence that argues against the use of 
empiric repeat head CT for children admitted with intra-
cranial hemorrhage in the absence of progressive neuro-
logic symptoms [31–34].

In addition to the typical subdural, epidural, or subarach-
noid hemorrhages seen in adults, children are more suscep-
tible to diffuse cerebral edema and parenchymal injuries than 
their adult counterparts due to anatomic differences in their 
cranial vault [35]. Infants in particular can bleed large vol-
umes into their head due to their open fontanelles, and serial 
head circumference should be measured in these patients to 
assess for the development of hydrocephalus or chronic 
hygromas that may require drainage. Skull fractures are 
identified in up to 21% of children with head trauma – most 
of which are nondepressed and do not require treatment [35]. 
Children with minor head trauma and an asymptomatic lin-
ear skull fracture can be safely discharged from the emer-
gency room following observation unless there is a suspicion 
of nonaccidental trauma that requires further inpatient foren-
sic work-up [36, 37]. Depressed skull fractures requiring 
operative intervention and skull base fractures are uncom-
mon in children [35]. However, a basilar skull fracture 
involving the carotid canal along with a cervical vertebral 
body fracture, soft tissue injury of the anterior neck, near 
hanging, and severe cervical hyperextension or hyperflexion 
should prompt consideration of blunt cerebrovascular injury 
(BVCI) screening as part of the Denver and Memphis screen-
ing criteria [38]. Although these screening criteria are well 
validated in the adult trauma population, this practice is 
highly controversial in children. There is a lack of data on 
BCVI in the pediatric population, and no evidence-based 
pediatric screening criteria exist at this time.

Another controversial area in pediatric traumatic brain 
injury is the use of intracranial pressure (ICP) monitoring. 
The second edition of the guidelines for the acute medical 
management of severe traumatic brain injury in infants, chil-
dren, and adolescents supports the use of ICP monitoring in 
children with severe traumatic brain injury but reports it is 

Table 57.2 Developmental milestones (taken from Bright Futures Handbook) for 50–90% of children [17]

Age Gross motor Fine motor Cognitive, linguistic, and communication Social-emotional
2 months Head up 45 degrees Follow past midline Laugh Smile spontaneously
4 months Roll over Follow to 180 degrees Turn to rattling sound
6 months Sit without support Look for dropped yarn Turn to voice Feed self
9 months Pull to stand Take 2 cubes Dada/mama, nonspecific Wave bye-bye
1 year Stand alone Put block in cup 1 word Imitate activities
15 months Walk backward Scribble 3 words Drink from cup
18 months Walk up steps

Run
Dump raisin
Tower of 2 cubes

Point to at least 1 body part
6 words

Remove garment

2 years Throw ball overhand
Jump up

Tower of 6 cubes Name 1 picture
Combine words

Put on clothing

2.5 years Throw ball overhand Imitate vertical line
Tower of 8 cubes

Know 2 actions
Speech half understandable

Wash and dry hands

3 years Balance on each foot (1 second)
Broad jump

Thumb wiggle
Imitate vertical line
Tower of 8 cubes

Speech all understandable
Name 1 color
Know 2 adjectives

Name friend

4 years Hop Draw a person with 3 parts Define 5 words
Name 4 colors

Copy a cross (+)
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not routinely indicated in mild or moderate injury [39]. The 
Brain Trauma Foundation further outlines recommendations 
for the monitoring of ICP following trauma [40]. Despite 
these recommendations, randomized international data sug-
gests that ICP monitoring may not actually improve out-
comes [41].

 Post-traumatic Seizures

Early post-traumatic seizures are more common in chil-
dren  – usually occurring within the first 7  days following 
injury  – and are associated with an increased risk of late 
post-traumatic seizures [35]. The incidence of early seizures 
in severe TBI patients has been reported to be as high as 30% 
[42]. Age less than 2 years, initial GCS less than or equal to 
8, and non-accidental trauma have been identified as inde-
pendent risk factors for the development of early post- 
traumatic seizures [43]. Current recommendations for the 
prophylaxis of pediatric post-traumatic seizures are based on 
the severity of TBI, with antiepileptics recommended for the 
first 7 days following severe TBI in children. However actual 
practice among neurosurgeons and neurointensivists is not 
uniform [42]. Clinical trials for antiepileptic drugs for post- 
traumatic seizures in children have used either phenytoin or 
levetiracetam and range in treatment duration from 30 days 
to 18 months [42, 44–46].

 Febrile Seizures and Status Epilepticus

Febrile seizures are unique to children and must be differen-
tiated from seizures of other etiologies that may have more 

severe ramifications. Febrile seizures occur in children 
between 3 months and 5 years of age and are associated with 
fever without evidence of a central nervous system infection 
[47]. The reported incidence ranges from 2 to 10% of the 
population and is associated with a family history of febrile 
seizures [48]. The fever is typically due to a self-limited viral 
illness with seizures usually occurring at home [49]. The 
diagnosis can usually be established with a thorough history 
and physical examination, and the seizures are usually self- 
limiting. Simple febrile seizures are generalized, last for less 
than 15 minutes, and only occur once in 24 h, while complex 
febrile seizures are prolonged, focal, or occur more than 
once in 24 h [50]. If the child is still seizing on presentation, 
management is similar to other nonfebrile seizures and 
involves stabilization and anticonvulsive and antipyretic 
administration. It is important to rule out metabolic abnor-
malities and central nervous system infection in the evalua-
tion of children presenting with seizures [48]. A lumbar 
puncture should be performed in patients with signs or 
symptoms of meningitis or intracranial infection (e.g., nuchal 
rigidity or photophobia) and is considered an option in 
infants who are not immunized against Haemophilus influen-
zae type b or Streptococcus pneumoniae or who have been 
pretreated with antibiotics [51]. In most children presenting 
with a simple febrile seizure, minimal intervention is recom-
mended and prophylactic antipyretics and antiepileptics are 
not needed [52].

Pediatric status epilepticus also presents a unique chal-
lenge to the critical care physician. New-onset convulsive 
status epilepticus is most commonly caused by febrile sei-
zures followed by CNS infection, stroke, and trauma. 
Children admitted to the PICU with acute encephalopathy 
have been increasingly recognized to have nonconvulsive 

Table 57.3 Infant and pediatric Glasgow coma score [28]

Infant Pediatric Adult Score
Eye opening
Spontaneous Spontaneous Spontaneous 4
To verbal stimuli To verbal stimuli To verbal stimuli 3
To pain only To pain only To pain only 2
No response No response No response 1
Verbal
Coos and babbles Oriented, appropriate Oriented 5
Irritable cries Confused Confused 4
Cries to pain Inappropriate words Inappropriate words 3
Moans to pain Incomprehensible/nonspecific sounds Incomprehensible/nonspecific sounds 2
No response No response No response 1
Motor
Moves spontaneously and purposefully Obeys commands Obeys commands 6
Withdraws to touch Localizes to painful stimulus Localizes to painful stimulus 5
Withdraws in response to pain Withdraws in response to pain Withdraws in response to pain 4
Decorticate posturing to pain Flexion in response to pain Flexion in response to pain 3
Decerebrate posturing to pain Extension in response to pain Extension in response to pain 2
No response No response No response 1
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status epilepticus. The recommended work-up for convulsive 
and nonconvulsive status epilepticus in children was recently 
outlined by Freilich et al. and includes neuroimaging, elec-
troencephalogram, blood work, lumbar puncture, and poten-
tially genetic testing [53]. We recommend early involvement 
of a pediatric neurologist in these cases.

 Ventriculoperitoneal Shunts

Drainage of cerebrospinal fluid using a ventriculoperitoneal 
(VP) shunt may be indicated in pediatric patients with hydro-
cephalus (either from trauma or congenital causes). The criti-
cal care physician should be aware of complications that may 

Fig. 57.2 (a, b) PECARN clinical decision algorithms for identification of children at risk for clinically important traumatic brain injury (TBI) 
for ages less than (nonverbal) and greater than (verbal) 2 years old

57 Unique Aspects of Surgical Critical Care for Children



580

arise in patients with VP shunts including mechanical failure, 
infection, and functional failure [54]. Concern for VP shunt 
complications should prompt a neurosurgical evaluation for 
proper shunt positioning and function as well as infectious 
work-up. It is not uncommon for a trauma patient with severe 
TBI to require a VP shunt and a gastrostomy tube. Data are 
limited to small retrospective studies, and outcomes are con-
troversial with shunt infection rates reported to be 2–23% 
[55–57]. Our practice is to place the gastrostomy at least 48 h 
prior to VP shunt placement with 24 h of post- gastrostomy 
cefazolin plus vancomycin whenever possible though a recent 
study of the inpatient KIDS database submitted by our research 
group suggests that simultaneous placement may be safe.

 Cardiovascular

 End Points of Resuscitation

A detailed guide for pediatric end points of resuscitation was 
published by the Surviving Sepsis Campaign and by the 
American College of Critical Care Medicine and is 
 summarized in Table 57.4 [58, 59]. Fluid resuscitation begins 
with isotonic crystalloids with boluses of up to 20 mL/kg over 
5–10 min and should be titrated to heart rate, blood pressure, 
urine output, capillary refill, and peripheral pulses. Albumin 
can be used in bolus aliquots of 5–10 cc/kg but should not be 
used in patients with TBI [60]. If a patient is showing signs of 
hepatomegaly, pulmonary edema, or refractory shock, inotro-
pic support should be initiated [58]. Dopamine, dobutamine, 
or epinephrine can be used in children, with dopamine being 
preferred as a first-line agent in infants and children [59, 61]. 
Patients who are normotensive with low cardiac output and 
elevated systemic vascular resistance may require inodilators 
such as milrinone for additional cardiac output support [58, 
61]. Though central venous pressures may be useful in guid-
ing resuscitation, pulmonary artery (Swan-Ganz) catheters 
are only rarely used in infants or children with complex car-
diac anomalies and are in general placed in the cardiac cath-
eterization lab when required [11].

 Common Arrhythmias in Children

Dysrhythmias are relatively common in children without 
underlying cardiac disease admitted to the PICU. The most 
common dysrhythmias in this group include junctional 
rhythm, premature atrial contractions, and premature ventric-
ular contractions followed by low atrial rhythm, sinus pause, 
supraventricular tachycardia, ventricular tachycardia, and 
other AV block. Bradycardia, particularly in neonates, may be 
ominous and can be followed by asystole. Risk factors for 
cardiac rhythm disturbances in the ICU include hypoxemia, 
hypercarbia, sepsis, inflammation, inotropes, prolonged 
mechanical ventilation, and central venous access [62]. For 
the management of pediatric arrhythmias, the Pediatric 
Cardiac Intensive Care Society consensus statement high-
lighting arrhythmias in pediatric critical care patients and rel-
evant pharmacotherapy can be referenced [63]. We generally 
involve a pediatric cardiologist with particular expertise in 
electrophysiology in the management of these patients.

 Complex Congenital Heart Disease

Long-term survival of patients with complex congenital car-
diac lesions is improving rapidly, with 15-year survival of 
70% among patients undergoing successful Norwood proce-
dure for hypoplastic left heart syndrome and proceeding to 
the final stage or Fontan procedure [64]. Recognition of a 
child with single-ventricle physiology is of paramount 
importance as these patients should be transferred to centers 
with expertise in complex cardiac management. Patients 
with single-ventricle physiology are exceedingly sensitive to 
changes in pulmonary vascular resistance and in filling pres-
sures as their pulmonary blood flow is in parallel after the 
first-stage Norwood and is entirely passive after the final 
Fontan procedure. Children with congenital heart disease are 
generally classified as cyanotic (with impaired pulmonary 
circulation and central right to left shunt) or overcirculating 
(with left to right shunt). Management of children with these 
lesions requires special expertise, and early engagement of a 
cardiologist with specific expertise in management of single- 
ventricle patients is warranted.

 Heart Failure Following Chemotherapy 
and Radiation

It is important for critical care physicians to obtain a thorough 
history on pediatric patients who have a history of cancer 
treated with chemotherapy and/or radiation. Chemotherapeutic 
agents such as anthracyclines (doxorubicin/Adriamycintm) as 
well as thoracic radiation can lead to subclinical cardiomyopa-
thies at varying intervals following treatment with increasing 

Table 57.4 End points of resuscitation (Dellinger Surviving Sepsis 
Campaign)

Surviving sepsis end points of resuscitation
Capillary refill <2 s
Normal blood pressure for age
Normal pulses with no differential between peripheral and central 
pulses
Warm extremities
Urine output >1 mL/kg/hr
Normal mental status

ScvO2 saturation ≥ 70%
Cardiac index 3.3–6 L/min/m2
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prevalence up to 20 years after exposure [65–73]. Other agents 
may affect pulmonary function (bleomycin), renal function 
(cis-platinum, carboplatinum), bone marrow (antimetabo-
lites), and other organ systems. Children with a history of rel-
evant exposures should be expeditiously evaluated with 
echocardiography, chest radiography, and laboratory assess-
ments to determine the quality of cardiac and other major 
organ functions on ICU admission and should undergo careful 
monitoring during critical illness or prior to undergoing gen-
eral anesthesia [74, 75].

 Extracorporeal Life Support in Infants 
and Children

Often referred to as extracorporeal membrane oxygenation 
(ECMO), extracorporeal life support (ECLS) provides for 
respiratory or full cardiopulmonary bypass in patients with 
reversible cardiac or respiratory failure who do not respond 
to conventional methods [76]. ECLS and the components of 
the circuit are discussed in detail in Chap. 67, and here we 
will focus on issues specific to infants and children.

Indications for ECLS in pediatrics can be broadly divided 
into endogenous causes (congenital diaphragmatic hernia 
and persistent pulmonary hypertension of the newborn) or 
acquired causes (sepsis, pneumonia, or meconium aspira-
tion). The 2016 international report from the Extracorporeal 
Life Support Organization Registry provides an overview of 
most common ECLS indications outlined in Table 57.5 [77]. 
ECLS can be either venoarterial (VA) or venovenous (VV). 
VA ECLS is the most commonly used mode in neonates and 
children [76]. In infants, ECLS cannulation is usually per-
formed using the jugular vein for VV and the jugular vein 
and carotid artery for VA access. The SICU provider should 
be aware that in patients with prior right-neck access for VA 
or VV ECMO, the vessels were likely ligated at the time of 
cannula removal and right IJ access for central venous cath-
eterization is likely no longer possible. The internal jugular 

and femoral veins can be used in children over the age of 3; 
however, the femoral vein is not large enough to accept a 
double-lumen cannula for VV ECLS or to be the primary 
drainage site for VA ECLS in children less than 5 years old 
[78, 79]. The femoral artery or axillary artery can be used for 
arterial access in children over the age of 5, although an ante-
grade perfusion cannula may be needed in children to pre-
vent limb ischemia [76].

Outcomes of ECLS in infants and children vary by age 
and indication with reports of 70% of patients successfully 
weaned off ECLS and 58% surviving to hospital discharge. 
The highest survival rate was found in patients who under-
went ECLS for respiratory indications. The most common 
complications of ECLS include hemorrhage, cerebral or vis-
ceral infarction from thromboembolism, mechanical failure 
or malfunction, renal failure, infection, and hyperbilirubine-
mia [77]. Intraventricular hemorrhage (IVH) is of particular 
concern in premature infants on ECLS due to an immature 
germinal matrix. IVH can occur in up to 13% of neonates on 
ECLS, and routine cranial ultrasound is often performed 
prior to cannulation and daily throughout the ECLS run [76].

 Pulmonary

Management of respiratory failure in infants and children 
requires the consideration of two major differences in physi-
ology (pulmonary vascular response to sepsis) and anatomy 
(circuit dead space relative to tidal volume).

 Pulmonary Hypertension

Pulmonary hypertension (PH) is an important cause of 
hypoxemia in critically ill infants and children and can lead 
to significant morbidity and mortality. It is generally defined 
as a mean pulmonary artery pressure greater than or equal to 
25 mmHg at rest or greater than 30% of mean systemic arte-
rial pressure (usually estimated in children with echocar-
diography using the tricuspid regurgitation velocity to 
estimate RV pressure gradient). PH affects approximately 64 
cases per 1 million children and can be transient or persistent 
with the course and prognosis determined by underlying 
cause. The most common causes are sepsis, persistent pul-
monary hypertension of the newborn, congenital heart dis-
ease, and idiopathic PH [80]. Patients with a history of 
congenital diaphragmatic hernia (CDH) repair or a history of 
chronic lung disease of prematurity (sometimes referred to 
as bronchopulmonary dysplasia or BPD) have increased pul-
monary vascular reactivity and are at risk of pulmonary 
hypertensive exacerbation well into their childhood years, 
and a high index of suspicion for PH as a cause of hypoxemia 
is needed. Pediatric patients with a history of pulmonary 

Table 57.5 Common indications for infant and pediatric ECLS

Infants Children
Respiratory
  Meconium aspiration syndrome
  Persistent pulmonary hypertension of 

the newborn
  Congenital diaphragmatic hernia
  Respiratory distress syndrome of the 

newborn
  Sepsis

Respiratory
  Infection
  Pneumonia
  Acute respiratory 

failure

Cardiac
  Congenital heart disease
  Cardiomyopathy
  Myocarditis

Cardiac
  Congenital cardiac 

defect
  Cardiomyopathy
  Myocarditis
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hypertension, congenital diaphragmatic hernia repair, or 
chronic lung disease of prematurity should have an echocar-
diogram prior to scheduling of anesthesia, though this may 
significantly underestimate pulmonary pressures in high-risk 
groups such as diaphragmatic hernia. If there is evidence of 
elevated RV pressures, an anesthesiologist with expertise in 
management of these patients should be involved in the anes-
thetic management of these patients [81].

 Pediatric Mechanical Ventilation

Conventional forms of mechanical ventilation are used com-
monly in infants and children, but attention must be paid to 
tidal volumes and pressures being delivered. Pediatric venti-
lators should be used in infants and children due to the nar-
row therapeutic window for tidal volume delivery. The 
ventilator circuit and tubing represents a large dead space 
relative to the actual tidal volume of the child’s lungs. For 
this reason, many pediatric and neonatal intensive care units 
utilize pressure control ventilation as the pressure is easier to 
regulate than volume in these small children. If volume con-
trol ventilation is going to be utilized, a flow sensor placed 
on the endotracheal tube can be utilized to more precisely 
measure tidal volumes (Fig.  57.3). Pressure-regulated vol-
ume control (PRVC) is a hybrid of pressure and volume con-
trol and is commonly used in stable pediatric patients, 
particularly as they approach liberation from mechanical 
ventilation [82]. Pressure-regulated ventilator modes are 
generally preferred in order to adjust for rapid and significant 
changes in pulmonary and thoracic compliance that attend 
many pediatric disorders.

Non-conventional ventilation such as high-frequency 
oscillatory ventilation (HFOV), high-frequency jet ventila-
tion (HFJV), or high-frequency percussive ventilation is 

used when conventional modes are not able to adequately 
oxygenate or ventilate pediatric patients [83]. While we pres-
ent an overview of these modalities in this section, specific 
expertise and familiarity is needed to effectively manage 
children with refractory respiratory failure using these 
modalities, and consultation with a pediatric surgical inten-
sivist should be obtained in these scenarios. HFOV is thought 
to decrease barotrauma and maximize lung recruitment in 
noncompliant lungs by delivering a constant mean airway 
pressure while ventilating with small “subtidal” volumes 
instead of conventional peak inspiratory pressure [84]. This 
strategy maintains constant alveolar recruitment and mini-
mizes the “opening pressure” that is required to open alveoli 
with conventional ventilation. Mean airway pressure and 
FiO2 can be titrated to maintain oxygenation, while ampli-
tude and frequency of oscillation can be adjusted to achieve 
optimal CO2 clearance. A common pitfall when using HFOV 
is continuing to increase the mean airway pressure in 
response to hypoxemia, which in a hypovolemic patient can 
lead to impaired pulmonary blood flow and worsening 
hypoxemia. Disconnecting the patient from the ventilator 
circuit and handbag ventilating to ascertain the optimal mean 
airway pressure (sometimes lower than previously set) is 
often required in this scenario. HFJV delivers high-frequency 
low-volume pulses of gas in combination with positive end- 
expiratory pressure to allow for active inspiration and pas-
sive expiration [85]. High-frequency percussive ventilation 
has been used with good outcomes in burned children with 
inhalational injury [86, 87].

The general practice of pediatric intensive care unit prac-
titioners related to tracheostomy placement is divergent to 
their adult counterparts. This is due to two factors in chil-
dren: 1) the incidence of subglottic stenosis with prolonged 
intubation is lower in children compared to adults [88–90], 
and 2) tracheostomy-related mortality is substantially higher 

Fig. 57.3 A proximal inline 
flow sensor can be placed 
between the ventilator tubing 
and endotracheal tube in 
small children to more 
precisely measure tidal 
volumes without the large 
residual dead space of the 
ventilator circuit

J. Golden et al.



583

in children, especially children less than 1 year of age, so the 
potential benefit of early tracheostomy in children may not 
outweigh the risks associated with it. [91–95]

 Gastrointestinal

 Nutrition

Children have an increased baseline metabolic rate up to 
fourfold that of adults in newborn infants, require substrate 
for ongoing growth and development, and have decreased 
body fat, carbohydrate, and protein stores. These three fac-
tors place an increased importance on attention to nutritional 
factors in critically ill pediatric patients. The prevalence of 
malnutrition in critically ill children is quite high (up to 47%) 
and is associated with longer ICU stay, prolonged mechani-
cal ventilation, and higher mortality [96]. Infants in particu-
lar may have decreased enteral intake and have the highest 
metabolic demands, placing them at risk for hazards of mal-
nutrition such as slow growth, delayed mental and psycho-
motor development, and bone demineralization [96, 97]. 
Measurement of serum albumin, transferrin, prealbumin, and 
retinol-binding protein (Table 57.6) or nutritional assessment 
scores may aid in the assessment of a patient’s nutritional 
status, but the clinical outcomes associated with these mark-
ers are not well validated in children [94].

Enteral nutritional support is preferred for critically ill 
patients that will tolerate oral or enteric feeds. Infant formu-
las should be used in children less than 1 year of age as the 
caloric content (0.67 kcal/mL for breast milk or non-fortified 
infant formula) and osmotic load are less than found in pedi-
atric or adult formulas. Many pediatric formulas are avail-
able for oral or tube feeding, and most formulas are similar 
to adult formula in caloric content (1.0–1.5  kcal/ml). 
Parenteral nutrition (PN) is heavily utilized in neonates and 
judiciously utilized in older children that cannot tolerate 
enteral nutrition. Evidence to guide timing of initiation PN in 
neonates is limited to expert opinion and nitrogen balance 
studies, but current practice is that PN should be initiated 
early due to their increased energy requirements and devel-
opment of negative nitrogen balance [97]. For older children 
(age 1–17  years), the evidence is similar to that found in 

adult patients and supports withholding parenteral nutrition 
for 1  week due to decreased rates of infection, decreased 
ICU stay, and shorter duration of mechanical ventilation 
compared to early initiation [98]. Pediatric patients have 
higher fluid and caloric requirements than adults, and as 
such, PN can generally be started at a higher initial rate (25–
30 kcal/kg/day in young children) and can be advanced to 
goal nutrition over 2–3 days. Caloric intake in infants should 
be 80–110  kcal/kg/day, while intake in adults should be 
35 kcal/kg/day [97]. Daily energy requirements are variable 
by age and are summarized in Table 57.7 [99].

 Stress Ulcer Prophylaxis

There is limited data on the use of gastrointestinal pro-
phylaxis in critically ill infants and children. Early initia-
tion of enteral nutrition is preferred, but when this is not 
possible, children in the PICU are generally treated with 
the same indications for ulcer prophylaxis as adults as 
pediatric- specific data is lacking. Ranitidine is the most 
commonly used drug for prophylaxis in the PICU, with 
mechanical ventilation, sepsis, coagulopathy, corticoste-
roid therapy, high- risk injuries such as TBI and burns, 
PRISM score > 10, inotrope use, and informal routine use 
as reported indications [100–105]. Infants in the NICU 
generally do not receive gastrointestinal prophylaxis even 
in the context of prolonged mechanical ventilation or pro-
longed NPO status, as acid suppression in this population 
can lead to increased rates of infection, necrotizing 
enterocolitis, and death [106, 107].

 Bilious Emesis

Bilious vomiting in an infant or child warrants special 
consideration as it usually constitutes a surgical emer-
gency, and delay in management can result in intestinal 
ischemia and loss. Urgent pediatric surgical consultation 
should be obtained in any child with bilious emesis. In the 
neonatal period, these patients should be evaluated for 
intestinal obstruction potentially caused by intestinal atre-
sia or Hirschsprung’s disease; but more notably, malrota-
tion and midgut volvulus can occur in any age. A recent 

Table 57.6 Serum markers of nutrition

Serum protein Half-life Normal range
Albumin 18 days 3.5–5.5 g/dL
Transferrin 8 days 170–370 mg/dL
Prealbumin 3 days <5 days old, 6–21 mg/dL

1–5 years old, 14–30 mg/dL
6–9 years old, 15–33 mg/dL
10–19 years old, 22–45 mg/dL

Retinol-binding protein 12 h 40–60ug/mL

Table 57.7 Pediatric energy requirements (From Coran Table 12–1)

Daily energy requirements (total kcal/kg)
Preterm neonate 90–120
<6 months 85–105
6–12 months 80–100
1–7 years 75–90
7–12 years 50–75
>12–18 years 30–50
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study evaluating neonates transferred to a neonatal surgi-
cal center with bilious vomiting in the first week of life 
found that 46% of patients had a surgical diagnosis and 
14% required an urgent operation [108]. The most com-
mon diagnoses in these patients were malrotation, volvu-
lus, and intestinal  perforation. Outside of the neonatal 
period, one must consider intussusception (typical age 
6 months–3 years), internal hernia, and congenital bands, 
as well as postsurgical problems such as adhesive bowel 
obstruction, foreign bodies, and occult injury.

 Renal

 Pediatric Renal Replacement Therapy

The most common indications for chronic renal replacement 
therapy (RRT) in infants are obstructive uropathy, autosomal 
recessive polycystic kidney disease, cortical necrosis, and 
hypoplastic or dysplastic kidneys, while indications in young 
children also include congenital nephrotic syndrome, hemo-
lytic uremic syndrome, and renal infarction [109, 110]. In 
infants and children with kidney failure, peritoneal dialysis 
(PD) is the modality of choice for renal replacement therapy 
and is used in over 90% of children under the age of 2 requir-
ing long-term dialysis [110, 111]. Compared with hemodi-
alysis (HD), PD does not require accessing small blood 
vessels, preserves blood vessels for HD later in life, can be 
performed in a wide range of patient ages, can be performed 
at home, and leads to improved growth and residual renal 
function [110–113].

Renal replacement therapy is also used therapeutically in 
pediatric critical care for the correction of electrolyte distur-
bances and the removal of fluid, urea, toxins, and inflamma-
tory mediators. Continuous renal replacement therapy 
(CRRT) is preferred over PD in most cases for treating pedi-
atric acute kidney injury (AKI) [114]. CRRT can be used in 
the setting of acute renal failure associated with cardiac sur-
gery, sepsis, burns, acute tubular necrosis, hematologic- 
oncologic complications, inborn errors of metabolism, 
hyperthermia, hepatic dysfunction, bone marrow transplan-
tation, and respiratory failure [115]. A prospective pediatric 
CRRT registry group reported that overall survival with 
CRRT was 58%. Although infant survival was worse than 
pediatric patients with AKI, they found that CRRT was fea-
sible even in the smallest patients [114]. The large circulat-
ing volume of the CRRT circuit can make initiation a 
challenge in neonates and infants as the volume of the circuit 
can exceed the blood volume of the baby. In the youngest 
children, our preference is to proceed with acute peritoneal 
dialysis as first-line therapy whenever possible for infants 
under 1 year of age.

 Intravenous Fluids

Intravenous fluids for infants and children are based on 
patient age and weight. Daily fluid requirements for pediatric 
patients are outlined in Table 57.8. It is important to note that 
infants are born with a fluid reserve and are expected to lose 
10–15% of their body weight in the first week of life [97]. 
Aggressively replacing these normal fluid and sodium losses 
can predispose to fluid overload, persistent ductus arteriosus, 
cardiac failure, necrotizing enterocolitis, and bronchopulmo-
nary dysplasia. Infants also have limited ability to concen-
trate urine due to immature proximal tubules, poor interstitial 
reabsorptive capacity, and immature sodium transporters [2]. 
For this reason, D10W is used for maintenance fluids at birth 
in euvolemic patients not in shock and changed to D10W 
0.2% normal saline with 20 meq KCl/L on day of life 2. This 
concept is often misunderstood by practitioners that rarely 
care for neonates. If a neonate is in shock, the baby will 
require isotonic volume expansion with normal saline, fol-
lowed by sodium-containing fluids (usually D5- or D10–1/2 
normal saline) with close monitoring of sodium levels. Urine 
output and serum electrolytes should guide ongoing fluid 
management and to avoid hyponatremia. After 3–4 weeks of 
life, D5W 0.45 normal saline with 20 meq KCl/L can be used 
as maintenance intravenous fluids. If albumin is utilized in 
young babies, particular attention must be paid to sodium 
levels as the sodium concentration in standard albumin can 
be quite high (130–160 mEq/dL).

 Hematology

 Blood Transfusion

Clear evidenced-based guidelines for term infants and older 
children (age range 3 days–14 years) are similar to adults, 
with a 7  g/dL transfusion threshold in stable euvolemic 
patients associated with decreased transfusion requirements 
without altering adverse outcomes for critically ill children 
[116]. Guidelines for a transfusion threshold in premature 
neonates are lacking, however, leaving clinical judgment and 
patient hemodynamic status and key factors in the decision- 
making process. Premature neonates are commonly trans-
fused in the presence of apnea or inability to wean from a 

Table 57.8 Daily fluid requirements for pediatric patients (Coran 
Table 12–2)

Body weight Volume per day
<1500 g 130–150 mL/kg
1500–2000 g 110–130 mL/kg
2–10 kg 100 mL/kg
>10–20 kg 1000 mL for first 10 kg + 50 mL/kg for each kg >10
>20 kg 1500 mL for first 20 kg + 20 mL/kg for each kg >20
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ventilator [117]. The estimated circulating blood volume is 
90 ml/kg in a newborn and in 80 ml/kg in a child, reaching 
adult levels of 70 ml/kg by late childhood [117]. Neonates 
are commonly transfused due to anemia of prematurity or 
blood loss from multiple lab draws [117]. As with all dosing 
in children, transfusion is also weight-based, rather than giv-
ing “units” of blood products. A general rule of thumb is that 
a 5 cc/kg transfusion of RBCs in a child is the equivalent of 
one “unit” in an adult (and, as such, would be expected to 
raise the hemoglobin 1 g/dL or hematocrit by 3%). Table 57.9 
shows the recommended transfusion aliquot volumes for 
packed red blood cells, platelets, fresh frozen plasma, and 
cryoprecipitate in children [117]. If a small child is being 
transfused and is expected to potentially require further 
transfusion, the blood bank can set aside the whole adult unit 
of product the transfusion aliquot was taken from to use for 
future transfusion aliquots in that child to limit antigen expo-
sure in each child [118].

 Thromboembolic Disease

Venous thromboembolic (VTE) disease is being reported at 
an increasing frequency in infants and children with an esti-
mated incidence of 0.07 per 10,000 children and 58 per 
10,000 pediatric admissions [119, 120]. High-risk groups for 
deep venous thrombosis (DVT)/pulmonary embolism (PE) 
include those with central venous access, with malignancy, 
and with recent trauma, undergoing solid organ transplanta-
tion, or who are obese [121–124]. Recent studies have sought 
to properly diagnose and treat those affected, but quality evi-
dence around prophylaxis and management of VTE in the 
pediatric population is still lacking. The American College of 
Chest Physicians published evidenced-based guidelines for 
the treatment and prevention of thromboembolism in neo-
nates and children, but these guidelines are unfortunately 
primarily grade 2C recommendations [125]. These recom-
mendations include the involvement of pediatric hematolo-
gists in anticoagulant management and the use of 
unfractionated heparin titrated to anti-Xa and activated par-
tial thromboplastin time. Our practice for trauma patients 
with catheter-associated DVT is to remove the catheter and 
repeat the duplex ultrasound in 1 week and only anticoagu-

late those patients with clot propagation after the line has 
been removed. Post-thrombotic syndrome can occur in 
approximately 15% of patients and does not seem to be 
impacted by anticoagulation [124]. Evidence to guide prac-
tice in catheter-associated DVT (especially for very young 
children) is desperately needed. VTE prophylaxis in pediat-
ric trauma patients is generally reserved for postpubescent 
children.

 Disorders of Coagulation

An overview of the coagulation cascade and all disorders of 
coagulation is beyond the scope of this chapter, but a surgical 
intensivist caring for children must have a heightened aware-
ness of this possibility. While most disorders of coagulation 
have been diagnosed prior to adulthood, pediatric patient 
may have a yet undiagnosed coagulopathy. Even though 
unexplained intracranial hemorrhage may be related to 
abuse, a thorough work-up for coagulation disorders is war-
ranted. Pathologic bleeding may be differentiated from non- 
pathologic bleeding by age at first episode, frequency and 
duration of bleeding, history of recurrent spontaneous or 
procedure-related bleeding, and family history of bleeding 
disorders [126].

 Infectious Disease

 Sepsis

Sepsis was recently redefined as life-threatening organ dys-
function caused by a dysregulated host response to infection 
[127]. The diagnosis depends on age-adjusted vital signs and 
laboratory markers, with the overall mortality of pediatric 
sepsis lower than in adults. The Surviving Sepsis Campaign 
International Guidelines have considerations specifically for 
children, including age-adjusted initial end points of resusci-
tation (vital signs and urine output), a hemoglobin target of 
10 g/dL if central venous oxygen saturation is low, closely 
monitoring for drug toxicity, and using a continuous glucose 
infusion during insulin therapy (Table 57.4) [58]. The classic 
vasodilatory response seen in adult septic shock is often not 
seen in children, with vasoconstrictive “cold shock” associ-
ated with low cardiac output and elevated systemic vascular 
resistance more commonly seen. These children may require 
inodilators (milrinone) in addition to inotropic therapy [58].

Sepsis in neonates is specifically divided into early-onset 
sepsis (EOS) and late-onset sepsis (LOS). Early-onset sepsis 
occurs within 72 h of delivery and is thought to be due to 
infection during gestation or delivery. Risk factors for EOS 
include chorioamnionitis, prolonged rupture of membranes, 
premature rupture of membranes, prematurity, and maternal 

Table 57.9 Pediatric transfusion volume and indications

Product Volume
Indication/expected 
response

Packed red blood 
cells

10 ml/kg Blood loss, increase 
hematocrit 6%

Platelets 1 unit/10 kg Raise platelets by 
25,000

Fresh frozen plasma 10 ml/kg Coagulopathy
Cryoprecipitate 1 unit/5 kg Replace fibrinogen
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group B strep colonization [128]. Late-onset sepsis occurs 
between 72 h and 28 days of life, is more common than EOS, 
and is thought to be due to nosocomial or community patho-
gens. Risk factors include low birth weight, newborn 
 jaundice, intraventricular hemorrhage, prematurity, indwell-
ing catheters, and invasive procedures [129].

 Fever Work-Up

One of the most common signs of illness in infants and chil-
dren is fever, though hypothermia may be the first manifesta-
tion of sepsis. Patients in the first 4  weeks of life require 
special consideration due to the incomplete development of 
the meninges and increased susceptibility to CNS infection. 
It is recommended that fever in any child younger than 
29 days of age or any child with a toxic appearance undergo 
a full sepsis work-up of blood, urine, and cerebrospinal fluid 
[130, 131]. Positive blood cultures in a neonate mandate a 
lumbar puncture. Empiric antibiotic treatment with menin-
gitic dosing using a drug that penetrates the CNS (such as a 
third-generation cephalosporin) should be started in any 
child suspected of having a possible CNS infection. Infants 
29 days to 3 months with a normal complete blood cell count 
with differential and a normal urinalysis can be re-evaluated 
in 24 h with either ceftriaxone or no antibiotics, and nontoxic 
infants 3–36 months old with a fever lower than 39 °C can be 
observed with close follow-up alone [130].

 Special Considerations

 Pediatric Trauma and Non-accidental Trauma

Trauma is the leading cause of morbidity and mortality in 
infants and children [132]. System-specific trauma consider-
ations in children are discussed above. While a full review of 
the management of pediatric trauma is beyond the scope of 
this chapter, the Pediatric Advanced Life Support Provider 
Manual and the Advanced Trauma Life Support Manual are 
references for the full initial evaluation of pediatric trauma 
patients [16, 133].

We would like to highlight in this chapter the importance 
of considering non-accidental trauma (NAT) for children 
admitted to the trauma ICU – particularly young nonverbal 
children and children with complex medical needs. A review 
of the KIDS database found that 25% of infants with abdom-
inal trauma had been abused and that morbidity and mortal-
ity were higher in the NAT population than in the accidental 
trauma population [134, 135]. Some presenting signs that 

should be concerning for NAT include bruises that are not 
over bony prominences, scald or thermal burns, spiral or 
oblique long-bone fractures, spine fractures, posterior rib 
fractures, retinal hemorrhages, and skull fractures. Evaluation 
of patients with suspected NAT should include a full history 
and physical examination, social work evaluation, coagula-
tion studies, a skeletal survey, intracranial imaging, and an 
ophthalmologic examination in addition to any warranted 
injury-specific trauma work-up [136]. Engagement of a child 
abuse specialist or referral to a center with this expertise is 
warranted if there is a suspicion of NAT.

 Parental Involvement in the Care of Infants 
and Children

A special consideration in the care of critically ill infants 
and children is attention to the needs of parents and care-
takers. Parents play an essential role in a child’s health-
care as they are generally the child’s best resource for 
support, coping with stress, recovery, and follow-up care 
[137]. However, a child’s injury or illness can be a signifi-
cant stressor for parents who can experience symptoms of 
acute stress disorder or post-traumatic stress disorder dur-
ing or after a child’s admission to the intensive care unit 
[138, 139]. Empathetic communication and multidisci-
plinary care involving social work and child life can 
reduce anxiety in the ICU setting [137]. The Guidelines 
for Family-Centered Care in the Neonatal, Pediatric, and 
Adult ICU can be used for more detailed recommenda-
tions [140]. The impact of a child’s ICU admission on a 
parent should not be underestimated nor the impact of a 
parent functioning as an ally to the physician on the 
child’s treatment plan.

 Conclusion

The critical care management of severely injured children or 
children with primary surgical disorders follows many of the 
same principles as adult surgical critical care. There are 
many pediatric-specific nuances, however, that impact treat-
ment decisions in critically ill children. The adult surgical 
intensivist should maintain a working relationship with a 
colleague with expertise in caring for critically ill infants and 
children in order to provide optimal care for this cohort of 
patients. This chapter aimed to provide an overview of par-
ticular pediatric-specific issues and the importance of main-
taining expertise in these realms if one intends to care for 
pediatric patients in the ICU.
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Palliative Care in the Surgical Intensive 
Care Unit

Kathleen O’Connell and Zara Cooper

As research evolves and surgical critical care capabilities 
expand, the line between what we can do to address physio-
logic derangements and what we should do for patients is 
increasingly blurred. The shift away from paternalistic surgical 
care to a patient-centered approach begets heightened expecta-
tions for high-quality communication and shared decision-
making that have historically been lacking in general surgery 
training. Current healthcare delivery reform prioritizes care 
transformation to improve the patient experience, achieve bet-
ter health outcomes, and control healthcare costs. The incorpo-
ration of palliative medicine into surgical care of the critically 
ill is one approach to successfully target all three of these goals.

Palliative care is a holistic approach to patient care with a 
focus on the alleviation of pain, psychological suffering, and 
spiritual unrest to improve quality of life for critically ill 
patients. As more studies demonstrate that palliative care is 
associated with improved quality of care, reduced healthcare 
utilization, and delayed mortality in some cases, the demand 
for specialized palliative medicine services is increasing [1–3]. 
In 2005, the American College of Surgeons (ACS) affirmed 
the need for palliative medicine within the context of chronic 
illness and injury and rejected palliative care as an approach 
that should be restricted only to those near the end of life [4]. 
The American Board of Surgery incorporated palliative care 
principles within the core competencies of general surgery 
training, and the ACS has provided educational opportunities 
for practicing surgeons to learn the basic tenets of palliative 
care including relief of suffering, prognostication, communica-
tion about code status, and identification of patient-centered 
goals of care. Nonetheless, incorporation of palliative care 
principles into modern surgical care is lagging compared to 
other medical specialties [5, 6].

In this chapter we highlight commonly encountered  
palliative medicine themes that arise in caring for critically ill 
patients. Core principles of palliative medicine are outlined in 
the context of real-life clinical scenarios. Structured communi-
cation tools that have been developed for surgical patients and 
successfully employed by surgeons are described.

Emma was a 79-year-old nursing home patient with dementia, 
NYHA Class II heart failure, atrial fibrillation, peripheral vascu-
lar disease, and mild chronic kidney disease who presented to 
the emergency department with shortness of breath. She was 
therapeutically anticoagulated on warfarin, and also on anti-
platelet therapy. On arrival she was hypoxic, hypotensive with a 
systolic blood pressure of 85 mmHg, and a heart rate of 150 
beats per minute. The cardiac monitor showed atrial fibrillation 
with rapid ventricular response. A chest x ray showed bilateral 
effusions, fluffy bilateral infiltrates and free air under the dia-
phragm. The surgical team saw her promptly and recommended 
emergent surgery to her daughter, who was her health care 
proxy. Although she had a designated health care power of attor-
ney and a living will, identification of goals of care were not 
established preoperatively despite the high-risk nature of the 
operation. Emma had an exploratory laparotomy, and a Graham 
Patch repair for a 0.5 cm perforated post-pyloric duodenal ulcer. 
Her anticoagulation was held for 24 hours after surgery. The 
patient’s postoperative course was complicated by septic shock, 
prolonged respiratory failure, congestive heart failure, ventilator 
associated pneumonia and infectious diarrhea. Because if her 
hypotension, the team was reluctant to give Emma sedatives and 
analgesia that could alleviate her pain and agitation. On postop-
erative day (POD) 10, the surgical team approached Emma’s 
daughter about tracheostomy and she declined. After Emma’s 
daughter conferred with her mother’s minister and other rela-
tives, she requested a shift in goals of care to comfort and the 
patient died on POD 12 after compassionate extubation.

The recent rise in the number of patients 65 years and older 
with surgical critical care needs is expected to persist over the 
next 20 years. Hospitalization for acute surgical conditions, 
including traumatic injury, often marks a downward inflection 
point in the health trajectory of older adults, marking func-
tional and cognitive decline, increased  healthcare utilization, 
and increased risk of death for years after injury. One third of 
Medicare beneficiaries have an operation in the last year of 
life, placing surgeons at the forefront of end-of-life care [7].
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Palliative medicine should be routinely provided alongside, 
or in lieu of, disease-directed treatment in critical illness. 
Primary palliative care refers to the management of physical 
symptoms, spiritual and psychosocial distress, and communi-
cation with the patients and their families and includes a core 
set of skills that all clinicians treating seriously ill patients 
should have. Herein we describe elements of palliative care as 
they relate to critically ill surgical patients.

 Symptom Management

Critically ill patients are at high risk of having undertreated 
symptoms including pain, thirst, fatigue, constipation, and 
anxiety. Surgeons are well versed in treatment of acute post-
operative pain, but less so in treating total pain which includes 
physical, spiritual, psychological, and social pain, and can 
interfere with quality of life and recovery. Pain assessment 
includes a focused history on the onset, location, quality, and 
duration of the pain as well as a focused physical exam. Acute 
physical pain may be somatic (throbbing, aching, localized, 
sharp), visceral (campy, dull, and poorly localized), or neuro-
pathic (burning, shooting, stabbing, or itching). Somatic pain 
(e.g., from a fracture) can be treated with acetaminophen or 
nonsteroidal anti-inflammatories. Opiates are useful for vis-
ceral and somatic pain (e.g., a small bowel obstruction), 
whereas tricyclic antidepressants and anticonvulsant agents 
are helpful in the treatment of neuropathic pain. During and 
after surgery, local anesthetics (nerve blocks or epidurals) can 
help to minimize the use of opiates. Acute care surgeons must 
understand different pain syndromes; recognize that patients 
may have somatic, visceral, and neuropathic pain all at once; 
and be skilled in using multimodal therapy to treat pain. In 
accordance with the World Health Organization pain ladder 
[8], oral analgesics are preferable to intravenous medications. 
Mild pain should be treated with acetaminophen, with or 
without NSAIDS or COX-2 inhibitors; if pain is moderate, a 
weak opiate (e.g., tramadol) should be added; and, in the case 
of severe pain, stronger opiates such as morphine, hydromor-
phone, or fentanyl can be employed. Patients with continuous 
pain should receive analgesia around the clock, and as needed, 
or prn, medications can be used for temporary exacerbations. 
Prescribers should be mindful of the expected onset and 
appropriate dosing interval to ensure that pain is adequately 
controlled. Dosing should be adjusted to minimize side 
effects. With the heightened focus on opioid abuse in the 
United States, surgeons must become particularly skilled in 
understanding and diagnosing different types of pain and the 
origin of pain, in order to provide the appropriate pharmaco-
logic regimen. Pain that is refractory to multimodal pharma-
cologic regimens may have a psychosomatic component, in 
which behavioral interventions or spiritual support may be 
necessary to alleviate suffering.

Other bothersome symptoms including nausea, vomiting, 
constipation, dyspnea, and insomnia require aggressive treat-
ment. More insidious symptoms to assess are nonphysical such 
as anxiety, depression, and spiritual unrest. Formal symptom 
assessment with the use of a validated tool can help surgeons 
measure patient’s symptoms and support their palliative care 
needs. The Palliative care Outcome Scale (POS) measures are 
a set of validated instruments to facilitate prognosis for severely 
ill patients of with various disease types [9]. The IPOS tool is 
a streamlined assessment of both physical and nonphysical 
symptoms and is free to download at https://pos-pal.org/maix/ 
(Fig. 58.1). Although surgeons may not feel adequately 
equipped to deal with the emotional, spiritual, and social con-
cerns that frequently accompany critical illness, acknowledg-
ing their presence will build trust with the patient and family. 
The interdisciplinary approach to palliative care is especially 
valuable when addressing nonphysical symptoms of surgical 
patients, which can include social work, chaplaincy, and other 
integrated approaches such as acupuncture and massage.

 Prognostication

Prognostic understanding is critical for high-quality decisions 
for seriously and critically ill patients. Studies show that 
patients and families want to hear prognostic information and 
that sharing a poor prognosis does not take away hope or 
increase the risk of depression. Patients who have accurate 
prognostic understanding are less likely to choose high-inten-
sity treatments near the end of life. In the acute setting, progno-
sis is determined by the immediately life- threatening diagnosis 
as well as the patient’s underlying health state. Older patients 
with chronic medical illnesses or frailty are highly susceptible 
to complications and functional decline and have increased 
mortality after trauma and surgery. Chronic diseases tend to 
have predictable trajectories. For example, the trajectory in 
cancer is characterized by a rapid decline in function near the 
end of life, whereas congestive heart failure and COPD fre-
quently include acute exacerbations followed by sudden death. 
Patients with dementia and frailty typically experience a slow 
decline over time, colloquially known as the “dwindles.” 
Predictive tools, such as the APACHE score or the Injury 
Severity Score, are best utilized to estimate prognosis among 
large populations. In practice, when formulating prognosis sur-
geons must gather data from the patient, caregivers, and other 
clinicians to determine the patient’s baseline health status, 
including functional status, expected trajectory, and life expec-
tancy. Web-based prognostic calculators such as e-prognosis 
and the National Surgical Quality Improvement Program risk 
calculator can facilitate prognostic estimates. As helpful as 
numerical estimates can be, uncertainty remains, and clinicians 
must acknowledge prognostic uncertainty when communicat-
ing with patients and their families.
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In older patients frailty screening is an important compo-
nent of prognostic assessment. Frailty is a decline in physio-
logic reserve that predicates an increased risk of dying in 
6 months to 5 years [10]. Frailty assessments have been 
shown to predict postoperative complications, functional 
decline, need for institutionalized care, and mortality  
[11–13]. Although there is no gold standard for assessing 
frailty, experts agree that frailty is a multidimensional construct 
that consists of the six domains illustrated in Fig. 58.2 [14].

In order to facilitate routine frailty assessments into the 
preoperative history and physical examinations, a Frailty 
Screening Tool must be quick and simple to use. With this in 
mind, Hall et al. developed a novel 14-point frailty index, the 
Risk Analysis Index (RAI), for use in surgical patients 
(Fig. 58.3) [18]. The RAI is clinically feasible, taking 1–2 min 
to complete, and has been prospectively validated to predict 
postoperative mortality up to 1 year. The RAI provides addi-
tional information extending beyond the 30-day window [16].

Ernst et al. implemented a system-wide preoperative 
frailty screening in a single Veterans Affairs hospital and 
used frailty as a trigger for palliative medicine referral [1]. 
Implementation of the frailty screening program signifi-
cantly increased the number of referrals from surgeons, of 
which preoperative referrals were associated with a reduc-
tion in mortality (OR 0.27; 95% CI, 0.11–0.68) after 
 adjusting for confounding factors. These findings should 
reassure surgeons that palliative care consultation effectively 
supplements surgical care and does not hasten mortality by 
deterring patients from undergoing surgical intervention.

Restructuring the preoperative evaluation of older patients 
to include a frailty assessment creates a platform for initiat-
ing conversations prior to high-risk surgery. The frailty 
assessment provides the surgeon with a starting point from 
which to communicate prognostic predictions and engage 

Fig. 58.1 Palliative care outcome scale IPOS symptom assessment 
tool

Fig. 58.2 Domains of frailty
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Fig. 58.3 Frailty Screening Tool: Risk Analysis Index [15]
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shared decision-making. Although it may be difficult for 
patients and families to grasp the complexities of an opera-
tion or conceptualize the rigors of postoperative care, they do 
relate to loss of cognitive and functional capabilities that 
result in loss of independence.

 Communication

 Surrogates and Advance Directives

Communicating in the acute setting is fraught with challenges. 
Patients are often unable to communicate and are in extremis 
with life-threatening emergencies, and patients and their clini-
cians have no established relationship. In many cases clini-
cians must engage surrogate decision-makers who are 
frequently ill-prepared for their role and have inadequate 
understanding of the patients. The ethical standard for surro-
gate decision-making is predicated upon using substituted 
judgment, with a goal to make the same decisions that the 
patient would. Advance directives (ADs), or living wills, spec-
ify treatment limitations in the event the patient can no longer 
advocate for himself or herself. They are intended to protect 
patient autonomy and can be invoked when a patient lacks 
capacity to make their own medical decisions. ADs are associ-
ated with less unwanted, non-beneficial treatments for patients 
who have them and reduce surrogate burden. Unfortunately 
they are frequently too ambiguous or specific to be useful and 
often difficult to locate in emergencies. Physician orders for 
life-sustaining treatments or POLST forms are medical orders 
that should be honored across institutions in states where they 
are honored. POLST forms include directives for life-sustain-
ing treatments and hospitalizations.

If the patient’s desires for treatment are unknown, surro-
gates should use the best interest standard, which requires 
that decisions are what a “reasonable person” would be 
expected to do in the same situation. Clinicians must keep 
this ethical standard in mind as the counsel surrogates who 
may be distressed and inclined to make decisions based on 
what they would want for the patient rather than what the 
patient would want for themselves.

 Decision-Making

Communication with seriously ill patients is a core skill for 
acute care surgeons that, like other surgical skills, can be 
taught, learned, refined, and mastered. Critical communica-
tion skills include formulating and communicating progno-
sis, delivering bad news, eliciting goals of care, determining 
code status, and conducting family meetings. Fear of talking 
about death, taking away hope, or prognostic uncertainty 
heightens anxiety around difficult conversations and may 

lead surgeons to entirely abrogate clinical decisions to 
patients and surrogates who are ill-prepared to make high- 
risk existential decisions in the moment.

In seriously ill patients with multiple chronic illnesses or 
baseline cognitive or functional dependence, provision of 
primary palliative care should start before surgery with utili-
zation of evidence-based communication techniques. Shared 
decision-making (SDM) is a collaborative process that 
allows patients/surrogates and clinicians to make healthcare 
decisions together, taking into account the best scientific evi-
dence available, as well as the patient’s values, goals, and 
preferences [15]. The model for SDM contains three major 
components including information exchange, treatment 
option deliberation, and making a final treatment decision. 
The American College of Critical Care Medicine and the 
American Thoracic Society established key communication 
skills to guide physicians in fostering SDM [17] (Table 58.2).

Shared decision-making is particularly relevant in the 
types of treatment decisions with high risk and high uncer-
tainty that frequently characterize critical illness. The over-
arching goal is to honor patient autonomy by providing 
treatments that are aligned with the individual patient’s goals 
and values. It is important that surgeon’s recognize that these 
goals may be dynamic and change with patients’ health 
states. Therefore surgeons should not presume that patients, 
who agree to surgery at the outset, would automatically agree 
to additional interventions if complications ensue or if their 
health status worsens. Instead, goals and values should be 
revisited at regular intervals and around escalations in care.

Surgical buy-in describes an unspoken, implicit assump-
tion made by surgeons that when patients consent to an oper-
ation, they also agree to subsequent life-sustaining 
interventions (e.g., prolonged mechanical ventilation, repeat 
operations, feeding tubes, dialysis, etc.) required to ensure 
survival [18]. One study, a qualitative analysis of preopera-
tive conversations between older patients, or their surrogates, 
and surgeons before high-risk surgery, found that surgeons 
did not explicitly discuss patient preferences for treatment 
limitations [19]. Surprisingly, most patients and their fami-
lies believed that their surgeon shared their personal values 
and would act accordingly in the event of a serious complica-
tion. Patients reported full confidence that their advance 
directive would protect their wishes and direct treatment if a 
serious complication were to occur. However, in most cases 
advance directives were not addressed. This study also 
exposed misguided assumptions and misunderstandings in 
regard to the nature of “life-supporting treatments,” the con-
cepts of “brain death” and “vegetative state,” and the exis-
tence of prognostic uncertainty in cases of unexpected 
complications. Needless to say, there was a wide range of 
patient preferences concerning treatment limitations and per-
sonally identified goals of care that they had not discussed 
with their surgeon.
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In recent years, guidelines have been published outlining 
best communication practices to assist surgeons in facilitat-
ing goal-concordant care for older patients. The following 
structured communication framework was developed for use 
in emergent surgical situations [20] (Tables 58.1 and 58.2).

Before entering the patient’s room or family meeting, the 
surgeon should gather information on the patient’s current  

Table 58.2 Key communication skills to involve patients or surrogates 
in treatment decisions [13]

Communication skill

Establish a trusting partnership

  Meet regularly with patients and/or surrogates

  Express commitment to patient and family

  Involve interdisciplinary team in supporting the family

Provide emotional support

  Acknowledge strong emotions

  Convey empathy

  Explore surrogate’s fears and concerns

Assess patient’s or surrogates’ understanding of the situation

  Ask open-ended question about what patient or surrogate has 
been told

Explain the medical situation

  Use simple language to explain patients illness

  “Chunk and check” – convey information in small aliquots with 
frequent pauses to assess understanding

  Convey prognosis for both risk of death and risk of functional 
impairment

Highlight that there is a choice

  Explain that there is more than one reasonable treatment choice 
with different risks/benefits

  Explain why surrogates’ input is important

When necessary, explain surrogate decision making

  Explain surrogate’s role to promote patient’s values, goals, and 
preferences

  Explain substituted judgment

Assess patient’s/surrogate’s role preference

  Discuss patient’s/surrogate’s comfort making decisions at that 
moment

  Explain the range of permissible decision-making models

Explain treatment options

  Describe the treatment options, as well as their risks and benefits

Elicit patient’s values, goals, and preferences

  Elicit previously expressed treatment preferences (oral or written)

  Elicit patient’s values about relevant health states

  Ask surrogates what the patient would likely choose if he/she 
were able to speak for himself/herself

Deliberate with patients and surrogates

  Discuss the advantages and disadvantages of various diagnostic 
and therapeutic options

  Explore patients’ or surrogates’ thoughts and concerns

  Correct misperceptions

  Provide a recommendation and explain rationale underlying 
recommendation

Make a decision

  Agree on a treatment decision to implement

Table 58.1 Best communication practices to facilitate goal- concordant 
care [20, 21]

Guide Clinician steps Clinician prompts

Prognosis Gather data about illness 
trajectory and formulate 
prognosis.

Review prior advance 
directives

Connect and 
elicit

Address symptoms, 
express concern for 
patient’s well-being, 
elicit patient illness 
understanding

“How would you 
describe your overall 
health? How have you 
been functioning 
lately?”

Inform Disclose information 
about the acute problem 
in context of illness 
trajectory

“It seems that we’ve hit 
something today that 
changes the course of 
things …”

Summarize Establish shared 
understanding of 
patient’s overall 
condition

“The way I am seeing 
things is that you have 
both a serious ongoing 
medical issue, and a new 
acute surgical crisis. I 
think what this means is 
that …”

Pause Allow the patient to 
process the information; 
respond to patient’s 
emotion

“I can see how upsetting 
this is …”

Options Describe the benefits, 
burdens, and likely 
outcomes of surgical and 
nonsurgical options, 
including palliative 
treatments, in context of 
patient’s goals

“In your situation, here 
is what we expect this 
could look like …”

Goals Understand patient’s 
goals, priorities, and 
tradeoffs. Discuss 
existing advance 
directives with the 
patient or designated 
surrogate

“Have you thought 
about the kind of 
medical care you would 
want if you became very 
sick?”

“Are there any 
treatments or health 
states that are intolerable 
to you?”

“How much are you 
willing to go through to 
try to get you over this 
crisis?”

Recommend Recommend a course of 
treatment in the context 
of the patient’s goals. 
Consider time-limited 
trials

“Based on your 
priorities, I would 
recommend we do x. We 
can meet again in x time 
and see whether things 
are getting better or 
worse and reconsider 
the options then.”

Support Affirm relationship, 
describe next steps to 
patient, document the 
conversation in the 
medical record, and 
communicate with 
clinical team

“We are all committed 
to taking great care of 
you, and respecting your 
goals.”
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condition, underlying diagnosis, and expected illness  
trajectory to formulate a prognosis of the patient’s overall 
health, with and without surgery.

The discussion is initiated by eliciting the patient/surro-
gate’s understanding of their illness, including anticipated 
illness trajectory and overall health. This will provide an 
opportunity to achieve a shared understanding of the patient’s 
overall health and address inaccuracies.

Next, the surgeon should transition into discussing the 
current acute surgical condition with a “warning shot” phrase 
signaling to the patient and family that they are about to hear 
bad news. Examples of such a phrase include “I’m sorry that 
I don’t have better news to discuss with you” or “I’m worried 
that we have hit something new that changes the course of 
things.” Subsequently, the surgeon informs the patient of the 
acute surgical condition and how this will impact their over-
all prognosis and healthcare trajectory.

It is important that after breaking bad news, the surgeon 
allows a pause. The pause allows the patient or surrogate 
time to process difficult information, signals the seriousness 
of the news, and gives the surgeon an opportunity to respond 
to the patient or surrogate’s emotion. A second transition is 
made into discussing the benefits, burdens, and range of 
likely outcomes after surgical and nonsurgical treatments. 
Keeping in mind that the majority of older patients with 
severe chronic illness report they would decline even a low- 
risk intervention if the likely outcome were severe functional 
impairment, a clear description of potential postoperative 
trajectories (including burdensome treatments, duration of 
life-sustaining treatments, and the need for institutionalized 
care) should be thoroughly reviewed [21]. Palliative 
approaches should be offered along with appropriate proce-
dural or surgical interventions.

Prior to making a treatment recommendation, the sur-
geon should seek to understand what is an acceptable qual-
ity of life for the patient. Are there life or family milestones 
the patient hopes to achieve? Which activities are necessary 
for the patient to retain an acceptable quality of life? What 
is admissible regarding life-extending treatments versus 
comfort- focused care? The discussion surrounding life pri-
orities will help the surgeon construct a treatment recom-
mendation that is concordant with the patients’ goals. In 
cases of clinical uncertainty, where patients and families do 
not want to prematurely forgo treatments that might improve 
the patient’s condition but also don’t want to risk indefinite 
commitment to burdensome treatments/care, a time-limited 
trial can be negotiated. A time-limited trial is an agreement 
between the patient/surrogates and surgeon to use one mode 
of treatment over a defined period of time to give the patient 
an opportunity to improve according to mutually defined 
clinical outcomes [22]. If the patient improves during the 
time period, next steps are proposed. On the other hand, if 
the clinical improvements are not achieved, the treatment is  

discontinued and either a second time-limited trial or  
transition to a solely palliative approach is pursued. 
Regardless of the ultimate decision, it is important for the 
patient/family to feel supported by the surgeon, especially 
when choosing comfort-focused care.

Scenario planning is a strategy used by corporations for 
financial planning and to structure thinking about the future. 
It has also been implemented in medicine to help patients 
and families envision an array of potential outcomes when 
the future is uncertain. Using scenario planning as a plat-
form, Schwarze et al. developed the best case/worst case 
(BC/WC) tool to augment SDM in the setting of unpredict-
able outcomes [23]. This technique supplements the SDM 
verbal structure with a storytelling narrative and visual out-
line of potential clinical outcomes.

Using the aforementioned guidelines as a framework, tin 
BC/WC, the surgeon describes each treatment option 
including the best and worst possible outcomes as a contin-
uum under each option [24]. Using a pen and paper, the sur-
geon simply creates a visual scale of the outcomes 
continuum. The location of the “most likely” indicator along 
the line (closer to “best case” or “worst case”) is determined 
by the surgeon after considering the patient’s values and 
goals. It is imperative for both the surgeon and family to 
realize that death is not always the worst possible outcome 
for some patients, especially elderly patients or those who 
are neurologically devastated. At the end of the BC/WC dis-
cussion, the surgeon is to provide a treatment recommenda-
tion that integrates patient preferences with plausible 
therapeutic options.

Jack was a 22 yo Native American man with a history of mor-
bid obesity, uncontrolled type 2 diabetes, and end-stage renal 
disease who was non-compliant with dialysis. He presented 
with several days of pain and foul-smelling drainage from his 
genital region, and was in septic shock. The patient was diag-
nosed with Fournier’s Gangrene, and underwent emergent sur-
gical debridement and administration of broad-spectrum 
antibiotic therapy. Post-operatively the patient’s clinical status 
quickly declined with worsening respiratory, hepatic, and cir-
culatory failure. Maximal support was provided for several 
days with aggressive surgical debridements and supportive care 
for the multisystem organ failure. Daily family meetings 
revealed that despite Jack’s young age, he had a poor quality of 
life and would likely not accept living in a nursing home if he 
were able to survive to hospital discharge. With the full support 
of the surgical critical care team, the patient’s mother elected to 
transition to comfort- focused care. Do not resuscitate orders 
were placed and the patient died peacefully with his family per-
forming cultural rituals at the bedside.

 Family Meetings

Organized, interdisciplinary family meetings for ICU 
patients facilitate shared decision-making, improve family 
satisfaction, and reduce days of life-sustaining treatment for 
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patients who die in the ICU without increasing ICU  
mortality rates. Evidence also shows that the first family 
meeting should occur around day 5 of the patients’ ICU 
stay. Patients and families should be reassured that the 
family meeting is a routine part of ICU care, rather than a 
hallmark of poor prognosis. Holding a family meeting 
early helps establish goals of care for the ICU stay and 
builds rapport with the family that can ease difficult deci-
sion-making later in the ICU stay. The VALUE approach is 
useful to communication with families in the ICU: value 
family statements, acknowledge family emotions, listen to 
the family, understand the patient as a person, and elicit 
family questions.

 Discussions About Code Status

The timing and urgency of code status discussions are deter-
mined by the patient’s prognosis but suffice it to say that a 
sizable portion of patients requiring acute surgical care are at 
high risk of death and should have their code status clarified. 
Physicians need to be thoughtful and deliberate in their 
approach to these discussions. Cardiopulmonary resuscitation 
is a procedure like any other, with indications, risks, and ben-
efits. When approaching patients about CPR, physicians must 
set aside their own biases and expectations about what the 
patient’s code status should be and focus their discussion on 
the patient’s goals, values, and desires for treatment. Clinicians 
should seek to establish shared understating of the patient’s 
prognosis and priorities treatment and then describe the bene-
fits and burdens of resuscitation within that context. Patients 
with relatively poor understanding of what resuscitation entails 
should not be asked to choose from a menu of choices (e.g., 
vasopressors, intubations, shocks, or compressions) nor should 
they be given choices that include CPR or “doing nothing.” 
The latter signals patient abandonment and causes significant 
psychological distress for patients and surrogates. Rather the 
term “allow a natural death” is more acceptable to patients and 
surrogates, and given this option, they are more likely to forgo 
CPR. Clinicians should also emphasize that every effort will 
be made to provide comfort and preserve dignity. Therapies 
should be offered if they make it possible to achieve the 
patient’s states goals; clinicians are not ethically obligated to 
offer life-sustaining treatments if they do not think it will 
improve survival or result in an outcome that is acceptable to 
the patient. In approaching code status discussions, it can be 
helpful to use the phrases, “I hope,” “I worry,” and “I wonder.” 
To start the conversation: “I hope you get better and can go 
home, but I do worry that since you’ve have a history of heart 
disease and that you’ve been having irregular heart rhythms 
after surgery that your heart could stop unexpectedly. I won-
der if you became so sick that your heart were to stop what 
kind of treatments we should provide that would be in keeping 
with your wishes.” For patients who are known to be near the 

end of life, it can be helpful to ask a question such as “When 
you think about dying what things are most important to you?”

 Care of the Dying Patient

For seriously ill patients whose death is imminent, palliative 
care alleviates suffering and provides support for the family. 
“Comfort-focused care” revolves around immediate relief of 
symptoms for a patient who is very close to death [25]. 
Although management of symptoms was discussed previ-
ously in relation to primary palliative care in critical illness, it 
becomes the primary focus near the end of life.

Comfort-focused care constitutes the withdrawal of inva-
sive, life-sustaining therapies with the intent of maximizing 
the patient’s comfort. This includes removal of mechanical 
ventilation and endotracheal tube, removal of nasogastric/
orogastric tubes, and cessation of intravenous fluids, antibiot-
ics, blood pressure support, and artificial nutrition. Intravenous 
catheters should remain in place to facilitate expeditious 
delivery of opioids and benzodiazepines as needed. Education 
of the family regarding the possibility of common symptoms 
near death will help prepare them for the dying process and 
reassure them that the surgical team will provide continuity of 
care to ensure a peaceful death. For a thorough evidence-
based review on symptom management in dying patients, 
please refer to the review by Blinderman and Billings [25].

Equally important to symptom control is granting the 
family privacy with the patient. Monitors should be removed, 
medical devices silenced, and interruptions limited. In some 
cases, the patient may be appropriate to transfer out of the 
ICU if the dying process is expected to take a few days or 
even be discharged to home with hospice.

 Summary

Surgical ethos is deeply rooted in the fundamental ethical 
principles of autonomy, beneficence, non-maleficence, and 
justice. As such, palliative care has an integral and promi-
nent role in surgical care of seriously ill patients and their 
families. There are currently less than 80 surgeons board cer-
tified in hospice and palliative medicine (HPM) in the United 
States, and the national shortage of non-surgeon HPM pro-
viders is estimated at 6000–18,000 and rising [26, 27]. With 
the workforce shortage of board-certified palliative care pro-
viders, provision of primary palliative care to manage physi-
cal and nonphysical symptoms defines goals of care within 
the context of serious illness, and to ensure excellence in 
end-of-life care is the surgeon’s responsibility. By clarifying 
the limits of what is possible for patients and families and 
identifying patient treatment preferences in the context of 
their values, surgeons have an immense impact in decreasing 
unwanted burdensome treatments at the end of life.
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Ethics in Critical Care

Jessica Ballou and Karen J. Brasel

 Introduction

The treatment and subsequent recovery of most ICU patients 
present few ethical challenges. However, the nature of surgi-
cal critical care is such that psychologic and physiologic 
stress, end-of-life care, caretaker and family dynamics, and 
limited resources can result in an environment where conflict 
occurs [1–5]. These difficult times are taxing on patients and 
providers alike. The purpose of this chapter is to discuss the 
existing consensus statements and precedents that are associ-
ated with the more common ethical dilemmas that may pres-
ent in an ICU as well as identify the key principles and 
resources that may be applied to a variety of critical care sce-
narios to help providers make informed, practical decisions.

The topic of ethics in the critical care setting is immense, 
and the diversity of experiences and cultural lenses through 
which ethical dilemmas present make it impossible to cover 
the appropriate action in each situation. It is therefore beyond 
the scope of this chapter to delve specifically into the ethical 
issues associated with vulnerable populations: pediatrics, 
pregnant women, prisoners, refugees, etc. except where 
explicitly stated below. However, we describe general prin-
ciples that can be modified and adapted to specific situations 
in these vulnerable populations.

 What Is the Purpose of an Intensive Care 
Unit?

The primary purpose of ICU care is to provide treatment to 
patients for whom there is a reasonable expectation of sur-
vival outside of the acute care setting with sufficient  cognitive 
ability to perceive the benefits of treatment [6]. It is therefore 
generally understood that the objective of ICU care is to 
overcome an acute threat and to maintain a certain quality of 
life. Yet, the changing nature of critical care medicine is such 
that more than one in five of all deaths occur during or shortly 
following an ICU admission [7, 8].

ICU utilization by the elderly will continue to increase as 
the North American population ages [9]. Americans age 65 
and older represent the fastest-growing segment of the US 
population, comprising an estimated 13% of the total popu-
lation (more than 40 million persons) with an expected dou-
bling of the demographic by 2050 [10]. Similar models also 
predict a tripling of the over 85 age population during this 
time [10]. As a result, approximately half of current ICU 
patients are over age 65 [8, 11].

Admission to an ICU is often a harbinger of generalized 
health decline. So, while the primary purpose of the ICU is to 
support life, the reality is that it is often the case that the role 
of the intensivist is to prepare the patient and their family for 
death. In one long-term follow-up study, there was only 50% 
survival among SICU patients after 10 years [12]. Similarly, 
in a Canadian study of patients over age 80 admitted to the 
ICU, 35% died in the hospital within just 10 days of an ICU 
admission [7]. Perhaps not surprisingly, median time to death 
was longest in family members who were unsure of their 
treatment preferences [7]. And while nearly 70% of commu-
nity-dwelling elderly possess advance directives in some 
areas, the directives that are meant to provide guidance for 
surrogates do not negate the possibility of conflict [13, 14]. 
ICU clinicians must therefore be prepared for managing the 
ethical conflicts that will inevitably arise as the ICU becomes 
a final destination for an increasing number of elderly patients.
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 What Is the Role of Ethics and Ethics 
Committees in an ICU?

Ethics refers to a set of moral principles that govern  behavior. 
A full review of the means and methods by which we have 
arrived at our current set of principles is a discussion to be 
had elsewhere, but in brief the healthcare community abides 
by the agreed upon principles of autonomy, beneficence, 
non-maleficence, and justice.

Though there are innumerable ways in which ethical 
conflicts may present in an ICU, there are common themes 
that tend to make up the majority of ICU ethics consults: 
withdrawing or withholding life-sustaining treatments, 
patient and surrogate decision-making concerns, resusci-
tation issues, informed consent and right to refuse treat-
ment, professional responsibilities, appropriateness of 
treatment (i.e., futility), interprofessional and family dis-
agreements, advance directives, resource allocation, end-
of-life care, and religious/spiritual/cultural issues [15]. 
Generally, ethics consults in the setting of conflict have 
been shown to reduce hospital costs and the use of non-
beneficial treatments [16]. Proactive ethics consults on 
long-term ICU patients, however, have not been shown to 
have the same effect [17].

 Providing Palliative Care in the ICU

Although there can be some overlap between ethics commit-
tees and palliative care services, generally, ethics commit-
tees deal with perceived or actual ethical questions and 
conflict, while palliative care is focused on provision of 
clinical care to manage symptoms in concordance with 
patient goals. According to the World Health Organization, 
palliative care improves the quality of life of patients and 
their families dealing with life-threatening illness through 
the prevention and relief of suffering by means of early iden-
tification and treatment of pain and physical, psychosocial, 
and spiritual problems [18]. Palliative care physicians are in 
critically short supply, making it the responsibility of all 
intensivists to attempt to meet the basic palliative needs of 
their critically ill patients [19].

The first step toward identifying palliative care needs is 
completing a primary palliative care assessment. This 
includes identifying physical or psychological symptoms, 
recognizing social or spiritual concerns affecting daily life, 
verifying whether the patient comprehends the illness and 
treatment plan, identifying the goals of care/advanced direc-
tives, and transitioning care post-discharge [19]. To the 
extent that they are available, palliative care consultations 
are recommended for cases where there are unmet care needs 
despite best attempts by the primary providers. Patients at 
high risk of having unmet palliative care needs include those 
for whom there is a life-limiting or life-threatening condition 
and one of the following criteria (Table 59.1):

Ultimately, palliative care is an increasingly integral com-
ponent of critical care medicine and may be an adjunct, not 
substitute, for aggressive treatments [20].

 Treating Pain: The Principle of Double Effect

Adequate pain management is a central tenet of patient care 
in an ICU. In 2013 the Society of Critical Care Medicine 
published its guidelines for the management of pain, agita-
tion, and delirium in ICU patients [21]. Generally, the guide-
lines recommend that pain be adequately monitored via the 
behavioral pain scale and the critical-care pain observation 
tool, not just vital signs, for patients unable to communicate 
pain. These scales use physical signs, such as facial grimac-
ing, body movements, ventilator compliance, and muscle 
tension to gauge how comfortable the patient appears. 
Further, the guidelines recommend intravenous opioids as 
first line to treat non-neuropathic pain along with non-opioid 
adjuncts.

However, there may be circumstances where the principle of 
double effect is employed: where the administration of narcotics 
and sedatives to ease pain and suffering may hasten death [22, 
23]. Euthanasia, which is largely illegal in the USA with few 
exceptions, refers to the administration of medications with the 
intention of death. Each state has their own laws regarding the 
requirements and mechanisms for these practices. Although con-
troversial, the principle of double effect allows for the administra-
tion of drugs that cause respiratory depression, even to the point 
of death, as long as the primary intent is to relieve pain and suf-
fering and as long as the encounter is well-documented [22, 23].

 Patient Autonomy and the Role 
of Surrogates

Multiple legal precedents have established that adult patients 
have the right to refuse medical treatment [24–26]. With 
regard to children, the law errs on the side of providing treat-
ment. While not explicitly pertaining to medical care, in 
Prince v. Massachusetts (1944), the Supreme Court ruled that 
“while parents may feel free to become martyrs themselves 
they are not free to make martyrs of their children” [27].

Table 59.1 Identifying patients at high risk for unmet palliative care 
needs

You would not be surprised if the patient died within 12 months

Difficult to control physical or psychological symptoms

ICU length of stay >7 days

Lack of goals of care clarity and documentation

Disagreements or uncertainty among the patient, staff, and/or 
family regarding major medical decisions, resuscitation preferences, 
or use of non-oral feeding or hydration

Patients with long-term critical illness (e.g., transplant, dialysis, 
LVAD, etc.)

Adapted from Ref. [19]
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When an adult patient lacks decision-making capacity, 
the responsibility for all decisions falls to the patient’s sur-
rogate. Identifying a surrogate is delineated by a hierarchy 
determined by each state. Generally, there is a consistent pat-
tern of spouse followed by adult children, then parent, and so 
on. In many states, there is a caveat that any individual iden-
tified by the patient as the surrogate takes precedent. It is 
important to note, however, that not all states designate 
domestic partners as the same authority as spouses and that 
there are individual state variations. In addition, a handful of 
states do not designate an official surrogacy hierarchy but 
instead state that the surrogate should be the “morally rele-
vant agent.” In the case of the individual who has no identifi-
able surrogate (the “unbefriended” patient), some states have 
designated the attending physician or other healthcare pro-
viders in conjunction with an ethics committee, while others 
make no such distinction. In these circumstances, it is essen-
tial to consult the local legal precedents in conjunction with 
the hospital ethics committee [28].

The role of the surrogate is to speak for the patient with a 
goal of adhering to the patient’s preferences. When the 
patient’s preferences are known, the surrogate relies on the 
“substituted judgment standard”—making the decision the 
patient would have most likely made. If the patient’s wishes 
are unknown, then the “best interests” standard applies—a 
decision is made in the patient’s best interest given the avail-
able information [23, 29]. Yet, as well intended as these stan-
dards may be, surrogates often have significant difficulty 
making decisions on behalf of patients. In a prospective 
study of surrogate decision-makers in an ICU, Boyd et al. 
[30] found that surrogates report using multiple sources of 
information, including the patient’s strength of character and 
the patient’s history of survival as factors in their interpreta-
tion of a physician’s prognosis [30]. In only 2% of cases did 
the surrogates’ beliefs about the patient’s prognosis entirely 
reflect the information from the physician. Recognizing that 
there is likely to be a disconnect between what a surrogate 
hears from a physician and what they believe to be true about 
the patient’s recovery is therefore an important point of dis-
cussion that needs to take place between the physician and 
the surrogate. Continuing to stress that the surrogate’s role is 
to make the decision that the patient would make, rather than 
the decision the surrogate wants to make, is an important 
strategy when the surrogate continues to have difficulty 
through multiple conversations.

 Shared Decision-Making and Family- 
Centered Care

There is ample support in the critical care literature to incor-
porate the patient and their family, when present, into medi-
cal decision-making in the ICU [6, 23, 27]. However, it is 
important to note that the emphasis on patient-centered care 
and respect for patient autonomy does not mean the  physician 

relinquishes decision-making capacity. Placing the  burden of 
decision-making entirely on a patient or a patient’s surrogate 
in a time of acuity has been termed both ethically untenable 
in some instances and abandonment in others [31, 32]. 
Rather, a more productive approach to caring for the criti-
cally ill is the concept of shared decision-making and family-
centered care [6, 32].

Shared decision-making between the patient and provider 
would seem intuitive, but as a guiding principle, it is com-
plex, nuanced, and challenging. This is particularly true 
when a patient’s ability to comprehend and communicate 
waxes and wanes with their illness [23]. Shared decision- 
making does necessarily imply a completely shared respon-
sibility for decision-making. This means that following a 
discussion of treatment options that the physician should not 
simply ask the patient or surrogate what they would like to 
do. Once goals have been identified, it is appropriate for the 
physician to make a recommendation, similar to what would 
happen in a routine office visit. Some studies have shown 
that up to 20% of patients or surrogates wish to completely 
defer important medical decision to physicians [6]. Such 
transference of decision-making does not imply blanket 
assent [23]. Rather, it is the clinician’s responsibility to 
ensure continued and ongoing communication with patients 
and their families to ensure that the care plan reflects the 
patient’s goals and wishes [23].

Additional benefits can be seen with allowing family 
members increasing access to patients in the ICU and devel-
oping protocols for optimizing family support. This includes 
having family members witness to and participants in family 
meetings, rounds, and even resuscitations [32]. Having fam-
ily members present during CPR, for example, has not been 
shown to have negative effects on resuscitation efforts nor 
the psychological outcomes of the family members [33–35]. 
Rather, incorporating patients and their families in their care 
to the extent that they desire demonstrates respect for the 
family unit and ensures that the patient’s goals and values are 
upheld [6].

 Futility and Potentially Inappropriate or 
Non-beneficial Interventions

In times of distress, it is not uncommon for physicians to be 
asked to perform futile/non-beneficial or potentially inappro-
priate interventions in hope of a recovery. Futile interven-
tions are those that cannot accomplish a physiologic goal, 
which is also known as quantitative futility [6, 36, 37]. 
Inappropriate treatment, where there is some chance of meet-
ing a physiologic goal but not significant or meaningful clin-
ical improvement, is also known as qualitative futility [36]. 
In one prospective study of ICU clinicians, there was a sense 
that more than 10% of patients had received some form of 
futile treatment during their ICU stay [37]. In addition to the 
impact that potentially harmful or painful interventions may 
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have on the patient, non-beneficial treatment has also been 
associated with high physician and nursing burnout [38].

In a 2015 official policy statement, multiple critical care 
societies, including the American Thoracic Society, the 
Society of Critical Care Medicine, and the American 
Association of Critical Care Nursing, among others, took a 
firm stance that clinicians are not to provide futile interven-
tions and that they are to clearly communicate the reasons 
for the refusal [31]. The same holds true for proscribed treat-
ments, which are those that are prohibited by applicable 
laws, judicial precedent, or widely accepted public policies 
[6]. An example of a proscribed practice would be altering 
organ allocation policies or providing lethal medication 
doses outside of explicitly defined circumstances.

But what should be done when families or surrogates dis-
agree with providers on what is considered futile? With the 
exception of legally proscribed treatments, the law is vari-
able with regard to the role that courts play in cases of futile 
interventions. For better or for worse, each state has its own 
laws regarding how entangled the courts are willing to 
become in cases of non-beneficial treatment [39]. In the 
Texas Advance Directives Act of 1999, for example, the only 
role of the judiciary in these cases is to potentially grant a 
family more time to find an alternative provider for a dis-
puted treatment if the current provider and ethics committee 
deem the intervention futile [40]. Ultimately, the Texas law 
grants unilateral decision-making capacity to the provider 
and ethics committee in the event of an impasse.

If conflict remains despite initial attempts between pro-
viders and patients/surrogates, Bosslet et al. [31] suggests a 
seven-step process to resolve disagreements about poten-
tially inappropriate treatments (Table 59.2) [31].

Occasionally, the nature of critical illness does not afford 
the time to complete all seven steps. In these circumstances, it 
is recommended that physician continue to refuse to provide 
the requested intervention while simultaneously striving to 
complete as much of the seven-step process as possible [31].

 Resources for Identifying Potentially 
Inappropriate Treatments

Estimating survival and outcomes in critically ill patients is a 
challenge owing to the extreme diversity of age, preexisting 
conditions, severity of illness, resources, etc. Multiple 
attempts at critical care prognosis have been made, and each 
has their own flaws, and even fewer are applicable to the 
intensive care setting. The largest of these—Acute 
Physiology and Chronic Health Evaluation (APACHE) I–IV, 
MPM (mortality probability model), and Simplified Acute 
Physiology (SAPS 1–3)—are meant to serve as tools for 
assessing ICU performance, not managing individual 

patients [41]. More individualized prognostic tools including 
the Sequential Organ Failure Assessment (SOFA) and the 
ACS NSQIP Surgical Risk Calculator exist, but they are 
really only meant to be applied to septic or preoperative 
patients with a single operative indication [42, 43]. 
Regardless, Sinuff et al. [44] found that ICU providers more 
accurately predicted patient mortality in the first 24 h than 
any scoring system [44].

Because all prognostic systems are flawed, an approach 
that focuses on goal-concordant care is more appropriate. 
One approach is the “best case/worst case” framework for 
organizing and visualizing patient treatment option. To do 
this, the physician outlines for the patient the “best,” “worst,” 
and “most likely” scenarios of various interventions (typi-
cally operating or not, although this can be applied to any 
intervention) based on both experience and best available 
evidence [45]. The reactions and goals of the patient or sur-
rogate can then be gleaned from the conversations that fol-
low. This allows for a more balanced and grounded discussion 
of the potential outcomes as they apply to the specific patient.

 Improving Physician and Patient/Surrogate 
Communication

Surveys of families in an ICU cite a physician’s communi-
cation skills as having equal or higher importance than 
their clinical skills [46]. Ironically, effective communica-
tion amounts to physicians communicating more but talk-
ing less. Studies of family conferences show that physicians 
tend to speak the majority of the time (average 70% of the 
words spoken), yet the proportion of family speech during 
these conferences tends to correlate with family members’ 
satisfaction ratings [46]. While these are only associations 
and likely an oversimplification of a complex and dynamic 
situations, the importance of frequent, thorough, and hon-
est communication between providers and patients and 
their families cannot be overstated. Providers tend to view 
family meetings and conversations as vehicles to transmit 
information and come to a decision. In this context, the 

Table 59.2 Seven steps to conflict resolution

1. Enlist expert consultation to continue negotiation during the 
dispute resolution process

2. Give notice of the process to surrogates

3. Obtain a second medical opinion

4. Provide review by an interdisciplinary hospital committee

5. Offer surrogates the opportunity to transfer the patient to an 
alternate institution

6. Inform surrogates of the opportunity to pursue extramural appeal

7. Implement the decision of the resolution process

Adapted from Ref. [31]
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narrative tends to follow a “tell-ask-tell” dynamic in which 
the  provider gives information, asks whether there are 
questions, and summarizes the decision. A more effective 
method of communication in these scenarios follows an 
“ask-tell-ask- ask-ask” dynamic, in which the provider 
asks what the family understands, communicates addi-
tional information and corrects any misconceptions, asks 
what questions the patient or family has, asks what goals 
the patient has, and continues to ask questions until a deci-
sion emerges.

 Allocation of Scarce Resources

Critical care resources, in the form of providers, staff, medi-
cations, and equipment, are scarce. The most common exam-
ple of resource scarcity that critical care physicians will find 
themselves in is the shortage of ICU beds. In some places, 
this is an almost daily struggle. Multiple studies have shown 
that there is an increased mortality rate for patients refused 
or delayed ICU admission compared to those admitted [47–
50]. This finding is likely the result of both delayed essential 
treatments in some circumstance, while in others admitting 
providers may have determined that a patient was “too sick 
to benefit” from intensive care interventions.

There are several strategies for mitigating ICU capacity 
strain including optimizing bed space, creation of step-down 
units [51, 52], revised triage policies including the use of 
rapid response teams [53], and improved discharge planning 
[51, 54]. Yet, none of these methods have been shown to 
consistently reduce ICU shortages. Therefore, in 2016, the 
American College of Critical Care Medicine updated their 
1999 guidelines for ICU admission, discharge, and triage 
[55]. Particular recommendations include limiting ICU 
admission to those who need hourly or invasive monitoring 
only (intermediate medical units are for patients who need 
monitoring every 2–4 h) and that patients who have a higher 
probability of recovery and would accept intensive care 
including CPR receive a higher priority for ICU admission 
than those with a lower probability of recovery who choose 
not to receive CPR [53]. This is not an age- or diagnosis- 
specific recommendation; rather, admitting decisions should 
be based on patient’s comorbidities, functional status, and 
care preferences.

While this is an overarching goal, they note that there are 
“no conclusive studies showing all-encompassing, definitive 
criteria for ICU admissions.” [53]. ICU admission criteria 
therefore tend to be variable and based on the personnel, 
clinical areas of expertise, technologies, and resources avail-
able at each specific site. Given the inherent flaws in imper-
fect patient selection, any ICU admission model will 
inevitably have a component of over or under triage as 

patients are either admitted or refused admission to an 
ICU. In general, clinicians should err toward overtriage 
(occasionally accepting less critically ill patients who may 
not have needed the ICU) to reduce life-threatening undertri-
age when possible. Caution should be particularly applied in 
mass casualties, however, where the authors note that over 
triage can siphon care from the truly critically ill [53]. 
Ultimately, critical care medicine is dynamic, and determin-
ing a patient’s ongoing need for ICU care and facilitating 
appropriate transfer out of the ICU is a central to optical 
resource utilization.

The principles of ICU management also apply to rarer 
situations of mass casualties or disasters. Planning for mass 
casualties or disasters, however, requires extensive prepara-
tion and collaboration with locoregional resources with 
critical care physicians providing significant input [56]. Yet, 
planning for all disasters is not feasible. One method that 
has been suggested in the 2014 CHEST consensus statement 
on surge capacity principles is that hospitals recognize the 
surge needs on a continuum. That is, there is conventional 
care (an expansion of standard practices), contingency care 
(utilizing less commonly used spaces, staff, and supplies), 
and crisis care (not consistent with usual care—i.e., being 
maximally resourceful). In general, the consensus statement 
makes the argument that hospitals should have concrete 
plans in place to be able to expand their critical care 
resources by at least 20% for a conventional response, 100% 
for a contingent response, and 200% for a crisis response 
[56]. An example of conventional response includes utiliz-
ing vacant beds, discharging or transferring lower acuity 
patients, canceling procedures, etc. [56]. Likewise, contin-
gency care would be providing ICU care in an OR or PACU, 
while crisis care would require access to stockpiles and out-
side resources. Resources that are likely to be particularly 
scarce include respiratory and ventilator care, pharmacy, 
and radiology [57]. In such shortages adaptation, recycling, 
reallocation, and conservation practices may prolong 
resources (e.g., titrating oxygen saturations to 89% as 
opposed to 95%, using feeding tubes by gravity rather than 
pump, etc.) [57].

But which patients get priority in treatment? In 2008, the 
Task Force for Mass Critical Care met to establish a set of 
guidelines and recommendations in the event of a nation-
wide pandemic [58]. This working group focused on pre-
paring for a flu pandemic, but the principles are the same 
regardless: emphasize locoregional preparation and maxi-
mize triage system at various levels of care and ration care 
only after expansion and augmentation of available 
resources have been exceeded [58]. When rationing is abso-
lutely necessary, the Task Force recommends that critical 
care rationing be uniform, transparent, and abide by “objec-
tive medical criteria.” The objective criteria to which they 
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refer apply primarily to the methods of assessing lack of 
potential benefit from critical care intervention: the 
Sequential Organ Failure Assessment (SOFA) score and 
severity of chronic illness. A SOFA score is calculated 
using the patient’s P/F ratio, platelet count, need for vaso-
pressors, GCS, and creatinine or urine output. A SOFA 
score >15 or mean score that is worsening or stably ≥5 for 
5 days or has six or more organ failures is associated with at 
least an 80% risk of mortality and may be considered for 
exclusion from critical care [58]. It is further recommended 
that a designated “triage officer,” usually an intensivist sep-
arate from the primary attending, oversee the critical care 
inclusion and exclusion criteria.

Rationing of health care is an ethically and emotionally 
complex scenario for which there is no perfect process. 
While the focus and attention on what is not available to 
patients usually take precedence, it is important to note that 
palliative care is an equally essential and required compo-
nent of all critical care.

 Recommendations for End-of-Life Care 
in ICU

It is not uncommon that the role of the ICU provider is to 
guide the patient and their families through the dying pro-
cess. Early discussions about goals of care, when possible, 
are associated with better quality of life, reduced use of 
non- beneficial medical care near death, enhanced goal-
consistent care, positive family outcomes, and reduced 
costs [59]. Yet, eliciting a patient’s goals of care can be a 
challenge, particularly in the acute care setting where pro-
viders and patients may meet for the first time in a crisis 
setting. It is therefore prudent for the ICU provider to 
make it a regular endeavor to elicit a patient’s goals of care 
so the patient’s wishes may be respected if the situation 
arises. In their 2014 review of best practices, Bernacki and 
Block provide a conversation guide for eliciting goals of 
care that centers around having patients answer the follow-
ing questions [59]:

 1. What is your understanding now of where you are with 
your illness?

 2. How much information about what is likely to be ahead 
with your illness would you like from me? (This then 
prompts a discussion of prognosis.)

 3. If your health situation worsens, what are your most 
important goals?

 4. What are your biggest fears and worries about the future 
with your health?

 5. What abilities are so critical to your life that you can’t 
imagine living without them?

 6. If you become sicker, how much are you willing to go 
through for the possibility of gaining more time?

 7. How much does your family know about your priorities 
and wishes?

Eliciting goals of care is an important first step in 
 discussing end-of-life care with patients and their families. 
Throughout the dying process, providers ought to be aware 
of the language that they use in an effort to provide maximal 
comfort. Providers should refer to decreasing interventions 
as “withdrawal of life-sustaining interventions” as “with-
drawal of care” is inappropriate and may be distressing to 
patients and families. Further language recommendations 
include avoiding the term “agonal” as it may be mistaken for 
“agony” as well as using plain, non-euphemistic language 
including the words dead, dying, death, or die to communi-
cate a prognosis or pronouncement [23].

Additional actions that may be taken to ease patients 
through the dying process include discontinuing treatments 
that do not provide comfort. This includes stopping life- 
sustaining interventions including blood products, IV fluids, 
nutritional support, antibiotics, etc. It is important, however, 
to re-recognize that respiratory support should not be 
abruptly discontinued as this may worsen dyspnea and make 
the patient uncomfortable [23]. At this time, palliative care 
including medications to treat pain, dyspnea, or delirium 
becomes the primary method of intervention. Family support 
throughout the dying process by the provider and bereave-
ment experts is the final.

 Organ Donation

The Uniform Anatomical Gift Act grant the rights of adults 
to decide to donate their organs. Surrogates cannot techni-
cally override a patient’s decision to donate, but all efforts 
are made to align the patient’s decision with the wishes of the 
family and surrogates. In cases where there is not an explic-
itly stated decision either through DMV registry, online 
donor registry, durable power of attorney, or advance direc-
tive, then the decision regarding organ donation falls to the 
surrogate decision-maker. If there is ever a dispute, then the 
Organ Procurement Organizations (OPO) will most likely 
honor the surrogate’s decision after conversation with the 
surrogate and family. It is critically important to avoid any 
real or perceived conflict of interest between providing life- 
sustaining care and treatment for the patient and preparing 
for potential organ donation. This is best accomplished by 
completely separating these two functions and leaving any 
detailed conversations about organ donation and requests for 
family consent to the designated OPO personnel rather than 
a physician involved in the primary managing care team.
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 Donation After Circulatory Determination 
of Death (DCDD)

DCDD entails the recovery of organs after cessation of cir-
culation among patients with severe neurological, neuro-
muscular, or pulmonary disease for whom decisions are 
made to forego further life-prolonging treatments [60]. 
DCDD—which is defined as 2 min of mechanical asys-
tole—presents its own ethical challenges as the decision to 
donate is made before the declaration of death, and inter-
ventions may still be needed to promote the health of the 
organs even after the decision has been made to cease life-
sustaining measures. These interventions, which are 
geared toward ensuring organ viability, by definition, 
occur simultaneously with the provision of end-of-life 
care for dying patients [60]. Providing therapies to pro-
mote organ donation is one of the few times that physi-
cians provide care that is not intended to promote the 
survival of the patient. Because of this unique circum-
stance, a multidisciplinary committee comprised of the 
American Thoracic Society, International Society for 
Heart and Lung Transplantation, Society of Critical Care 
Medicine, and UNOS published an official statement on 
ethical and policy considerations in organ donation after 
circulatory determination of death in 2013 [60]. 
Specifically, they state that there are three ethical princi-
ples that frame DCDD health policy:

 1. Acts that promote the opportunity to donate viable organs 
respect the patient’s potential interest in becoming an 
organ donor.

 2. The legitimacy of surrogate decision-making for criti-
cally ill patients whose wishes are unknown extends to 
decisions regarding organ donation.

 3. If real or perceived conflicts arise between the goals of 
providing optimal end-of-life care and the goals of pro-
curing organs, delivery of quality end-of-life care should 
take priority.

It should be noted that these policy statements exist for 
controlled DCDD. Unexpected DCDD raises its own ethical 
issues and does not carry consistent guidelines. 
Recommendations at this time regarding unexpected circula-
tory death are such that each event is to be examined on a 
case-by-case basis.

There is a general consensus that discussions regarding 
organ donation should only take place following the decision 
to withdraw life-sustaining measures. This is the policy at 
the majority of pediatric hospitals and is considered to be 
standard practice. While direct discussion of donation with 
the family may be delayed, physicians are encouraged to 
contact Organ Procurement Organization (OPO) within 1 h 

of identifying an impending death or decision to withdraw or 
limit life-sustaining therapies. The early notification pro-
vides time for patient evaluation as well as time to relay 
information about the opportunity to donate to families.

As far as who can obtain consent, the Center for Medicare 
and Medicaid requires that an OPO representative or a “des-
ignated requestor” who has taken an OPO-approved training 
program obtains consent for donation. Only under rare cir-
cumstances should members of the treatment team engage in 
consent discussions as ICU physicians and staff may have 
real or perceived conflicts of interest in caring for the patient 
versus preparing for organ donation.

Antemortem interventions “are ethically appropriate if 
they contribute to good transplant outcomes and have a low 
chance of harming the prospective donor” [60]. This may 
include moving the patient to an operating room to reduce 
organ recovery time, administering heparin or vasoactive 
medications, cannulating large vessels (although there is cur-
rently no consensus regarding the use of extracorporeal 
membrane oxygenation, ECMO), and performing bronchos-
copy [60]. Certain physiologic parameters and goals 
(described below) have also been shown to be beneficial for 
organ preservation (Table 59.3) [61]:

 Conclusion

The ICU is an inherently stressful environment owing to 
the critical nature of the patients therein. Given this, mul-
tiple ethical challenges are bound to arise as patients and 
providers alike are forced to make emotionally charged 
decisions often regarding the life or death of a patient. 
While there is no clear decision pathway for many of the 
ethical dilemmas that may arise, there are common themes 
in the literature of giving direct, honest prognoses, includ-
ing the patient or their surrogate in the medical decision-
making to the extent that they wish to be involved, being 
prepared to have difficult discussions surrounding end-of-
life care, and having a low threshold to involve ethics 
committees if there are complex needs or communication 
challenges.

Table 59.3 General physiologic goals for optimizing organ donation

Mean arterial pressure at least 60 mmHg

Maintain urine output at least 1 ml/kg/h

Left ventricle ejection fraction at least 45%

Lower vasopressor dose (e.g., dopamine ≤10 μg/kg/min)

Fluid replacement using hemodynamic parameters, particularly 
CVP or PAOP, and targeted at maintaining euvolemia of the donor

Recommended isotonic crystalloids are 0.9% saline and lactated 
Ringer solution

Adapted from Ref. [61]
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Biostatistics and Research Design 
for Clinicians

Tarsicio Uribe-Leitz, Alyssa Fitzpatrick Harlow, 
and Adil H. Haider

 Basic Biostatistics for Clinicians

A broad understanding of the basic concepts of biostatistics 
is essential for surgeons. This chapter serves as a succinct 
guide of key biostatistics concepts to help develop sound 
research questions and evaluate evidence to advance surgi-
cal practice.

 Basic Concepts

To better understand biostatistics, we first need to define 
common terminology. Following are some terms that we will 
frequently use during this chapter.

Population The entire pool of individuals from which our 
study sample is drawn. If, for example, we are interested in 
the body mass index (BMI) of patients admitted to the trauma 
service, the population will consist of all patients admitted to 
the trauma service, regardless of age or other qualifying vari-
ables. A population can be finite or conceptually infinite. If 
the population measurements are fixed, it is considered finite. 
Conversely, if there is nonstop succession of measurements, 
it is considered infinite.

Sample A group of individuals under consideration for a 
study, drawn from the population. For example, the selected 
population consists of all patients admitted to the trauma ser-
vice. If we analyze the BMI of only a fraction of these 
patients, such as those seen between a specified period of 
time (e.g., 1 June to 31 July), that is a sample.

Inference To reach a conclusion about a population based 
on the information obtained from the sample drawn from 
that population.

Types of Data Continuous (quantitative) variable: A 
 variable with an unlimited number of possible measurements 
ranging between a known minimum and maximum. For 
example, age, height, and blood pressure.

• Categorical variable: A variable with a defined number 
of measurements. Below are the different types and exam-
ples of categorical variables.
 – Binary: Dichotomous categories. For example, yes/no, 

disease/no disease, and 0 or 1.
 – Nominal: No order to the categories. For example, 

race, ethnicity, and eye color
 – Ordinal: Ordered categories. For example, tumor stage 

I–IV
• Dependent variable: Also known as the outcome variable, 

or the primary response. For example, survival or 
complications.

• Independent variable: Also known as the predictor, expo-
sure, or risk factor variable when related to the dependent 
variable. For example, demographics, comorbidities, and 
physician/hospital characteristics.

 Generating and Testing Hypotheses

 Defining a Solid Research Question

The first step to any research study is to define your research 
question: a clear question statement that identifies the 
specific objectives of the study. The research question serves 
as a logical construct that will eventually translate a problem 
area into an operational hypothesis. The steps toward estab-
lishing an operational hypothesis are as follows:T. Uribe-Leitz · A. F. Harlow · A. H. Haider (*) 
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 1. Begin by defining the general area of research you plan to 
address.

 2. The next step is to define the topic of interest for your 
study.

 3. Once you have established your topic, define your 
research question.

 4. Your research question will lead to a proposition.
 5. The proposition will ultimately translate into a hypothesis.

These steps will help the researcher come up with a very 
specific question that leads to testing a specific hypothesis. 
The research question is oftentimes called an objective or 
aim; however, framing it as a question allows the researcher 
to begin focusing the hypothesis and thinking about how to 
find an answer.

We recommend using the FINER criteria [8] to support 
the development of a meaningful research question. According 
to the FINER criteria, a research question should be:

Feasible: Manageable in time, scope, and cost, with access 
to the population of interest.

Interesting: To the scientific community and potentially to 
the public.

Novel: Adds to the surgical and scientific literature.
Ethical: Complies with local, national, and/or international 

ethical research standards.
Relevant: It must have clinical relevance.

Ineffective or poor research questions are those that are 
not meaningful to anybody (including yourself), as well as 
those that are generated from data dredging or “fishing expe-
ditions” (gathering new data with the hopes that it will lead 
to a research question). Similarly, expecting a research ques-
tion to emerge from routine clinical records leads to biased 
and confounded information that lacks the information 
needed to answer a question reliably, given that the records 
were originally collected for a purpose other than research.

Once the area and topic of interest are established, how 
does one focus their research question? The researcher may 
benefit from a brief literature search for previous evidence, 
discussing with colleagues or other experts in the field and 
narrowing the question down to a particular time, place, or 
group of interest, in order to clearly express what it is that he 
or she expects to find. The PICO [3] format is a useful 
resource to help in the development of a specific research 
question. It includes establishing the Population of interest 
(e.g., disease or condition, stage/severity, demographic char-
acteristics like age, race, or gender), the Intervention being 
studied (e.g., type, dose, duration, timing, route), the 
Comparison group (e.g., risk or treatment, placebo or other 
active treatment), and the Outcome of interest (e.g., fre-
quency, risk, benefit, harm, dichotomous or continuous, type 
mortality, morbidity, quality of life, etc.). Timing is often-

times added to PICO (T) to specify time frame during which 
the study will take place. Defining the population of interest 
(and the stringency of inclusion and exclusion criteria) sets 
the stage for the interpretation, and ultimately the applicabil-
ity and generalizability, of the research findings. For  example, 
if the study population is restricted, this may limit bias and 
increase the study’s internal validity. However, this is at the 
expense of external validity, as a restricted population will 
reduce the generalizability of the findings to the clinical set-
ting. On the other hand, if the study population is broadly 
defined, the results may be representative of the clinical set-
ting, but there is a chance for increased bias and reduced 
internal validity [4, 9].

 Hypothesis-Generating Vs. Hypothesis-Testing 
Research

There are two general types of research, hypothesis- 
generating studies and hypothesis- testing studies. A hypoth-
esis can be defined as a prediction statement about expected 
outcomes. It must include measurable variables and a pri-
mary outcome of interest. A good hypothesis should be direct 
and explicit, have a substantive link to the literature and 
theory, be testable, and have implications that are under-
standable and easy to envision. Hypotheses are intended to 
be tested against actual data relevant to the problem of inter-
est. A hypothesis-generating study is intended to spot possi-
ble leads worthy of further research; this often takes the form 
of large-scale studies on a representative population designed 
to explore cause and effect of a phenomenon. Findings from 
such studies can generate both specific hypotheses to be 
tested in future studies or information used to make these 
studies more cost-effective. A hypothesis-testing study aims 
to confirm or reject a specific hypothesis. For this reason, 
they are commonly based on a previous hypothesis- 
generating study, previous observations, or meaningful rami-
fications of other research. These studies include randomized 
trials and pre-post studies. Pilot studies are preliminary, 
hypothesis-testing studies in which research designs intended 
for hypothesis testing are “tried out.” A summary of the steps 
involved for each type of study is shown in Table 60.1 [2].

 Study Design Selection

Choosing the appropriate study design to test the hypothe-
sis is one of the most important steps in a successful 
research project. Before diving into the different types of 
study designs, it is important to distinguish between obser-
vational and experimental studies (“Study Designs”), as all 
study designs can be grouped into either one of these cate-
gories. As the names imply, an observational study observes, 
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while an experimental study experiments. Below are more 
detailed definitions.

Observational studies involve observing natural effects 
without manipulation on the part of the researcher. This 
type of study is valuable when the researcher is interested 
in  studying the effects of exposures that are difficult (or 
unethical) to manipulate. Limitations of observational studies 
include the potential for sampling bias, a need to control for 
confounders, and a weaker claim for causality. Case-control, 
cohort, and some cross-sectional study designs are examples 
of observational study designs. Scientists who undertake 
observational studies are sometimes known as differentialists.

Experimental studies test the effects of an intervention or 
treatment. The researcher manipulates the exposure by allo-
cating participants to an intervention (exposure) group and fol-
lowing them under carefully controlled conditions. Sampling 
must be random and representative. Experimental study 
designs control for confounders, and therefore the researcher 
can make strong claims regarding causality. An example of 
an experimental study design includes a double- blind ran-
domized controlled trial. Scientists who undertake experi-
mental studies are sometimes known as experimentalists.

The distinction between observational and experimental 
studies is important because the study design affects the sta-
tistical methods used during analysis. For example, while 
simpler statistical methods (chi-square or t-test) will suffice 
for a well-designed experimental study, more complex statis-
tical methods might be required for an observational study. 
Of note, complex statistical methods contribute to, but do not 
necessarily guarantee, stronger evidence. A tree of the most 
basic study designs is shown in Fig. 60.1 (“Study Designs”).

Descriptive studies describe what is happening on a popu-
lation level. These include case reports, case series, qualita-
tive studies, and cross-sectional survey studies. Analytic 
studies examine the effect of interventions/exposures on out-
comes. They compare the frequency of outcomes in a com-
parison group (known as a control group), with the frequency 

in the intervention or exposed group, in order to quantify the 
effect. Analytic studies may be experimental (e.g., parallel 
group or crossover studies) or observational (e.g., cohort 
study, cross-sectional and case-control studies).

Figure 60.2 shows the hierarchy of evidence generated 
from different study designs. At the top of the pyramid are 
meta-analyses. Meta-analyses are heavily evidence-based 
and less numerous and thus can only be written once consid-
erable publications on a particular topic exist. The opposite 
holds true toward the base of the pyramid case reports and 
cross-sectional studies are the first articles published on new 
topics, often greater in number, and less evidence-based. 
The strength of study design drives evidence-based clinical 
decision- making. Below we provide more detail on each 
study design.

 Case Reports (“Study Design 101”)
Case reports describe and interpret an individual clinical 
case, including unique or unexplained diseases and syn-
dromes, interesting variations of diseases and conditions, 
unexpected events in cases that might yield new useful infor-
mation, and two or more unexpected diseases or disorders in 
one patient. Case reports represent the first line of evidence 
and are considered the lowest level of evidence.

 Cross-Sectional Study (“Study Design 101”)
Cross-sectional studies examine the relationship between 
diseases or other health-related characteristics and other 
variables of interest in a defined population at one particular 
point or “slice” in time. The exposure and outcomes are mea-
sured simultaneously. Cross-sectional designs can quantify 
prevalence, risk, or diagnostic test accuracy.

 Case-Control Study (“Study Design 101”)
Case-control studies compare patients who have a disease or 
outcome of interest (cases) with patients who do not have the 
disease or outcome (controls). Past exposures related to the 
risk factor of interest are then compared between each group: 
cases and controls. Case-control studies are only able to 
estimate odds.

 Cohort Study (“Study Design 101”)
One or more samples, called cohorts, are established, and 
data is obtained to determine which members of the cohort 
have been exposed to the factor of interest (exposure). The 
cohort is then followed prospectively over time to see which 
members develop the outcome (disease) of interest. This 
allows the researcher to determine which initial participant 
characteristics (risk factors or exposures) are associated with 
the outcome. No allocation of exposure is made by the 
researcher. The cohort study is the best study design to estab-
lish the effects of risk factors on an outcome.

Table 60.1 Generating and testing a hypothesis in clinical research

Hypothesis generation Hypothesis testing

Identification of relevant patient 
population and consent

Gather background 
information and consent

Generate high-throughput data Identify subjects

Parse data for patterns Divide into groups (e.g., 
cases/controls)

Formulate clinical hypotheses Apply a biological assay or 
test to subject

Perform clinical research to refute/
support

Interpret data and prove or 
disprove hypothesis

Interpret data, refine, and extend 
hypothesis

Adapted from Biesecker [2]
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 Randomized Controlled Trials (RTC) (“Study 
Design 101”)
A randomized controlled trial (RCT) is an experimental 
comparison study in which participants are allocated to 
either a treatment/intervention group or control/placebo 
group, using a random mechanism. Randomization serves to 
balance the treatment and control group in terms of patient 
characteristics. The only expected difference between groups 
in a RCT is the exposure/treatment under investigation. The 
RCT is the best study design for analyzing the effect of an 
intervention.

 Crossover Trials (“Study Design 101”)
Crossover trials are a type of controlled trial in which all 
participants serve as their own controls. Participants will be 
in both intervention and placebo groups at some point, after 
a washout period in between therapies/exposures to ensure 
there is no residual effect of treatment.

 Evidence-Based (Practice) Guidelines (“Study 
Design 101”)
Evidence-based (practice) guidelines are statements produced 
by a panel of experts in the relevant field that outline the cur-

Research 
studies

Descriptive

Qualitative
Cross 

sectional 
(Survey)

Analytic 
(PICO)

Experimental

Parallel Group 
(Randomized)

Crossover 
(Randomized)

Observational

Cohort Study
Cross

Sectional 
(Analytic)

- Case-control 
Study

Fig. 60.1 Tree of different study designs (Adapted from Centre for Evidence-Based Medicine (CEBM))

Meta-
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Trials / Crossover Trials

Cohort Study

Case Control Study

Cross-sectional Study / Case Reports

Fig. 60.2 Hierarchy of 
Evidence. This pyramid 
shows the strength of different 
study designs for evidence- 
based clinical decision- 
making, with the highest level 
of evidence at the top
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rent gold standards in clinical practice. The statements are 
produced after an extensive review of the literature and are 
used to inform health-care professionals and patients during 
clinical decision-making; they should be reviewed frequently 
and updated as needed for continued accuracy and relevance.

 Systematic Review (“Study Design 101”)
A systematic review is a comprehensive overview of all 
relevant studies (published or unpublished) on a particular 
clinical or health-related topic or question.

 Meta-Analysis (“Study Design 101”)
Meta-analyses are systematic combinations of pertinent qual-
itative and quantitative study data from numerous selected 
studies; the goal is to develop a single conclusion that has 
greater statistical power than a single study. Meta- analyses 
are statistically stronger than the analysis of any single study 
due to bigger sample sizes, more diversity, and accumulated 
effects and results. Combining several selected RCTs would 
be the highest level of evidence on the evidence hierarchy.

The study design used impacts how the researcher will 
deal with confounders (variables associated with both the 
exposure and outcome that distort the true association, bias-
ing the results). For instance, RCTs minimize differences 
between groups in known and unknown confounders. 
Therefore, simpler statistical univariate analyses such as chi- 
square or student’s t-test can be performed. On the other 
hand, observational cohort studies adjust for confounders 
during analysis and therefore require more complex statisti-
cal methods such as multiple logistic or linear regression 
analyses. Finally, case-control studies match based on impor-
tant confounders, requiring regression analyses for matched 
pairs, such as conditional logistic regression. The key pros 
and cons of each study design are highlighted in Table 60.2.

Several systems have been created to rank evidence by 
quality in order to inform evidence-based clinical decision- 
making. Table 60.3 shows one system proposed by the US 
Preventive Service Task Force (USPSTF) for ranking evi-
dence about the effectiveness of treatments or screening [6]. 
Level I is the highest level of evidence, and level III the low-
est. Furthermore, recommendations to guide clinical 
decision- making have been developed by classifying and 
balancing the risks and benefits of different levels of evi-
dence. Table 60.4 shows the system used by the USPSTF. Of 
note, recommendations are intended for specific populations 
and are followed by rational statements.

 Analysis Plan: The Twofold Approach

Approaching the analysis plan using a “twofold approach” 
helps to formulate a clear and comprehensive analysis plan. 
The twofold approach includes using descriptive statistics 
followed by inferential statistics.

 Descriptive Statistics

Once the raw data from the sample is available for analyses, 
the researcher seeks to arrange, organize, and summarize 
in order to make sense of it all. The summarization of the 
data to a single measure is defined as a descriptive measure 
[5]. Descriptive statistics are important when generaliz-
ing to the population and usually constitute Table 60.1 of 
most studies. Descriptive statistics provide researchers with 
an  understanding of the basic features of their data. This 
includes information on measures of central tendency, distri-
bution of the data, and measures of dispersion.

 Measures of Central Tendency
Measures of central tendency tell the researcher where the 
middle of their data lies. In other words, measures of central 
tendency transmit information in relation to the average of a 
set of values. The three most commonly used measures of 
central tendency are the mean, the median, and the mode.

• Mean: The sum of a set of values in a population or a 
sample divided by the total number of values added.
 – Population mean: μ = (Σ Xi)/N, where N = number of 

values in the population
 – Sample mean: x̄ = (Σ Xi)/n, where n = number of values 

in the sample
• Median: The value that separates a set of values into two 

even parts (top 50% from the bottom 50%). If the number 
is odd, the median will be the middle value after arrang-
ing the values by order of magnitude. If the number is 
even, the median is the average of the two middle values. 
Median is preferred for nonsymmetric data because it is 
less sensitive to outliers than the mean.

• Mode: The most frequently occurring value in a set of 
observations. It is possible to have more than one mode, 
or no mode, in the case where all values are different.

 Distribution of the Data
The distribution of the data shows the researcher the overall 
shape, spread, and center of their data. A normal distribution 
is the probability that a continuous outcome will follow a 
bell-shaped curve (a.k.a. Gaussian distribution). In a normal 
distribution, the mean = median = mode and the distribution 
are symmetric about the mean. The empirical rule suggests 
that approximately 68% of the values fall between the mean 
and one standard deviation; approximately 95% of the values 
fall between the mean and two standard deviations; and 
99.9% of the values fall between the mean and three standard 
deviations, as shown in Fig. 60.3.

 Measures of Dispersion
Measures of dispersion convey information regarding the 
amount of variability present in a set of data. Below are some 
commonly used measures of dispersion.
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Table 60.2 Study design pros and cons

Study design Pros Cons

Case reports Useful to identify new trends or diseases
Helpful to discover rare manifestations of disease

Challenging generalizability
Lowest level of evidence

Cross- sectional 
study

Cost-effective and simple
Relatively free form ethical restrictions

Establishes association but not causality
Potential sources of bias: recall bias, social desirability bias, 
researcher’s bias
Unequal group sizes are possible
Unequal distribution on confounders likely

Case-control 
study

Beneficial when dealing with rare conditions or diseases
Requires less time to conduct the study, the condition or 
disease has already occurred
Allows the study of multiple risk factors at simultaneously
Oftentimes initial study to establish an association

Relies on recall or records to determine exposure status
Potential for confounders
Selection of suitable control groups can be challenging
Potential bias: recall bias and selection bias

Cohort study Ethically safe
Participants can be matched (helping to limit confounding 
variables)
Can establish temporality and directionality of events
Eligibility criteria and outcome assessments can be 
standardized
Less costly and complicated to conduct RTC’s

Confounding variables can make identifying cohorts difficult
Imbalances in patient characteristics between groups could 
exist due to lack of randomization
Complicated blinding or masking
Outcome of interest could take a long time to occur

Randomized 
controlled trials

Population bias taken care of with a successful
Easier to blind or mask
Statistical analysis of results can be performed with 
common statistical tools
Clearly identified participating populations

Time and resource expensive
Volunteer biases: population participating may not be 
representative of the whole
Causation cannot be ascertained
Attrition of participating individuals related to treatment

Crossover trials Since all participants serve as their own controls, error 
variance is reduced requiring smaller sample sizes
All participants receive treatment

Randomization can be implied for statistical purposes
Blinding/masking can be maintained
All participants receive placebo or alternative treatment
Washout period can take a long time
Not adequate for treatments with permanent effects
Potential for carryover effects to confound results

Evidence- based 
(practice) 
guidelines

Developed by experts in the field
Founded on scientific published literature
Provides useful guidance for clinicians
Evidence-based resource

Guidelines may be slow to change or be updated
Limited data on controversial topics
Costly and time- intensive to produce
Recommendations can vary depending on the type of 
organization creating the guidelines

Systematic 
review

Exhaustive review of the up-to-date available evidence, 
including current literature, unpublished studies, and 
ongoing research
More efficient, reliable, accurate, and generalizable than 
creating new study
Evidence-based resource

Requires a lot of time
Can be challenging to combine studies

Meta-analysis Superior statistical power
Confirmatory data analysis
Increased capacity to transfer to general population
Evidence-based resource

Complex and prolonged identification of right studies
Studies may not provide sufficient data for inclusion and 
analysis
Entails complex statistical techniques
Often heterogeneity of study populations

Adapted from Himmelfarb Health Sciences Library [7]

Range Difference between the minimum and maximum 
values in a set of observations.

Variance Average squared deviation from the mean. Not an 
appropriate measure of dispersion when looking to express 
original units, since it represents square units and not the 
original units of the data.
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tion below it. Quartiles are values that divide a distribution 
into four equally sized groups.

Interquartile Range (IQR) Difference between the third 
and first quartiles, as shown in Fig. 60.4.

IQR = -Q Q
3 1

 Inferential Statistics

Inferential statistics are used to reach a conclusion about a 
population based on the information contained in a sample 

drawn from that population. The goal of inferential analyses is 
to describe the effects or patterns of correlations between vari-
ables. It contains both univariate and multivariate analyses.

Univariate Analyses Univariate analyses are used when 
the researcher is interested in analyzing one dependent 
outcome variable and one independent predictor variable. 
An example of a univariate analysis would be to  determine 
the association between functional deficit (dependent 
variable) and age (independent variable) in patients after 
trauma surgery.

Determining which type of univariate statistical test to use 
will vary depending on factors such as the type of variables 
(categorical vs. continuous), the number of groups being 
compared, if the data are paired or dependent, and if the data 
are normally distributed (when dealing with continuous 
data). The following are examples of univariate statistical 
test: chi-square (Fisher’s exact test), McNemar test (non-
independent data), student’s t-test, and analysis of variance 
(ANOVA). Table 60.5 can help determine which type of 
analysis to use depending on the nature of the data.

Multivariate Analyses Multivariate analyses are used when 
the researcher must assess one dependent outcome variable 
and multiple independent predictor variables. For example, if 
the researcher is interested in determining the association 
between functional deficit and age in patients after trauma 
surgery, but would like to adjust for other factors such as 
duration of surgery, nutrition status, BMI, or existing comor-
bidities, then a multivariate analysis would be appropriate.

Multiple regression analysis is the most common type of 
multivariate statistical test. Multiple regression is used when 
one needs to evaluate the effect of an intervention (or expo-
sure) while adjusting for multiple confounders, such as with 
an observational cohort study. It is also used to assess for an 
interaction (effect modification) of one variable on another. 
A confounder is a variable that is associated with the expo-
sure or the predictor and the outcome, but is not in the causal 
pathway. Multiple regression includes both logistic and lin-
ear regression models. If the outcome variable is continuous, 
a linear regression is the appropriate analysis to run. If the 
outcome variable is categorical, a logistic regression should 
be used to analyze the data. When the dependent variable is 
dichotomous (outcome is 1 or 0), the prediction probabilities 
of an outcome result can range from −∞ to +∞. The solution 
in this case is to perform a logistic transformation.

There are multiple methods one can use to select which 
variables should be included in a regression model. Two 
of the most common approaches are forward selection 
and backward elimination to evaluate fit and perfor-
mance. Forward selection, as its name implies, begins 
with one variable and adds extra variables one at a time. 
The backward elimination method begins with all poten-
tial variables, and followed by eliminating variables one 

Table 60.3 US Preventive Service Task Force (USPTF) ranking of 
evidence quality

Level
Strength of study design for evidence-based clinical 
decision-making

I Evidence obtained from at least one properly designed 
randomized controlled trial

II-1 Evidence obtained from well-designed controlled trials 
without randomization

II-2 Evidence obtained from well-designed cohort or case-control 
analytic studies, preferably from more than one center or 
research group

II-3 Evidence obtained from multiple time series with or without 
the intervention. Dramatic results in uncontrolled trials 
might also be regarded as this type of evidence

III Opinions of respected authorities, based on clinical 
experience, descriptive studies, or reports of expert 
committees

Adapted from Harris et al. [6]

Table 60.4 Preventive Service Task Force (USPTF) recommendations 
for clinical service

Recommendation Language

Level A Good scientific evidence suggests that the 
benefits of the clinical service substantially 
outweigh the potential risks. Clinicians should 
discuss the service with eligible patients

Level B At least fair scientific evidence suggests that the 
benefits of the clinical service outweigh the 
potential risks. Clinicians should discuss the 
service with eligible patients

Level C At least fair scientific evidence suggests that 
there are benefits provided by the clinical service, 
but the balance between benefits and risks is too 
close for making general recommendations

Level D At least fair scientific evidence suggests that the 
risks of the clinical service outweigh potential 
benefits. Clinicians should not routinely offer the 
service to asymptomatic patients

Level I Scientific evidence is lacking, of poor quality, or 
conflicting, such that the risk versus benefit 
balance cannot be assessed. Clinicians should 
help patients understand the uncertainty 
surrounding the clinical service

Adapted from Harris et al. [6]
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at a time. The ultimate goal is to obtain a parsimonious 
model that includes all key variables. The abovemen-
tioned analyses are usually performed using statistical 
packages (i.e., SAS, STATA, R) which have built-in pro-
cedures for these purposes.

 Beyond the Basics: Working with Missing 
Data

Below we present additional analysis approaches that are 
valuable when working with datasets that may contain sub-
stantial missing data or analyses that require advanced meth-
ods for controlling known and unknown confounders.

Propensity Score Analysis Propensity score analysis is an 
alternative method of risk adjustment. Propensity scores 
compare outcomes across groups that have a similar proba-
bility (or propensity) of receiving the treatment or therapy of 
interest. Outcomes of interest can be compared thorough 
matching, stratified analyses, or regression (adjusting for 
propensity) [10]. Propensity scores are useful if the number 
of confounders is high compared to the number of events 
(<10 events per covariate) which would otherwise result in 
an underpowered regression analysis. Propensity scores can 
also be used if there is no interest in the association between 
adjustment factors and outcome and when the association 
between exposure and propensity for treatment can be esti-
mated with higher precision than the association between the 
exposure and outcome [1].

Instrumental Variable Analysis Instrumental variable 
analysis consists of controlling for all potential confound-

ing variables (known and unknown) associated with the 
outcome and exposure of interest by selecting and includ-
ing a variable exogenous to the study subject, which the 
study subject has no control over. This exogenous variable 
should be strongly associated with the exposure but not the 
outcome [10].

Missing Data Missing data can compromise the power of 
a study, or likely bias the results, if subjects with missing 
data are excluded from the analysis. Missing data can be 
categorized as missing at random (MAAR), missing not at 
random (MNAR), and missing completely at random 
(MCAR). Depending on the nature of the missing data, 
there are several methods to address missing data, such as 
multiple imputation. However, special considerations need 
to be taken into account when dealing with MCAR data 
[10].

 Essentials for Sound Evidence

The Grading of Recommendations, Assessment, 
Development, and Evaluations (GRADE) Working Group 
(“What is GRADE?” [12]) developed a systematic point- 
based approach to judge the quality of data and strength of 
recommendations produced by research studies. The final 
GRADE score falls under one of the following four catego-
ries: high (at least 4 points overall), moderate (3 points), low 
(2 points), and very low (one or less).

It is composed of five criteria to be scored:

 1. Type of evidence: Higher score for RCTs (4 points) and 
lower for observational studies (2 points)

Fig. 60.3 Normal (Gaussian) 
distribution or bell curve 
where μ is the mean (median 
and/or mode), and σ is the 
standard deviation. The figure 
illustrates the percentage of 
the study population that 
would fall within one, two, or 
three standard deviations from 
the mean
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 2. Quality: Refers to blinding, allocation concealment, 
sparseness of data, follow-up, withdrawals, incomplete 
reporting of results, and other quality issues

 3. Consistency: Determines the degree of uniformity of 
effect between or within studies

 4. Directness: Refers to the generalizability of population and 
outcomes from each study to the population of interest

 5. Effect size: The reported odds ratio (OD), risk ratio (RR), 
and hazard ratio (HR)

For an observed effect to be considered evidence, it must 
be accurate and reliable and hold statistical and/or clinical 
significance. We define each term below.

Accuracy Refers to the veracity of test measurements 
(validity). Systematic error reduces accuracy.

Reliability Refers to the consistency and reproducibility 
and the absence of random variation. In other words, that 
repeated measures are as closely clustered as possible.

P-value The probability of obtaining the observed effect 
(or more extreme), assuming the null hypothesis is true. 
The p-value is used to determine the statistical significance 
of the data [5, 11]. A result is generally deemed statisti-
cally significant if the p-value is less than 0.05. When sta-
tistically significant, it means that there is a less than 5% 

Fig. 60.4 Interquartile range (IQR). This figure illustrates median, IQR, and the percentage of the population that would fall under it and how this 
compares to standard deviations
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possibility that an observed result (or more extreme) 
occurred by chance.

Confidence Interval (CI) A range of possible values for a 
population parameter, to determine that there is a specified 
probability that the value of the parameter falls within this 
range. This range is defined as the “confidence level.” A 95% 
CI, for example, means that with infinite measures, the result-
ing intervals would include the unknown parameter (true 
population parameter) 95% of the time. In other words, if the 
study were to be repeated an infinite number of times, the true 
parameter would be included 95% of the time in that interval. 
The CI is dependent partially on the sample size and reflects 
the precision of the results. Larger sample sizes will result in 
narrower (more precise) CIs and smaller sample sizes will 
result in larger (not as precise) estimates. A CI is considered 
not statistically significant if it crosses 1 (the null value) when 
expressing a risk ratio (RR) or an odds ratio (OR).

Statistical significance Provides information regarding the 
veracity of the observed differences: whether the observed 
differences are real. For example, a 5-point systolic blood 
pressure (SBP) difference with Drug X. A result can be sta-
tistically significant, but not be clinically significant.

Clinical significance Reflects how meaningful the transla-
tion of observed differences will be toward desired patient 

effects. For example, is a 5-point SBP difference (from 135 
to 140) clinically meaningful to a patient’s health?

 Summary

In conclusion, a basic understanding of statistics is essential 
to achieving meaningful research results. A well-defined 
study design early on will set a strong foundation for a robust 
analysis that will ultimately translate into sound evidence. 
When in doubt, talk to a biostatistician or epidemiologist!
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Organizational Innovation in Surgical 
Critical Care

Brian C. Beldowicz and Gregory J. Jurkovich

Highly specialized medical attention is a finite resource. 
Relative to its demand, it can be the scarcest resource in 
American healthcare, outstripping the available supply of 
critical care units and specialty trained physicians. The con-
centration of specialized attention is precisely what differen-
tiates patient care provided in a critical care environment 
from that on a general hospital ward, so the goal of any criti-
cal care organization should be to concentrate this precious 
resource on those patients most likely to benefit from 
increased scrutiny of every aspect of their illness and every 
facet of its care.

Properly directed, critical care serves two essential 
needs within a patient care organization. First, it is the ulti-
mate arbiter of patient safety. All medical care incurs a 
variable level of risk. It is estimated that 11% of admission 
to medical ICUs is related directly to complications of 
medical care [1]. Unsurprisingly, this rate doubles to nearly 
20% in units that also admit surgical patients [2]. Critical 
care helps mitigate the risks inherent to the practice of 
medicine, providing a crucial means of preserving favor-
able outcomes even in patients that suffer substantial com-
plications. In this regard, critical care functions as the 
safety net that enables all other medical interventions to be 
performed responsibly.

Second, critical care expands the possibility of meaning-
ful survival to disease processes, injury patterns, and patient 
populations where such would otherwise be unsalvageable. 
It achieves this through the laborious pursuit of more subtle 
therapeutic benefits that collectively influence outcomes. 
Distributing the resources required for this level of attention 
can be a moral and ethical challenge. A critical care system 
reflects a hospital’s ability to rescue from death patients with 
failing organ systems, and increasingly this capacity to sal-

vage good outcomes in the most challenging patients is rec-
ognized as the principle means of distinguishing the best 
hospitals from their peers.

With specialized medical attention its most distin-
guishing resource, modern critical care has become more 
of an organizational innovation than a technological 
development [3], allocating capabilities to meet its mis-
sions of mitigating medical risk and conferring improved 
outcomes to the most acutely ill patients. Within any insti-
tution, the organization and administration of critical care 
should therefore be guided by the primary intention of 
assembling, coordinating, and distributing specialized 
attention effectively, reliably, and efficiently. The organi-
zation must also ensure that its ability to meet its missions 
evolves alongside its population of patients and wider 
standards of care.

 The Competing Priorities of Efficiency 
and Responsiveness

One popular model adapted from industrial management 
describes an organization as a collection of structures, pro-
cesses, and outcomes [4]. Structure includes some of the 
least pliable aspects of an organization such as its physical 
space and layout, and it also houses aspects most influenced 
by extrinsic factors such as labor contracts, human resource 
functions, and budgetary constraints. Too often, however, 
less obvious elements of organizational structure are ignored, 
sacrificing efficiency, responsiveness, or both. To optimize 
performance, the critical care organization must define stan-
dards of accessibility, responsibility, and accountability as 
part of their organizational structure. Structural decisions 
often must prioritize either efficiency or responsiveness, as 
most interventions that enhance one will do so at the expense 
of the other. Identifying the proper balance of efficiency and 
responsiveness to fit the patient volume, acuity and demo-
graphics of a particular institution will be invaluable in guid-
ing decisions regarding the structure of critical care.
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 Standards of Accessibility: Open 
and Closed ICUs

Standards of accessibility identify those with authority to 
admit patients to the ICU and discharge them from it, 
balancing the resources available in the ICU with the needs 
of individual patients. In “open” ICUs, patients are admitted 
under the authority of a primary attending that retains 
considerable care obligations outside of the unit. By contrast, 
“closed” ICUs specify independent providers who evaluate 
and approve patients for admission. These providers are 
generally protected from outside obligations during the 
periods for which they are responsible for critical care triage. 
Admission decisions require consideration of critical care 
demand, capacity, and capability and must be commensurate 
with the capabilities of an institution’s general wards. There 
is often a gap between the needs that require critical care and 
those which medical-surgical wards can meet. For example, 
patients that require close observation due to delirium, 
titratable infusions, elaborate wound car, or intravenous 
medications for blood pressure management will sometimes 
require a level of nursing attention not consistently available 
on medical-surgical wards. Such patients may be transferred 
to the more closely monitored setting of a critical care unit 
without requiring the breadth of attention provided by the 
balance of the critical care team. Oftentimes the relative 
demand for one level of care or the other will dictate such a 
patient’s disposition, but the organization should recognize 
such inconsistency as a source of risk and inefficiency.

 Standards of Responsibility: Low-Intensity 
and High-Intensity Staffing Models

Standards of responsibility establish a reliable hierarchy of 
decision-making and order-writing authority that is essential 
to the seamless flow of pertinent clinical information and the 
reliable communication and timely execution of the ever- 
evolving clinical plan. Low-intensity staffing models privi-
lege individual providers to independently administer patient 
care within critical care units. Such staffing emphasizes effi-
ciency by minimizing the number of healthcare providers 
involved in a patient’s care throughout their hospital course 
and preserves the autonomy of the provider most familiar 
with the patient and his or her disease process. In contrast, 
high-intensity staffing models require participation of certi-
fied critical care intensivists, either as the principle medical 
provider or as a mandatory consultant for the comprehensive, 
multisystem management of complex patients.

A landmark 2002 study published in JAMA demonstrated 
marked improvements in patient outcomes associated with 
high-intensity physician staffing models. Specifically, the 

study reported a 29% reduction in in-hospital mortality, a 
39% reduction in ICU mortality, and reduced hospital and 
ICU lengths of stay [5].

The reason for this observed benefit is multifactorial. 
Intensivists (board certified and fellowship trained in critical 
care medicine) bring a unique set of skills and characteristics 
that not only compliment the care of challenging patients but 
also should enhance the function of a clinical care team and 
optimize the performance of a critical care system. In 
addition, intensivists afford two components of medical 
attention that other physicians find challenging to replicate in 
modern practice: responsiveness and objectivity.

Availability is an essential component of responsiveness. 
To fulfill the demands of productivity, physicians at all levels 
and types of hospitals must maintain busy elective practices 
and considerable commitments outside of the critical care 
unit. These obligations make physicians less available to 
respond to unanticipated developments in the course of their 
patients’ care and illness. Designated intensivists enable 
other physicians to maintain efficiency in their independent 
practices by shouldering the demand for responsiveness 
required for the care of complicated patients.

The second component, objectivity, is particularly valu-
able in the care of surgical patients. Surgeons are often biased 
by their own experience of a patient’s clinical course. While 
this perspective and continuity can be beneficial to compre-
hensive patient care, it leaves providers prone to misappropri-
ating the relative importance of clinical data. Surgeons may 
be particularly susceptible to subjective assessments of clini-
cal developments. Some are more inclined to a posture of 
denial, reluctant to accept any clinical change as indicating a 
complication of their procedure. Others, meanwhile, are prej-
udiced to a posture of guilt, where every untoward develop-
ment is a complication of their intervention until proven 
otherwise. The subjectivity of the former predisposes patients 
to delays in diagnosis and treatment. The bias of the latter 
subjects patients to unwarranted testing, consultations, and 
interventions. Designated intensivists are best when they are 
positioned to approach clinical changes without a tendency 
toward denial or guilt, objectively evaluating patients with no 
such predisposition.

The Leapfrog Group, a consortium of high-volume pur-
chasers of health insurance wielding ever-expanding influ-
ence in patterns of referral and healthcare reimbursement, 
has advocated for high-intensity staffing practices in an 
effort to improve the value and safety of the healthcare they 
are purchasing [6]. By requiring intensivists to be physically 
present during daytime hours with clinical responsibilities 
limited exclusively to the ICU, Leapfrog optimizes both the 
objectivity and responsiveness of care provided to the most 
ill. Their guidelines ensure that objectivity informs the 
interdisciplinary development of the patient care plan each 
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day and that the care team will be responsive to acute 
developments without distractions or competing clinical 
obligations outside of the unit. This is of increasing 
importance as interventions for high-mortality conditions 
such as shock, trauma, stroke, myocardial infarction, and 
sepsis have all proven time-sensitive.

To overcome budgetary constraints and the well- 
documented shortfall of certified intensivists, many ICUs 
following a high-intensity staffing model utilize personnel 
that augment intensivist presence and influence. These 
augmenters, including residents, nurse practitioners, or 
physician’s assistants, can be remotely supervised by 
intensivists during overnight hours with no apparent 
decrement in patient outcomes so long as clinical plans of 
care were devised and executed by intensivists during the 
day [7]. Studies have demonstrated no significant detriment 
in patient outcome or care efficiency when comparing one 
class of augmenter to another [8], and the presence of one or 
more of these classes of healthcare providers enhances the 
care team’s flexibility. Projecting and distributing the 
appropriate level of specialized attention enables the team to 
address multiple acute issues simultaneously while also 
maintaining the detail-oriented discipline that differentiates 
critical care from non-intensive inpatient care.

Some institutions maximize the efficiency of low-inten-
sity staffing and the responsiveness of high-intensity models 
by implementing intermediate care or “step-down” units. 
Such units allow primary physicians to take advantage of 
enhanced nursing attention without syphoning the finite 
resource of specialized, interdisciplinary critical care teams 
from needier patients. Developing intermediate care units, 
formulating ward care policies, allocating critical care unit 
bed space, and implementing ICU staffing models are ele-
ments of institutional structure that should not be considered 
individually. All must be considered collectively to balance 
the competing demands for efficiency and responsiveness 
that pervade healthcare today.

 Standards of Accountability: 
Multidisciplinary and Interdisciplinary Care 
Teams

Leadership sets the tone of an organization’s culture, and as 
the leader of a sophisticated team, an intensivist must interact 
synergistically with team members. Interactions with consul-
tants and primary operating surgeons are a key component of 
the life of a surgical intensivist, and the structure of the ICU 
organization can help with those interactions. Professional 
inter-provider relationships limit personal bias and challenge 
assumptions that unduly influence patient care. Such an atti-
tude elevates each consultant’s accountability to the rest of 
the team. Consultants accountable to peer-level oversight 

must be prepared to substantiate their recommendations and 
are more likely to adhere to published guidelines and evi-
dence-based best practices.

A dangerous tendency when surrounded by consultants in 
the ICU is for the intensivist to defer critical management 
decisions to these highly focused and specialized 
professionals. This erodes the intensivist’s practical expertise 
and disrupts the development of a functioning critical care 
team. Isolating patient care into a collection of independent 
silos impairs the team’s ability to anticipate and identify 
problems or adapt to unexpected developments.

The intensivist should be capable of anticipating the impli-
cations of management decisions on all organ systems and as 
such should assimilate data from multiple sources into a com-
prehensive understanding of each patient’s clinical state. But 
coordinating consultations from multiple disciplines also 
requires expertly managing relationships. Incorporating 
expectations for relationships and communication into the 
defined structure of an ICU enables members of the team to 
overcome numerous obstacles that are inherent to complex 
tasks in large organizations. This begins with understanding 
the nature of the relationship between the intensivist and 
associated consultants, physician augmenters, and bedside 
staff. Recognizing the difference between a multidisciplinary 
relationship and an interdisciplinary relationship helps to 
define expectations and to delineate roles, responsibilities, 
and authorities, lessening the chance for miscommunication 
or misunderstanding.

In a multidisciplinary team, each consultant approaches 
the clinical situation from his or her own independent 
perspective. These consultants then either document 
recommendations for the primary provider or are given 
independent order-writing authority to independently pursue 
their plan of care for the particular medical problem for 
which they were consulted.

The benefit of this type of organization is its logistical 
feasibility. A multidisciplinary relationship does not require 
coordination of provider schedules, and communication can 
be exchanged indirectly through more available 
intermediaries such as nurses or physician assistants or 
through clinical documentation in the medical record. This 
arrangement enables consultants to commit only the time 
necessary to evaluate the patient and initiate a plan and then 
refocus their attention on competing demands. Though 
multidisciplinary care can often be sufficient, its convenience 
does come at the expense of more thorough collaboration.

An interdisciplinary team, by contrast, integrates the 
impressions of all team members into a shared mutual 
understanding of each patient. In such a system, each 
consultant is required to consider the concerns of all other 
stakeholders and to incorporate those perspectives into their 
own recommendations. The role of the SCC intensivist is to 
facilitate identification and reconciliation of interdisciplinary 
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conflicts in order to arrive at a treatment plan that 
prospectively incorporates all points of view. While substan-
tially more time-consuming and resource demanding, this 
method has the advantage of better integrating all perspec-
tives to develop suitable compromises and risk mitigation 
strategies required by complex clinical problems.

Due to logistical constraints and competing demands, 
interactions with physician-centric teams of various medical 
specialties in open ICUs often adopt a multidisciplinary 
approach whereas an ICU-based clinical care teams in closed 
ICUs with high-intensity staffing embrace an interdisciplinary 
relationship. The care of critically ill and injured patients in 
many institutions incorporates a hybrid of these relationships. 
The primary provider must differentiate and manage multiple 
relationships of each type to ensure the maximum benefit is 
realized in terms of both patient care and organizational 
culture.

 Playing the Orchestra1: Interdisciplinary 
Rounds

To characterize an organization as a mere collection of struc-
tures, processes, and outcomes ignores the importance of 
organizational culture to performance. While structure can be 
quite inflexible owing to its dependence on outside concerns, 
culture is often the organizational element most inherently 
resistant to change. A critical care team is a convergence of 
individual perspectives, each with its own professional con-
cerns, departmental hierarchies, and role in institutional 
bureaucracies competing for prioritization. Such subgroups 
of large organizations are often prone to status quo bias, inter-
preting any change to existing practices as a challenge to pre-
vious performance. Additionally, practice changes often incur 
learning and implementation curves that may transiently 
increase risks of mistakes, misunderstandings and miscom-
munication, and, occasionally, patient outcome.

A critical care organization can overcome this tendency 
toward stagnation by promoting a culture of perpetual col-
laboration and learning, but this requires establishing struc-
tured lines of communication. Allowing communication to 
proceed in an unstructured, ad hoc fashion is not consistent 
with the demands of critical care medicine. Sufficient time 
and resources for inter-provider communication should be 
incorporated in the daily routine, and both responsibilities 
and expectations for this interaction should be clearly 
defined. It is unreasonable to assume that the care team will 
develop and maintain effective communication if such prac-

1 “Musicians play their instruments; I play the orchestra.” Steve Jobs. 
Screenplay by Aaron Sorkin. Dir. Danny Boyle. Perf. Michael 
Fassbender. Universal Pictures, 2015. Film.

tices are not standardized, prioritized, and exercised 
routinely.

Interdisciplinary rounds are a process, but because of the 
level of coordination required among providers and consul-
tants, rounds are also an essential component of the commu-
nication structure in most ICUs. The productivity of ICU 
rounds will invariably be proportional to the quality of its 
input and the expectations of its output. High-intensity staff-
ing models benefit from the consistency and reliability of 
rounds under the leadership of a single SCC intensivist. 
Low-intensity models suffer from variance of practices and 
communication styles inherent in having a diverse cadre of 
physicians providing primary care decisions. In either 
instance, the critical care organization should establish 
explicit expectations regarding responsibility for the 
collection of data, the conveyance of information, and the 
process by which knowledge is shared and decisions 
communicated among all members of the team.

An interdisciplinary rounding team facilitates a shared 
understanding of the patient including short, intermediate, 
and long-term goals of care. The team should be designed 
after considering which care providers and consultants can 
consistently contribute to this understanding and which can 
better execute their role by participating in the interdisciplin-
ary process. The leader of such rounds has some important 
structural roles. They must minimize nonessential 
interruptions and distractions, ensure that all stakeholders 
have the opportunity to voice their concerns for each patient, 
and clearly assign responsibilities for the agreed upon plan. 
Undisciplined and disorganized discussions are too often left 
open-ended with no clear plan of care and no specified 
delegation of tasks. The process of rounds must assure that 
such doubts are not left lingering. Table 61.1 illustrates one 
checklist for both the structure and process of conducting 
bedside rounds in critically ill patients.

There is no more sensitive indicator of subtle alterations 
in a patient’s clinical course than prolonged patient 

Table 61.1 Content and process of interdisciplinary critical care 
rounds

Patient plan of care
  Main problem
  Diagnostic plan
  Provisional goals
  Intermediate (beyond today) and long-term (beyond ICU) 

therapies
  Highest perceived risks (both in likelihood and severity)
Interdisciplinary process
  Clarify consultant expectations of critical care team
  Assessment and questions from house staff
  Assessment and questions from bedside staff
  Plan of care summary
  Closed-loop clarification of task priority and responsibility

(Adapted from The Scientific World Journal 2015, Article ID 951924)
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observation at the bedside. This makes the critical care nurse 
an essential component of every patient assessment. 
Physicians and other specialized consultants are restricted to 
a limited collection of clinical snapshots when focusing only 
on their own bedside observations; nurses can offer a far 
more panoramic, time-lapsed perspective. Their perspective 
should be incorporated in discussions of both pertinent 
events and the evolution of pertinent findings on the clinical 
examination. Additionally, nurses are often privy to 
psychosocial details that influence patient care.

Presence of a clinical pharmacist on the critical care team 
reduces prescribing errors by two-thirds [9]. In addition to 
simply catching prescribing errors, clinical pharmacists 
safeguard against drug-drug interactions, recommend 
regimens for acute pain management, guide renal and hepatic 
dose adjustments, enforce antibiotic stewardship programs, 
and advise physicians regarding cost discrepancies between 
similar therapies.

Malnourishment is a problem that continues to plague 
critically ill patients despite mounting evidence that early 
feeding improves outcomes. Reasons for the discrepancy 
between evidence and practice include inaccurate nutritional 
assessments, lack of education pertaining to tube feed 
interruption, and uncertainty regarding tube feed tolerance. 
This can be ameliorated by the regular participation of a 
nutritionist. Discussions with the nutritionist will enhance 
team understanding of when to initiate, titrate, hold, and 
discontinue nutritional supplementation, improving 
consistency with evidence-based best practice [10].

At any point in time, approximately 40% of ICU inhabit-
ants are dependent on mechanical ventilation [11], and while 
standard ventilator management is sufficient for most criti-
cally ill patients with respiratory failure, respiratory thera-
pists can help facilitate continuity and consistency in 
ventilator weaning for patients requiring prolonged 
intubation. Their focused perspective developed over a 
greater amount of time spent with each patient can help clue 
intensivists into which patients may require deeper 
investigation into the etiology of their pulmonary failure.

Early mobility remains a key element in management of 
many critically ill patients. This has proven to be an 
invaluable tool for improving respiratory mechanics, 
decreasing delirium, and decreasing rehabilitation time after 
patients recover from their acute illness. Ensuring that the 
perspective of physical and occupational therapists is 
incorporated into daily rounds, either directly or through 
nursing, will help maximize their utilization and ensure that 
activity restrictions such as spinal precautions or weight- 
bearing limitations are dispensed with as soon as appropriate.

To maximize a system’s throughput and optimize its effi-
ciency, discharge planning should begin immediately upon 
admission. This must include early decisions regarding end 
of life care and a priori decision in this regard. Social work-

ers and case managers provide a valuable perspective of the 
relationship between a patient, his family and social support 
structures, and the care team. Incorporation of the social and 
economic realities of a patient’s situation into the care plan 
will help alleviate sources of friction and identify barriers to 
eventual disposition.

In developing both a structure and a process for interdis-
ciplinary rounds, it is essential to balance the attention to 
detail required of critical care with demands for team effi-
ciency and responsiveness. Not every perspective will 
demand input on every patient every day, but it is important 
that a structure and process is in place to ensure each 
perspective is consistently considered and has a forum to 
reliably voice its concerns.

 Total Quality Management

In complex systems such as surgical critical care, measures 
of performance and outcomes are an essential component of 
organizational culture, incorporating elements of both 
systems-based performance improvement with events-based 
quality assurance. As in industrial systems engineering, 
performance management seeks to improve the efficacy, 
efficiency and reliability of healthcare delivery through 
reductions in process variance and error commission. While 
this approach is not always widely accepted (“my patients 
are different…; or “the most cost effective care is no care”), 
[12] there is strong evidence that cost effective care is both 
quality care and less expensive care, and that avoiding 
unnecessary variability is a key component of this process 
[13].

 Start from the M&M Podium… and Work 
Your Way Backward

 Event-Based Quality Assurance

Event-based quality assurance is a reactive systems manage-
ment tool intended to identify lapses in performance. The 
actions that this identification invokes range from singling 
out the individuals involved for punishment to ignoring the 
event as “an outlier.” However, in order to reduce the inci-
dence and severity of errors, an approach somewhere in 
between those extremes is likely to be more effective. Quality 
improvement programs are present at all hospitals, taking the 
form of hospital risk management committees, departmental 
morbidity and mortality conferences, and leadership-directed 
root cause analyses. With in-depth assessment of errors, a 
system should be able to identify the location, source, and 
cause of errors. One report of unanticipated trauma deaths 
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demonstrated that the ICU setting is the major source of 
errors responsible for such outcomes [14].

Morbidity and mortality (M&M) conferences are the most 
pervasive form of event-based quality assurance on a depart-
mental level, but the structure, process, and outcome of the 
conference affect its ability to positively influence organiza-
tional culture and performance. M&M conference should be 
reliably scheduled at a frequency commiserate with patient 
volume and complexity. An organized list of cases to be pre-
sented should be maintained and made available throughout 
the department in a non-identifying, protected format. For the 
process to be objective, referral for M&M presentation must 
go beyond simply self-reporting. A department should estab-
lish a system for identifying patients for presentation, whether 
by reviewing admission rosters, hospital censuses, or provider 
case logs. The key to a useful process is the identification and 
tracking of all errors, whether or not they are “presented” in a 
formal process. Selecting out only a limited number of events 
as “good discussions” will fail to identify subtle and pervasive 
problems in care delivery. Table 61.2 lists a set of institutional 
triggers that should automatically warrant consideration for 
presentation at an M&M conference.

Time allotted for case discussion should be protected 
from distractions and outside interference. A minimum 
attendance rate for staff members should be required and 
tracked. Cases should only be presented only when all 
stakeholders are present and prepared.

Presentations should be structured, so there should be a 
prescribed format for case write-ups and discussion. Facts 
presented as facts, whether in terms of the patient’s specific 
clinical course or medical literature that guided decision- 
making, should be verified from either the medical record or 
peer-reviewed publications, respectively. All presenters suffer 
from recall bias and are therefore more likely to misremem-
ber data or events in a way that could compromise the validity 
of the case review process. Requiring substantive write-ups 
ensures sufficient preparation and facilitates meaningful dis-
cussion of unambiguous conditions surrounding the patient’s 
clinical course. These write-ups are also a valuable reference 
when communicating recommendations to other institutional 
boards or medical services.

The attitude of the conference should not be confronta-
tional but rather professional and respectful though still 
direct and objective. All observers are subject to both hind-

sight bias and outcome bias, and these biases can be a source 
of conflict between presenter and audience. Hindsight bias 
overestimates the predictability of an outcome by subcon-
sciously incorporating information not available prospec-
tively. Outcome bias is an inappropriate judgment of the 
quality of decision-making after the outcome of the deci-
sions has been determined. In addition to undermining the 
constructiveness of the forum, these biases can spark inter-
personal conflicts that could damage team culture and cohe-
siveness. Biases are virtually inevitable in conferences with 
broad participation; however, those individuals conducting 
the conference must constantly indicate the presence of 
recall, hindsight, and outcomes biases in order to minimize 
their influence on individual presentations and collective 
attitudes. Consistently unproductive conferences are often an 
indicator of a culture of blame or lack of accountability. 
These issues demand disciplined leadership to ensure the 
conference is focused on serving departmental goals rather 
than individual disputes and agendas.

Humility is a key component in any quality assurance dis-
cussions, and the first priority of all M&M cases should focus 
on the role of attendees in preventing a similar complication 
in the future. As a matter of course, only after one or more 
opportunities for internal improvements have been identified 
should the discussion then turn to the responsibilities of 
extrinsic services and personnel. Even when the complication 
is the direct result of improper execution of an extrinsic care 
provider, there will often be an opportunity for improved edu-
cation, communication, or oversight. All recommendations 
should become part of the case’s formal write-up for local 
filing or forwarding to other appropriate institutional bodies 
such as other involved care services, an ethics committee, 
hospital leadership, or risk management. If open peer review 
is difficult or impossible because of competition between pro-
viders, a blinded voting system regarding the impact and 
severity of the error may be required.

Event-based quality assurance has expanded beyond 
identifying unanticipated outcomes to include incidents 
described as “near misses.” This adjustment in attitude 
acknowledges the role of chance in translating errors into 
outcomes. Examining only the lapses in performance that 
result in bad outcomes ignores numerous missed opportunities 
for improvement. Hence, an event-based process of quality 
assurance is insufficient for the high-stakes complexity of 
modern critical care organizations. A parallel curriculum that 
strives for evidence-based systems performance improvement 
is essential. While medical quality of care indicators as 
championed by the Agency for Healthcare Research and 
Quality, the National Surgical Quality Improvement 
Program, and the Leapfrog Group, among others, are good 
starting points, the best of critical care units have in addition 
their own proactive, anticipatory goals of improving care 
based on their individual problem areas.

Table 61.2 Triggers for morbidity and mortality conference 
consideration

Iatrogenic injuries related directly to ICU procedures
Major medication errors
Mortality
Occurrence of a National Quality Forum “never event”
Unplanned re-admission after transfer from ICU
Unplanned re-intubation
Unplanned return to OR
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 You Can’t Change What You Don’t Measure: 
Systems-Based Performance Improvement

The first step required for systems-based performance 
improvement is benchmarking. This involves the collection 
and regular analysis of organizational data, comparing it to 
both historical institutional performance and contemporary 
peer performance. In benchmarking, it is necessary to first 
identify data points that serve as meaningful surrogates for 
process quality or reliability. Benchmarks not only indicate 
what within the system needs to be changed but also what the 
system is capable of changing. Table 61.3 lists a selection of 
metrics that can accurately represent pertinent critical care 
processes when measured consistently and objectively. 
Identifying relationships between different metrics is valu-
able as identifying trends in any individual metric.

A list of benchmarks should remain consistent but not 
stagnant. Change in the healthcare environment, emergence 
of scientific evidence, observation of new threats, and altera-
tions in team member behavior can render old metrics obso-
lete or new measurements more representative. Benchmarks 
better identify worrisome trends only when performance is 
compared in two dimensions, both over time and across 
peers. Comparisons over time control for institutional vari-
ables. Comparisons across peers control for changes in prac-
tice standards.

Inconsistency undermines the validity of metrics for rep-
resenting processes. Total Quality Management is a systems 
management strategy that seeks to reduce unnecessary vari-
ability as a means of improving the reliability of both a pro-
cess and the metrics that represent it.

 Dealing with Cats2: The Role of Protocols 
and Guidelines

High-quality processes are those in which unnecessary vari-
ance has been eliminated. Variance is a product of individual 
provider autonomy (physicians and others), yet it introduces 
additional variables to the care process resulting in outcomes 
that are inconsistent and incomparable. This makes for iden-
tification of areas the need improvement difficult to identify. 
Processes for which there has been clearly demonstrated 
benefit in terms of efficiency or efficacy should be translated 
into a carefully considered and meticulously maintained set 
of institutional protocols. Protocols are effective tools for 
communication, continuity, and consistency. They strengthen 
team-building and organizational resilience by standardizing 
expectations and processes. Treatment errors, particularly 

2 “Anyone who considers protocol unimportant has never dealt 
with a cat.” – Robert A. Heinlein. The Cat Who Walks Through Walls. 
G. P. Putnam &amp; Sons, New York, 1985.

Table 61.3 Risk-stratified benchmarks of ICU performance

Unit census/throughput
  Number of admissions each day
  Number of transfers each day
  Number of direct from ICU discharges
  Length of stay: ICU and total hospital
Catheter-associated urinary tract infections
  Number of patients admitted with catheter in place
  Number of catheters discontinued
  Number of catheters replaced for urinary retention
  Total number of catheter days for each patient
  Number of patients initiated on antibiotics for suspected UTI 

based on urinalysis
  Number of urine culture confirmed CAUTI
  Ratio of catheterized patients to total patients
Central line-associated bloodstream infections
  Number of patients admitted with central line in place
  Number of new initial central lines placed within ICU
  Number of central lines changes performed in ICU (new site and 

re-wire)
  Number of culture confirmed bloodstream infections
   Number confirmed in patients with central lines
   Number objectively confirmed to be directly related to central 

line
Decubitus ulcers
  Absolute number, by stage (not present on admission)
Emergency response
  Total number of activated codes
   Noninvasive ventilation
   Intubation/positive pressure ventilation
   ACLS procedures
  Number of activated codes that resulted in death
Falls
  Absolute number
GI prophylaxis
  Number of days
Glycemic control
  Absolute number of severe hypoglycemic events (blood glucose 

<70)
  Number of blood glucose measurements >180 mg/dL per patient 

per day
Mechanical ventilation
  Number of patients admitted on ventilator
  Number of ventilator days per patient
  Number of unplanned re-intubations
Mortality
  ICU mortality
  In-hospital mortality
  30-day all-cause mortality
  90-day all-cause mortality
Narcosis reversal (naloxone, flumazenil)
  Absolute number of incidents
Nutrition
  Time from admission to initiation
  Time from admission to goal caloric intake
  Caloric intake relative to calories required for patients on 

supplemental nutrition

(continued)
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what are called treatment intent actions, are prevalent con-
tributors to unanticipated deaths. Protocols have been shown 
to reduce such errors [14] and improve patient care and out-
comes [15].

One of the greatest challenges in unifying the care team is 
developing a shared understanding of priorities and 
responsibilities, particularly when there are multiple areas 
requiring simultaneous attention. By allowing for reflexive, 
regimented management of common critical care issues such 
as glycemic control, electrolyte replenishment, or initiation 
of enteral feeding, protocols can ensure that the benefit to be 
gained from less urgent issues is not surrendered in the face 
of more acute concerns.

In healthcare, greater responsibility often results in more 
enthusiasm and increased job satisfaction. Teams practicing 
such reductionism tend to be more collaborative than 
authoritative, fostering both cooperation and communication. 
Protocols help decentralize management responsibilities so 
that the demand for attention can be more evenly distributed 
to qualified personnel across the entirety of the team, and 
patients can continue to receive the comprehensive, detail- 
oriented care their condition requires despite episodic 
distractions throughout their clinical course.

The single greatest obstacle to protocol adoption is the 
perception of some providers that protocols are a restric-
tion of their autonomy, and, to be fair, this is true. 
Academically, with more than 800,000 articles published 
in the medical literature each year, the expanse of medical 
knowledge has far surpassed any reasonable threshold of 
command for a single healthcare provider. A 2000 study 
examined the malfunction of “passive diffusion” for 
incorporation of medical evidence into practice, estimat-
ing it takes an average of 17 years for clinical evidence to 
be incorporated into the practice of half of active physi-
cians [16].

Part of the specialization of the intensivist is to be able to 
identify where those knowledge gaps are most likely to exist, 
which of the gaps are most likely to influence patient 
outcomes, and whether a protocol is an appropriate means of 
bridging such gaps at the expense of provider autonomy. 

Performance issues suitable for protocol-based solutions 
may present as practice patterns that conflict with prevailing 
published observations, substantial inter-provider variability, 
or as a deviation of institutional data from anticipated 
outcomes. Part of the benefit of mandatory intensivist 
involvement is his or her ability to detect such troubling 
trends across a larger patient population than independent 
providers are capable of perceiving.

The key to effective protocol implementation lies in an 
appreciation for their limitations. No protocol can account 
for all pertinent clinical variables, so it remains the 
responsibility of individual providers to not only ensure that 
protocols are valid, current, and properly understood and 
executed but to also understand when each should be 
initiated, aborted, or ignored [15]. Protocols differ from 
guidelines in that guidelines remain more respectful of 
provider autonomy and serve merely as prompts supporting 
a preferred management strategy. Compliance with 
guidelines is considered voluntary; compliance with 
protocols is considered more compulsory, and providers are 
held more to account for deviation from protocols when it 
results in a poor outcome. An appreciation for when objective 
data is insufficient to justify restriction of physician 
autonomy will help determine when a guideline is a more 
appropriate strategy to reduce inter-provider variance than a 
protocol, and these limitations underscore the importance of 
the manner in which protocols are developed.

 A Protocol for Protocols

To begin, the intensivist must first identify a clinical manage-
ment problem and determine the suitability of a protocol as 
an effective solution. To facilitate adoption and utilization, 
an effective protocol should be developed by those who will 
employ it. The intensivist must identify relevant stakehold-
ers, specifically those members of the healthcare team quali-
fied to contribute to the development process and those 
directly invested in its outcome. Balance at this stage is 
important. Soliciting too much input invites conflict between 
perspectives, inviting too little compromises objectivity and 
transparency.

A representative collection of stakeholders should then be 
charged with assembling pertinent data from both published 
literature and institutional experience. Administrative 
personnel can assist this effort, and the utility of medical 
librarians should not be overlooked. During data collection, 
it is important to restrict input to objective facts so as not to 
mischaracterize personal preferences or anecdotal experience 
as scientific evidence. Published systematic reviews and 
guidelines of professional organizations serve as a good 
foundation as they often have already assembled and 
objectively graded available published experience. It is 

Table 61.3 (continued)

Pneumonia
  Number of patients initiated on antibiotics for suspected VAP/

HAP
  Number of culture confirmed VAP/HAP
Restraints
  Number of patients admitted with restraint order
  Number of patients in whom restraint days relative to total ICU 

days
VTE prophylaxis
  Time from admission to initiation
  Number of doses held or delayed per patient
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imperative that a protocol’s designers ensure that any 
available guideline has remained consistent with data that 
has emerged since its publication.

The unbiased data should then be presented to a larger 
collection of stakeholders and feedback solicited. It is at this 
point that subjective preferences and experience can be 
incorporated into the process, but should be limited to 
considerations that help navigate unique institutional 
challenges. Segregating this input from scientific evidence 
ensures it will not be given equal emphasis. A detailed 
proposal is then drafted and subject to review before 
ultimately a final product is disseminated.

A good protocol should be brief and easy to follow and 
should use common terminology, avoiding unnecessary 
acronyms or abbreviations, when possible, it should be 
depicted graphically or should fit on a single side of a sheet 
of paper, and it should be widely disseminated and easy to 
access for point-of-care referencing. Structures and pro-
cesses should be designed to ensure that adherence to an 
adopted protocol is the easiest means of managing common 
care issues, so translating the protocol into a standardized 
order set removes one significant obstacle to adoption and 
can help ensure consistent compliance with accreditation 
requirements. For the sake of space and ease of reading, 
references should not be included in the protocol; however, 
a repository for a more comprehensive description includ-
ing a relevant bibliography should be made available to 
facilitate process transparency and support ongoing 
education.

The benefit of adequately addressing less acute concerns 
does not evaporate in the face of more pressing issues; in 
fact, the value of incremental progress only becomes more 
valuable when other things are going wrong. Physicians 
caring for the critically ill cannot afford to surrender these 
benefits simply because they are unable to independently 
provide them sufficient attention. Effective protocols can 
decrease the demand for attention or distribute that demand 
over a greater portion of the healthcare team.

Admittedly there is not an evidence-based best practice 
for the management of all disease processes or clinical 
variables encountered in the critically ill. But standardizing 
practices across providers also reduces the risk of 
miscommunication between ordering providers and team 
members responsible for order execution. Standardization 
also enables consistent orientation and education of team 
members, further reducing the likelihood of misunderstanding 
or improper implementation. Provider variability also 
complicates the care of already complicated patients, and 
unstandardized processes can make it exceptionally difficult 
to monitor trends in care quality and outcomes making it 
difficult to conduct performance comparisons over time and 
across peers.

 A Case for Surgical Intensivists

While all intensive care involves a balancing of conflicting 
interventions, critical care of the surgical patients adds an 
additional layer of complexity in the timing and performing 
operative procedures in a manner that optimizes benefit 
while mitigating risks. This additional complexity can benefit 
from an intensivist with surgical training, integrating 
uniquely surgical considerations into the organized system 
of care [17].

Critical care surgeons are recognized by the American 
Board of Surgery for having completed ACGME-approved 
training in surgery (5 clinical years) and surgical critical care 
(1–2  years). This cadre comprises only one-fifth of the 
intensivist workforce [18], but they are uniquely qualified to 
both organize and deliver the care required by the most 
acutely ill and injured surgical patients. First, given their 
(near universal) background in trauma, surgical intensivists 
are accustomed to the design and function of a trauma 
system, namely, developing, maintaining, and functioning 
within regionalized multi-institutional systems that demand 
coordinated distribution of patients to specifically qualified 
locations that enable concentration of extremely limited and 
highly specialized capabilities. Second, surgeons are 
uniquely accustomed to operating within multi-discipline, 
multi-profession teams, in which levels of training, 
experience, and expertise may vary considerably. This 
experience in high-acuity situations demands that they be 
adept at appropriately distributing responsibility across a 
diverse collection of team members in time-sensitive 
situations while still maintaining overall accountability for 
team performance, patient outcome, and the overall 
perception of care. Third, surgeons benefit from a broad 
understanding of both medical and surgical disciplines, 
enabling effective communication and collaboration in an 
environment where competing priorities can have substantial 
consequences. The intensivist is the ultimate arbiter in 
balancing the beneficial effects of one therapy and its 
potential influence on another discipline’s morbidity. 
Additionally, surgeons are best suited to detect subtle 
changes in the postoperative patient’s status that may signify 
an underlying complication related to the operation. Lastly, 
surgeons regularly function within systems designed to 
measure and monitor care quality and efficiency. The 
National Surgery Quality Improvement Project and the 
Trauma Quality Improvement Project enable individual 
providers, departments, and institutions to trend their 
performance over time and compare that performance to 
local, regional, and national peers, enhancing their ability to 
identify and implement best practices. This experience will 
prove invaluable as our evolving healthcare system demands 
the adoption of similar requirements for critical care.
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 Organization and Culture in Surgical 
Critical Care

At a time when more medical care is being performed out-
side of the hospital, the demand and expectations for critical 
care are increasing [19]. Critical care is increasingly viewed 
as a measure of overall institutional quality, as it is often the 
ultimate arbiter of patient salvage. Critical care capacity or 
performance cannot be improved through technology alone. 
Aligning organizational structures, processes, and outcomes 
within a performance-based culture will ensure that critical 
care resources are assembled, coordinated, and distributed in 
a manner that is effective, efficient, and reliable.
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Billing

R. Lawrence Reed II

 Background

Physicians and other professional care providers are paid for 
their services through professional billing. In contrast to ear-
lier times when professionals billed independently and 
charged their patients whatever the market would bear, cur-
rent billing practices are governed by rules set by so-called 
“third-party” carriers, which are health insurance providers, 
including the Centers for Medicare and Medicaid Services 
(CMS), an arm of the federal government. In this system, 
physicians are paid based upon the number of relative value 
units (RVUs) they generate from the provision of their pro-
fessional services. Those services are catalogued in the 
American Medical Association’s Current Procedural 
Terminology (CPT) manual, which is updated annually. The 
CPT manual provides a listing of codes that correspond to 
various professional services, which are grouped into two 
basic types: (1) procedures and (2) evaluation and manage-
ment (E&M) services. Procedures involve technical services 
such as operations, bedside procedures, endoscopies, radio-
graphic interpretation, and others. E&M services include 
history and physical examinations, daily inpatient manage-
ment, clinic visits, and others, including critical care. 
Professional services for critical care are both E&M services 
and procedures, often performed on the same patient during 
the same day. To effectively and appropriately bill for critical 
care services, therefore, it is necessary to understand the 
rules governing billing during the surgical global periods for 
procedures.

 Evaluation and Management Services

Evaluation and management services are provided by physi-
cians when they obtain the patient’s medical history, perform 
a physical examination, identify one or more current diagno-
ses needing medical attention, and construct a plan of treat-
ment for those conditions. There are several different 
categories of E&M services, including outpatient clinic vis-
its, emergency department visits, initial hospital admission 
history and physical examinations, daily hospital visits, and 
so forth.

Any E&M service can be provided by an intensivist, but, 
most commonly, intensivists bill for critical care E&M ser-
vices using CPT codes 99291 with or without additional 
99292 codes. These E&M services are unique as they do not 
depend upon the extent of the patient’s history, physical 
examination, or medical decision-making as do the majority 
of E&M CPT codes. Rather, they are used when the physi-
cian’s note is able to provide documentation of two criteria: 
(1) the patient is critically ill and (2) the cumulative amount 
of time spent by the physician in providing critical care ser-
vices (exclusive of any time spent performing procedures on 
the patient during a 24-h day).

Establishing that the patient is critically ill is a key com-
ponent of the documentation. The patient’s location in a criti-
cal unit does not necessarily mean that the patient is critically 
ill. If a patient is critically ill, their care (i.e., critical care) can 
be provided wherever the patient is located, whether it be in 
the emergency department, a hospital floor, a waiting room, 
the operating room, or an intensive care unit. The Centers for 
Medicare and Medicaid Services (CMS) states that “Critical 
care is defined as the direct delivery by a physician(s) medi-
cal care for a critically ill or critically injured patient. A criti-
cal illness or injury acutely impairs one or more vital organ 
systems such that there is a high probability of imminent or 
life threatening deterioration in the patient’s condition. 
Critical care involves high complexity decision making to 
assess, manipulate, and support vital system functions(s) to 
treat single or multiple vital organ system failure and/or to 
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prevent further life threatening deterioration of the patient’s 
condition.” [1].

 Documentation of Critical Illness

The first requirement for coding a critical care encounter, 
therefore, is to identify the specific organ system(s) that is 
impaired and which provides the potential for imminent or 
life-threatening deterioration. The physician’s documenta-
tion should identify the nature of the organ dysfunction and 
the potential adverse consequences of inadequate monitoring 
and treatment. Physicians have been denied payment for 
their critical care management because their documentation 
fails to stress the severity of the patient’s condition. In a real 
sense, a physician’s experience and comfort with managing 
the critically ill patient can set them at a disadvantage for 
reimbursement because they fail to emphasize the severity of 
the patient’s condition adequately.

As an example, an experienced intensivist may provide 
the following documentation for a patient trying to recover 
from severe adult respiratory distress syndrome (ARDS):

Patient remains stable on PRVC at 60% O2 with 8  cm of 
PEEP. Po2 65, Pco2 33. Will try some permissive hypercapnia.

While accurate, this documentation fails to convey the 
severity of the patient’s pulmonary condition to a coder or 
reviewer responsible for determining the accuracy of the 
physician’s charges. The same condition could also be repre-
sented by the following statement:

The patient remains in critical condition requiring constant 
attention. Oxygenation is severely impaired by the lung’s 
impaired physiology, requiring an increased FIO2 of 60% and 
8 cm H2O of positive end-expiratory pressure (PEEP), and even 
then only generating a marginally adequate PaO2 of 65 mm Hg 
(P:F ratio = 108). In addition, the patient is currently being 
hyperventilated with a PaCO2 of 33 mm Hg. As this could be 
unnecessarily damaging to the pulmonary parenchyma, we will 
start a trial of permissive hypercapnia to reduce that potential. 
No efforts at weaning mechanical ventilation are possible given 
the current status of the patient’s pulmonary function, as such 
efforts will lead to further pulmonary compromise with potential 
additional organ failure and death.

The additional information makes the critical condition of 
the patient clear to the coding personnel and reviewers who 
not only may be inexperienced in critical care but are usually 
not clinically trained individuals. While the increased ver-
biage can take the clinician extra time to document, there are 
two important perspectives to understand: (1) documentation 
can now be facilitated by automation, and (2) the total time 
spent in critical care is reimbursed, including the time spent 
in writing the note.

In electronic medical record systems, documentation can 
be significantly facilitated by automating repetitive func-

tions. Unfortunately, many clinicians make the terrible mis-
take of copying a previous note and pasting it as the current 
note without updating the information in the new note. Such 
behavior is routinely condemned, primarily because of the 
great potential for (and experience with) inaccurate docu-
mentation if conditions have changed but the documentation 
has not. However, copying, pasting, and editing are the 
appropriate actions employed in the effective use of elec-
tronic documentation.

More effectively, electronic templates can be produced 
that provide the structure of the necessary documentation, 
with manual editing of the individual components. Many of 
the phrases (if not entire paragraphs) in such notes can be 
automated as macros in electronic medical record systems. 
Moreover, EMR systems provide the ability to insert special 
characters (i.e., an underscore, “_”, in Cerner, or 3 asterisks, 
“***”, in EPIC) into macros, thereby enabling the user to 
quickly insert the specific data (such as the blood gas values 
for that patient encounter example above). Pressing the F2 
key in EPIC or the F3 key in Cerner will take the author to 
the wildcard placeholder so the author can enter the specific 
data for that patient.

The effective use of EMR templates can facilitate and 
speed up the time quality documentation takes. However, the 
wise intensivist realizes that the quality of the note, not the 
speed with which it is produced, is the important aspect. The 
overwhelming majority of professional clinical documenta-
tion rules were developed (and often enforced) by 
CMS. Moreover, reimbursement for professional services is 
primarily based upon the documentation provided. In a very 
real sense, the clinician’s note in the patient record serves as 
the invoice for payment. Therefore, it is very important that 
the severity of the patient’s critical illness be accurately and 
thoroughly documented in order to establish the fact that the 
patient is critically ill.

 Documentation of Time

As previously mentioned, the other key component in billing 
99291/99292 codes is the total time spent in delivering the 
service. The time consists of the cumulative time spent by a 
single physician (and his colleagues in the same group and 
the same specialty) in providing critical care to the patient. 
That time is exclusive of any time spent in the performance 
of procedures on that patient, which are charged separately. 
The intensivist must document that number of minutes in 
providing critical care services in his or her clinical note for 
each day of service. Again, the time spent in documentation 
is also included in the total time spent in evaluation and man-
agement of the patient.

The 99291 code purportedly covers the first hour of criti-
cal care time spent during the day and thus can only be used 
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once daily by each specialty, whereas the 99292 code covers 
each additional half hour. Specifically, however, the 99291 
code cannot be charged unless at least 30  min have been 
spent in the critical care of the patient, and the 99292 code 
cannot be charged until at least 15 min of its time has been 
spent providing critical care. So if an intensivist provides up 
to 74 min of critical care time on a patient, only one 99291 
can be charged. If the intensivist provides 75–104  min of 
critical care, then both a 99291 and a 99292 can be charged. 
For 105–134 min of critical care, a 99291 and two 99292s 
are billed. In short, 99291 covers up to the first 30–74 min of 
critical care for the day and each 99292 covers additional 
15–30 min blocks.

 Noncritical Care E&M Code Billing

For situations where the patient’s condition does not meet 
the definition of critical illness or the physician’s total time 
with the patient is less than 30 min for the entire day, stan-
dard hospital daily visit codes (99231, 99232, or 99233) 
should be used. With these codes, in contrast to the billing 
requirements for critical care documentation, there is no 
requirement for the patient to be critically ill and there is no 
requirement for a minimal amount of time spent. However, 
the documentation requirements for daily visit codes are 
more rigorous than the documentation requirements for criti-
cal care services (where only establishment of the patient’s 
critical illness and documentation of time spent is required).

In contrast to the critical care documentation, documenta-
tion for daily visit E&M services must provide an interval 
history, a physical examination, and medical decision- 
making. The level of service determined from this documen-
tation ranges from low (99231) to intermediate (99232) to 
high (99233) levels, and the documentation rules are very 
specific regarding the requirements to meet each level.

For example, to meet a high-level daily visit code (99233), 
the clinician must document at least two of the following 
three components: a detailed interval history, a detailed 
examination, and/or medical decision-making of high com-
plexity. Each of these components is further specified. A 
detailed interval history is defined as one that contains a 
chief complaint, and extended history of present illness, a 
problem pertinent system review extended to include a 
review of a limited number of additional systems, and perti-
nent past, family, and/or social history directly related to the 
patient’s problems. A detailed examination requires docu-
mentation of an extended examination of the affected body 
area(s) and other symptomatic or related organ system(s). 
And, finally, medical decision-making of high complexity 
requires documentation of an extensive number of diagnoses 
or management options, an extensive amount of or complex-

ity of data to review, and a high risk of complications and/or 
morbidity or mortality.

To employ these rules effectively, it is important to under-
stand that only two of the three sectional components of the 
note need to be documented. Thus, for a patient with multi-
ple medical conditions that are being addressed (which is 
often the case in patients who require management in an 
ICU), the physical examination and medical decision- 
making components are likely the most effectively used, 
especially if there are several body areas that are examined 
and multiple lab and imaging results along with multiple 
diagnoses or conditions to manage. On the other hand, if a 
patient only has only one significant clinical problem, such 
as may be seen with an emergency general surgery patient 
(as opposed to a multiply injured trauma patient), then it may 
be more productive and appropriate to provide a detail inter-
val history along with a thorough physical examination.

Complying with those documentation requirements gen-
erates 2.00 work RVUs (2.95 total RVUs) for a high-level 
(99233) daily visit charge but only 1.39 wRVUs (2.04 total 
RVUs) for a 99232 and 0.76 wRVUs (1.11 total RVUs) for a 
99231. Compare that to the 4.5 work RVUs (7.75 total RVUs) 
that are generated with a 99291 critical care charge, which 
only requires documentation that establishes the nature of 
the patient’s critical illness and that the total time spent on 
the patient was at least 30 min of the day. Thus, if a patient 
meets the standard of being critically ill and the physician 
has spent at least 30 min in the critical care of the procedure, 
billing a critical care code should always be the preferred 
option. However, if those criteria are not met, then the daily 
visit documentation and coding rules apply.

 Procedures

Many critically ill patients require procedures during their 
critical care stay. Common critical care procedures include 
the placement of central venous catheters, arterial catheters, 
chest tubes, feeding catheters, endotracheal tubes, tracheos-
tomies, and others. Many procedures performed on a criti-
cally ill patient are billable, but there are issues that must be 
understood to bill appropriately and optimally.

First, there are several procedures that would otherwise 
be separately billable, but if 99291/99292 codes are billed, 
the procedures listed in Table  62.1 cannot be billed [2]. 
Payment for those procedures are considered to be included 
in the payment for the 99291/99292 critical care E&M ser-
vices, and therefore billing for them in addition to billing for 
99291 would constitute “double-dipping.” It is interesting to 
note, however, that 99291 generates 4.5 wRVUs (7.75 total 
RVUs), whereas the cumulative valuation of the procedures 
listed in Table 62.1 provides 9.31 wRVUs (and 17.24 total 
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RVUs), ranging from 0 wRVUs (and 0 total RVUs) to 1.99 
wRVUs (2.63 total RVUs) each.

As previously mentioned, the time spent performing criti-
cal care E&M services (i.e., 99291 or 99292) is independent 
of any time spent performing procedures (other than those 
procedures listed in Table 62.1).

 Global Package Issues

Aside from those procedures listed in Table 62.1, all other 
procedures can be billed as long as they are legitimately per-
formed and documented by a credentialed provider. However, 
intensivists from any primary specialty (surgery, internal 
medicine, pulmonology, nephrology, anesthesiology) other 
than pediatrics must be aware of the concept of the surgical 
global package [3]. When the Health Care Financing Agency 
(now CMS) developed the current system for physician 
reimbursement, they defined a surgical global package (SGP) 
for all procedures. Conceptually, the SGP provides a bundled 
payment to the physician; this bundled payment can also be 
paid to an advanced practice provider when he or she per-
forms the procedure instead of a physician. The package 
payment includes payment for the procedure as well as the 
preoperative, intraoperative, and postoperative E&M ser-
vices provided to the patient in the perioperative period. 
However, despite CMS’ claims that payment for routine 
E&M services is included in global package payments, criti-
cal analysis has revealed that there are deep discounts in the 
actual amount paid for those E&M services such that in 
many cases  – especially those patients who have a long 
length of stay – surgeons would fare better financially if they 
didn’t bill for the surgical procedure but instead only billed 
for the daily inpatient visits [4].

Surgical global package periods are in effect for a variable 
number of days, depending on the procedure. Global pack-
age periods currently are assigned as 90-day, 10-day, or 
0-day global periods, meaning that the global package rules 
apply for 90 days from the date of the procedure, 10 days 
from the procedure, or only on the date of the procedure, 
respectively. Some procedures, such as insertion of a central 
venous catheter in an adult (CPT 36556), carry a 0-day 
global package, which means that any other procedure or 
service performed on the same day is considered to be 
included in the procedure unless a modifier is provided to 
indicate otherwise. Thus, if an intensivist performs a central 
venous catheter insertion, he or she should bill the 36556 
code because it is not included in the list in Table  62.1. 
However, if the intensivist also writes a clinical note that 
day – either a critical care service note (99291/99292) or a 
daily inpatient visit note (99233/99232/99231) – no payment 
for that E&M service will be provided because of the global 
surgical package being active on that day, unless a modifier 
is provided (see below).

There are currently 1223 CPT codes that are assigned a 
zero (0)-day global package period as in the example above. 
Listing of all of these codes and procedures is beyond the 
scope of this publication, but the information can be down-
loaded at any time and at no charge from the CMS website at 
https://www.cms.gov/Medicare/Medicare-Fee-for-Service-
Payment/PhysicianFeeSched/PFS-Relative-Value-Files.
html. There are several 0-day global package procedures that 
are frequently performed in the practice of critical care, 
listed in Table 62.2.

There are 472 CPT codes that carry a 10-day global pack-
age period and 3785 CPT codes that carry a 90-day global 
package period. Most of these are not typical or standard 
ICU procedures and are rarely performed in the ICU setting. 
However, a surgical intensivist and his or her surgical inten-
sivist colleagues usually perform operative procedures on 
whom they or their surgical partners also provide critical 
care services. It is therefore necessary to know that a proce-
dure with a global package was performed on that patient so 
that appropriate modifiers can be applied to the E&M as well 
as other procedure codes throughout the effective global 
period, although, again, it is important to check on any pro-
cedures done during a patient’s hospitalization to determine 
their global package durations. For example, most simple 
laceration repairs carry a 10-day global period. Repairing a 
patient’s laceration in the ED or ICU and knowing to provide 
a 25 modifier to the admission note are commonly under-
stood. However, that laceration repair will invalidate billing 
for the subsequent 9 days of critical care for unrelated condi-
tions such as respiratory failure or coagulopathy unless a 24 
modifier is applied to the billing for each of those daily visit 
or critical care codes during that period.

Table 62.1 Procedures included in 99291 and 99292 payments and 
cannot be separately billed [2]

Description CPT Code(s)
Interpretation of blood gases 82800, 82810, 

82803, 82805
Interpretation of chest films 71010, 71015, 

71020
Measurement of cardiac output 93561-93562
Interpretation of other computer stored 
information

99090

Pulse oximetry 94760-94762
Gastric intubation 43752-43753
Transcutaneous pacing, temporary 92953
Venous access, arterial puncture 36000, 36410, 

36415, 36591, 
36600

Ventilation assistance and management includes 
CPAP, continuous negative pressure (CNP) 
ventilation

94002-94004, 
94660, 94662
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 Modifiers

Modifiers are critical to appropriate payment for compli-
cated patients requiring multiple procedures and the man-
agement of multiple conditions. Without a modifier, the 
global package concept provides the default attitude for pay-
ment, which is that payment for a procedure covers all ser-
vices and procedures performed on the patient during the 
global period. Thus, there will be no payments to the same 

physician who performed the original procedure (including 
his or her partners in the same group and specialty) for any 
other procedures or services they perform during that global 
period. It’s as though the only reason the patient saw a physi-
cian on that day or − in the case of a 90-day global package 
− for those 3 months was for the performance of that proce-
dure. In essence, without modifiers, a large volume of appro-
priate care is unpaid.

However, in the case of complicated acute care surgery, 
there are often multiple services and procedures that are 

Table 62.2 Examples of 0-day global package period procedures commonly performed in critical care

CPT 
code Description Comment

Work 
RVUs

10030 Image-guided fluid collection drainage by catheter 
(e.g., abscess, hematoma, seroma, lymphocele, cyst), 
soft tissue (e.g., extremity, abdominal wall, neck), 
percutaneous

Note that percutaneous drainage of pleural, peritoneal, transrectal, 
or transvaginal drainage collections are not billed using this code. 
It definitely covers percutaneous image-guided (i.e., via 
fluoroscopy, ultrasound, plain films, etc.) drainage of other soft 
tissue fluid collections

2.75

31500 Intubation, endotracheal, emergency procedure Emergency endotracheal intubation 3.00
31502 Tracheotomy tube change prior to establishment of 

fistula tract
This would be reasonable for any tracheostomy tube changes 
during the first week following the performance of tracheostomy. 
Subsequent use of this code should be supported by 
documentation that the patient has not yet established a stable 
tracheocutaneous fistula tract

0.65

31600 Tracheostomy, planned (separate procedure) Elective tracheostomy (can be done at bedside) 7.17
31603 Tracheostomy, emergency procedure; transtracheal Emergency tracheostomy 4.14
31605 Tracheostomy, emergency procedure; cricothyroid 

membrane
Emergency cricothyrotomy 3.57

31612 Tracheal puncture, percutaneous with transtracheal 
aspiration and/or injection

Also known as a “minitracheostomy,” [5–8] this is the placement 
of a transtracheal catheter (often using the Seldinger technique) 
for intermittent stimulation of cough reflex

0.91

31623 Bronchoscopy, rigid or flexible, including fluoroscopic 
guidance, when performed; with brushing or protected 
brushings

Diagnostic bronchoscopy 2.63

31624 Bronchoscopy, rigid or flexible, including fluoroscopic 
guidance, when performed; with bronchial alveolar 
lavage

Bronchoscopy with bronchoalveolar lavage (BAL) 2.63

31720 Catheter aspiration (separate procedure); nasotracheal Nasotracheal suctioning 1.06
32551 Tube thoracostomy includes connection to drainage 

system (e.g., water seal), when performed, open 
(separate procedure)

Standard chest (thoracostomy) tube insertion 3.04

32554 Thoracentesis, needle or catheter, aspiration of the 
pleural space; without imaging guidance

Bedside needle/catheter thoracentesis 1.82

36556 Insertion of non-tunneled centrally inserted central 
venous catheter; age 5 years or older

Standard percutaneous central venous catheter insertion 2.50

36620 Arterial catheterization or cannulation for sampling, 
monitoring or transfusion (separate procedure); 
percutaneous

Insertion of indwelling percutaneous arterial catheter 1.15

36625 Arterial catheterization or cannulation for sampling, 
monitoring or transfusion (separate procedure); 
cutdown

Cutdown insertion of indwelling arterial catheter 2.11

43241 Esophagogastroduodenoscopy, flexible, transoral; with 
insertion of intraluminal tube or catheter

EGD with tube insertion 2.49

43246 Esophagogastroduodenoscopy, flexible, transoral; with 
directed placement of percutaneous gastrostomy tube

EGD with PEG insertion 3.56

43761 Repositioning of a naso- or orogastric feeding tube, 
through the duodenum for enteric nutrition

Repositioning of nasogastric or orogastric tube into duodenum for 
enteral nutrition

2.01

93503 Insertion and placement of flow-directed catheter (e.g., 
Swan-Ganz) for monitoring purposes

Pulmonary artery (Swan-Ganz) catheter insertion 2.91
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 necessary during the patient’s intensive care stay, which is 
often during the global package postoperative period follow-
ing one or more procedures. In order to receive payment for 
those services and procedures, modifiers must be applied to 
the additional procedure(s) and/or service(s) the patient is 
receiving during the global period.

In order to qualify for payment, in addition to providing 
the modifier, there should also be sufficient documentation to 
indicate that the service or procedure is unrelated to the 
global package’s procedure. For example, the management 
of a preexisting condition (i.e., diabetes, hypertension, 
chronic renal failure) is separately payable during the post-
operative period even if it is performed by the same physi-
cian (or the physician’s partner in the same group and 
specialty) who performed the operation. However, manage-
ment of conditions “typically” associated with the operation 
(i.e., wound care, incisional pain management, suture 
removal) is not separately payable.

Unfortunately, there is some confusion related to the con-
cept of what constitutes a “typical” condition during the 
postoperative period, because CMS’ guidance, published in 
Chap. 12 of the Medicare Claims Processing Manual [3], is 
actually unclear. In one section, it states that the global pack-
age payment covers treatment for postoperative complica-
tions that do not require a return trip to the operating room. 
Thus, opening an infected wound postoperatively at the bed-
side would likely not be separately paid. However, elsewhere 
in the same document, treatment for a condition that is 
“above and beyond the usual preoperative and postoperative 
care associated with the procedure or service that was per-
formed” is payable as long as the appropriate modifier is 
applied for the additional E&M service. Of course, in most 
cases, opening a postoperative wound infection at the bed-
side is not “usual” postoperative care for most procedures 
but distinctly unusual (although not extremely rare). 
Nevertheless, billing for opening an infected wound at bed-
side is often a futile effort, as payments for such procedures 
are usually denied.

Because of the confused guidance, therefore, if a physi-
cian provides a service or procedure during the postoperative 
period and the physician wishes to be paid for that service, it 
is important to document clearly how it is that the condition 
being treated is unrelated to the procedure for which a global 
package period is in effect. For example, if a patient develops 
pneumonia following an operation for major liver trauma, it 
is important to document that the pneumonia is related to the 
patient’s rib fractures, pulmonary contusion, or heavy seda-
tion requirements and not specifically to the operative proce-
dure performed to control the liver hemorrhage. (Note that it 
is also important to do so from the hospital’s standpoint, as 
the hospital gets penalized if the pneumonia is attributed to 
the patient’s mechanical ventilation.)

The modifiers applied by the intensivist should be applied 
to the E&M service billing and to any procedural billing per-
formed during the global package procedures. There may, in 
fact, be overlapping global package periods in some patients. 
These don’t affect the need for modifiers, but documentation 
must provide evidence that the postoperative procedures and 
services are unrelated to the procedures with active global 
periods.

While there are currently 379 modifiers that have been 
established for CPT codes, only a few are commonly used in 
critical care:

 1. Modifier 24 (“Unrelated Evaluation and Management 
Service by the Same Physician or Other Qualified Health 
Care Professional During a Postoperative Period”). This 
indicates that the E&M service is being performed during 
a global package period of a procedure that was per-
formed by the same physician (or his or her partner from 
the same specialty), but the E&M service (e.g., clinical 
note such as 99291/99292) is unrelated to the procedure. 
In order to meet the latter criterion, it is most effective if 
the physician’s note focuses on the management of diag-
noses that are different from the diagnoses related to the 
operation.

 2. Modifier 25 (“Significant, Separately Identifiable 
Evaluation and Management Service by the Same 
Physician or Other Qualified Health Care Professional on 
the Same Day of the Procedure or Other Service”). This 
modifier is applied to an E&M service that is provided on 
the same day as a procedure but is unrelated to the proce-
dure. Typically, this is used in cases where the procedure 
has a 0-day or 10-day global package period. Again, the 
note for which the E&M code is being applied should 
refer to conditions or diagnoses unrelated to the condition 
for which the procedure is being performed. For example, 
a central venous catheter (CPT 36556) is introduced for 
hypovolemia (ICD-10-CM E86.1), while the daily critical 
care note covering 38 min of time (CPT 99291) refers to 
the patient’s other conditions of respiratory failure, hypo-
natremia, oliguria, and hypotension (ICD-10-CM codes 
J96.20, E87.1, R34, and I95.89, respectively).

 3. Modifier 57 (“Decision for Surgery”). This is applied for 
any E&M service where the patient is evaluated, and it is 
determined that the patient should undergo operative sur-
gery. The code is usually applied in cases of major (i.e., 
90-day global surgery package periods) operations and is 
needed for E&M services applied the day before or the 
day of the operation. In contrast to the other E&M service 
modifiers listed here, the diagnosis for the E&M service 
can (and probably should) be the same as the diagnosis 
for the operation. In other words, this is a “related” E&M 
service as opposed to an unrelated E&M service. This 
modifier is rarely, if ever, appropriate for admission 
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 history and physical examinations performed on the day 
of admission for a patient undergoing a scheduled elec-
tive operation; the decision an elective operation was 
made previously, for example, in the clinic, and that E&M 
service should have already been billed.

 4. Modifier 59 (“Distinct Procedural Service”). In contrast 
to the modifiers described above, this is a modifier applied 
to procedural CPT codes instead of E&M service CPT 
codes. It specifies that the procedure for which it is being 
applied was done on the same patient during the same day 
by the same physician (or that physician’s partner of the 
same specialty and the same group), but it was performed 
at a different time, or on a different site, through a differ-
ent incision, or on a different body area. For example, if a 
tracheostomy (CPT 31600) is performed by the same 
physician who also subsequently performs a percutane-
ous endoscopic gastrostomy (PEG) insertion (CPT 
43246), a 59 modifier should be applied to the PEG pro-
cedure, as it is the lesser valued procedure (3.56 vs. 7.17 
work RVUs).
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Tracheostomy in the ICU

Maher M. Matar, Stephen A. Fann, and Bruce A. Crookes

 Introduction

A tracheostomy is a surgical procedure that establishes a 
stoma between the trachea and the overlying skin of the ante-
rior neck. Technical proficiency in this procedure is required 
by all trauma and acute care surgeons involved in the man-
agement of critically ill patients. Knowledge of the indica-
tions, contraindications, potential complications, and the 
optimal timing of the procedure is crucial and will be dis-
cussed herein. A discussion of the pertinent landmarks and 
surface anatomy will be addressed in the procedure portion 
of the chapter (Fig. 63.1).

The modern day, open tracheostomy was first described in 
detail by Chevalier Jackson in 1909, but the procedure dates 
to Egypt, 3600 BC. Percutaneous tracheostomy was popular-
ized by Pasquale Ciaglia in 1980s and, since then, has 
evolved into the most popular method of performing the pro-
cedure, with the introduction of prepackaged “tracheostomy 
kits” such as the Ciaglia Blue Rhino® and the Portex® 
GRIGGS®, to mention a few.

 Indications

The indications for performing a tracheostomy are three-
fold: ventilator “dependence,” upper airway obstruction, 
and facilitation of pulmonary toilet. The clinical settings in 
which these indications might manifest include an inability 
to protect the airway due to vocal cord trauma or paralysis, 
severe traumatic brain injury leading to a low Glasgow 
Coma Scale score, complex tracheal surgeries, and high 

cervical spine injury, to mention a few. In addition, there 
exists a group of patients that require prolonged mechani-
cal ventilator support due to an inability to wean from the 
ventilator. Most trauma and acute care surgeons agree that 
this group would benefit from tracheostomy as well, 
although there is little consensus on this indication as to its 
benefit and its timing. Tracheostomy also enhances two-
way communication with the patient, facilitating oral 
hygiene and pulmonary toilet.

 Complications

Complications can be divided into early and late. In gen-
eral, open surgical tracheostomy exhibits an overall com-
plication rate of 10% during the procedure and 3% 
post-procedure. Percutaneous tracheostomy exhibits an 
overall complication rate of 10% and 7%, during and post-
procedure, respectively [1].

 Early Complications

Early delineates a period of up to 7- days post tracheos-
tomy. The most common complications in this period are 
post- procedure hemorrhage and pneumothorax. Major 
bleeding is estimated at 0–7% in open tracheostomy, 
whereas minor bleeding occurred in up to 2% of patients 
receiving either open or percutaneous tracheostomy. Other 
complications include pneumomediastinum (0–4%), sub-
cutaneous emphysema (0–4%), tracheal fracture during 
dilation of the tract, airway fires due to cautery use, 
unplanned decannulation, and loss of airway and mucus or 
hematoma plug leading to airway obstruction. One unique 
complication of percutaneous tracheostomy is false pas-
sage of the tracheostomy tube into the subcutaneous space 
anterior to the trachea which occurs in up to 4% of cases. 
In rare instances, early opportunistic skin infections may 
occur as well [1–3].
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 Delayed Complications

Delayed complications can include any of the above compli-
cations occurring 7  days after the procedure, along with 
some unique issues that may arise beyond this time point. 
Delayed complications include wound infection, which can 
lead to inflammatory changes in the trachea resulting in ste-
nosis in the long term, fistula formation between the trachea 
and surrounding structures (such as the esophagus and arte-
rial structures), and failure of wound closure.

Granulation tissue accumulation as a result of infection and 
inflammation leads to laryngotracheal stenosis. This may be 
avoided by limiting the size of the initial incision and main-
taining cuff pressures below 25 mmHg. Furthermore, ensuring 
proper tracheostomy care and minimizing infection are also 
crucial to avoid the formation of excessive granulation tissue.

Probably the most dreaded complication with tracheosto-
mies, and one that thankfully occurs in less than 1% of patients, 
is the tracheoinnominate artery fistula (TIAF) formation. In 
this complication, whose peak incidence is at 7–14 days post-
procedure, a fistulous tract forms between the innominate 
artery, which resides below the sternum, and the trachea as a 
result of pressure necrosis. This complication usually results in 
immediate life-threatening hemorrhage. To avoid this compli-
cation, the tracheostomy should remain above the fourth tra-
cheal ring. Fifty percent of these cases will present with a 
self-limiting sentinel bleed; as a result, any bleeding that occurs 
3–6 days after insertion of a tracheostomy should be assumed 
to be a tracheoinnominate fistula until proven otherwise.

If a fistula is suspected after a sentinel bleed, the tracheal 
tube cuff should be maximally inflated, to allow for compres-
sion of the fistula and artery against the sternum, bronchos-
copy should be performed to assess for the bleeding source, 
and the amount of blood in the trachea and bronchi should be 

noted. This also allows for pulmonary toilet and clearing the 
blood from the bronchi, to optimize ventilation. Of note, the 
bronchoscope can be passed through the nasopharynx to 
examine the tracheal tissue surrounding the tube as well. If 
the concern for TIAF persists, a computed- tomography angi-
ography of the neck and chest should be performed.

In the actively bleeding patient, orotracheal intubation should 
be established, and the tracheostomy tube removed, allowing 
for a finger to pass through the tracheostomy site and press the 
artery against the sternum, known as the Utley maneuver, at 
which point emergency surgical intervention is required [4]. 
Mortality is extremely high due to an inability to ventilate and 
properly oxygenate the patient [5]. There have been multiple 
reports of successful repair of TIAF via endovascular and/or 
interventional radiologic approaches published in the literature.

 Timing of Tracheostomy

One of the controversial questions that a clinician tending to 
the care of critically ill patients is challenged with is the tim-
ing of tracheostomy. In 2005, Rumbak and colleagues ran-
domly assigned 128 patients prospectively into an early 
tracheostomy group (48  h) versus late tracheostomy (14–
16 days) in patients that were predicted to require >16 days 
of mechanical ventilation. The early tracheostomy group 
showed significantly lower mortality rates at 30 days, lower 
rates of pneumonia, decreased sedation requirements, less 
time on ventilator, and a shorter length of stay in the ICU [6]. 
A well-executed systematic review and meta-analysis by 
Siempos and colleagues, published in the Lancet in 2015, 
sought to address this issue once again. Their analysis 
showed statistically significantly less cases of ventilator- 
associated pneumonia, shorter time on ventilator, earlier 

Fig. 63.1 Relevant anatomy for tracheostomy placement drawn on the skin before (left panel) and after (right panel) sterile draping of the area
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patient mobilization, and a decrease length of stay in the 
ICU. They failed to show an improvement in mortality out-
comes between early tracheostomy (<48  h) and late 
(>15 days) [7]. In many intensive care units, time to trache-
ostomy is being used as a quality indicator by administrators, 
despite the controversy surrounding the subject.

 Open Surgical Tracheostomy 
Versus Percutaneous Tracheostomy

The choice of performing an open or a percutaneous tracheos-
tomy depends strictly on individual patient characteristics and 
the surgeon’s comfort with the technique. Patients with a pre-
vious history of mantle radiation, neck trauma, neck surgery, 
tracheal surgery, or any condition that would lead to an ana-
tomic deviation from normal should be taken to the operating 
room for an open tracheostomy. However, one common mis-
conception is to automatically assume that any adverse ana-
tomic factor will make the decision weigh more heavily in 
favor of an open tracheostomy. The most common of these is 
obesity, and particularly in severely obese patients with very 
short and thick necks. While this does increase the difficulty of 
performing a percutaneous tracheostomy, it arguably has a 
more significant adverse impact on the performance of an 
open tracheostomy than the percutaneous approach. We do not 
consider obesity to be a contraindication to percutaneous tra-
cheostomy, and in fact have found the percutaneous approach 
to be significantly faster and less technically difficult than per-
forming an open tracheostomy in this patient population.

A recent Cochrane Review conducted by Brass and col-
leagues in 2015 looking at the literature surrounding open 
and percutaneous tracheostomies showed that there exists 
no difference in the mortality rates or hemorrhage rates 
between the two procedures. Furthermore, the review 
showed no difference in the rate of tracheostomy tube occlu-
sion, accidental decannulation, or difficulty in tube change 
between the two groups. The review did, on the other hand, 
show that rates of wound infection and stomatitis, and rates 
of unfavorable scarring, were decreased in the patients 
receiving percutaneous tracheostomy by 76% and 75%, 
respectively [8].

The authors would strongly recommend that any surgeon 
performing tracheostomy be comfortable with both tech-
niques. Knowledge of the skills required for both types of 
procedures allows the surgeon the ability to use the alterna-
tive technique as a rescue procedure, in the event of a com-
plication during the procedure. If the surgeon and surgical 
assistant are not comfortable with manipulation of the endo-
tracheal tube and performing emergent rapid reintubation if 
the tube is prematurely dislodged, then an additional airway 
expert should be present for assistance during the critical 
parts of the procedure.

 Prophylactic Antibiotics

Surgical and percutaneous tracheostomy is considered to be 
clean-contaminated cases, due to the necessary violation of 
the airway, but there is a scant body of literature surrounding 
the topic of prophylactic antibiotics. Surgical site infections in 
percutaneous tracheostomy are cited at up to 7%. One recent 
study by Hagiya and colleagues retrospectively examined 
patients in their ICU that had received prophylactic antibiotics 
prior to percutaneous tracheostomy and compared them to 
those that did not receive antibiotics. The authors found that 
the overall surgical site infection (SSI) rate was 7.25%, and 
patients who received prophylactic antibiotics had statistically 
significantly less cases of SSI, as compared to those who did 
not receive antibiotics (0.88% and 7.25%, respectively) [9]. 
Our practice is to not administer pre- procedural antibiotics.

 Cricothyroidotomy Conversion 
to Tracheostomy

The classical surgical teaching has been to convert an emer-
gent cricothyroidotomy into a tracheostomy to avoid subglot-
tic stenosis, as described by Chevalier and Jackson in 1921. A 
recent review published by Talving and colleagues reported 
that the actual incidence of tracheal stenosis post cricothy-
roidotomy was 2.2% overall and 1.1% in trauma patients spe-
cifically [10]. This finding challenges the need to expose 
critically the critically ill patient to further manipulation of 
the airway once cricothyroidotomy has been established.

 Procedure

To-do Checklist Prior to Procedure

• Review the patient’s history for contraindications of per-
cutaneous tracheostomy and for history of neck trauma 
that may impede neck mobility.

• Review existing imaging for high-riding innominate 
artery.

• Review patient chart for list of medications and identify 
coagulation status (heparin, low molecular weight hepa-
rin, aspirin, novel anticoagulants, etc.).

• Patient consent.

Equipment Checklist

• Medications:
 – Pain management including local analgesia
 – Sedative agent
 – Paralytic agent

• Bronchoscope with suction
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• Sterile gloves, gowns, hair net, face mask, and drape
• Percutaneous tracheostomy set
• Cuffed tracheostomy tube (multiple sizes, balloon tested)
• Tracheostomy kit with Army-Navy retractors, hemostats, 

tracheal hook, and tracheal dilator (on standby)
• Backup endotracheal airway kit

 Step-by-Step Technique

Positioning

• If the patient is not on C-spine precautions, place a 5-inch 
rolled towel behind the upper back to allow for a mild 
extension of the neck, displacing the trachea anteriorly 
(Fig.  63.2). This is particularly critical in patients with 
obesity and/or shorter neck lengths.

• The patient should be up high in the bed to allow for bron-
choscopy and reintubation if needed.

• Patients in C-spine precautions should have the collar 
removed and C-spine precautions maintained by a dedi-
cated individual. The use of roles on either side of the 
head can be helpful.

Administer medications

• Vitals should be continuously monitored throughout the 
procedure.

Perform bronchoscopy

• Ensure that the endotracheal tube does not move with the 
bronchoscope, as the patient may become inadvertently 
extubated.

• Clear out the airway by suctioning the trachea and tube 
clear from mucus, and collect samples for culture if 
needed.

• Identify the second tracheal space from within the tube 
with the bronchoscope.

Using sterile technique

• Identify the anatomy of the trachea using external land-
marks and transillumination from the bronchoscope aim-
ing for the second or third inter-tracheal space (Fig. 63.3).

• Inject local anesthetic.
• Make a vertical or horizontal incision approximately 2 

fingerbreadths above the sternal notch (Fig. 63.3).

Fig. 63.2 Neck position in extension with pillow below shoulders, 
brings trachea anterior

Fig. 63.3 Incision two fingerbreadths from the sternal notch
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 – Ensure that the incision is big enough to accommodate 
the dilators and the cuffed tracheostomy tube.

 – Note: horizontal incisions deliver best aesthetic results 
with risk of injuring the anterior jugular veins that 
travel on either side of the trachea, while vertical inci-
sions allow for the needle to be repositioned if need be.

• With the incision made through the skin, identify the tra-
cheal anatomy using your finger.

• Have the endotracheal tube pulled back until you can feel 
its tip at the second tracheal ring.

• Insert the finder needle under bronchoscopic guidance to 
ensure that the needle is in the midline.

• Pass the guidewire through the needle and then remove 
the needle (Fig. 63.4).

• Pass the series of dilators provided in the kit under direct 
visualization, and keep the trachea stable in the midline 
with the non-dominant hand as you do this. You may need 
to pass the dilator a few times to facilitate the insertion of 
the tracheostomy tube (Fig. 63.5).

• Place the tracheostomy tube with the introducer (obtura-
tor) into the tracheostomy under direct visualization. This 
may require some gentle pressure (Fig. 63.6).

• Remove the introducer (obturator) and the guidewire and 
insert the inner cannula.

• Pass the bronchoscope into the tracheostomy tube to 
confirm placement and position by identifying the carina 
and suction out blood that may be in the trachea 
(Fig. 63.7).

• Inflate the balloon and connect the patient to the ventila-
tor – look for return of end-tidal CO2 on the ventilator.

• Secure the tracheostomy tube with the neck strap pro-
vided, along with sutures to the skin (sutures are optional).

• Gauze may be placed around the tracheostomy tube to 
control bleeding, ensuring that it does not elevate the tra-
cheostomy tube significantly off the skin.

Fig. 63.4 Initial dilator with guidewire in place

Fig. 63.5 Subsequent Blue Rhino® dilator with guidewire in place

Fig. 63.6 Tracheostomy tube introduced with 28 Fr dilator
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Post-placement items

• Obtain a portable chest x-ray to confirm position and 
depth of the tracheostomy tube, and rule out any compli-
cations such as pneumothorax or lobar collapse.

• Assess for any signs of a cuff-leak, usually manifest as 
audible gurgling with respirations. If present this usually 
indicates the cuff was damaged during insertion, and the 
tube should be replaced.

• Document the procedure, the postoperative x-ray find-
ings, and any guidance for tracheostomy care in a detailed 
procedure or operative note on the chart.
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Feeding Gastrostomy Tubes

Brittany K. Bankhead-Kendall and Jayson Aydelotte

Oftentimes enteral feedings need to be transitioned from the 
nasogastric tube or orogastric tube to a gastrostomy tube. This 
form of nutrition is often most suitable for patients who are 
physiologically or anatomically unable to swallow safely. 
This chapter addresses the indications for feeding gastrostomy 
tubes, techniques of placement, and potential complications.

 Indications

Feeding gastrostomy tubes are most often indicated when 
patients have a functional swallowing problem or have a 
structural anomaly that prevents safe, effective swallowing, 
most commonly head and neck tumors or cerebral dysfunc-
tion. Neurologic deficits caused by stroke, subarachnoid 
hemorrhage, severe traumatic brain injury, or anoxic injury 
can lead to dysphagia and need for an alternative, more long- 
term route of enteral nutrition. The most common indication 
for gastrostomy is dysphagia secondary to stroke [1]. Norton 
et al. randomized patients who suffered debilitating strokes 
to receive tube feedings via percutaneous endoscopic gas-
trostomy (PEG) or prolonged nasogastric tube (NGT) feed-
ings. Patients who required enteral tube feeds 14 days 
poststroke were randomized. Patients who underwent early 
gastrostomy placement had a lower 6-month mortality (12% 
vs 57%), received a higher proportion of their goal tube feed 
volume (94% vs 78%), and had a significantly better improve-
ment in their serum albumin concentration at 6 weeks [2].

A more recent study, the “Feed or Ordinary Diet” 
(“FOOD”) trial was a family of three separate multicenter 
prospective trials. Trial 1 incorporated patients who could 

swallow within 30 days of admission and were randomized 
to normal diet or normal diet plus oral nutritional supple-
ments. Trial 2 evaluated patients with dysphagia who were 
assigned an early enteral tube feeding vs waiting at least 
1 week for enteral feeding. The third arm of the trial evalu-
ated patients with dysphagia who were randomized to naso-
gastric tube feedings or PEG tube feedings. This third trial 
included 321 patients in 47 hospitals across 11 countries. 
Outcomes included overall mortality, survival with a poor 
functional outcome, and survival with a good overall func-
tional outcome. There was no statistically significant differ-
ence between the NGT feeding group and PEG tube feeding 
group for any of the outcome measures [3].

Head and neck cancers, as well as proximal esophageal 
tumors, may also necessitate more distal feeding access. As 
tumors enlarge and either cause mass effect or invasion of 
the esophageal lumen, food is unable to successfully pass 
these areas. Gastrostomy tubes are a reasonable alternative 
method of nutrition, provided an appropriate operative 
approach is taken while taking into consideration the pri-
mary tumor. A systematic review in 2014 evaluated several 
randomized controlled trials, as well as non-experimental 
studies comparing PEG tube feeding to NG tube feeding. 
Overall, the review showed that PEG tubes and NG tubes 
had equivalent outcomes when comparing weight mainte-
nance in patients with head and neck cancers, as well as no 
difference in disease-free or overall survival [4].

 Technique

Four general forms of gastrostomy tube placement exist: 
open gastrostomy placement, percutaneous endoscopic gas-
trostomy (“PEG”), laparoscopic gastrostomy, and radiologic 
placement. Open gastrostomy tubes are created using an 
upper midline incision; the stomach is directly visualized and 
a gastrostomy is made. A feeding tube is placed through the 
abdominal wall and into the lumen of the stomach through a 
separate incision. The laparoscopic approach is very  similar. 
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Laparoscopic access is obtained and the  stomach directly 
visualized. The gastrostomy tube is generally placed through 
a separate stab incision in the abdominal wall or through a 
5 mm working port into the abdomen and then again into 
the stomach. In both the laparoscopic and open procedures, 
the gastrostomy is typically fixed with a purse- string- type 
suture, and then the stomach is fixed to the abdominal wall 
with suture around the opening for the tube.

A meta-analysis of 22 studies comprising 5752 patients 
compared open gastrostomy, laparoscopic gastrostomy, and 
percutaneous gastrostomy tubes in children. There were no 
differences in major complications (death or reoperations) 
between open gastrostomy and PEG or between open gas-
trostomy and laparoscopic gastrostomy. However, there was 
a statistically significantly lower likelihood of major compli-
cations between laparoscopic gastrostomy tube placement 
and PEG [5].

Oliveira et al. performed a retrospective evaluation of all 
feeding gastrostomies performed in a single institution over 
a 13-year period. In general there was a preponderance 
increasing frequency of PEGs versus other surgical 
approaches over that time period. There were no significant 
differences between laparoscopic and PEG major complica-
tions. However, there was an increased mortality and major 
complication rate in open gastrostomy placement over 
PEG. But these open gastrostomies were almost all done as a 
part of other major surgeries as an adjunct and not a primary 
feeding procedure, as were nearly all the PEGs and laparo-
scopic gastrostomy tubes in this study [6].

Another study comparing PEG vs open gastrostomy in 
lung transplant recipients evaluated the National Inpatient 
Sample as a large retrospective analysis over a 5-year period. 
A total of 215 patients were included. There was no differ-
ence in venothromboembolic complications, urinary tract 
infection, surgical site infection, or myocardial infarction 
between the two groups. However, there was a statistically 
significant increase in mortality acute renal failure in the 
PEG group [7].

Mizrahi et al. retrospectively evaluated all the open and 
laparoscopic gastrostomy tubes in a single institution over an 
8-year period. 71 patients were included in the study, 46 
open gastrostomy tube patients and 25 laparoscopic gastros-
tomy tube placement patients. While laparoscopic placement 
took significantly longer 77 min vs 56 min, there were no 
differences in major complications including mortality [8].

PEG tubes are placed using the “push” or “pull” method. 
In both techniques, an endoscope is placed into the stomach 
and the stomach insufflated with air. An assistant then pal-
pates the upper abdomen with one finger, and the indentation 
is seen with the gastroscope. The abdominal wall is transil-
luminated, and the light is seen by the assistant looking at the 
abdominal wall skin. The “pull” method requires a needle to 
be placed through the abdominal wall and into the stomach. 

A wire is then placed through the needle, grasped by the 
endoscope, and pulled out of the mouth. The actual gastros-
tomy tube is then placed over the wire or connected to the 
wire, and the wire/tube is then “pulled” through the needle 
gastrotomy and the abdominal wall. In this technique the 
tube is fixed to a seamless dilator system that dilates the nee-
dle gastrotomy as it’s being pulled through. The lumen end 
of the tube is flanged, and the flange is held against the stom-
ach wall and the stomach against the abdominal wall by fric-
tion when a soft bumper is placed around the tube on the skin 
side of the abdominal wall. The “push” technique is done 
under direct visualization with the endoscope as well. A nee-
dle is inserted into the stomach, and oftentimes the stomach 
is fixed against the peritoneal surface of the abdominal wall 
with fasteners under direct visualization. A wire is placed 
through the needle and a system of dilators is used from the 
skin side of the abdominal wall going into the stomach 
lumen. The tube is then placed into the gastrostomy from the 
skin side and held in place with a similar bumper system.

Kohler et al. performed a single-institution retrospective 
review of both types of PEG placement, 131 “pull” PEGs 
and 100 “push” PEGs. A total of 231 patients received a 
PEG. The overall complication rate (33% vs 21.4%), tube 
dislocation (12% vs 3.8%), and PEG occlusion (10% vs 
0.8%) were significantly higher in the “push” method vs the 
“pull” method [9]. This is in contrast to an earlier study ret-
rospectively comparing the two techniques. In a much 
smaller sample size, the push technique had significantly 
fewer (0%) overall complications than the pull technique 
(30%) [10]. Pull-PEGs were more likely to have tube dislo-
cation, and push-PEGs were associated with more occlu-
sions over a 10-day follow-up period. Notably, only 2.2% of 
patients required a reoperation due to a complication of 
either method [1]. Overall, it does not appear as though there 
is a definitive answer to which type of method should be 
employed on a regular basis. Taking into account the 
patient’s pathology and current anatomy, as well as surgeon 
and endoscopist’s comfort level with either technique, 
would be appropriate factors to take into consideration when 
deciding on type.

Radiologic gastrostomy tubes are placed by an interven-
tional radiologist. Different methods have been described 
using fluoroscopic, CT, or ultrasound guidance. A nasogas-
tric tube is often placed for administration of air for better 
visualization of the gastric bubble during the procedure, and 
occasionally contrast is given as well in order to potentially 
aid in identification of the colon during placement. The tech-
nique is generally to percutaneously access the stomach and 
then use a modified “push” technique with or without gastro-
pexy with fasteners [1]. A recent single-institution retrospec-
tive review comparing radiologic versus endoscopically 
placed gastrostomy tubes failed to show a difference in over-
all or major complications [11].
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 Complications

Complications of gastrostomy tubes can be both early and 
late and usually range from 3% to 8%. Technical complica-
tions of the procedure fall into the early category and vary by 
how the gastrostomy tube was placed. All procedure types 
can be complicated by bleeding or infection; additionally, 
leaking around the tube is common, especially immediately 
after placement. Poor nutritional status among all patients 
can lead to delayed wound healing.

Tube site wound infection is one of the more common 
complications: the literature reports a very wide range of 
these, between 5% and 65%. These mild infections (not 
merely erythema, but with evidence of purulent drainage) 
are usually treated with topical antibiotics and daily dressing 
changes. However, intravenous cephalosporin is the gold 
standard for treatment of these wound infections [12]. 
Peristomal leakage is another complication of gastrostomy 
tubes; this can be hastened by the reason for the tube place-
ment, most commonly malnutrition. Trying to place a larger 
tube usually leads to more problems, so recommendations 
are generally to remove the tube and allow complete healing 
and/or place a feeding tube in a separate site.

Tube dislodgement is a common reason for emergency 
room visit among patients with PEG tubes. If the tube slides 
in, it could cause a gastric outlet obstruction; if it slides out, 
the tract could theoretically close or, worse, could be lodged 
in the abdominal wall or peritoneal cavity and cause sepsis, 
even death. If the tube is inadvertently pulled and the tract is 
mature (over 1 week old), a new one can be safely replaced 
and a fluoroscopic tube study done to confirm placement.

Aspiration pneumonia is one of the common complica-
tions following PEG tube placement, especially in elderly 
patients with dementia. Rates can be as high as 18% (higher 
than that of site infection in the same study). Mortality fol-
lowing PEG tubes is exceedingly rare and most often attrib-
uted to the underlying illness for which the PEG tube was 
placed [12].

Another potential complication in patients undergoing 
PEG placement for enteral feeding access with head and neck 
cancers is seeding of the abdominal wall with metastatic can-
cer cells, ostensibly drug through the wound during the actual 
procedure. Fung et al. retrospectively reviewed 777 cases of 
PEG tube placement in patients with head and neck cancer 
over a 5-year period in two separate academic institutions. 
Five patients (<1%) had identified abdominal wall metasta-
ses with an average follow-up of 27.55 months; all were via 
the pull technique. All of the patients with stomal metastases 
also presented at the time with widespread distant metastases 
and had initial presentations of stage IV cancer [13].

Open gastrostomy tubes have an adjacent larger incision 
which necessitates keeping the wounds separate and ensur-
ing no leaking of stomach contents into the nearby wound. 

Additionally, laparoscopic and open procedure necessitate 
general anesthesia which often carries a higher periopera-
tive cardiopulmonary risk. PEG tubes and radiologic tubes 
are not placed under direct visualization and as such could 
inadvertently traverse adjacent structures, including the 
colon. This is best avoided by confirmation of transillumina-
tion using the endoscope before the initial needle placement. 
PEG tubes may be complicated by iatrogenic esophageal 
perforation secondary to the endoscopic portion of the pro-
cedure. Late complications can include leaking of tube feeds 
or enteral contents, eroding bumper, and displacement of 
 feeding tube.

Overall, gastrostomy tube placement is a relatively safe 
procedure that can be very helpful in maintaining good nutri-
tion in those patients who cannot safely swallow. The vari-
ous techniques for placement are all relatively safe, and there 
is no concrete data suggesting one particular method of 
placement is more or less safe.

References

 1. Lyon S, et al. Percutaneous gastrostomy and gastrojejunostomy. 
Semin Interv Radiol. 2004;21(3):181–9.

 2. Norton B, et al. A randomised prospective comparison of percuta-
neous endoscopic gastrostomy and nasogastric tube feeding after 
acute dysphagic stroke. Br Med J. 1996;312(7022):13–6.

 3. Dennis M. FOOD: a multicentre randomised trial evaluation feed-
ing policies in patients admitted to hospital with a recent stroke. 
Health Technol Assess. 2006;10(2):iii–v, ix–x, 1–120

 4. Jinfeng W, et al. Percutaneous endoscopic gastrostomy versus naso-
gastric tube feeding for patients with head and neck cancer: a sys-
tematic review. J Radiat Res. 2014;55(3):559–67.

 5. Baker L, et al. A systematic review and meta-analysis of gastrostomy 
insertion techniques in children. J Pediatr Surg. 2015;50(5):718–25.

 6. Oliveira GP, et al. The role of surgical gastrostomy in the age of endo-
scopic gastrostomy: a 13 years and 543 patients retrospective study. 
Revista espanola de enfermedades digestivas: organo oficial de la 
Sociedad Espanola de Patologia Digestiva. 2016;108(12):776–9.

 7. Taghavi S, et al. Comparison of open gastrostomy tube to percuta-
neous endoscopic gastrostomy tube in lung transplant patients. Ann 
Med Surg. 2015;5:76–80.

 8. Mizrahi I, et al. Comparison of laparoscopic versus open approach 
to gastrostomy tubes. J Soc Laparoendosc Surg. 2014;18(1):28–33.

 9. Kohler G, et al. Comparison of 231 patients receiving either “pull- 
through” or “push” percutaneous endoscopic gastrostomy. Surg 
Endosc. 2015;29(1):170–5.

 10. Tucker AT, et al. ‘Push’ versus ‘pull’ percutaneous endoscopic gas-
trostomy tube placement in patients with advanced head and neck 
cancer. Laryngoscope. 2003;113(11):1898–902.

 11. Galaski A, et al. Gastrostomy tube placement by radiological ver-
sus endoscopic methods in an acute care setting: a retrospective 
review of frequency, indications, complications, and outcomes. Can 
J Gastroenterol. 2009;23(2):109–14.

 12. Rahnemai-Azar A, et al. Percutaneous endoscopic gastrostomy: 
indications, technique, complications, management. World 
J Gastroenterol. 2014;20(24):7739–51.

 13. Fung E, et al. Incidence of abdominal wall metastases following 
percutaneous endoscopic gastrostomy placement in patients with 
head and neck cancer. Surg Endosc. 2016;30:1–5.

64 Feeding Gastrostomy Tubes



649© Springer International Publishing AG, part of Springer Nature 2018
A. Salim et al. (eds.), Surgical Critical Care Therapy, https://doi.org/10.1007/978-3-319-71712-8_65

Central Line Placement

Marc D. Trust and Pedro G.  R. Teixeira

 Introduction

Establishing intravenous access is an essential and early step 
in most acute care situations. Cannulation of peripheral veins 
with short- and large-bore catheters is the initial choice as it 
provides quick access for initial resuscitation allowing rapid 
infusion of fluids and medications. Patients admitted to the 
intensive care unit, however, frequently require central 
venous access. Central venous catheters (CVCs) not only 
provide a route to administer a wide variety of medications 
necessary for the critically ill patient but can also be used to 
obtain hemodynamic and physiologic information at the 
bedside that aids in treatment decision making. Table 65.1 
lists many of the common indications for CVC placement; 
however, a comprehensive discussion of all these indications 
is beyond the scope of this chapter.

It is estimated that 5–7 million CVCs are placed in the 
United States each year, leading to an estimated 15 million 
days of CVC exposure [1–3]. While CVCs are an essential 
tool in the intensive care setting, they do not come without 
risks, both mechanical and infectious, that not only lead to 
increased length of hospital stay and costs but also have the 
potential for severe morbidity and mortality [4–6]. The tech-
nical aspects of CVC insertion are of paramount importance, 
considering that a sixfold increase in mechanical complica-
tions has been described when more than two attempts are 
necessary for line insertion [4]. For that reason, excellent 
knowledge of the anatomy and operative technique are 
essential. In this chapter, we will discuss appropriate catheter 
site selection, review the pertinent anatomy and technique 
for insertion of CVCs, and discuss the potential complica-
tions and their management.

 Catheter Type and Insertion Site Selection

Numerous types of catheters for central insertion are avail-
able. Multi-lumen catheters are convenient for patients 
requiring infusion of multiple types of fluids and drugs and 
have not been found to increase the risk of septic complica-
tions compared to single-lumen catheters [7]. Because these 
catheters are relatively long and each individual lumen has a 
small diameter, they are not suitable for rapid fluid infusion. 
If the main purpose for the CVC is rapid fluid administration, 
an introducer sheath should be selected instead. These 
sheaths are usually 8.5 Fr in diameter and significantly 
shorter than the multi-lumen catheters. They were originally 
designed to allow introduction of additional intravascular 
devices such as pulmonary artery catheters, but the side arm 
of the sheath can be connected to an IV line and used for 
rapid fluid infusion.

For those patients in whom central access is intended for 
hemodialysis, large-bore dual-lumen catheters specifically 
designed to provide the high flow rates required for dialysis 
should be used. Because these patients may need long-term 
hemodialysis and eventually require a definitive dialysis 
access such as an arteriovenous fistula or graft created in the 
upper extremities, the subclavian vein should be avoided to 
reduce the risk of central venous stenosis compromising the 
upper extremities as potential sites for dialysis access cre-
ation. In most instances, tunneling of CVC is not necessary 
during the acute phase in intensive care setting.

The sites available for direct percutaneous CVC insertion 
include the internal jugular, subclavian, and femoral veins. 
When selecting which of these sites to access, one must con-
sider multiple factors such as infectious risk, existing wounds 
and injuries such as those found in burn and trauma patients, 
the presence of appliances such as cervical collars, suspicion 
of underlying venous thrombosis, accessibility, and patient 
comfort. Because of the important implications of central 
line-associated blood stream infections (CLABSI), site- 
specific infection risks have become the main determinant of 
CVC site choice for patients in the intensive care unit. The 
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Centers for Disease Control and Prevention (CDC) currently 
recommends that the subclavian site be the primary option 
for central venous access due to this lower infectious risk [2]. 
The femoral site is associated with the highest rates of infec-
tion [8] and is usually not routinely recommended as a CVC 
insertion site unless central access is required emergently 
and the subclavian and jugular veins are not available for 
access. The CDC strongly recommends against the use of 
femoral vein for central venous access [2].

 Anatomy

As with most major venous structures in the body, the three 
possible sites for central venous catheterization have paired 
arteries that run in close proximity to the veins. The internal 
jugular vein is located bilaterally in the neck just lateral to 
the common carotid within the carotid sheath, with the vagus 
nerve running between these two structures. The junction of 
the sternal and clavicular heads of the sternocleidomastoid 
muscle just cephalad to the clavicular head marks the exter-
nal landmark for access.

The axillary vein becomes the subclavian vein as it enters 
the thoracic outlet crossing over the lateral edge of the first 
rib. The subclavian vein then runs from lateral to medial 
between the first rib and the clavicle, anteriorly to the ante-
rior scalene muscle, and then joins the ipsilateral internal 
jugular vein to form the brachiocephalic vein. The subcla-
vian artery lies just posterior and slightly cephalad to the 
vein. Typically, the appropriate puncture site is the junction 
of the medial and lateral thirds of the clavicle, which lies just 
lateral to the clavicle curvature found in many people. This 
area can also be quickly identified at the deltopectoral 
groove.

The boundaries of the femoral triangle are the inguinal 
ligament superiorly, the adductor longus medially, and the 
sartorius muscle laterally. It is within this triangle that the 
femoral structures can be found, with the lateral to medial 
orientation of the nerve, artery, and vein. During CVC inser-
tion in this location, care must be taken to ensure that the 
puncture is positioned caudal to the inguinal ligament, as 
injury to a vessel above this ligament could result in retro-
peritoneal hemorrhage that is not easily controlled with 
direct pressure.

 Technique

Continuous monitoring with electrocardiography and pulse 
oximetry during the procedure is recommended. All equip-
ment needed for the procedure should be available at the 
bedside. Most commercially available CVCs come in a set 
including sterile garment for prepping and draping, local 
anesthetics, needles, syringes, the catheter with wire and 
dilator, saline flushes, sutures and surgical instruments for 
securing the catheter to the skin, and supplies for sterile 
dressing application at the end of the procedure. Because of 
the variety of CVC kits available, the operator’s familiarity 
with the kit being used should be confirmed. If ultrasound- 
guided access is planned, the ultrasound machine should be 
tested to confirm proper function, and a sterile sleeve for 
probe coverage should be available.

Aseptic measures and technique are essential to prevent-
ing CLABSI.  The CDC recommends that hands must be 
cleansed with either conventional soap or alcohol-based hand 
rubs before and after placement of a CVC. The skin overlying 
the area of insertion should be widely prepped with a 
chlorhexidine solution and allowed to dry prior to proceeding 
with placement. Full sterile barrier precautions including cap, 
mask, sterile gown, gloves, and full-body drapes should be 
used throughout the entire procedure (Fig.  65.1). A sterile 
cover should also be used over the ultrasound probe if one is 
used to assist with placement. Prophylactic antibiotics are not 
indicated to prevent infections.

Modified Seldinger technique is used for CVC placement, 
irrespective of site chosen. For subclavian access site, the 
patient should be placed in the Trendelenburg position, which 
results in venodilation facilitating access with the needle, as 
well as theoretically reducing the chances of air embolism 
during the procedure. Placement of a towel roll positioned 
longitudinally under the patient’s thoracic spine results in 
lowering of the shoulders and can facilitate subclavian vein 
catheterization. As mentioned previously in the anatomy sec-
tion, the insertion site is typically at the junction of the lateral 
and middle thirds of the clavicle, approximately 2 cm inferior 
and 2 cm lateral to this point. The operator should stand by 
the patient at the side of the subclavian vein being accessed. 
The skin and subcutaneous tissue of the insertion track should 
be anesthetized with a lidocaine solution. Using a sharp 
18-gauge needle on a syringe, the needle is inserted through 
the skin with an angle almost parallel to the frontal plane 
(practically, parallel to the floor), with the tip of the needle 
directed toward the sternal notch (Fig. 65.2). The vein is typi-
cally just posterior to the clavicle, and a flat angle of the nee-
dle to the skin is necessary. A steeper angle increases the 
chances of complications such as arterial puncture or pneu-
mothorax. Maintaining constant negative  pressure applied on 
the syringe, the needle should be advanced underneath the 

Table 65.1 Indications for central venous catheter placement

Vasopressor infusion
Infusion of hypertonic solutions
Central total parenteral nutrition
Central venous oxygenation monitoring
Invasive cardiovascular monitoring
Inability to obtain peripheral venous access
Rapid resuscitation
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clavicle until a flash of dark blood is aspirated (Fig. 65.3). 
While steadying the needle with the non- dominant hand, the 
syringe is then removed from the needle, which is digitally 
capped to prevent air embolism. The J-tip end of the wire is 
then introduced through the needle (Fig. 65.4), and the wire is 
carefully advanced paying attention to the electrocardio-

graphic monitor. Ectopies suggest intracardiac position of the 
wire tip. Wire advancement should not meet resistance. If 
resistance is encountered, both wire and needle may need to 
be withdrawn as a unit and the procedure restarted. Withdrawal 
of the wire through the needle may result in wire fragmenta-
tion and embolization. With the wire successfully positioned 
into the vein, the needle is removed maintaining the wire in 
place (Fig. 65.5), and a small skin incision with an 11 blade is 
made at the puncture site. A dilator is advanced over the wire 
through the subcutaneous tract and removed. The catheter is 
then inserted over the wire carefully maintaining wire posi-
tion (Fig. 65.6) to avoid the risk of wire embolization. The 
wire is then removed and its removal noted for the records. 
All ports on the catheter should be tested to ensure they easily 
aspirate and flush with sterile saline solution (Fig. 65.7). The 

Fig. 65.1 Maximal sterile barrier precautions including cap, mask, 
gown, sterile gloves, and full-body drape for placement of CVC

Fig. 65.2 Technique for subclavian vein access: the needle is inserted 
below the clavicle and advanced between the clavicle and the first rib 
maintaining an angle almost parallel to the frontal plane and pointing 
toward the sternal notch

Fig. 65.3 Technique for subclavian vein access: negative pressure is 
constantly applied to the syringe as the needle advanced until a flush of 
dark blood is identified

Fig. 65.4 Technique for subclavian vein access: the syringe is discon-
nected from the needle, and a J-tip wire is inserted through the needle. 
Because of the risk of air embolism during this step, attention should be 
paid not to leave the needle open and have the wire close to the opera-
tive field to minimize the amplitude of movement required for this step. 
Trendelenburg position also should help reduce the risk of air 
embolism
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catheter is then secured in place with sutures and a sterile 
dressing placed over the puncture site.

For placement of the catheter in the internal jugular sites, 
the patient’s head should be turned away from the access site, 
and the patient should be placed in a 15-degree Trendelenburg 
position. The operator should stand at the head of the bed. If 
ultrasound guidance is to be used, the probe is placed over the 
insertion site and the ultrasonographic anatomy identified. 
The internal jugular vein and carotid artery can be differenti-
ated by application of gentle pressure, which results in com-
pression of the vein but not the artery (Fig. 65.8). The angle 
of ultrasound visualization and insertion should follow a 
route that does not place the artery immediately posterior to 
the vein, as this can result in inadvertent arterial puncture. 
The distance from the skin to the jugular vein should be noted 
on ultrasound and guide the depth of needle introduction dur-
ing puncture. After local anesthetic injection, an 18-gauge 
needle connected to a syringe is introduced at an approxi-

mately 30–45 degree angle to the skin, while the ultrasound 
probe is held in place (Fig. 65.9). The needle should be identi-
fied on the ultrasound screen and advanced under visualiza-
tion until intraluminal position is achieved (Fig. 65.10) and a 
flash of dark blood is aspirated into the syringe. The hand 
holding the ultrasound probe is then used to stabilize the nee-
dle, and the syringe is removed and a J-tip wire is advanced as 
described above for the subclavian access. Confirmation of 
intraluminal position of the wire with the ultrasound is rec-
ommended prior to dilation of the puncture site (Fig. 65.11). 
After confirmation of wire position with the ultrasound, the 

Fig. 65.6 Technique for subclavian vein access: after the skin and sub-
cutaneous tract have been dilated, the CVC is inserted over the wire 
carefully maintaining wire control throughout the insertion step. The 
wire is then removed and the catheter remains in place

Fig. 65.7 Technique for subclavian vein access: all ports of the CVC 
should be aspirated and flushed to confirm proper functioning of the 
catheter. After flushed, each port should be capped. The catheter is then 
secured to the skin with sutures, and a sterile dressing is applied prior to 
drape removal

Fig. 65.8 Ultrasound images of the neck vessels demonstrating a 
transversal view of the carotid artery and the internal jugular vein. 
Gentle pressure with the probe over the vessels is used for confirmation 
of the anatomy as it results in compression of the vein but not the artery 
(Image on the left: no compression. Image on the left: with compres-
sion). CA carotid artery, IJ internal jugular vein

Fig. 65.5 Technique for subclavian vein access: the needle is with-
drawn over the wire and removed, leaving the wire in position
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subcutaneous tract is dilated, the catheter is inserted over the 
wire, the wire is removed, and the catheter is flushed and 
secured in place as described above.

Differently from the positioning for subclavian and jugu-
lar access, femoral vein access is facilitated by a reverse 
Trendelenburg position. The inguinal ligament position is 
estimated by tracing a line from the anterior superior iliac 
spine to the pubic tubercle. The femoral pulse is then identi-
fied just caudal to the inguinal ligament. The needle insertion 
site for femoral vein access should be approximately 1–2 cm 
caudal to the inguinal ligament and 1 cm medial to the femo-
ral pulse. Ultrasound guidance can facilitate femoral access 
and decrease the risk of inadvertent arterial puncture, par-
ticularly in hemodynamically unstable patients, in whom 
palpation of the femoral pulse may be difficult. For emergent 
placement in a patient without a palpable pulse, we recom-
mend starting 3 cm medial to the midpoint of the inguinal 
ligament, and then do serial needle passes moving laterally 
until the vein is accessed. The needle should be inserted at a 
45-degree angle to the skin and directed cephalad and with a 
slightly medial angle. After successful puncture of the femo-
ral vein, the Seldinger technique principles are followed as 
described above.

 Use of Ultrasound

Although historically performed using anatomical land-
marks for guidance, the use of ultrasound guidance decreas-
ing complication rates during CVC placement has been well 
documented. [9] Two recently published Cochrane Reviews 
including randomized and quasi-randomized trials compar-
ing ultrasound guidance versus an anatomic landmark tech-
nique for CVC placement demonstrated that the highest 
benefit was seen at the internal jugular site, where the use of 
ultrasound guidance resulted in an overall 71% reduction in 
complications and an increase in success rates by 12% [10, 
11]. On the other hand, no evidence was found for a differ-
ence in overall complication rates for the subclavian and 
femoral vein sites.

 Complications and Management

Complications of central venous catheters can be placed into 
mechanical, infectious, and thrombotic categories 
(Table 65.2).

 Mechanical Complications

Mechanical complications associated with CVC insertion 
include pneumothorax, hemothorax, arterial puncture, 
venous laceration, central vein stenosis, air embolism, and 
catheter misplacement.

Fig. 65.9 Technique for internal jugular vein access: with the ultra-
sound probe being held in position, the needle is advanced at a 45-degree 
angle under ultrasound guidance while maintaining continuous nega-
tive pressure on the syringe

Fig. 65.10 Technique for internal jugular vein access: the needle is 
visualized with the ultrasound while being advanced. This longitudinal 
ultrasound view demonstrates the tip of the needle in the lumen of the 
internal jugular vein. IJ internal jugular vein
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Pneumothorax is a commonly reported complications of 
CVC placement and is highest after CVC insertions at the 
subclavian site at 1.5–3.1% incidence [12]. Risk factors for 
pneumothorax include multiple insertion attempts, operator 
inexperience, larger catheter size, and emergency situations 
[13]. These are typically diagnosed on post-insertion plain 
film chest X-ray, but bedside ultrasonography can also be 
used. A small pneumothorax does not necessarily require 
intervention if the patient is asymptomatic, but a surveillance 
plan should be established, and one should have a low thresh-
old for intervention if enlargement of the pneumothorax or 
symptoms such as hypoxia or difficulty ventilating occur.

Arterial complications can be a significant source of 
morbidity and mortality and are more common for femoral 
vein access and least common for subclavian vein access 
[12]. Inadvertent arterial puncture, even if quickly identi-
fied and managed with removal of the needle and compres-
sion, may still result in secondary complications such as 
hematoma, pseudoaneurysm, AV fistula, and thromboem-
bolic sequelae such as stroke. Although less common, arte-
rial laceration or cannulation especially poses a major risk. 
[1] It is critical to assess for arterial quality blood from a 
needle prior to dilation and catheter placement. Unless sig-
nificant hypoxemia is present, arterial blood can be readily 
identified by its bright red color. If unclear if an arterial 
puncture has been made, an 18  G angiocatheter can be 
introduced over the wire and connected to a transducer for 
evaluation of the waveform, which should allow clear 
identification of arterial pressure and wave pattern. It is 
also important to note that if an attempt at entering the 
vein is not successful, the needle is withdrawn back to the 
superficial subcutaneous tissue to reposition the needle 
angle prior to a subsequent attempt, as realignment in the 
perivascular space can result in laceration. If arterial can-
nulation does occur, treatment options include immediate 
removal and compression, endovascular therapy 
(Figs.  65.12 and 65.13), and surgical repair. Decision of 
therapy must weigh the ease of compression based on 
access site,  availability of a vascular surgeon, resources at 
ones institution including endovascular suite and device 
availability, and patient stability.

Fig. 65.11 Technique for 
internal jugular vein access: 
ultrasound confirmation of 
intraluminal wire position is 
recommended prior to dilation 
of the access site. These 
ultrasound images 
demonstrate the intraluminal 
position of the wire (Image on 
the left: transversal view; 
image on the right: 
longitudinal view). CA 
carotid artery, IJ internal 
jugular vein

Table 65.2 Complications of central venous catheter placement

Mechanical
  Pneumothorax
  Hematoma
  Vascular injury (venous laceration, arterial pseudoaneurysm)
  Chylothorax
  Air embolism
  Arrhythmia
  Central venous stenosis
Thrombotic
  Deep/central vein thrombosis
  Embolism
  Catheter fracture
  Superior vena cava syndrome
Infectious
  Central line-associated blood stream infection
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Fig. 65.12 Plain chest X-ray 
demonstrating a catheter 
inadvertently inserted into the 
left subclavian artery

Fig. 65.13 Completion 
angiogram after the arterial 
catheter showed in Fig. 65.12 
was removed over a wire in 
the angiography site and 
hemostasis at the puncture 
site achieved with a 
percutaneous closure device. 
The images demonstrate 
patency of the subclavian 
artery, without evidence of 
residual stenosis or contrast 
extravasation
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Major vascular and mechanical complications can be 
related to the wire and dilator, as the wire can become lodged 
against a lumen wall and manipulation can cause a laceration 
or puncture with the related passing of the dilator [1]. While 
inserting the dilator or catheter, the wire must be able to eas-
ily slide back and forth without any resistance to ensure this 
lodging has not occurred to prevent further injury. Another 
major mechanical complication worth mentioning, although 
rare, is perforation from an indwelling catheter. Predictors of 
perforation include a curled catheter or tip of the catheter 
abutting the wall of vein and should be repositioned [13].

 Infectious Complications

Infectious complications have garnered a great deal of atten-
tion over the last two decades. The CDC defines central line- 
associated blood stream infections (CLABSIs) as a blood 
stream infection in a patient who had a central line within 
48 h prior to development without any other source of infec-
tion, and it is estimated that 41,000 occur each year in the 
United States. [8] The understanding that CLABSIs are a 
significant of morbidity and mortality, as well as costs with 
increased length of stay and required treatment, caused a 
shift of focus to prevention. Table 65.3 outlines the CDC rec-
ommendations for prevention of CLABSI.  The subclavian 
site is associated with the lowest infectious rate and is cur-
rently the recommended site by the CDC, when available, 
while the femoral site is associated with the highest rate of 
infection. [2]

Patients in whom a CVC is inserted without strict adher-
ence to sterile technique should ideally have the catheter 
replaced within 48 h. However, planned routine replacement 
of CVCs that have been inserted in compliance with aseptic 
techniques is not recommended [2]. If a patient with a CVC 
develops signs of an infection and no other obvious source is 
identified, a high index of suspicion for CLABSI is needed. 
Paired blood samples drawn from a peripheral vein and from 
the CVC should be obtained prior to broad-spectrum antimi-
crobial therapy initiation. Definitive confirmation of CLABSI 
requires two blood cultures positive for the same microor-
ganism (one from a peripheral venipuncture and one from 
the CVC) or a positive blood culture and positive culture of 
the CVC tip, both also growing the same microorganism 
[14].

In patients with suspected CLABSI, immediate CVC 
removal is not universally necessary, and catheter salvage 
may be attempted unless one of the following conditions is 
present: severe sepsis, suppurative thrombophlebitis, endo-
carditis, or infections due to Staphylococcus aureus, 
Pseudomonas aeruginosa, fungi, or mycobacteria. Catheter 

salvage failure is determined if blood cultures remain positive 
after 72 h of appropriate antimicrobial therapy [14]. The deci-
sion to remove the CVC should also take into account other 
factors such as vascular accessibility and the risk of mechani-
cal complications associated with another access. [15]

 Thrombotic Complications

At 10%, the rate of catheter-related thrombosis for subcla-
vian CVCs is significantly lower compared to the rates 
observed for the femoral and jugular sites, which have an 
incidence of up to 21–33% [5, 16]. Thrombosis may mani-
fest clinically as a CVC not functioning properly, an edema-
tous and painful extremity, evidence of central venous 
obstruction, or central embolism. Systemic anticoagulation 
is often needed for CVC-associated thrombosis, and the need 
to remove the CVC should be evaluated according to the 
clinical scenario and balanced against the risks of new cen-
tral access [17].

 Conclusion

Central venous catheters are an essential tool for the care of 
critically ill patients. The technical aspects of CVC insertion 
are of paramount importance, and excellent knowledge of 
the anatomy and operative technique are essential require-
ments to prevent morbidity from this necessary procedure. 
Understanding of both immediate and delayed complications 
of CVC and their management is fundamental to patient 
safety.

Table 65.3 Prevention of CLABSI

Use subclavian site
Use ultrasound to reduce cannulation attempts and minimize 
mechanical complications
Early removal of catheter when no longer needed
Replace catheter within 48 h when aseptic technique not used for 
placement
Hand hygiene with either washing or alcohol-based rub prior to 
inserting or manipulating catheter
Maintain aseptic technique for insertion
Maximal barrier precautions including cap, mask sterile gloves, 
gown, and full-body drape when inserting catheter
Prepare skin with chlorhexidine preparation before placement
Use sterile dressing to cover the catheter site
Replace dressing if it becomes damp, loosened, or soiled
Replace transparent dressings every 7 days
Use chlorhexidine-impregnated sponge dressing
Do not replace catheters to prevent infections
Do not remove catheters based on fever alone
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Pulmonary Artery Catheter

Matthew J. Eckert and Matthew J. Martin

 Background

The pulmonary artery catheter (PAC) or Swan-Ganz catheter 
as it is commonly referred to today was first described in the 
right heart catheterization of a patient in 1970 [1]. The flow- 
directed balloon-tipped catheter that until recently was ubiq-
uitous in most intensive care units (ICU), and particularly in 
surgical/trauma ICUs, evolved during the early twentieth 
century as clinicians studied normal and abnormal cardiac 
physiology. Doctors Swan and Ganz and colleagues devel-
oped this device and technique to provide safer and more 
efficient means to access the heart and pulmonary artery for 
hemodynamic monitoring and blood sampling in patients 
suffering myocardial infarction, without the requirement for 
image guidance during placement. Subsequent modifications 
of the catheter allowed for intermittent or continuous mea-
surement of cardiac output and mixed venous oxygen satura-
tion, as well as electrocardiac pacing.

 Pulmonary Artery Catheters

Numerous types of PACs are available for use today in both 
adult and pediatric patients. The typical catheter is a multi- 
lumen device with a small-volume distal balloon located just 
before the catheter tip (Fig.  66.1). A proximal port opens 
roughly in the right atrium and allows measurement of right 
atrial and/or central venous pressures, sampling of blood, 
and delivery of medications or fluid for cardiac output mea-
surement. An additional proximal infusion port is often 
located nearby to allow administration of medications, flu-
ids, or injectate for cardiac output calculation. Finally, the 

distal pulmonary artery (PA) port opens at the catheter tip to 
allow PA pressure measurement (also called “wedge pres-
sure”) and sampling of blood for mixed venous oxygen satu-
ration. A micro thermistor located near the catheter tip 
rapidly calculates blood temperature changes after injection 
of a “cold” fluid bolus in a proximal infusion port. The tem-
perature change over time is used to calculate the cardiac 
output and cardiac index (cardiac output indexed to body 
surface area).

Advanced catheters may be equipped with mechanisms of 
continuous cardiac output, core body temperature, and mixed 
venous oxygen saturation measurement. Additional varia-
tions of the PAC allow for electrocardiac pacing of single or 
dual chambers for short-term pacing requirements or when 
transcutaneous pacing fails to capture. Further modifications 
of the PAC allow for measurement of right ventricular end- 
diastolic volume and ejection fraction. Lastly, a variety of 
catheter lengths and tip shapes are available to allow place-
ment from internal jugular/subclavian vein access sites or 
transfemoral access in both adults and children.

 PAC Function and Hemodynamic 
Measurements

The flow-directed balloon-tipped PAC used today is placed 
through a large single-lumen central venous access device 
(typically a “cordis” line) and subsequently guided through 
the right atrium and ventricle and into a branch of the pulmo-
nary artery where the balloon becomes “wedged” and 
obstructs further flow in that vessel. This “wedge” pressure 
is known as the pulmonary artery occlusion pressure (PAOP). 
In theory, a continuous column of blood extends from the 
distal tip of the catheter to the pulmonary arterial and venous 
tree and to the left atrium, thus allowing measurement of the 
left atrial (LA) pressure. At the end of diastole and prior to 
the mitral valve closing, the pressure in the LA and LV 
should be equivalent. Thus, this measurement should also 
reflect left ventricular end-diastolic pressure (LVEDP), 
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which is used clinically as a surrogate for left ventricular 
end-diastolic volume. The identical principles hold true on 
the right side of the heart, with the measured CVP being used 
as a surrogate for right ventricular end-diastolic pressure, or 
the “filling pressure” of the heart. Both the CVP and the 
PAOP are commonly interpreted as reflecting the intravascu-
lar volume status of the patient and the adequacy of preload 
in the right and left sides of the heart.

It is important to note, and frequently overlooked, that the 
catheter tip must be placed into West’s Zone III of the lung 
for optimal measurement of left atrial pressure (Fig. 66.2). 
This position ensures that the pulmonary arterial and venous 
pressures exceed alveolar pressure and prevent compression 
of the continuous column of blood between the catheter tip 
and left atrium, thus avoiding erroneous pressure measure-
ments. With the catheter tip wedged in the appropriate posi-
tion, the measured pressure reflects that of a point of 

transition between flowing and non-flowing blood in the 
downstream pulmonary venous circuit. Under ideal condi-
tions, the measured PAOP correlates with the mean left atrial 
pressure, which reflects the left ventricular end-diastolic 
pressure. These pressure relationships allow for the calcula-
tion and study of left heart pressures and function, and theo-
retically not influenced by pulmonary or alveolar pressures if 
the catheter is positioned appropriately. A complete listing of 
the cardiopulmonary functions and oxygen dynamic vari-
ables both measured and derived from the PAC is shown in 
Table 66.1.

Fig. 66.1 Pulmonary artery 
catheter (a) and basic catheter 
components (b) (Panel A 
from https://lifeinthefastlane.
com/wp-content/
uploads/2012/07/PAC-1.jpg 
and panel B from Wilkins 
et al. [15])

Fig. 66.2 West lung zones figure: lung zones and relation to pulmo-
nary artery pressure (Pa), alveolar pressure (PA). and pulmonary vein 
pressure (Pv) (From Marini [16], with permission)

Table 66.1 Measured and calculated cardiovascular and oxygenation 
data with normal reference range values

Cardiovascular functions
Cardiac output (L/min) = 4–8 L/min
CVP (mmHg) = 2–6 mmHg
PCWP (mmHg) = 8–12 mmHg
PAP (mmHg) = 15–30/8–15 mmHg
Cardiac index (L/min/m2) = 2.5–4 L/min/m2

Stroke volume (L/beat) = 0.06–0.1 L/beat
Stroke volume index (L/beat/m2) = 0.033–0.047 L/beat/m2

SVR (dyne-sec-cm−5) = 800–1200 dyne-sec-cm−5

SVRI ([dyne-sec-cm−5]/m2) = 1970–2390 [dyne-sec-cm−5]/m2

PVR (dyne-sec-cm−5) = <250 dyne-sec-cm−5

PVRI ([dyne/sec/cm−5]/m2) = 255–285 [dyne-sec-cm−5]/m2

LVSWI (g-m/m2/beat) = 50–62 g-m/m2/beat
RVSWI (g-m/m2/beat) = 5–10 g-m/m2/beat
Oxygenation
SvO2 = 65–70%
DO2 (mL/min/m2) = 500–600 mL/min
VO2 (mL/min) = 200–250 mL/min
O2ER = 25–30%

BSA body surface area, CaO2 arterial O2 content, CI cardiac index, CO 
cardiac output, CVP central venous pressure, DO2 oxygen delivery, Hb 
hemoglobin, HR heart rate, LVSWI left ventricular stroke work index, 
MAP mean arterial pressure, O2 ER oxygen extraction ratio, PAP pul-
monary artery pressure, PCWP pulmonary capillary wedge pressure, 
PVR pulmonary vascular resistance, PVRI pulmonary vascular resis-
tance index, RAP right atrial pressure, RVSWI right ventricular stroke 
work index, SV stroke volume, SVI stroke volume index, SvO 2 mixed 
venous saturation, SVR systemic vascular resistance, SVRI systemic 
vascular resistance index, VO2 oxygen consumption (Adapted with per-
mission from Gidwani [14])
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The PAC allows calculation of the pulmonary and sys-
temic vascular resistances that may be indexed to body sur-
face area. These resistance measures are commonly used to 
guide vasoactive medication use and the assessment and 
management of pulmonary hypertension, right heart func-
tion, and distributive shock states. Calculations of stroke vol-
ume and stroke work may also be derived from the cardiac 
output and measured pressures. These data provide a 
 surrogate for the examination of cardiac contractility. Right 
and left ventricular function can be assessed using the calcu-
lated ejection fractions and ventricular stroke work, which 
can also be indexed to the body surface area to allow for a 
more accurate individual assessment and comparisons 
between patients of different sizes.

Direct intermittent or continuous measurement of mixed 
venous oxygen saturation (SmvO2) from the pulmonary 
artery provides important information about the balance of 
oxygen delivery and consumption in the body and is required 
to calculate both the oxygen consumption and the oxygen 
extraction ratio (the percent of delivered oxygen that is 
extracted by the tissues). When oxygen demand increases, an 
increased tissue extraction leads to lower venous oxygen 
content in the pulmonary artery and central veins. A decrease 
in SmvO2 may reflect the increase in tissue demand or pos-
sibly increased oxygen extraction due to limitations in deliv-
ery. This may be reflective of inadequate arterial oxygen 
content, decreased cardiac output, shunt, or downstream 
impediments of arterial flow. An abnormally elevated SmvO2 
indicates either a significant decrease in peripheral oxygen 
extraction/consumption, the presence of a shunt bypassing 
major peripheral tissue beds, or a left-to-right cardiac shunt 
as seen with a patent foramen ovale.

Lastly, a sampling of central venous blood from the most 
proximal port allows determination of the central venous 
oxygen saturations (ScvO2). Venous sampling from this 
location has been shown to approximate trends in the 
SmvO2  in numerous studies but not necessarily individual 
measurement correlation, assuming the absence of a signifi-
cant cardiac shunt and normal myocardial function [2, 3]. 
Abnormal gradients between the ScvO2 and SmvO2 may 
suggest impaired myocardial function or the presence of an 
intracardiac shunt. Over the past decade as the standard indi-
cations and utilization of the PAC has sharply declined, the 

ScvO2 has become more widely used as a standard marker 
of adequacy of resuscitation, particularly among patients 
with sepsis or septic shock.

The correct analysis and interpretation of the measured 
values, calculated values, and extrapolated data obtained 
from a PAC is an area of significant controversy and debate. 
The failure of the PAC to show evidence of a patient benefit 
in multiple randomized controlled trials has frequently been 
attributed to misinterpretation of the data and erroneous 
decision-making based on those interpretations. A complete 
description of the interpretation and recommended actions 
for every PAC value or patterns of values is beyond the scope 
of this chapter. Table 66.2 shows the common interpretations 
and recommended actions for the most frequently encoun-
tered scenarios in a trauma or surgical ICU population. As 
noted, the filling pressures (CVP and PAOP/wedge) are typi-
cally low in shock states that are associated with loss of 
intravascular volume (bleeding, dehydration) or systemic 
vasodilation (early sepsis). The SVR will then be the next 
important variable which will distinguish between these two 
conditions, with a high SVR associated with intravascular 
volume loss and a low SVR with sepsis. For any source of 
cardiogenic shock (infarction, CHF exacerbation, cardiac 
contusion, tamponade, tension pneumothorax), the key pri-
mary finding is a significantly decreased cardiac output/car-
diac index, typically with elevated filling pressures. Another 
key specific to tamponade or tension pneumothorax is 
“equalization of filling pressures,” with the CVP and wedge 
values becoming equal or near equal. Finally, it is important 
to note that although sepsis is typically thought of as a hyper-
dynamic pattern of elevated heart rate and cardiac output 
with low SVR, it can also present like cardiogenic shock. 
This is typically seen with late sepsis or with overwhelming 
early sepsis (and often with gram positive organisms) and 
can be attributed to multi-organ failure and the production of 
myocardial depressant factors resulting in significant cardiac 
dysfunction. Additional conditions that can be diagnosed by 
relatively straightforward interpretation of PAC values or 
patterns include pulmonary hypertension (elevated PA pres-
sures), severe mitral stenosis or regurgitation (typically 
PAOP/wedge will be higher than PA diastolic pressure), and 
left-to-right cardiac shunts (elevated mixed venous oxygen 
saturation, often above 90%).

Table 66.2 Common alterations of PAC-derived variables in different categories of shock

Cause CVP/RA PCWP CO/CI SVR/SVRI Intervention
Hypovolemic, hemorrhagic ⇓⇓ ⇓ ⇓ ⇑ IV fluids, blood products, bleeding control

Cardiogenic, tamponade ⇑ ⇑ ⇓⇓ ⇑ Treat reversible causes, relief of tamponade, inotropes

Septic (early) ⇓ ⇓ ⇑⇑ ⇓⇓ IV fluids, vasopressors

Septic (late) ⇓ ⇓ ⇓ ⇓ IV fluids, vasopressor + inotropes

Neurogenic ⇓ ⇓ ⇑ ⇓⇓ IV fluids, vasopressor

CVP/RA central venous pressure/right atrial, PCWP pulmonary capillary wedge pressure, CO/CI cardiac output/cardiac index, SVR/SVI systemic 
vascular resistance/systemic vascular resistance index, IV intravenous

66 Pulmonary Artery Catheter



662

 Confounding Variables and PAC Data Validity

Ideal conditions must be present for accurate PAOP mea-
surement and calculation of left heart pressures and function. 
The model assumes a low-resistance pulmonary vascular 
distribution. Under pathologic conditions such as systemic 
acidosis, hypoxemia, pulmonary hypertension, pulmonary 
artery embolism, vasoconstrictive medication use, and ele-
vated downstream pressures in the setting of left heart failure 
or mitral valvular disease, the measured pressure may not 
accurately reflect the left atrial pressure and the LVEDP. For 
the most accurate measure of PA pressures, the distal port 
lumen must be in the middle of the PA vessel where balloon 
occlusion occurs. Potential malposition such as contacting 
the vessel wall, location near a confluence of vessels, or par-
tial occlusion by the balloon can all affect the accuracy of PA 
and PAOP measurement. Before any measurements are per-
formed, the PAC must be appropriately calibrated and 
 pressure zeroed at the level of the right atrium, or phlebo-
static axis. One of the most common sources of erroneous 
and inconsistent PAC measurements and calculations is not 
properly leveling and calibrating the device. This is particu-
larly important any time the patient is moved in and out of 
bed, repositioned, or transported.

High intrathoracic pressures can also affect the accuracy 
of the PAOP.  In the setting of positive pressure ventilation 
with elevated levels of positive end-expiratory pressure 
(PEEP) or decreased pulmonary and chest wall compliance, 
the pulmonary vascular hydrostatic pressure may be signifi-
cantly impacted by the transmural pleural pressures. Optimal 
measurement of the PAOP is timed to occur at end expira-
tion, thus mitigating the effects of pleural pressure. It is 
important to note that the point of measurement of the PAOP 
from the PA waveform should always be at end expiration, 
but this will be different in spontaneously ventilating patients 
versus those on positive pressure ventilation. With positive 
pressure ventilation, expiration results in a depression in the 
waveform, and thus PAOP is measured from the low point, or 
“valley.” But with spontaneous breaths, end expiration will 
be at the peak of the PAOP waveform. In situations where 
high PEEP is used for lung recruitment and facilitation of gas 
exchange, such as acute respiratory distress syndrome, the 
circuit pressure may need to be transiently released to allow 
for accurate PAOP measurement. Estimated adjustments for 
high levels of PEEP have also been performed to avoid lung 
de-recruitment by releasing the circuit pressure for PAOP 
measurement.

Factors potentially influencing the accuracy of cardiac 
output measurement using thermodilution include the pres-
ence of a cardiac shunt, severe right heart failure, significant 
tricuspid or mitral valve regurgitation, and systemic thera-
peutic hypothermia [4]. PAC data calculations require 
 complex algorithms with unique coefficients that must be 

correctly entered into the computer used for accurate data 
analysis and display. The patient’s height and weight must 
also be entered correctly to obtain an accurate cardiac index 
or other measures that are indexed to body surface area. 
Additional factors that may impact the accuracy of data 
include catheter tip or port contact with the vessel wall, 
adherent clot, and adjacent high-flow or temperature discor-
dant fluid infusions. Finally, it is important to remember 
which PAC measures are being directly measured, which are 
extrapolations, and which are calculated values based off of 
PAC or patient measures. The usual directly measured results 
are the CVP, the pulmonary artery systolic and diastolic 
pressures, and the PAOP or wedge pressure. The cardiac out-
put is a calculated value, but it is from a directly measured 
change in the temperature of a cold infusate bolus. The major 
extrapolations from PAC data are the use of the CVP and 
PAOP or the right and left “filling pressures” as a reflection 
of end-diastolic volume and therefore volume status. And 
finally, the primary calculated values include the systemic 
vascular resistance, the pulmonary vascular resistance, the 
right and left heart stroke volume indices, and the measures 
that are indexed to body surface area (cardiac index, SVR 
index, etc.).

One of the most important confounders or misassump-
tions to understand involves the above stated extrapolation of 
the PAC-obtained right and left heart filling pressures (CVP 
and PAOP) as representing end-diastolic volume and overall 
intravascular volume status. The assumption relies on multi-
ple prerequisites, including the correct calibration and level-
ing of the device, the correct measurement on the waveform, 
the lack of significant valvular pathology that is affecting the 
atrioventricular pressure relationships, the lack of confound-
ing by pulmonary airway pressures, and the presence of a 
regular heart rhythm with consistent stroke volumes and car-
diac output. Even if all the above are normal and the filling 
pressures are actually reflective of end-diastolic pressure, 
there is now ample evidence that this may not have a reliable 
relationship or standard dynamic response to ventricular vol-
umes. This is primarily due to the fact that the resultant pres-
sure for any given ventricular volume will be highly 
dependent on the ventricular compliance, which can vary 
widely between patients or even between measurements in 
the same patient. A low compliance ventricle may falsely 
elevate filling pressures even in the absence of any increased 
intravascular volume, and the opposite effect can be seen 
with highly compliant ventricles. In addition, ventricular 
compliance may change rapidly over time, particularly 
among the critically ill patient population, and thus wide 
variations in the measured filling pressures may be seen even 
where there is no corresponding significant change in intra-
vascular volume status. Thus, these filling pressures should 
be interpreted with caution, should be assessed and evaluated 
in accordance with the global picture of the patient’s  evolving 
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cardiopulmonary status, and should not be taken as the 
 definitive measure of intravascular volume status or end- 
diastolic volume.

 Indications and Contraindications

While initial enthusiasm for the PAC resulted in widespread 
multispecialty critical care adoption, multiple subsequent 
clinical studies, including randomized trials, have questioned 
its utility. Numerous trials investigating PAC-guided therapy 
have demonstrated no improvement or worse outcomes 
across a variety of clinical conditions: acute coronary syn-
drome [5–8], ARDS [9], hypovolemic and septic shock [10–
12], and heart failure [13]. There is still an ongoing debate on 
the reasons for the lack of a proven benefit and the remaining 
indications (if any) for use of a PAC. One common argument 
against the current level 1 evidence is that the PAC-guided 
protocols were faulty or that the PAC data was misinterpreted 
and misused by the managing intensivists. We find these 
arguments to lack merit, as evidenced by the number and 
diversity of studies assessing PAC use and PAC interpreta-
tion and management by ICU physicians, all of which 
showed no benefit.

With this lack of robust evidence supporting the routine 
use of a PAC for most indications in the intensive care unit, 
are there any acceptable current indications? We believe 
there is still a defined but significantly decreased role for the 
PAC in the modern ICU. This would include any patient with 
complex or rapidly changing/evolving cardiac performance 
measures and the lack of other readily available methods 
(such as ultrasound) to assess and frequently reassess cardiac 
performance. Additional indications would include patients 
requiring active titration of cardiotropic medications based 
on cardiac output/index, those with an unclear intravascular 
volume status despite standard evaluations and measures, 
and those with an anatomic or physiologic abnormality that 
requires direct measurement of a true mixed venous oxygen 
saturation. Admittedly, the majority of surgical ICU patients 
are unlikely to benefit from placement of a PAC and PAC- 
guided management, but the information can be useful in 
highly select patient populations or in unique situations 
where other measures are not available or feasible.

One of the most important concepts regarding the use and 
utility of the PAC in the modern ICU is an appreciation of 
both the value and the limitations of the data that is provided 
with this device. It is a mathematical certainty that as you 
increase the number of variables or amount of data that must 
be integrated into complex decision-making, there will cor-
respondingly be an increased chance for errors due to either 
bad data or bad interpretation of the data. The ICU physician 
and care team must be meticulous in using the PAC, includ-
ing the initial positioning and confirmation of an adequate 

PAOP waveform, leveling and calibration of the device with 
frequent recalibration, and obtaining the key measures in a 
standard and uniform fashion every time. With the rise of the 
electronic medical record and automated data capture, it is 
tempting to evaluate and interpret the PAC parameters purely 
through a review of the recorded numbers, rather than 
through actual bedside assessment. We strongly recommend 
that the managing physician visually assess the waveform 
and the measurement of the key pressures, as well as the 
injection procedure for determining cardiac output and 
index. This is particularly important if there is wide variation 
of the PAC data and results recorded in the electronic record. 
And finally, the PAC should be thought of and utilized as a 
means for continuous assessments and guided titration of 
therapy and for situations where that information is not eas-
ily obtained via other less invasive means. One of the most 
common misapplications of the PAC we have observed is 
when it is used as a “wedge-ometer.” This refers to placing 
the device because of a question about volume status, obtain-
ing a wedge pressure as the only piece of actionable data, 
and then not using it for any continuous titration or assess-
ment of therapy. In this example, the data could have been 
more easily obtained, and likely with more reliable results, 
via a standard bedside echocardiogram.

 Placement of the Pulmonary Artery Catheter

A central venous access introducer sheath (typically a “cor-
dis” catheter) must be placed prior to pulmonary artery cath-
eterization. While all central veins are in theory candidate 
sites for access, the right internal jugular vein and the left 
subclavian vein are the preferred points of access for subse-
quent passage of the PAC due to their favorable positioning 
and angulation to the superior vena cava and right atrium. 
The pressure transducing system is connected to a visual 
waveform display allowing continuous observation of the 
distal port waveform and pressure. Prior to catheter place-
ment, all channels are flushed with sterile fluid, and the cath-
eter pressure is zeroed at the phlebostatic access point to 
ensure accurate measurements. A gentle shaking motion of 
the catheter tip should be represented by a 1:1 responsive 
waveform motion on the screen readout that has been desig-
nated for the pulmonary arterial pressures. Of note, the cor-
rect calculation coefficient must be entered into the 
monitoring system or the measured data and calculations 
will not be valid.

Under sterile conditions, the PAC is passed into the intro-
ducer sheath using a sterile protective sleeve that allows for 
subsequent catheter manipulation without catheter or central 
line contamination. A traditional method of catheter advance-
ment called for estimating the position of the catheter tip by 
10 cm increments (10 cm to clear the sheath, 20 cm to the 
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right atrium, 30 cm to the right ventricle, etc.). However, safe 
catheter passage and accurate data interpretation require the 
proceduralist to be familiar with the expected pressure ranges 
and waveforms encountered along the catheter en route to 
the pulmonary artery (Fig. 66.3). Characteristic waveforms 
representing the right atrium, right ventricle, pulmonary 
artery, and finally pulmonary artery wedge position must be 
identified to ensure appropriate placement in this non- 
radiologic image-guided approach. All forward movement of 
the catheter should be performed with the balloon fully 
inflated to 1.5 mL once it has cleared the introducer sheath. 
Furthermore, the balloon must be completely deflated prior 
to any withdrawal of the catheter to avoid injury to valvular 
structures.

There are several key points to successful and accurate 
placement of a PAC. First is ensuring that the pressure trans-
ducers are connected correctly and the corresponding wave-
forms are correctly labeled and identified on the monitor. It 
is relatively common to have the distal port waveform show-
ing as the CVP/RA waveform on the monitor and vice versa. 
This means either the transducers are connected to the wrong 
port on the PAC or the monitor labels are reversed. Next, the 
PAC is inserted into the central line lumen with the balloon 
completely deflated and advanced to at least the 10–15 cm 
marking. This should produce a low amplitude CVP tracing, 

which will remain unchanged as the catheter is advanced 
through the right atrium. The PAC balloon is then slowly 
inflated and then advanced in 5–10  cm increments while 
continuously watching the monitor for a change in the wave-
form signifying entry into the right ventricle. This is charac-
terized by a high-amplitude arterial waveform with a peak 
typically of 20–30  mmHg and then a complete return to 
baseline (see Fig.  66.3, bottom). The catheter is then 
advanced until the RV waveform is replaced by a pulmonary 
arterial waveform, most easily identified by a peak that is 
approximately equivalent to the RV but an elevated trough 
that does not return to the baseline seen with the RV tracing. 
The catheter should now be slowly advanced until a pulmo-
nary capillary wedge tracing is obtained, typically character-
ized by small and fine deflections, which may even appear 
close to a flatline on the monitor. The final step to assure 
proper positioning is to now deflate the balloon, and the trac-
ing should return to a pulmonary artery waveform. If it does 
not, then the catheter likely needs to be slightly withdrawn. 
With the catheter now located in the pulmonary artery, a 
chest radiograph is performed to confirm location and evalu-
ate the West lung zone position as well as any mechanical 
complications such as pneumothorax, pulmonary artery 
 rupture, or catheter malposition. The depth of insertion 
should be noted and recorded in case of inadvertent 

Fig. 66.3 Typical waveforms and pressures encountered during passage of the pulmonary artery catheter and corresponding anatomic locations 
(With permission from Disease-a-month [17])
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 manipulation of the catheter during patient movement, and 
the PAC should be locked in position by rotating the fastener 
knob on the PAC sterile sheath.

There are relatively common problems encountered dur-
ing the “floating” of a PAC, which are almost always related 
to getting the catheter into the PA or getting from the PA 
tracing to a wedge pressure tracing. If a normal CVP/RA 
tracing is obtained but advancing does not result in transi-
tion to an RV tracing, then the catheter is likely going into 
the subclavian vein (from the IJ) or across to the contralat-
eral subclavian vein. If an RV tracing is obtained but then 
changes back to a CVP tracing with advancement of the 
catheter, then the catheter has gone through the RV and into 
the inferior vena cava. This is commonly seen with forget-
ting to inflate the balloon prior to advancing. Finally, if there 
is a persistent RV tracing despite advancing to an  appropriate 
distance (40–50 cm), then the catheter is curling up in the 

RV. The solution to most of these issues is withdrawal of the 
catheter to the starting point and repeat attempts. Varying 
the speed of advancement and distance with each advance 
will often help. Having the patient reposition from supine to 
lateral decubitus position can also help in difficult cases. 
Finally, advancing the catheter under direct fluoroscopic 
visualization is a final alternative for particularly difficult 
cases. It is critical to remember that the balloon should only 
remain inflated during measurement of the PAOP and for-
ward movement of the catheter and that once the catheter is 
“wedged,” the balloon should be inflated slowly and only to 
the point where a clear pulmonary capillary wedge pressure 
tracing is obtained.

Several common mechanical and system difficulties may 
prevent achieving the wedge position or cause errors in the 
pressure and waveform interpretation (Table 66.3). Inability 
to access the RA from the central vein can usually be 

Table 66.3 Sources of error in pulmonary artery catheter data

Problem Potential causes Troubleshooting
Dampened waveform Incorrect scale on monitor

Incorrect referencing
Air in the system
Spontaneous wedging of catheter

Ensure the correct scale is in use
Check referencing and pressure bag
Check for loose connections
Remove air bubbles in system
Flush system (see below-spontaneous wedge)

Overdamping (diminished 
systolic peak, loss of dicrotic 
notch, rounder waveforms)

Compliant tubing
Large air bubbles
Clots/blood in system
Loose connections
Kinked catheter or tip against vessel wall

Check tubing
Check for loose connections
Flush tubing
Perform square wave test
Reposition/remove
catheter as indicated

Underdamping (falsely high 
systolic peak, falsely low 
diastolic value, artifact)

Pressure tubing is too long
Too many components (i.e., stopcocks)
Small air bubbles
Defective transducer

Ensure correct tubing is in use
Eliminate tubing extensions
Remove extra components
Remove air bubbles
Change transducer

Erratic waveform with highly 
variable pressures

Catheter whip Reposition catheter to a less turbulent area of vessel

Spontaneous wedge Catheter is advanced too far or is too flexible Do not flush catheter
Assess for other causes of dampened waveform (see 
above)
Reposition catheter

Unable to obtain wedge Air returns to syringe—Catheter is probably not 
advanced far enough into the PA
Air does not return to syringe – balloon is probably 
ruptured

Reposition catheter
Replace catheter

Overwedging Excessive air in balloon catheter is advanced too far Observe waveform on monitor while injecting air—
Stop injecting as soon as the waveform dampens 
reposition catheter

Absent waveform Disconnect of monitoring system
Incorrect scale in use
Faulty transducer dome or air in dome
Defective transducer
Inadequate pressure in pressure bag
Check for kinks in the system
Catheter tip or lumen totally occluded

Check connections
Set correct scale on monitor
Change transducer
Adjust pressure to 300 mmHg
Change transducer
Add appropriate pressure to bag
Remove kinks
Slowly aspirate to check for blood—If no blood 
return, may need to remove catheter
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Fig. 66.4 Major PAC-related 
complications: pulmonary 
artery rupture due to PAC 
balloon inflation (a) and 
knotted pulmonary artery 
catheter (b) (Panel A from 
Rudziński et al. [18] and 
panel B from Smith  
et al. [19])
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 prevented by utilizing one of the preferred central venous 
access sites and carefully placing the gently curving cathe-
ter tip such that it will favorably curve into the RA with the 
balloon inflated. Over extended periods of catheter position 
in the bloodstream, the body temperature will cause the 
catheter tip to lose the gentle curve that facilitates RA 
access. Placing the patient in Trendelenburg position may 
also increase the right heart venous inflow and facilitate 
access to the RA (keeping in mind potential postural effects 
upon the zeroed catheter position). Failure to advance to the 
next chamber may be due to turbulent flow or hyperdynamic 
conditions, incorrect interpretation of the waveform, cathe-
ter coiling, catheter tip lodging in cardiac structures, inad-
vertent balloon deflation, and excessively rapid catheter 
advancement.

When the PAC passes through the RV, it is not uncommon 
to see transient arrhythmia. In this event, the balloon should 
be deflated and the catheter withdrawn until return to previ-
ous or sinus rhythm. Theses arrhythmias are almost always 
transient and related to brief mechanical irritation from cath-
eter passage or due to coiling of the catheter in the RV. Failure 
of arrhythmia resolution should prompt appropriate cardiac 
assessment and intervention as indicated. A chest radiograph 
should be performed to help rule out other mechanical 
complications.

 Complications of the Pulmonary Artery 
Catheter

While it may be argued that the most common complication 
of the PAC is incorrect data interpretation or accuracy, most 
reported complications are either mechanical in nature or 
related to prolonged use. Common mechanical complica-
tions include associated central access problems such as 
pneumothorax, hematoma, vascular injuries, and arrhyth-
mias. Complications related to prolonged use may include 
bloodstream infection, thrombosis, pulmonary infarction, 
and pulmonary artery injury. Rare complications include 
refractory arrhythmias, catheter fragmentation and emboli-
zation, catheter knotting, valvular injuries, and damage to 
the coronary sinus or myocardial wall.

Pulmonary artery rupture is a rare but potentially cata-
strophic complication likely due to balloon inflation or pro-
gressive vessel wall injury in high-risk patients such as the 
elderly or those with pulmonary hypertension. Classic signs 
of this complication include sudden hypotension and 
hypoxia, hemoptysis, and signs of rupture on chest radio-
graph (Fig.  66.3a). If recognized promptly, the balloon 
should be deflated, slightly withdrawn, and carefully rein-
flated to tamponade the hemorrhage. The “damaged” lung 

should be positioned downward after selective intubation of 
the opposite main stem bronchus or use of a dual lumen 
endotracheal tube with bronchial blocker. Interventional 
arterial embolization or emergent surgery may be required 
for control of complete ruptures.

Coiling of the PAC within the RV may result in knotting 
of the catheter during difficult or novice placement 
(Fig. 66.3b and 66.4). Any unexpected resistance encoun-
tered during catheter advancement should prompt balloon 
deflation and gentle withdrawal. If any further resistance is 
encountered, a chest radiograph should be performed prior 
to any further PAC manipulation. Catheter knotting can 
frequently be resolved using interventional vascular radi-
ology techniques but may require cardiac surgery for 
removal.

 Summary

The pulmonary artery catheter has played a key role in the 
advancement of contemporary critical care medicine and 
should continue to have a defined role within a subset of 
critically ill medical and surgical patients. While catheter 
utilization and expertise with this device have declined in 
recent decades for numerous reasons, there remain several 
indications for continued selective use today. Successful 
catheter placement, data capture and interpretation, and 
application of the diverse information available from the 
PAC remain a necessary skill for many professional critical 
care practitioners.
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Extracorporeal Membrane 
Oxygenation: How Do We Do It?

Pablo G. Sanchez and Aaron M. Cheng

 Indications for ECMO

ECMO support should be considered whenever a critically 
ill patient has severe respiratory or cardiorespiratory failure 
and conventional circulatory or respiratory therapy has failed 
or is anticipated to be inadequate to support vital organ func-
tion. Intuitively, like most acute life-supportive interven-
tions, the earlier ECMO support is initiated when required, 
the more likely a desired clinical outcome can be achieved. 
Patients considered appropriate for ECMO support should 
have reversible clinical conditions that are expected to have 
realistic chances of recovery or have available options for 
more durable, long-term support when the primary indica-
tion is for circulatory failure.

The variety of different clinical scenarios in which 
ECMO support has been utilized has markedly expanded 
over the last two decades, particularly as management of 
critically ill patients has improved and ECMO technology 
continues to evolve and is applied by a wider clinical audi-
ence. Acute refractory hypoxemic respiratory failure and 
cardiogenic shock remain the most common diagnoses for 
which ECMO support is instituted, but as shown by the 
illustration below (Fig. 67.1), the role of ECMO continues 
to expand.

Patients who decompensate due to progressive deteriora-
tion of chronic diseases which have failed treatment, those 
who have suffered acute devastating neurocognitive injury, 
and patients who have terminal illnesses with poor life 
expectancy are generally not considered appropriate for 
ECMO support. Also, the initiation of ECMO would be inap-
propriate for individual patients whose known goals of care 
would be clearly incompatible with ECMO support. As such, 
there currently remains no clearly defined standard in which 
ECMO support should or should not be utilized in critically 
ill patients. The Extracorporeal Life Support Organization 
(ELSO), a nonprofit international consortium for ECMO 
education and implementation, has presented its organiza-
tional guidelines for general indications and contraindica-
tions for ECMO support as outlined in Table  67.1 and 
available on their website: www.elso.org.

 ECMO Circuit and Configurations

All current ECMO circuits consist of the following basic 
components: (1) large-diameter cannula(s) for drainage of 
deoxygenated venous blood from the patient, (2) cannula(s) 
for returning oxygenated blood back to the patients’ circula-
tory system, (3) an extracorporeal regulated pump to “circu-
late” blood between the patient and (4) gas-exchange device 
(aka, oxygenator), and a (5) heat exchanger to help regulate 
body temperature; these components are connected with cir-
cuit blood tubing. Additional devices can increase the com-
plexity of the basic ECMO circuit and include various 
monitoring and measuring devices and different connectors 
to allow access for additional therapeutic modalities such as 
hemofiltration and renal replacement therapy.

Establishing good vascular access for cannula insertion 
and positioning is critical to achieving adequate ECMO sup-
port. The selection of vascular access is determined by vari-
ous factors which should take into account the patient’s age 
and size, the type and amount of support required, and the 
individual clinical scenario. The sites of vascular access for 
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ECMO support determine the ECMO configuration: whether 
it is for respiratory support only via venovenous ECMO 
(VV-ECMO) or for both cardiorespiratory support via veno-
arterial ECMO (VA-ECMO). In VV-ECMO, vascular access 
for cannulation of the drainage cannula for deoxygenated 
blood and of the return cannula for oxygenated blood to the 
patient are both in the venous system (Fig.  67.2). In 
VA-ECMO, vascular access for the drainage cannula is in the 
patient’s venous system, but the return cannula is inserted in 
the arterial system, typically the femoral artery.

Typically, the large peripheral vessels are cannulated for 
VV-ECMO or VA-ECMO in the adult patient, and most 
commonly the common femoral vein (CFV) or the internal 
jugular vein (IJ) and the common femoral artery (CFA) are 

chosen. In some circumstances where VA-ECMO support 
is required, transthoracic ECMO cannulation may be pre-
ferred. Typically, this occurs when patients are unable to be 
weaned from cardiopulmonary bypass after cardiac surgery 
or after post-sternotomy resuscitation. Under these circum-
stances, access to the right atrium for inserting a drainage 
cannula and the ascending aorta for the return cannula is 
readily available. Frequently the same vascular access used 
for cannulation during cardiopulmonary bypass can be 
used. However, since these cannulation techniques are not 
routinely performed by non-cardiothoracic surgeons or sur-
gical intensivists, the procedure of transthoracic or central 
cannulation for VA-ECMO will not be further discussed. 
Procedural and technical details will focus on peripheral 
cannulation, which is most commonly utilized in general/
trauma surgical critical care patients requiring ECMO 
support.

 Procedure and Technique

 Cannula Selection

Ideally the largest diameter and shortest drainage cannula 
that can be inserted in the vein is chosen. The drainage can-
nula usually has both end and side holes to allow blood flow 
to the ECMO pump and oxygenator even if the end hole 
becomes blocked. Various cannula manufacturers report 
tested flow rates with associated pressure gradients accord-
ing to their cannula diameters. However, for most adult 
patients, our size selection ranges from 23 Fr to 29 Fr for the 
drainage cannula: usually for patients with smaller body 
habitus and BMI or those patients whom high ECMO flows 
are not required for cardiorespiratory support, we choose a 

Pulmonary Failure

ECPR

ECMO
SUPPORT

Transport

*Organ
Donor

Support

Thoracic Surgery

*Investigational role

Cardiac Failure
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Table 67.1 Indications and contraindications for ECMO in hypoxic 
respiratory failure

Indications
Any cause
Consider when the risk of mortality ≥50%
  P/F ratio less than 150 on >90% FiO2 and/or Murray score 2–3
Indicated when the risk of mortality is ≥80%
  P/F ratio less than 100 on >90% FiO2 and/or Murray score 3–4
CO2 retention despite high plateau pressures (>30)
Severe air leak syndromes
Need for intubation in a patient on lung transplant list
Immediate cardiac/respiratory collapse (PE, blocked airway, 
unresponsive to optimal care)
Contraindications
No absolute contraindication but several relative contraindications
Requiring high ventilator settings >7 days (FiO2 > 90%, Pplat > 30)
Major pharmacologic immunosuppression (ANC < 400/mm3)
CNS bleeding that is recent or expanding
Nonreversible major comorbidity such as severe brain injury and 
terminal cancer
No absolute age cutoff, but consider the increasing risk with 
increasing age
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size 23 Fr or 25 Fr cannula. We prefer a size 27 Fr or 29 Fr 
drainage cannula for male patients, and those we anticipate 
will need higher ECMO flows. The venous drainage cannula 
is commercially available in different lengths, and the length 
should be selected based on the distance of from the planned 
insertion site to the right atrium, which will vary depending 
on the patient’s torso length.

The arterial or return cannulas are smaller in diameter, 
and we keep available sizes from 17 Fr to 23 Fr. We custom-
arily prefer to use a 17Fr or 19Fr size cannula for the artery 
for VA-ECMO and a 21 Fr or 23 Fr size return cannula for 
VV-ECMO, depending on the body size of the patient and 
the flow requirements anticipated to be required for respira-
tory support.

A dual-lumen single cannula (Avalon Elite®, Maquet, 
Wayne, NJ, USA) is also commercially available for 
VV-ECMO support. This single catheter cannula inserted in 
the right internal jugular vein has two lumens: one to allow 
venous drainage of deoxygenated blood from the SVC and 
IVC and a second lumen to allow simultaneous reinfusion of 
oxygenated return blood directed toward the tricuspid valve 
of the right atrium (Fig. 67.2b). For adult patients, the can-
nula sizes used typically range from 19 Fr to 31 Fr. Generally, 
we reserve insertion of this particular cannula in patients 
who we anticipate will require a long duration of VV-ECMO 
support, are able to be ambulatory, and can have this cannu-
lation procedure performed in a nonurgent/emergent fashion 
with the availability of transesophageal echocardiography 
and fluoroscopy (e.g., pre-lung transplant candidate patients 
who acutely decompensate and are already on the waiting 
list). In most cases of VV-ECMO, we prefer to use separate 

single-lumen cannulas given the simpler technical consider-
ations for percutaneous insertion at the patient’s bedside 
(Fig. 67.2a).

 Cannula Insertion Site

The most common sites for peripheral cannulation for 
VV-ECMO and VA-ECMO in adults are the common femo-
ral vein for drainage of deoxygenated blood and either the 
internal jugular vein or the common femoral artery for 
VV-ECMO and VA-ECMO, respectively. The direct route of 
the right internal jugular vein to the superior vena cava makes 
this vein preferred over the left internal jugular vein. 
Likewise, for VA-ECMO, we prefer to insert the drainage 
cannula via the right common femoral vein whenever possi-
ble and use the opposite left groin for the return arterial can-
nula. Other sites for peripheral ECMO cannulation can also 
be used but are less common. For VA-ECMO, axillary artery 
has been described for the arterial access, and for VV-ECMO, 
the use of both left and right common femoral veins have 
also been used, particularly whenever access to the left or 
right internal jugular vein is not available for insertion of the 
return cannula. The subclavian vein is uncommonly used for 
vascular access in VV-ECMO given the challenges with 
applying direct pressure to the vein during cannula removal 
once ECMO support is no longer required.

Vascular access of these vessels can be achieved by the 
percutaneous Seldinger technique or by the open cut-down 
approach. For obvious reasons, the percutaneous approach is 
preferred, but preparation and equipment to convert to an 

Fig. 67.2 Chest X-ray after venovenous ECMO. (a) Separate cannulas for VV-ECMO: RIJ cannula and IVC cannula. (b) Dual-lumen single can-
nula for VV-ECMO
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open incision approach should always be readily available at 
the patient’s bedside. Difficulties encountered during percu-
taneous insertion may warrant expedited conversion to direct 
open cannulation techniques. A list of basic equipment we 
keep in our vascular access tray is listed in Table 67.2.

 Pre-ECMO Cannulation Preparation

Once a patient has been decided to be placed on ECMO sup-
port and the decision for either VV-ECMO or VA-ECMO 
support has been made, it is important to optimize conditions 
for cannulation. Frequently, decisions will have to be made 
about whether first obtaining additional vascular access for 
administration of necessary medications and fluid therapy 
and hemodynamic and laboratory monitoring is necessary. 
Whenever feasible, it is often easier to have inserted the 
additional central venous catheters and invasive arterial 
monitoring lines needed before rather than after the ECMO 
cannulation procedure. This opportunity often depends on 
the urgency of requiring ECMO support, however. It is also 
important to ensure that the ECMO circuit is primed and 
ready to use and the ECMO personnel who will manage the 
ECMO device and circuit are also present and available. The 
provider team that will provide analgesia and sedation dur-
ing the cannulation procedure should also have vasoactive 
medications and fluids readily available to administer as it is 
not uncommon that patients manifest labile hemodynamics 
during ECMO initiation.

The patient should be positioned supine and flat, and 
comfortable access to the planned vascular access sites 
should be prepared. Vascular access and ECMO cannulation 
should be performed as sterilely as possible, and therefore 
the skin sites should be widely prepped with chlorohexidine 

or other antibacterial, antiseptic topical agent. One should 
consider antiseptic skin prep for alternative vascular access 
sites should one be unsuccessful in percutaneously accessing 
the intended vessel for cannulation. Like any other central 
venous line access procedure, the patient should be fully 
covered with a sterile surgical drape to reduce the incidence 
of cannula site infection. Full personal protective equipment 
should be worn by those individuals who will be actually 
performing the cannulation procedure.

 Vascular Access and ECMO Cannulation

Percutaneous access of the internal jugular vein or common 
femoral vein is performed similar to obtaining access for 
central venous line placement using the Seldinger technique. 
We administer of an intravenous bolus of unfractionated 
heparin before we start the cannulation procedure, usually 
3000–5000  units, if not contraindicated by bleeding con-
cerns. Although not required, safe practice for central venous 
line placement would recommend that vessel puncture 
should be carried out under ultrasound guidance whenever 
circumstances allow. Ultrasound imaging provides visual 
assessment of the relationship of the vein to the adjacent 
artery and idea of the relative depth the catheter needle trocar 
needs to traverse from the skin to puncture the vessel. 
Importantly, ultrasound allows an assessment of the vessel 
diameter relative to the cannula chosen. Ultrasound visual-
ization of the needle in the desired vessel and subsequently 
also the guidewire is obtained. We specifically try to avoid 
the “through-and-through” technique with vessel puncture; 
purposefully “backwalling” the artery, in particular, and then 
slowly withdrawing the needle into the lumen has been asso-
ciated with troublesome hematoma formation and subse-
quent difficulty passing the guidewire smoothly. We use the 
6 Fr micropuncture set (Micropuncture introducer kit, Cook 
Medical) to obtain initial percutaneous access of the vessel 
initially. The 6 Fr needle trocar can accommodate a 0.035 in. 
guidewire which is then inserted in the vessel to be cannu-
lated. For venous cannulation, we use a 150 cm guidewire; 
for cannulation of the common femoral artery, a 100  cm 
length guidewire is usually sufficient. It is particularly 
important to ensure that guidewire inserts easily through the 
needle catheter and passes proximally easily within the 
vessel.

Once sufficient guidewire length has been passed into the 
vessel; we use hydrophilic dilators to sequentially enlarge 
the vessel over the guidewire (Sorin Vascular Dilator Kit, 
LivaNova, USA). In our experience, it is important to dilate 
the vessel in a stepwise fashion and avoid skipping dilator 
sizes; the vessel should be dilated to the size of the intended 
diameter of the cannula to inserted. Care should be taken to 
avoid kinking the guidewire anywhere along its length when 

Table 67.2 Vascular access tray for ECMO cannulation

Instrument description Quantity per tray

Weitlaner retractor (regular size 5.5–6.5″  
sharp teeth)

1

Army-navy retractor 1
Vessel loops 4
Metzenbaum scissors 1

Debakey forceps (9.5″) 2

Adson forceps w/teeth 2

Mosquito clamps curved 5″ 2

Kelly clamps curved 6.25″ 2

Needle drivers – 6″ Mayo-Hegar 2

Scalpel handles #3, 5″ 2

Scalpel blades #15
Scalpel blades #10

Richardson retractor (small, 1″ depth) 1

Skin stapler 1
Straight blunt/sharp suture scissors 1
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passing the dilators over the guidewire, and it is crucial to 
check that the guidewires move back and forth easily as the 
dilator is progressively inserted over the wire. Important 
areas where the guidewire frequently kinks is at the level of 
the skin, at the enveloping vascular sheath, and with the 
internal jugular vein, at the level of the sternocleidomastoid 
muscle and at the level of the sternal notch where the vessel 
passes through the thoracic inlet. We find it occasionally use-
ful to enlarge the skin incision where the guidewire passes 
across the skin to facilitate smooth insertion of the dilators. 
This is especially true in obese individuals with groin can-
nulation. If the guidewire becomes kinked, it can be difficult 
to pass subsequent dilators and the cannula itself without 
excessive force and unsafe to do so; when this does occur, it 
is often easier to proceed by first exchanging the kinked 
guidewire for new guidewire.

The selected cannula should be able to pass along the 
guidewire without undue pressure. It is customary to insert 
the venous drainage cannula first, followed by insertion of 
the return/arterial cannula. If the same groin side is being 
cannulated for VA-ECMO, it is often easier to first obtain 
vascular access of both the vein and artery before proceeding 
with dilation and insertion of the venous cannula.

The length of venous cannula insertion can be estimated 
by the patient’s surface anatomy. For venous cannulation 
from the groin, the length to be inserted can be estimated 
by summing the measured distance from the groin skin 
puncture site to the umbilicus and then to a point just supe-
rior to the level of xiphoid. For cannula insertion of the 
internal jugular vein, the distance to be inserted can be esti-
mated by the distance to the level of the sternomanubrial 
junction. With cannulation of the femoral artery and the 
cannula has side holes, it is critical that the most proximal 
hole is well within the vessel. We always prefer to insert the 
cannula deeper and have to pull the cannula back rather 
than have to push the cannula that has been inserted too 
short, particularly once the introducer and guidewire have 
been removed.

Once the cannula is inserted to its desired length, we 
remove the tapered cannula introducer and guidewire, verify 
that there is appropriate blood backflow into the cannula, and 
then occlude the proximal end of the cannula with a large 
atraumatic straight clamp. After both the drainage and return 
cannulas have been inserted, we connect and secure the 
proximal end of the drainage cannula to the ECMO circuit 
tubing, followed by next connecting the return cannula to the 
ECMO circuit. This is all done sterilely and taking necessary 
precautions to avoid introducing air bubbles inside the 
circuit.

Next, we confirm that there are no air bubbles detected 
along the circuit and cannulas, the clamp on the drainage 
cannula is removed first, followed by removing the clamp on 
the return cannula, and the ECMO flow is initiated. For 

VA-ECMO, we like to ensure that the ACT measurement 
before starting the ECMO flow is ≥220; if there is concern 
that the ACT level may be too low, we will empirically 
administer another heparin bolus (usually 2000  units) just 
before ECMO initiation. We are less particular with the anti-
coagulation with VV-ECMO flow initiation given the 
decreased risk of arterial system embolization. The ECMO 
cannulas then are sutured securely to the skin.

Cannulation with the dual-lumen, single cannula for 
VV-ECMO is technically more challenging. This cannula is 
inserted in the right internal jugular vein and is typically 
placed percutaneously. To achieve the necessary ECMO flow 
rates, the cannula needs to be larger in diameter than the 
single-lumen cannula sizes that are typically inserted in the 
RIJ vein for VV-ECMO. We typically select a 27 Fr cannula 
with the general size used ranging from 23 Fr to 31 Fr in 
adult patients. Vascular access is obtained by Seldinger tech-
nique under ultrasound guidance as is typically performed 
for central venous catheter insertion. Ultrasound evaluation 
is useful in gauging whether inserting this larger diameter 
cannula in the patient’s jugular vein is feasible. Once the 
guidewire is inserted in the jugular vein, we visualize the 
trajectory of the guidewire down to the infradiaphragmatic 
IVC.  We rely on fluoroscopy to ensure that the guidewire 
does not unintentionally loop in the heart or traverse the tri-
cuspid valve. If fluoroscopy is not readily available, plain 
X-ray films can be obtained serially as required, but it is criti-
cal that the guidewire course be direct from the R internal 
jugular vein across the right atrium and into the inferior vena 
cava without redundancy or loops. In our opinion, relying 
solely on echocardiography to determine guidewire location 
can be misleading; we have experienced circumstances 
where the guidewire appears by transesophageal echo to pass 
directly from the SVC across the right atrium and into the 
IVC, but when fluoroscopy is used, there is actually a loop in 
the guidewire.

Once guidewire access is obtained and confirmed by fluo-
roscopy, serial dilation of the insertion tract is performed. It 
useful to use a hemostat to spread and stretch the skin and 
subcutaneous tissue at the insertion site alongside the guide-
wire with each serial dilation. After the last dilator has been 
used, the cannula is then inserted over the guidewire with its 
introducer and followed directly with fluoroscopy as the can-
nula is guided into correct position. Again, fluoroscopy is 
used to ensure that the cannula and its introducer do not kink 
the guidewire as they pass over the wire and inadvertently 
cause right atrial or ventricular wall injury. The tip of the 
cannula should reside just caudal to the IVC-RA junction 
within the IVC, and the outflow opening should be rotated 
toward the tricuspid valve with use of echo. When the dual- 
lumen cannula is oriented correctly, the outflow arm of the 
return cannula should be directed medially and lie toward the 
right ear of the patient.
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 Cannulation Complications

Cannula placement complications are primarily related to 
the proficiency with the Seldinger technique and the imaging 
method utilized to guide percutaneous access to the vessel. 
In addition, some patient circumstances, such as the 
 placement of an arterial cannula during active CPR, can lead 
to higher complication rates.

As part of our bedside cannulation strategy, venous access 
to the internal jugular and common femoral veins is consis-
tently preformed under direct ultrasound guidance. A J-wire 
is then advanced and stopped when premature ventricular 
contractions are triggered. We then preform sequential dila-
tions to the diameter of the selected cannula. The most fre-
quent technical complication that we observe during this 
process is bending the J-wire. In our experience this occurs 
due to differences between the puncture access angle and the 
angle in which the dilators are being progressed. As a result, 
a false path is created. Under these circumstances the wire 
will need to be exchanged which may require accessing the 
vein at a different level or choosing a different vessel. This 
can be particularly challenging if the wire is compromised 
when trying to access the right internal jugular vein. Under 
these circumstances, bifemoral VV-ECMO may be the only 
exit strategy. We normally avoid the use of stiffer guidewires, 

i.e., Amplatz; in our experience, they are associated with 
increased vascular injury. Pneumothoraxes, right ventricle 
rupture, pericardial tamponade, and perforation of the IVC 
are some of the other complications associated with 
VV-ECMO cannulation.

Once ECMO is initiated, migration of the cannula can 
result in lower oxygenation and flow, particularly with the 
use of bi-caval dual-lumen cannulas. Migration of the distal 
lumen into the right atrium can increase recirculation and 
decrease flow. Reduced drainage can be observed when the 
cannula advances into the suprahepatic veins.

Gaining access to the common femoral artery (CFA) for 
VA-ECMO initiation can result in hematomas, artery dissec-
tion, limb ischemia, and, in severe cases, amputation. To 
reduce arterial complications, we have a consistent approach 
to cannulation of the CFA and the superficial femoral artery 
(SFA). Using ultrasound, we identify the common, the super-
ficial, and the profunda femoral arteries. Then we place a 
micropuncture into the SFA and a micropunture into the 
CFA.  By wire exchange, a 6F wire reinforced cannula is 
placed in the SFA. Now, we advance a J-wire 30–40 cm into 
the abdominal aorta via the micropunture in the CFA. After 
sequential dilation, again ensuring that the wire is not bend-
ing or a false path is created, we insert our arterial cannula 
and connect the 6 F cannula to its side port (Fig. 67.3).

Fig. 67.3 Femoral vessel 
cannulation sites for 
venoarterial ECMO 
(VA-ECMO)
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By following this technique and in cases in which urgent 
arterial cannulation is not necessary, CPR, our rate of arterial 
complications is lower than 5%.

 ECMO Initiation

Once the cannulas are connected and secured to the ECMO 
circuit and air bubbles have been purged, we increase ECMO 
flows gradually to achieve the highest flow rates possible. 
Flow is defined by a negative pressure not > −100 mmHg in 
the drainage cannula to avoid endothelial injury and hemoly-
sis. We set the oxygen delivery at 100%, and the sweep is set 
to match the flow rates 1:1. We carefully monitor the decrease 
of pCO2 to normal values over the next 24 h. Acute shifts in 
pCO2 after ECMO initiation have been associated with brain 
injury. ECMO flows are adjusted to maintain a cardiac index 
greater than 2 L/m2 and a mixed venous oxygen saturation 
>60%. When a patient is placed on VA-ECMO, we perform 
a transthoracic ECHO to define flows. ECMO flows are 
determined by evaluating right heart drainage and degree of 
left ventricular distention. In addition, inotropic support can 
be initiated to promote contractility. In cases where left ven-
tricular distention and low contractility persist, the need for 
left ventricular venting is discussed.

As ECMO flows are optimized and if the patient is intu-
bated, we initiate a lung-protective strategy using bi-level 
settings with a PEEP of 10, a peak airway pressure lower 
than 25 cmH2O, and FiO2 of 40% .

 ECMO Weaning

We base our decision to wean from VV-ECMO on improving 
lung compliance, in the setting of an improving arterial pO2 
and decreasing sweep gas for CO2 clearance. In most cases, 
decannulation from VV-ECMO can be accomplished at bed-
side with a purse string around the cannula insertion site and 
moderate compression of the area for 15 min.

Weaning from VA-ECMO in cases which ECMO was 
used as a bridge to recovery requires resolution or improve-
ment of the pathology that triggered cannulation. For exam-
ple, in cases of massive pulmonary embolism, emboli 
resolution is necessary before the patient can be weaned 
from ECMO.  This is also the case in myocarditis, post- 
cardiectomy, ischemic myocardiopathy, or graft failure after 
transplant. In these cases contractility needs to be reestab-
lished to the point that the patient’s perfusion can be achieved 
without or with minimal ECMO and inotropic support. 
Improvement in pulsatility and right brachial artery wave-
form and improving ejection fraction evaluated by transtho-
racic ECHO (TTE) or transesophageal ECHO (TEE) are 
good indicators to define VA-ECMO weaning. Our ECHO 
studies include a stepwise approach of reducing VA-ECMO 
flows and simultaneously evaluating contractility.

The most simple method to remember how to approach 
weaning from ECMO is to remember that the goal to 
VV-ECMO is to wean sweep and in VA-ECMO is to wean 
flow. Weaning sweep in VA-ECMO can result in decreased 
oxygenation and end-organ dysfunction.
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 Background

The use of ultrasound (US) in medicine dates back to 1942, 
the year Austrian psychiatrist and neurologist Dr. Karl 
Theodore Dussik published his work on US investigation of 
the brain [1]. US as a diagnostic tool was further developed 
in the 1940s and 1950s, with expanded use in radiology, 
gynecology, obstetrics, and echocardiography. With advance-
ments in technology, US experienced further dissemination 
during the 1960s, 1970s, and 1980s into surgery and emer-
gency medicine. By the 1990s, point-of-care US became a 
part of nearly every specialty’s practice [2].

Point-of-care US (POCUS) differs from comprehensive 
US in its intent and use. POCUS is performed bedside by a 
clinician, employed to detect acute and often life-threatening 
conditions to facilitate treatment or to guide performance of 
an invasive procedure. It is quick and usually only focuses on 
a single or limited set of organs. Its clinical applications can 
be viewed as procedural guidance, diagnostics, monitoring, 
or resuscitation (see Fig. 68.1). Guidelines for the appropriate 
use of bedside ultrasound in the ICU have been set forth by 
the Society of Critical Care Medicine [3, 4]. By following evi-
dence-based recommendations regarding the appropriate use of 
ultrasound in the ICU, clinicians can provide selected patients 
with effective and efficient care. POCUS has gained signifi-
cant popularity in the intensive care unit (ICU) for a number 
of reasons. One, it is portable, allowing for bedside use. Two, 
results are quick, allowing for expedited decision making and 
patient care. Three, it is noninvasive with minimal risk, provid-
ing important information without radiation or contrast. Four, 
it is dynamic, allowing for monitoring of conditions over time.

Despite its clear benefits in the ICU, POCUS has its chal-
lenges and limitations related to clinician training, patient 

factors, and US equipment. Teaching a highly educated and 
specialized surgical critical care specialist to use a novel 
technique can be challenging. Published guidelines from the 
American Society of Echocardiography, the Society of 
Critical Care Medicine, and the American College of Chest 
Physicians suggest that training should include didactics, 
hands-on image acquisition, and interpretation with repeti-
tion. The number of practice exams and images obtained and 
interpreted required to achieve an acceptable skill level var-
ies by exam [5, 6] and is outlined in Table 68.1. Furthermore, 
a competency-based approach to accreditation and mainte-
nance of certification will ensure accuracy and safety. From 
a medicolegal standpoint, clinicians practicing POCUS in 
the ICU need to provide the expected standard of care. A 
structured certification program based on the guidelines 
mentioned will equip clinicians with the cognitive and pro-
cedural skills to perform US. However, a program should 
also document competence, which is the required endpoint 
for standard of practice [7].

Patient factors, including body habitus, positioning, and 
consequences of acute illness (i.e., pleural effusions, sub-
cutaneous emphysema, anasarca, ascites) can limit bedside 
US studies. For example, US waves are attenuated by adi-
pose tissue in the morbidly obese. Switching to a lower fre-
quency probe will allow for deeper penetration but results 
in a lower- resolution image. Positioning in the left lateral 
decubitus allows for a better apical cardiac view; however, 
this may not be possible in a patient requiring flat bedrest. 
While US assists in identifying consequences of acute ill-
ness, these same conditions can limit the evaluation of other 
conditions.

Technical factors, including the US machine, probes, 
and settings, can be barriers to US application in the 
ICU. Some US machines are designed for point of care 
with preset applications. Others require setting manipula-
tion. Regardless, the clinician must be familiar with basic 
operations, including entering the patient’s information, 
selecting a probe and imaging mode, and adjusting the 
image depth and gain.
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 Getting Started

US uses sound waves, which are described by their  frequency 
(number of repetitions per second, in hertz), wavelength 
(distance between waves, in decibels), and period (time it 
takes for one cycle to occur, in seconds). Sound waves are 
emitted by piezoelectric material in the US transducer. 
Mechanical properties of the piezoelectric material deter-
mine the range of sound waves frequencies produced, which 
is why different probes exist. The speed with which a sound 
wave moves through a medium is dependent upon the den-
sity and resistance of the medium. Furthermore, the path of 
the soundwave is altered as it passes through a medium with 
two or more interfaces, described as reflection, scattering, 
refraction, and attenuation. US images are created by sound 
waves reflected and scattered back to the transducer.

Choosing a probe is centered around maximizing resolu-
tion while maintaining adequate penetration. US waves with 
shorter wavelengths have higher frequency and produce 
higher-resolution images, with shallower penetration. US 
waves with longer wavelengths have lower frequency and 
produce lower-resolution images, with deeper penetration. 
US has three main probes: linear, phased array, and curvilin-
ear (see Table 68.2).

Image acquisition is determined by the selected ultra-
sound mode. US has three main modes to choose from and 
that the operator should be familiar with: B-mode, M-mode, 
and Doppler mode. B-mode, or brightness, is the default of 
most machines and displays varying echogenicity of return-
ing echoes as varying degrees of brightness. Anechoic struc-
tures appear black, as sound waves return without reflection 
(i.e., a fluid-filled cyst). Hypoechoic structures appear gray, as 
the structure reflects some soundwaves but less than the sur-
rounding structures (i.e., soft tissue structures). Hyperechoic 
structures appear white, as all sound waves are reflected 

(i.e., calcified vessel wall). Images in B-mode are static. 
M-mode, or motion, analyzes movement of structures over 
time. M-mode utilizes a single axis beam emitted along a select 
line then gathers data on movement of all tissues along that 
line. This is useful when evaluating inferior vena cava (IVC) 
diameter during respiration for fluid status or lung-pleura inter-
face for pneumothorax. Doppler mode evaluates the change in 
frequency of sound waves due to movement in the medium. For 
example, blood flowing toward the transducer shifts echoes to 
a higher frequency, whereas blood flowing away shifts echoes 
to a lower frequency. With spectral Doppler, the movement in 
the medium is plotted as velocity over time for a quantitative 
assessment of velocities as pulsed or continuous waves.

There are several common basic steps to starting any US 
study. These steps ensure a proper setup, which is key to a 
successful study. Spending a few extra minutes on setting up 
the ultrasound machine, correct probe selection, and proper 
patient positioning can produce significant overall time sav-
ings as well as enhancing the image quality and the diagnos-
tic or therapeutic yield of the study. Several of the most 
important basic steps include:

 1. Clean the US machine, keyboard, and transducers with a 
hospital-approved antiseptic wipe.

 2. Inspect transducers to ensure no damage to probe or 
cables.

 3. Position yourself on the patient’s right side with the US 
machine directly in front of you. For cardiac US, some 
feel positioning yourself on the patient’s left side allows 
for higher-quality images.

 4. Select the most appropriate probe for your study.
 5. Plug in the US machine to a wall electrical outlet, and 

turn it on.
 6. Enter the patient’s name, weight, height, and medical 

record number, and select exam type.

Lung

Fluid resuscitation by IVC collapsibility

Vascular access
Thoracentesis
Paracentesis
Pericardiocentesis

Cardiac contractions during cardiac arrest
Detection of life threatening conditions

Tension pneumothorax
Cardiac tamponade
Massive pulmonary embolism

Inotropic effect by left ventricular contraction
Cardiac output

Monitoring
Procedural
guidance

Resuscitation

Diagnostics
Heart
Gallbladder
Aorta
Kidneys
Bladder
Gravid uterus
Extremity veins

Fig. 68.1 Clinical applications of POCUS in the ICU
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Table 68.1 Number of practice exams and images obtained and interpreted required to achieve an acceptable skill level by exam [5, 6]

Modality # Expected standard of care

Core applications: Basic echocardiography, pleural study, lung study, guidance of vascular access, and identification of free abdominal fluid

Basic echocardiography 30 Global LV size and systolic function

LV contraction pattern

Global RV size and systolic function

Assessment for pericardial fluid/tamponade

IVC size and respiratory variation

Basic color Doppler assessment for severe valvular regurgitation

Pleural study 20 Identify hypoechoic or echo-free space surrounded by anatomic boundaries: Diaphragm, chest wall, ribs, 
visceral pleura, normal/consolidated/atelectatic lung

Identify liver and ascites, spleen, kidney, heart, pericardium and pericardial effusion, spinal column, aorta, 
IVC

Identify characteristic dynamic findings of pleural fluid (i.e., diaphragmatic motion, floating lung, dynamic 
fluid motion, changes with respiration)

Characterize fluid: Anechoic, echogenicity, homogeneous or heterogeneous, presence of strands/debris/
septations

Identify other findings (i.e., pleural masses or thickening)

Perform assessment of fluid volume

Recognize specific limitations of US to identify pleural fluid

Lung study 20 Knowledge of the basic semiology of lung US: A-lines, B-lines, sliding lung, lung point

Identify and characterize consolidated lung

Identify and characterize air artifacts suggestive of the normal aeration pattern: A- lines with sliding lung

Identify and characterize air artifacts suggestive of alveolar interstitial pattern: Number and location of B-lines

Knowledge of the limitations of not visualizing lung sliding/B lines

Identify and characterize air artifacts to rule out pneumothorax: Presence of sliding lung, presence of B-lines

Identify and characterize findings that rule in pneumothorax: Presence of lung point (both by 2D imaging and 
M-mode)

Guidance of vascular 
access

10 Identify relevant veins and arteries: Internal jugular, carotid, subclavian, axillary, brachial, radial, femoral, and 
peripheral veins such as basilic, cephalic, external jugular

Differentiate vein from artery based on anatomic position, compressibility, changes with respiration

Identify normal anatomic variability (i.e., vascular hypoplasia, variability of carotid artery position relative to 
internal jugular)

Identify vascular thrombosis by direct visualization or by compression study

Identify adjacent nonvenous structures (i.e., sternocleidomastoid muscle, mass, lymph node)

Knowledge of the effects of patient positioning on anatomic topography: Head/lower extremity rotation 
effects on overlap of the artery by the vein, effects of Trendelenburg position on vascular distention

Identification of free 
abdominal fluid

10 Assess for intraperitoneal fluid

Identify echo-free space surrounded by typical anatomic boundaries: Abdominal wall, diaphragm, liver, 
gallbladder, spleen, kidney, bladder, bowel, uterus, spinal column, aorta, IVC

Identify abdominal wall, diaphragm, liver, gallbladder, spleen, kidney, bladder, bowel, uterus, spinal column, 
aorta, IVC

Identify characteristic dynamic findings of intraperitoneal fluid, such as diaphragmatic motion, floating bowel, 
bowel peristalsis, dynamic fluid motion, and respirophasic shape change, compressibility

Characterize fluid: Anechoic, echogenicity, homogeneous or heterogeneous, presence of strands/debris/
septations

Qualitative assessment of intraperitoneal fluid volume

Recognize specific limitations of US to identify intraperitoneal fluid such as inadequate image quality due to 
technical limitations, hemoperitoneum, echo-dense purulent fluid
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 7. Position the patient. With most studies, the patient will be 
supine. However, many cardiac views are best obtained 
with the patient in left lateral decubitus. Posterior tho-
racic views may be best obtained with the patient in the 
seated position.

 8. If doing an echocardiogram, place EKG electrodes so 
that cardiac velocities are timed with the cardiac cycle.

 9. Ensure patient privacy. Dim the overhead lights.
 10. Orient transducer to screen. Transducer should be held 

like a pencil, with the thumb, index, and middle finger, 
with the fourth and fifth fingers resting on the patient for 
stabilization. The transducer has a long notch on one 
side, which corresponds to the left side of the screen.

 11. Apply gel to transducer. Use a sterile transducer cover, if 
doing an US-guided procedure.

 12. Adjust depth to ensure structure of interest is in the center 
of the screen. Start a greatest depth to see surrounding 
structures, then reduce depth to center the area of interest.

 13. Adjust gain so that fluid appears black and solid tissues 
appear gray to white. Increased gain results in a brighter 
image, whereas decreased gain results in a darker image. 
As depth is increased, gain must also be adjusted.

 14. Review the measurement and calculation capabilities of 
your US machine before obtaining the needed images. 
Some calculations are programmed in the software (i.e., 
bladder volume, cardiac output), whereas others requires 
some manipulation (i.e., measurement of peak velocities 
using Doppler mode).

 15. Save images in the machine’s internal memory, and then 
download to include in the patient’s chart for both docu-
mentation and billing.

 Basic Echocardiography

The ACCP/SRLF Statement of Competence5 defines basic 
echocardiography in the ICU with transthoracic echocardiog-
raphy (TTE) as acquisition of five views: the parasternal long- 
and short-axis views, the apical four-chamber view, the 
subcostal long-axis four-chamber view, and the inferior vena 
cava (IVC) longitudinal view. The ACCP/SRLF Statement of 
Competence also provides key cognitive skills in image inter-
pretation of basic echocardiography in the ICU (see 
Table 68.2). Basic echocardiography is a standard tool in the 
assessment of a patient with hemodynamic instability. Echo 
allows for identification of life-threatening conditions, catego-
rization of shock state, and selection of initial therapies, 
responses to therapies, and identification of coexisting diagno-
sis (see Table 68.1 – Basic Echocardiography and Table 68.3)

 Parasternal Long-Axis View (PLAX) 
(Fig. 68.2)

 1. Patient should be positioned supine, in the left tilt or left 
lateral decubitus position, if possible.

 2. Place the phased-array transducer to the left of the ster-
num in the third or fourth (images can be attained any-
where from second to fifth, slide transducer up or down as 
needed for best image) intercostal space.

 3. With the transducer notch pointed to the patient’s right 
shoulder, images are sectioned through the long axis of 
the heart, with the aortic valve (AV) and mitral valve 
(MV) clearly visualized and positioned just to right of 

Table 68.2 Characteristics of US probes

Probe Frequency Wavelength Depth Resolution Application

Linear 5–10 MHz Shorter Superficial, less 
than 9 cm

Best in axial and 
lateral dimensions

Muscles, nerves, 
joints
Arteries/veins, 
US-guided 
procedures

Phased- 
array

4–7 MHz Long Deep, up to 
35 cm

Ideal for moving 
structures with 
phasing, allowing for 
velocity 
measurements

Cardiac
Thoracic including 
pleura
Inferior vena cava

Curvilinear 2–5 MHz Longer Deeper, 5 cm up 
to 30 cm

Broader beam 
images larger volume 
of structure

Gallbladder, liver, 
kidney bladder, aorta
Abdominal free fluid
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center of the screen. The apical portion of the heart will 
be to the left and base to the right of screen and right ven-
tricle (RV) seen anteriorly.

 4. Tilt transducer until base comes into view, then slightly 
rotate transducer to see LV to fullest extent.

 5. Tilt the tail of the transducer toward the left shoulder to 
view the right atrium (RA), tricuspid valve (TV), and 
RV. The right ventricular outflow tract (RVOT) and chest 
wall will appear at the top of the screen.

Structures imaged Echocardiographic findings

RV, AV, MV, LA, RVOT, LVOT, 
root of aorta, portions of 
ascending and descending aorta, 
anterior and posterior 
pericardium
The anteroseptal and inferolateral 
walls of the left ventricle (LV)
Color Doppler can be used to 
view the interventricular septum, 
AV, and MV

Qualitative assessment of 
ejection fraction (EF)
RVOT/LV wall thickness, size, 
and function
LV segmental wall functions
Septal kinetics
LA chamber size
Evaluation of AV/MV anatomy 
with color Doppler, descending 
aorta, and pericardial space

 Parasternal Short-Axis View (PSAX) 
(Fig. 68.3)

 1. From the parasternal long-axis view, the probe is turned 
clockwise 90 degrees toward the right shoulder until the 
short axis is obtained with the transducer index mark 
pointing toward the left shoulder.

 2. The image seen is at the midventricular tomographic 
plane at the level of the papillary muscle.

Structures imaged Echocardiographic findings

RVOT, AV, LV, TV, PV
The anteroseptal and inferolateral 
walls of the left ventricle (LV)
Pulse-wave Doppler can be used 
to measure Doppler velocity at the 
RVOT
Continuous wave Doppler can be 
used to assess TV and PV 
regurgitation

Qualitative assessment of 
ejection fraction EF
RV/LV wall thickness, 
chamber size, and function
LV segmental wall function
Septal kinetics
Pericardial space

 Apical Four-Chamber View (A4C) (Fig. 68.4)

 1. Ideally, patient is in the left lateral decubitus position.
 2. Place probe inferolaterally to the nipple at the point of 

maximal heart impulse with transducer index mark point-
ing 3–4 o’clock position.

 3. The septum will be oriented vertically in center of screen, 
with the LV in orthogonal view, showing the inferoseptal 
and anterolateral walls, MV, and TV.

 4. View allows for qualitative assessment of LV systolic 
function (endocardial excursion, myocardial thickening, 
and septal motion of anterior leaflet of MV) as normal, 
reduced, or severely reduced.

Structures imaged Echocardiographic findings

LV, RV, LA, RA, TV
Pericardial space
Continuous wave Doppler can be 
used to assess TV and MV 
anatomy

Qualitative assessment of 
ejection fraction EF
RV/LV wall thickness, 
chamber size, and function
LV segmental wall function
Septal kinetics
RA and LA chamber size

 Apical Five-Chamber View (A5C)

 1. From the A4C view, tilt the tail of the probe down toward 
the patient’s left hip.

 2. View shows LV outflow tract (LVOT), allowing for mea-
surement of velocity time interval (VTI) and stroke vol-
ume using pulse-wave Doppler.

 Subcostal Long-Axis Four-Chamber View 
(S4C)

 1. Ideally, patient is in the supine position.
 2. Place probe just inferior to the xiphoid process with trans-

ducer index mark pointing 3 o’clock position.
 3. With the liver in the background, all four chambers are seen 

in the tomographic plane sectioning the heart from right to 
left. The right-sided structures will be closest to the liver.

 4. View allows for assessment of pericardial effusion, spe-
cifically adjacent to RV and RA, and ideal to assess dia-
stolic chamber collapse in cardiac tamponade.

Table 68.3 Competence in basic echocardiography: required cogni-
tive skills in recognition of clinical conditions

Severe hypovolemia
Small, hyperdynamic ventricles, small IVC 
with wide respiratory variations

LV failure Global LV systolic dysfunction, 
heterogeneous contractility pattern suggestive 
of myocardial ischemia LV cavity dilatation 
suggestive of chronic cardiac disease

RV failure Acute cor pulmonale; RV dilatation and 
paradoxical septal motion, isolated RV 
dilatation suggestive of RV infarct, associated 
findings; dilated, noncollapsible IVC

Tamponade Pericardial effusion (regardless of size), right 
atrial/RV diastolic collapse, associated 
findings: Dilated, noncollapsible IVC

Acute massive 
left-sided valvular 
regurgitation

Normal LV cavity size (acute valvulopathy), 
normal/hyperdynamic LV systolic function 
(LV volume overload), massive color Doppler 
regurgitant flow

Circulatory arrest

During 
resuscitation

Tamponade or acute cor pulmonale LV 
systolic function global LV systolic 
dysfunction

After successful Heterogeneous contractility pattern suggestive 
of myocardial ischemia
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Fig. 68.2 Parasternal long-axis view shown at the end of diastole

Fig. 68.3 Parasternal short-axis view at the mitral valve level at the end of diastole

C. H. Evans and S. Cemaj



683

Structures imaged Echocardiographic findings

LV, RV, LA, RA, pericardium, 
interatrial septum
Continuous wave Doppler can be 
used to assess TV and MV anatomy 
and regurgitation

Qualitative assessment of 
ejection fraction EF
RV/LV wall thickness, 
chamber size, and function
LV segmental wall function
Septal kinetics
Pericardial space

 Subcostal IVC Longitudinal View

 1. Ideally, patient is in the supine position.
 2. Place probe just inferior to the xiphoid process with trans-

ducer index mark pointing at the 3 o’clock position.
 3. Rotate transducer 90 degrees counterclockwise to point 

transducer index mark cephalad, and then tilt transducer 
to aim US beam posteriorly.

 4. Slight adjustments may be required to center the RA-IVC 
junction on screen. Ideally, one will see the hepatic vein 
emptying into the IVC and IVC draining into the RA to 
avoid mistaking the aorta for the IVC.

 5. Cross section of IVC’s maximal diameter is measured 
just distal to the hepatic vein-IVC junction or 2 cm from 
the IVC-RA junction.

Structures imaged Echocardiographic findings

Liver, IVC, hepatic veins, 
RA, diaphragm
Pulse-wave Doppler can be 
used to confirm IVC versus 
aorta
M-mode can be used to 
check for IVC collapsibility

Assessment of IVC diameter
Assessment of volume 
responsiveness
Assessment of IVC diameter and 
collapsibility and central venous 
pressure

 Assessment of RV Strain Secondary 
to Pulmonary Embolism Using US

RV strain, as seen in large pulmonary emboli, can be difficult 
to view on basic echocardiography. Yet US can be a fast, non-
invasive, diagnostic study in an unstable patient suspected of 
having a pulmonary embolism. Obtaining adequate views of 
the RV, PV, and parts of the pulmonary artery allows one to 
assess for RV strain related to a large pulmonary embolism.

 1. Obtain parasternal long-axis view, as above.
 2. In PLAX, achieve a view of the RV, PV, and part of the 

pulmonary artery.
 3. Signs consistent with right heart strain related to a pulmo-

nary embolism:

Fig. 68.4 Apical four-chamber view
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 (a) Pulmonary artery dilatation
 (b) RV strain
 (c) RV dilatation with free wall hypokinesis
 (d) Clot in transit on PA (rarely seen)
 (e) McConnell’s sign: hyperdynamic motion of RV apex 

with akinesis of RV wall
 (f) Paradoxic septal movement (appears “D” shaped), 

better seen in parasternal short-axis view [8, 9]

 Assessment of Cardiac Output Using US

 1. Obtain apical five-chamber view, as above.
 2. In PLAX, freeze image in systole.
 3. Measure diameter of LVOT.
 4. Switch to A5C in M-mode.
 5. Trace LVOT VTI (cone-shaped cylinder representing stroke 

volume (SV), where the base is formed by the LVOT).
 6. US machine is set to calculate VTI.
 7. Calculate SV = 3.14 × (LVOT diameter/2)2 × LVOT VTI 

(mL).
 8. Calculate CO = heart rate × SV (L/min).
 9. Note: LVOT VTI may not be accurate when cardiac 

rhythm is irregular.

 Assessment of Systolic Function Using US

US in the ICU provides clinically useful information that 
may alter the plan of care. US is noninvasive and can be 
repeated as often as necessary to reevaluate a critically ill 
patient. This is especially useful after a fluid challenge or 
initiation of an inotropic agent. Two alternatives for a quick 
assessment and calculation of the systolic function are the 
fractional shortening of the LV and the E-point septal 
separation.

 Fractional Shortening of the Left Ventricle

 1. Obtain parasternal short-axis view, as above. Switch to 
M-mode.

 2. Measure the LV just beyond the tips of the mitral leaflets 
at the end of systole and diastole, where FS = EDD-ESD/
EDD × 00 (EDD = end diastolic diameter of LV, and 
ESD = end diastolic diameter).

 3. FS is a basic estimate of LV global function, where 
 normal is 25–45%0.2

 E-Point Septal Separation

 1. Obtain parasternal long-axis view, as above. Switch to 
M-mode.

 2. During diastole, observe the tip of the anterior mitral 
leaflet.

 3. As diastolic dysfunction progresses and the LV contracts 
less, the distance between the tip of the anterior leaflet of 
the MV increases toward the LV septum.

 4. Normal <7 mm, abnormal >10 mm [10].

The measurement of IVC diameter and its collapsibility 
and distensibility gives the clinician additional information 
about a patient’s volume status. When measured during the 
respiratory cycle, this information can be used to infer fluid 
responsiveness and central venous pressure (CVP).

 Assessment of Inferior Vena Cava (IVC) 
Diameter

 1. Obtain subcostal IVC longitudinal view, as above.
 2. Freeze image of IVC at largest diameter.
 3. Use calipers to measure diameter perpendicular to the 

long axis of the vein approximately 2 cm from the RA- 
IVC junction.

 4. IVC is normally 1.5–2.5 cm in diameter, such that:

IVC diameter Clinical inference

<1 cm in trauma Hemorrhagic shock, requiring transfusion

<1.5 cm Volume depletion

>2.5 cm Volume overload

 Assessment of Volume Responsiveness

 1. Switch to M-mode.
 2. Measure IVC diameter at largest diameter (end expira-

tion) and at smallest diameter (end inspiration).
 3. Freeze image of IVC at largest diameter (end expiration) 

and at smallest diameter (end inspiration).
 4. Use calipers to measure diameter perpendicular to the 

long axis of the venin approximately 2 cm from the RA- 
IVC junction.

 5. Measurements should be taken in an identical manner.
 6. Calculate IVC distensibility index = IVCmax − IVCmin 

/IVCmin.
 7. IVC distention of at least 18% is predictive of fluid respon-

siveness, and patient is likely to benefit from a fluid bolus.

 Assessment of IVC Diameter 
and Collapsibility and Central Venous 
Pressure

 1. Switch to M-mode.
 2. Measure IVC diameter at end inspiration and end expira-

tion or before and after a “sniff.”
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 3. Calculate IVC collapsibility = IVCmax − IVCmin/
IVCmax * 100.

 4. Change with respiration or “sniff” estimates RA pressure, 
such that:

IVC diameter and % collapse Estimated CVP (mmHg)

Normal: ≤1.5 cm and >50% 0–5

Intermediate:1.5–2.5 cm and >50% 5–10

High: >2.5 cm and <50% 10–20

Relation between IVC/RA junction and central venous pressure (CVP) 
(Adapted from Jones Handbook of Ultrasound in Trauma and Critical 
Care Illness, 2003)

 Pericardiocentesis

Pericardial tamponade is an emergency requiring rapid diag-
nosis and treatment. Clinical signs such as hypotension, jug-
ular venous distention, muted heart sounds, chest pain, 
tachypnea, and dyspnea suggest a hemodynamically signifi-
cant cardiac effusion and should prompt a sonographic 
investigation. The subcostal long-axis four-chamber view is 
most commonly used for diagnosis of pericardial tampon-
ade. US findings seen in pericardial tamponade include a cir-
cumferential pericardial effusion, RA systolic and diastolic 
collapse, increase in RV volume with inspiration, and 
decrease in RV volume with expiration. Pericardial drainage 
is indicated for effusions >20 mm by US. The use of US in 
pericardiocentesis increases procedural success rate and 
decreases complications.

 1. Obtain the subcostal long-axis four-chamber view, as 
above.

 2. Identify location of largest fluid collection.
 3. Insert a long 16- or 18-gauge needle between the xiphoid 

process and left costal margin at a shallow angle with the 
needle aimed toward the left shoulder while aspirating, 
under direct US guidance.

 4. Once pericardium is entered, proceed with one-time 
drainage.

 5. Before placement of a pigtail catheter over a guidewire, 
ensure that the needle is in the pericardial space by inject-
ing agitated saline and visualizing turbulent flow within 
the pericardial space on US.

 Thoracentesis

The use of US during thoracentesis improves overall suc-
cess and decreases the risk for complications. Thoracentesis 
is indicated in new pleural effusions not related to heart 
failure or other determined diagnosis. In heart failure, a tho-
racentesis should be considered when bilateral effusions are 
of different sizes, pleurisy, fever or signs of infection, 

absence of other signs of heart failure (i.e., cardiomegaly, 
echo findings, low B-type brain natriuretic peptide), or 
effusion that does not resolve with effective heart failure 
therapy.

 1. Patient in sitting position, with arms resting on a surface 
(i.e., bedside table). Thoracentesis can be done with the 
patient in the lying position if US identifies a safe needle 
insertion site.

 2. Place the phased-array transducer along the back (at least 
6 cm from the spinous processes) at the level of the dia-
phragm with the index mark pointing cephalad and cor-
responding screen indicator on the upper left side of the 
image.

 3. Identify the diaphragm, liver or spleen, and lung. Pleural 
fluid should be visible (will appear black and without 
stippling) adjacent to the parietal pleura with sufficient 
distance from the diaphragm and lung throughout the 
respiratory cycle.

 4. Mark the access site on the skin.
 5. Measure distance between skin surface and parietal and 

visceral pleura to estimate depth of needle penetration 
required (a minimum pleural effusion depth of 1.5 cm is 
recommended to safely perform this procedure).

 6. Advance needle on a syringe over top of the rib while 
aspirating until return of pleural fluid.

 7. Withdraw fluid into syringe for sample.
 8. If placing a pigtail catheter:

 (a) Remove syringe and pass wire through needle just 
enough to clear end of needle.

 (b) Remove needle.
 (c) Use scalpel to make a small incision in the skin where 

wire enters.
 (d) Pass dilator over wire and into pleural space, and then 

remove dilator.
 (e) Insert trocar into pigtail catheter, and pass pigtail 

catheter on trocar over wire, ensuring that last side 
hole is within the pleural space.

 (f) Remove trocar and guide wire, leaving pigtail cathe-
ter in place.

 (g) Suture pigtail catheter to chest wall.
 (h) Attach to Heimlich flutter valve or chest drainage 

system container.
 9. Document lung sliding before and after procedure to 

exclude post-procedure pneumothorax.

 Paracentesis

The use of US during paracentesis also improves overall 
 success and decreases the risk for complications. Indications 
for paracentesis include new ascites or evaluation of new 
symptoms in patients with known ascites and therapeutic 
relief of abdominal distention related to ascites.
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 1. The bladder should be emptied by voiding or insertion of 
catheter to prevent bladder injury.

 2. Patient in supine position with head of bed elevated to 30–45 
degrees so ascites pools in the bilateral lower quadrants.

 3. Place the phased-array transducer along the lower abdo-
men in a longitudinal plane with the transducer index 
mark pointing cephalad.

 4. Scan lateral to the rectus abdominis muscles to localize 
largest collection of fluid (if only small amount of fluid is 
viewed, paracentesis cannot be safely completed).

 5. Use color-flow Doppler mode to ensure insertion site is 
not over the inferior epigastric, subcostal, circumflex iliac 
arteries and veins, and thoracoepigastric veins.

 6. Mark site and anesthesize skin and subcutaneous tract to 
peritoneum under direct visualization.

 7. Advance large bore needle on a syringe under real ultra-
sound guidance through the abdominal wall into perito-
neal cavity while aspirating.

 8. Complete diagnostic aspiration or therapeutic drainage.

POCUS is performed bedside by a clinician, employed to 
detect acute and often life-threatening conditions to facilitate 
treatment or to guide performance of an invasive procedure. 
It is portable, results are quick, noninvasive with minimal 
risk, and it is dynamic. There are basic steps to starting any 
US study, ensuring a proper setup and successful study. Basic 
echocardiography in the ICU with transthoracic echocar-
diography (TTE) as acquisition of five views: the parasternal 
long- and short-axis views, apical four-chamber view, sub-
costal long-axis four-chamber view, and inferior vena cava 
(IVC) longitudinal view. An apical five-chamber view is nec-
essary to calculate VTI, SV, and CO and should be consid-
ered in the evaluation of a hemodynamically unstable patient. 
RV strain, as seen in large pulmonary emboli, can be evalu-
ated using POCUS. CO and systolic function can be calcu-
lated using select images obtained during POCUS. The 
measurement of IVC diameter and its collapsibility and dis-
tensibility gives the clinician additional information about a 
patient’s volume status. When measured during the respira-
tory cycle, this information can be used to infer fluid respon-
siveness and CVP. The addition of US-guided imaging to 
procedures, such as pericardiocentesis, thoracentesis, and 
paracentesis, increases procedural success rate and decreases 
complications. POCUS has its challenges and limitations 
related to clinician training, patient factors, and US equip-
ment. Yet, its benefits outweigh these challenges, advocating 
POCUS as a near gold standard in the ICU.

 Conclusions

The past decade has seen an explosion in the utilization of 
ultrasound imaging and the migration of this technology to a 
multitude of medical and surgical specialties. The portability, 

size, image quality, and assistive ultrasound software have 
improved to the point where POCUS can literally be used in 
applications from the head to toes of any patient. In the inten-
sive care setting, having a rapid and reliable imaging technol-
ogy that can provide real-time patient assessment, diagnosis, 
and procedural guidance is an incredible force multiplier for 
the ICU care team. In addition, the excellent safety profile 
and noninvasive nature of ultrasound imaging provides addi-
tional benefits over many standard radiologic imaging 
modalities and more invasive monitoring devices. Ultrasound 
is becoming increasingly integrated into many residency 
training programs and critical care fellowships, and we antic-
ipate that ultrasound proficiency will soon be an absolute 
requirement for any board-certified intensivist. Fortunately, 
the ability to perform most of the bedside assessments and 
procedural guidance studies outlined in this chapter can be 
obtained by any interested provider who is willing to invest 
time and effort into initial training. Once the basic ultrasound 
skillsets are acquired, continued frequent use and evaluation 
through a thorough quality assurance program are key com-
ponents of maintaining this skillset and improving over time. 
Future generations of ultrasound hardware and software will 
undoubtedly continue to foster the expansion of this technol-
ogy to new applications and to enhance the ease and reliabil-
ity of current applications in the ICU setting.

References

 1. Dussik KT. Uber die moglichkeit hochfrequente  mechanische 
schwingungen als diagnostisches hilfsmittel zu verwerten. 
Zeitschrift für die gesamte Neurologie und Psychiatrie. 
1942;174(1):153–68.

 2. Levitov A, Mayo P, Slonim A. Critical care ultrasound. 2nd ed. 
New York: McGraw Hill; 2014.

 3. Frankel H, Kirkpatrick A, Elbarbary M, et al. Guidelines for the 
appropriate use of bedside general and cardiac ultrasonography in 
the evaluation of critically ill patients part I: general ultrasonogra-
phy. Crit Care Med. 2015;43(11):2479–502.

 4. Levitov A, Frankel H, Blaivas M, et al. Guidelines for the appropri-
ate use of bedside general and cardiac ultrasonography in the evalu-
ation of critically ill patients part II: cardiac ultrasonography. Crit 
Care Med. 2016;44(6):1206–27.

 5. Mayo P, Beaulieu Y, Doelken P, et al. American College of Chest 
Physicians/La Société de Réanimation de Langue Française 
Statement on Competence in Critical Care Ultrasonography*. 
Chest. 2009;135:1050–60.

 6. Mayo P, Vieillard-Baron A. International consensus statement on 
training standards for advanced critical care echocardiography. 
Intensive Care Med. 2014;40(5):654–66.

 7. Huang SJ, McLean AS. Do we need a critical care ultrasound cer-
tification program? Implications from an Australian medical-legal 
perspective. Crit Care. 2010;14:313.

 8. McConnell MV, Solomon SD, Rayan ME, Come PC, Goldhaber 
SZ, Lee RT. Regional right ventricular dysfunction detected by 
echocardiography in acute pulmonary embolism. Am J Cardiol. 
1996;78:469–73.

 9. Goldhaber S. Echocardiography in the management of pulmonary 
embolism. Ann Intern Med. 2002;136:691–700.

 10. Perera PH, et al. Cardiac echocardiography. Crit Care Clin. 
2014;30:47–92.

C. H. Evans and S. Cemaj



687© Springer International Publishing AG, part of Springer Nature 2018
A. Salim et al. (eds.), Surgical Critical Care Therapy, https://doi.org/10.1007/978-3-319-71712-8_69

Intra-aortic Balloon Pump

Daniel Dante Yeh

 Introduction

In the twenty-first century, there are several mechanical 
options for the support of a failing heart. One of the oldest 
methods is intra-aortic balloon pump (IABP), also known as 
“counterpulsation.” The term “counterpulsation” refers to 
volume displacement of aortic blood proximally into the 
coronary arteries and distally into the aorta, occurring out of 
phase from the normal cardiac cycle [1–4]. Despite the 
proliferation of other options, IABP remains the most 
common assist device for several reasons: it is minimally 
invasive, does not require extracorporeal handling of blood, 
causes minimal hemolysis, and can be inserted in multiple 
settings (catheterization lab, operating room, intensive care 
unit, etc.) by both surgeons and interventional cardiologists 
[3, 5]. Each year, there are approximately 200,000 IABP 
insertions worldwide [6].

Although animal studies date back to the 1950s [2, 7], the 
first description of use of an intra-aortic balloon pump in 
human patients appeared in 1968 when Kantrowitz et  al. 
reported their clinical experience with IABP in two patients 
with cardiogenic shock [8]. The IABP, inserted via surgical 
cutdown on the femoral artery, favorably improved the 
systemic arterial pressure and urine output. The technique of 
percutaneous insertion was not described until 1980 [9], 
though it is now, by far, the most common insertion method 
[2, 10]. This chapter will review the indications for IABP 
counterpulsation, describe the physiologic mechanisms 
supporting its use, describe the technique of insertion as well 
as potential complications, and finally describe the outcomes 
reported by clinical trials.

 Indications and Contraindications

 Indications

IABP has been described for use in a variety of scenarios, 
some with stronger supporting evidence than others 
(Table  69.1). Common FDA-approved indications include 
cardiogenic shock or mechanical complications of acute 
myocardial infarction (AMI) and weaning from cardiopul-
monary bypass (CPB), while less common indications 
include prophylaxis for “high-risk” patients, refractory 
unstable angina, acute right ventricular support, acute mitral 
valve regurgitation, congestive heart failure secondary to 
cardiomyopathy, myocardial depression secondary to septic 
shock, intractable ventricular arrhythmias, mechanical 
bridge to other alternative assist devices or transplantation, 
posttransplantation support, and heart transplant rejection [3, 
10–12].

 Acute Myocardial Infarction (AMI) 
Without Cardiogenic Shock
Although animal studies have reported decreased infarct size 
and more salvaged myocardium when IABP has been used 
prior to reperfusion [13–15], human studies have not been 
able to translate this into improved clinical outcomes. While 
earlier studies (predating the era of routine percutaneous 
coronary intervention [PCI]) did suggest better outcomes 
[16, 17], more contemporary studies did not report benefits 
of IABP combined with PCI compared to PCI alone in 
patients without cardiogenic shock [18, 19]. The 
Counterpulsation to Reduce Infarct Size Pre-PCI Acute 
Myocardial Infarction (CRISP AMI) enrolled 337 patients 
(30 sites, 9 countries) with acute anterior STEMI without 
cardiogenic shock. Infarct size, as measured by cardiac mag-
netic resonance imaging 3–5  days after revascularization, 
was not significantly different between groups, nor were 
there any differences in secondary endpoints such as all- 
cause mortality at 6 months [18]. Furthermore, a post hoc 
analysis demonstrated a nonsignificant trend toward larger 
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infarct size in patients randomized to IABP (p = 0.06). At 
this time, routine IABP is not recommended in acute myo-
cardial infarction without cardiogenic shock [20].

 AMI with Cardiogenic Shock
Hemodynamic support during or after PCI is one of the most 
common indications for IABP insertion in contemporary 
practice [12]. The evidence supporting this indication is 
mixed, though likely due to methodological concerns. The 
TACTICS study (n = 57) did not demonstrate any benefit in 
all-cause mortality, though subgroup analysis suggested that 
patients in the most severe shock may potentially benefit 
[21]. Another small randomized trial (n  =  40), the IABP 
SHOCK trial, did not show any improvement in APACHE II 
score or hemodynamic parameters compared to medical 
therapy alone [22]. Importantly, the IABP was inserted after 
thrombolysis in both the TACTICS and SHOCK studies. The 
IABP-SHOCK II trial was the largest randomized controlled 
trial, enrolling 600 subjects with cardiogenic shock 
complicating acute MI [23]. At 30  days, there was no 
significant difference in 30-day all-cause mortality between 
those randomized to IABP and those for whom IABP was 
not initially offered. Similarly, there was no improvement in 
12-month survival [24].

Several criticisms of this study deserve mention. First, the 
study population was relatively low risk (mild degrees of 
shock), and about one-third of the enrolled subjects had non- 
STEMI. Patients with mechanical complications of MI were 
excluded [1]. Second, there was a relatively high rate of 
crossover (10%) from the control arm and increased use of 
ventricular assist devices in the control group. This may have 

diluted any signal of treatment benefit. Third, when 
considering the average recruitment across the sites, there 
was only a mean annual IABP insertion rate of 1.7 per center. 
This may have influenced the outcomes, as lower insertion 
rate is associated with worse outcomes [25]. Fourth, timing 
of IABP insertion was left to clinician discretion, and nearly 
90% of the IABP insertions occurred after revascularization. 
There is controversy regarding whether the IABP should be 
inserted before or after PCI.  Proponents of pre-procedural 
counterpulsation argue that the IABP can provide invaluable 
assistance during the procedure, decreasing the amount of 
inotropic support required. For example, one retrospective 
study reported significantly decreased in-hospital mortality 
and overall incidence of major adverse cardiac and 
cerebrovascular events (MACCE) associated with IABP 
inserted before PCI as compared to after PCI [26]. Contrarily, 
supporters of post-procedural counterpulsation argue that 
placing an IABP may lead to worse outcomes by delaying 
reperfusion [20]. In a nonrandomized study, Cheng et  al. 
reported higher levels of peak creatine kinase concentrations 
in patients receiving IABP before PCI in patients with 
cardiogenic shock, possibly indicating larger infarct size 
[27]. Finally, nearly 40% of patients underwent induced 
hypothermia after revascularization, which portends a poor 
outcome regardless of the use of IABP.

The IABP-SHOCK II trial did not report any harm associ-
ated with IABP, and the benefit of counterpulsation prior to 
revascularization in moderate-to-severe cardiogenic shock 
remains unknown. Therefore, the 2013 American College of 
Cardiology (ACC)/American Heart Association (AHA) 
guidelines give a IIa/B recommendation for this indication 
(downgraded from class I in previous versions). The 
European Society of Cardiology (ESC) similarly gave this 
indication a class IIb recommendation [28, 29]. ESC recom-
mends IABP insertion before primary PCI [30].

 Mechanical Complications of AMI
The use of IABP to support an unstable patient suffering 
from mechanical complications of AMI is relatively 
uncontroversial and is strongly supported by current 
guidelines [28, 31]. Currently, this indication accounts for 
>10% of all IABP insertions [12].

 Cardiogenic Shock
Independent of acute MI, cardiogenic shock remains the 
most common indication for which IABP is used in 
contemporary practice, accounting for approximately 25% 
of all IABP insertions [11, 12].

 Prophylaxis for “High-Risk” PCI
In animal models, pre-procedural elective IABP has been 
demonstrated to significantly reduce total infarct size as a per-
centage of threatened myocardium [32]. IABP counterpulsation 

Table 69.1 Indications and contraindications for intra-aortic balloon 
pump

Indications Contraindications
AMI with cardiogenic shock Aortic valve regurgitation
Mechanical complication of AMI Aortic dissection
Weaning from CPB Aortic aneurysm
Prophylactic for “high-risk” PCI Poor neurologic outcome 

expected
Prophylactic for “high-risk” CABG Severe PVD
Refractory unstable angina Active bleeding
Intractable ventricular arrhythmia Uncontrolled coagulopathy
Mechanical bridge to heart 
transplantation
Posttransplantation support
Heart transplant rejection
Acute RV support
Acute mitral regurgitation
Congestive heart failure
Myocardial depression secondary to 
septic shock

AMI acute myocardial infarction, CABG coronary artery bypass graft, 
CPB cardiopulmonary bypass, PCI percutaneous coronary intervention, 
PVD peripheral vascular disease, RV right ventricle
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may be used to support a “high-risk” patient undergoing PCI, 
though there are only a few supporting human trials [10, 33]. 
The balloon pump-assisted coronary intervention study 
(BCIS-1) was the first randomized trial to evaluate this indi-
cation, enrolling 301 patients with an ejection fraction <30% 
and severe coronary disease, randomized to undergo PCI with 
or without elective IABP support [34]. While the study did 
not show a significantly improved rate of MACCE at 28 days 
or 6-month mortality with elective IABP, long-term follow-
up reported a 34% relative reduction in mortality at a median 
of 51 months [35]. It is important to note that procedural com-
plications were more common in the control group (10.7% 
vs. 1.3%, p < 0.001) and that >10% required rescue crossover 
to IABP.  Other human trials in high-risk patients have not 
shown clinical benefit associated with routine IABP use, 
though some only inserted IABP after PCI [36, 37]. Meta- 
analyses suggest that, similar to normal-risk PCI patients, 
high-risk PCI patients seem to have a mortality benefit only if 
they present in cardiogenic shock, though at the cost of 
increased stroke and major bleeding [38–40]. While it seems 
likely that routine post-procedural IABP is not indicated, it is 
still unclear whether pre-procedure IABP in this population is 
beneficial.

While there are no universal definitions for this patient 
cohort, most would consider prophylactic IABP for patients 
meeting one or more of the following criteria: age > 70, left 
main coronary artery disease, multivessel angioplasty, prior 
history of CABG, pharmacologically refractory angina, and 
severe left ventricular dysfunction [6]. The AHA/ACC 
considers it reasonable to place an elective IABP as an 
adjunct to PCI in high-risk patients (class IIb recommendation, 
level of evidence C) [41].

 Coronary Artery Bypass Grafting (CABG): 
Weaning from Cardiopulmonary Bypass
IABP counterpulsation to assist with weaning from cardio-
pulmonary bypass (CBP) after cardiac surgery was among 
the first applications [8, 42] and remains a well- established 
and uncontroversial indication [10]. Postoperative support 
accounts for nearly 15% of all IABP insertions [11].

 CABG: Prophylactic IABP for “High-Risk” Patients
Prophylactic IABP prior to “high-risk” surgery in stable 
patients represents approximately 11% of all IABPs inserted 
in contemporary practice [12]. However, data from random-
ized trials are conflicting. While a 2011 Cochrane systematic 
review (6 trials, 255 patients) reported fewer in-hospital 
deaths associated with IABP use for high-risk “on-pump” 
bypass surgery, 5 of the 6 trials originated from a single cen-
ter and investigator [43–47], thus raising the concern about 
broad generalizability [48]. If IABP is planned, the existing 
evidence supports preoperative insertion rather than intraop-
erative or postoperative IABP insertion [49–55].

 Bridge to Heart Transplantation 
and Posttransplantation Support
Long-term IABP has been demonstrated to be feasible, 
especially when inserted through a site other than the fem-
oral artery [5, 56–58]. The reported rate of complications 
is as low as 0.13 per patient-week of support [59]. Gjesdal 
et  al. reported the outcomes of 32 patients bridged via 
IABP to heart transplantation (mean IABP duration 
21  days) [60]. Renal and liver function improved, and 
30-day and 1-year posttransplantation mortality were sim-
ilar when compared to elective transplanted patients who 
did not receive IABP.  IABP-related complications were 
minor and rare.

After transplantation, IABP may be used to support early 
postoperative low cardiac output syndrome caused by right 
ventricular failure. Arafa et al. first reported that all 5 patients 
treated by IABP for this indication were successfully weaned 
off support, with 4 surviving long-term [61].

 Acute Right Ventricular (RV) Infarction 
with Shock
In patients suffering cardiogenic shock secondary to RV 
infarction, IABP insertion results in immediate improvement 
in hemodynamic parameters. Although no trials have been 
performed, available evidence suggests that the degree of 
augmentation is predictive of survival [62].

 Intractable Ventricular Arrhythmias
IABP counterpulsation has been long described for the treat-
ment of intractable ventricular arrhythmias; however, this 
remains a very uncommon indication in clinical practice [5, 
63, 64].

 Contraindications

 Absolute

Aortic Valve Regurgitation
It is widely acknowledged that intra-aortic counterpulsation 
in the setting of moderate-to-severe aortic regurgitation will 
worsen the condition and thus most consider this an absolute 
contraindication.

Severe Aortic Pathology (Dissection and Aneurysm)
In cases of known or suspected aortic dissection, IABP 
insertion and counterpulsation use may cause dissection 
extension or aortic rupture. Similarly, thoracic aortic aneu-
rysm may be exacerbated or ruptured through the mechani-
cal action of the IABP. Abdominal aortic aneurysm is not 
necessarily an absolute contraindication, though tortuosity 
of the vessel may preclude the femoral approach.
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Poor Prognosis
As with any invasive procedure and medical treatment, IABP 
is not recommended for patients who are not expected to 
have a meaningful recovery (e.g., severe anoxic brain injury) 
regardless of treatment.

 Relative

Severe Peripheral Vascular Disease (PVD)
The main concerns regarding severe PVD mainly relate to 
access-related difficulties and complications. In these cases, 
alternate insertion methods may be considered.

Other
Additional relative contraindications to IABP counterpulsa-
tion include sepsis and uncontrolled coagulopathy or active 
bleeding. However, these cases should be evaluated on a 
case-by-case basis, as support of temporary sepsis-induced 
myocardial depression may be considered, and counterpul-
sation without active anticoagulation has been described as 
safe and effective.

 Physiologic Effects

Numerous animal studies and some human studies have 
been performed to provide a relatively solid mechanistic 
foundation supporting the use of IABP to improve various 
physiologic functions. Through IABP inflation during dias-
tole and deflating during systole, at the most fundamental 
level, it is believed that counterpulsation improves myocar-

dial oxygen supply (via coronary blood flow augmentation) 
and decreases myocardial demand (via afterload reduction) 
[1, 33, 65, 66] (Fig. 69.1). Systemic perfusion may also be 
slightly improved through transformation of the elastic 
potential energy (stored in the aortic root) into kinetic 
energy (i.e., the “Windkessel effect”) [65]. These effects are 
evident within a few heartbeats after the initiation of 
counterpulsation.

 Myocardial Oxygen Supply

Inflation of the IABP dramatically increases the diastolic 
blood pressure, anywhere between 30% and 80% [67, 68]. 
Additionally, the diastolic pressure time index (DPTI), or the 
pressure differential between the LV and the aorta, is also 
augmented. This leads to increased blood flow into the 
coronary arteries [33, 65]. However, studies have shown that 
the extent of coronary blood flow (CBF) improvement is 
dependent upon the degree of luminal narrowing and 
coronary vascular resistance. CBF proximal to a critical 
stenosis is significantly increased to nearly double, and this 
effect is most dramatic in hypotensive patients [67, 69]. 
Importantly, coronary blood flow distal to a critical stenosis 
is not augmented by IABP.  Collateral circulation is also 
minimally affected. In these patients, it is hypothesized that 
the benefit is due to afterload reduction rather than CBF 
improvement [6, 70]. Furthermore, some have argued that 
diastolic augmentation is less effective when the coronary 
circulation autoregulation is intact (i.e., reflexive 
vasoconstriction in response to increased blood flow) [71]. 

Fig. 69.1 Positioning and 
functioning of the IABP [86]. 
The IABP is positioned distal 
to the left subclavian origin 
and inflates in diastole (a), 
increasing aortic root and 
coronary perfusion, then 
deflates in systole (b), 
reducing LV afterload
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Thus, van Nunen et  al. propose that improvements in 
coronary blood flow are only expected in the following 
scenarios: (1) critical stenosis, (2) ischemic myocardium 
(including myocardial “stunning” after infarction and 
weaning from extracorporeal support), and (3) hypotension 
below the autoregulatory range [71].

 Myocardial Oxygen Demand

IABP deflation during systole reduces the afterload of the 
left ventricle (LV) by up to 25% [33, 65, 69]. LV end-systolic 
pressure, LV end-diastolic pressure, and LV end-diastolic 
volume are all decreased, while stroke volume and ejection 
fraction are increased [3, 6, 33, 68]. Heart rate, systolic blood 
pressure, and pulmonary capillary wedge pressure are all 
decreased [3, 67, 69, 72]. Mean arterial blood pressure 
(MAP) is unchanged or slightly increased. These changes 
occur within 20 min of IABP initiation and ultimately lead to 
reductions in peak LV wall stress and decreased myocardial 
oxygen consumption, as estimated by the tension time index 
(TTI) [3, 5, 6, 68]. The greatest benefit is seen in hypotensive 
patients with low cardiac output, with the benefits decreasing 
as cardiac function improves [3]. In a canine regional infarct 
model, decreasing LV afterload during ischemia/reperfusion 
resulted in significant salvage of myocardium compared to 
reperfusion only [73].

 Right Ventricle

In addition to the aforementioned LV mechanisms, IABP 
may also favorably affect RV function and perfusion via 
complex interactions between the LV, pulmonary circulation, 
and RV [65]. For example, through septal-mediated systolic 
interactions, RV cardiac output may be significantly 
augmented as the LV function improves [6]. Additionally, 
the right coronary artery perfusion improves with IABP 
diastolic augmentation similarly as the left coronary artery.

 Factors Affecting Augmentation

The sum total of all these physiologic changes results in a 
modest increase in cardiac output (up to 1 L/min), cardiac 
index, and corresponding improvements in organ perfusion 
[6, 67, 68]. However, the degree of physiologic alteration is 
also dependent upon several other factors [2, 65]:

 1. Balloon volume  – greater balloon volume will result in 
greater blood displacement.

 2. Heart rate – a faster HR results in less filling time and 
less effective balloon augmentation.

 3. Aortic compliance – as compliance increases, the magnitude 
of augmentation decreases, as blood volume is displaced 
radially into the aorta rather than proximally and distally into 
the coronary and systemic circulation, respectively.

 Technique

The basic components of the IABP have changed very little 
since their original description over half a century ago: a 
dual-chamber balloon and a pump console. The balloon’s 
outer lumen is used for gas delivery, and the inner lumen 
may be used for hemodynamic monitoring. Helium gas is 
used to inflate the balloon for two reasons: its low density 
allows for rapid inflation/deflation; it is inert and easily 
absorbed into the blood (in case of balloon rupture) [2, 4, 6]. 
Technical modifications include progressive decrease in 
catheter profile and timing devices to improve synchronization 
of balloon inflation/deflation, especially in cases of irregular 
heart rhythms [3, 74].

 Insertion

The catheter is usually inserted percutaneously through an 
introducer sheath via modified Seldinger technique. While 
the femoral site is most commonly employed, other sites such 
as iliac, brachial, axillary, or subclavian may be considered. 
Generally speaking, the limb with the largest artery should be 
chosen. Alternatively, the catheter may be surgically inserted 
via a transthoracic or translumbar approach.

The position of the catheter must be confirmed prior to 
use. This is usually achieved using fluoroscopic guidance or 
transesophageal echocardiogram. Ideally, the proximal tip of 
the balloon should reside 2–3 cm distal to the left subclavian 
artery [2]. The distal extent of the balloon must not occlude 
the mesenteric or renal arteries.

 Initiation

Once the balloon has been successfully inserted and proper 
positioning confirmed, the IABP is initially set to inflate 
every other beat (1:2) to allow the clinician to compare 
assisted to unassisted heart beats [2]. Full support consists of 
IABP augmentation of every beat (1:1).

The fully expanded balloon diameter should not be greater 
than 80–90% of the diameter of the descending thoracic 
aorta. One may also consider adjusting the inflation volume 
to approximately 50% of ideal stroke volume [6]. It is 
recommended to ensure continued proper positioning and 
functioning with daily chest X-ray and continuous hemody-
namic monitoring.
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While there are no formal recommendations for routine 
systemic anticoagulation, in the absence of contraindications, 
most clinicians usually do provide systemic anticoagulation 
in the form of unfractionated heparin infusion, targeting an 
activated partial thromboplastin time (aPTT) between 50 and 
70 [2]. However, some authors have reported that therapeutic 
anticoagulation may not be required during active 
counterpulsation [75, 76].

Next, the console is programmed for balloon inflation 
during diastole and deflation during systole. The two most 
common triggers are ECG waveform and systemic arterial 
pressure waveform.

ECG waveform trigger Balloon inflation begins in the mid-
dle of the T wave and deflation occurs at the peak of the R 
wave. Irregular rhythms with obscured T and R waves (as in 
atrial fibrillation) may result in only intermittent balloon 
inflation, and use of this trigger may not be possible in case 
of electrical interference or poor ECG quality [2, 65].

Systemic arterial pressure waveform trigger Balloon infla-
tion begins after the dicrotic notch (i.e., aortic valve closure), 
and deflation occurs just prior to the systolic arterial upstroke 
[2, 6].

Internal trigger Balloon inflation is manually set without 
regard to synchronization with the heart. This mode is uti-
lized only in cases where there is no cardiac output or electri-
cal activity, for example, during cardiopulmonary bypass or 
resuscitation.

Pacer trigger Balloon kinetics are synchronized to the ven-
tricular spike in patients who have a 100% paced rhythm.

If timed correctly, the arterial waveform should appear as 
in Fig.  69.2. Immediately following the dicrotic notch, a 
second peak (known as diastolic augmentation) should be 

evident. This augmented peak should be higher than the 
native systolic pressure [65].

 Weaning from IABP Support

As the patient’s cardiac function recovers, weaning from the 
IABP may be initiated. This is usually achieved by gradually 
decreasing the ratio of assisted beats from 1:1 to 1:2 and to 
1:3 over a period of up to 12 h. Lower ratios (down to 1:8) 
may be considered, though the IABP may be considered for 
removal if the patient can tolerate a 1:3 ratio [33]. 
Additionally, the balloon volume may be gradually decreased 
to gradually withdraw the level of augmentation [65]. After 
at least 30  min at the lower setting, cardiac function and 
perfusion data (e.g., mixed venous saturation, cardiac output, 
cardiac index, serum lactate, etc.) may be compared to pre- 
weaning values to determine readiness for liberation. 
Additionally, SBP will usually increase as the degree of 
afterload reduction is withdrawn.

Heparin infusion should be discontinued at least 2 h prior 
to removal so as to minimize bleeding complications at the 
time of IABP removal. However, without systemic 
anticoagulation, a defunctionalized balloon begins to form 
clot within 20 min. Therefore, in order to prevent thrombosis, 
the balloon should continue to be inflated at least once every 
eight beats (preferably more frequently) leading up to 
removal [2, 6, 65]. After sheath removal, manual pressure 
should be applied for at least 30 min.

 Troubleshooting and Complications

There are a myriad of potential complications (Table 69.2), 
though in modern practice, major IABP-related complications 
(severe bleeding, limb ischemia, balloon malfunction) are 
rare, occurring in <3% of cases [11].

 Timing

Because balloon inflation/deflation is a highly choreo-
graphed event, there are multiple potential errors in timing 
that may occur, some with more severe consequences than 
others [2, 6]. It is useful to set the ratio to 1:2 so that assisted 
and unassisted waveforms may be compared. If the balloon 
kinetics are optimally timed, both assisted diastolic and 
systolic pressure should be lower than their unassisted 
counterparts, and the peak diastolic augmentation should be 
higher than the unassisted systolic pressure [77].

Early Inflation IABP inflation before the aortic valve is 
fully closed may have severe counterproductive effects. The 
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valve may be forced closed prematurely or aortic regurgita-
tion may be induced. LV afterload and myocardial oxygen 
demand are both increased, while stroke volume and cardiac 
output are decreased [4, 78]. This error is recognized on the 
waveform by the absence of a dicrotic notch and encroachment 
of the diastolic augmentation into systole (Fig. 69.3a).

Late Inflation Delayed IABP inflation will result in less- 
than- ideal coronary artery perfusion and afterload reduction, 
but will not have the same counterproductive consequences 
as early inflation [4]. This error is recognized on the wave-
form by prolonged dip after the dicrotic notch combined 
with a blunted diastolic augmentation (Fig. 69.3b).

Early Deflation IABP deflation before the end of diastole 
will result in less-than-ideal diastolic augmentation and 
potentially increased myocardial demand. Additionally, the 
decrease in aortic pressure may actually cause retrograde 
flow from the carotid or coronary arteries [4]. This error is 
recognized on waveform by prolonged dip of assisted end- 
diastolic pressure with no change in assisted (vs. unassisted) 
systolic pressure. The drop-off after diastolic augmentation 
will appear nearly vertical, and the assisted systolic pressure 
will approach the unassisted systolic pressure (Fig. 69.3c).

Late Deflation If the IABP balloon does not deflate until 
after the start of systole, the same disastrous effects may 
occur as in early inflation: myocardial oxygen demand will 
be increased, and cardiac output will be decreased as the LV 
is forced to contract against an increased afterload [4]. This 

error is recognized on waveform by the assisted end-diastolic 
pressure being higher than the unassisted end-diastolic pres-
sure. Additionally, the span of diastolic augmentation will be 
widened, and the slope or rise of the assisted systole beat will 
be noticeably less steep (Fig. 69.3d).

 Other

Vascular complications account for the vast majority (>90%), 
and about half of all vascular complications occur around 
insertion or removal [53]. However, limb loss occurs in only 
about 0.5% and IABP-related mortality occurs in <0.1% [10, 
79]. Not surprisingly, the presence of peripheral vascular 
disease has been demonstrated to be the most reliable 
predictor of complications. Other predictors include female 
sex, diabetes mellitus, and tobacco use [80–82].

 Real-World Utilization and Outcomes

Several large trials and registries provide insight into the 
actual usage of IABP in clinical practice. The GUSTO-I 
study enrolled patients presenting within 6 h of chest pain 
onset and randomized subjects to one of four thrombolytic 
treatment protocols [83]. Only 22% of patients presenting 
with shock received IABP, a significant underutilization of a 
treatment modality that previously had a class I indication 
for cardiogenic shock after AMI. In this study, early IABP 
insertion (within 1 day of enrollment) was associated with a 
trend toward improved 30-day and 1-year survival. The 
British Columbia Cardiac Registry reported that only 36% of 
patients with cardiogenic shock complicating AMI received 
IABP [84]. Similarly, in the largest registry of AMI (the 
National Registry of Myocardial Infarction, NRMI-2), only 
about one-third of patients with cardiogenic shock were 
treated with IABP [25]. The combination of IABP and 
thrombolytic therapy decreased the odds of death by 18% 
[85]. Although most of the patients developed cardiogenic 
shock after initial presentation to the hospital, less than half 
of the 750 participating hospitals actually performed 
IABP.  As with other complex procedures and operations, 
IABP outcomes are improved when performed at high- 
volume hospitals by experienced providers. A post hoc 
analysis of the NRMI-2 study divided the hospitals 
performing IABP into three tertiles by annual volume: low-, 
intermediate-, and high-volume groups performed a median 
of 3.4, 12.7, and 37.4 IABPs per year. The mortality rate for 
patients receiving IABP was significantly lower at the high 
vs. low-volume hospital (51% vs. 65%), and this remained 
significant when controlling for baseline patient 
characteristics, hospital characteristics, and other hospital 
procedures [25].

Table 69.2 Complications associated with IABP

Timing
  Inflation – too early or too late
  Deflation – too early or too late
Limb ischemia
  Limb loss
  Transient loss of pulse
Access site related
  Pseudoaneurysm
  Bleeding or hematoma
Hematologic
  Thromboembolic
  Thrombocytopenia
  Hemolysis
Infection
Mechanical
  Balloon entrapment
  Balloon rupture
Anatomic
  Cardiac tamponade
  Malpositioning leading to cerebral, mesenteric, or renal ischemia
  Aortic dissection
Compartment syndrome
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 Benchmark Registry

The largest repository of IABP experience is the Benchmark 
registry, which collected 16,909 patient case records from 
over 200 hospitals worldwide from 1996 to 2000. Review of 
this database provides insight into IABP practice. Balloon 
insertion success rates were very high (98%), and the most 
common indications for IABP were to provide support 
during or after PCI (21%), cardiogenic shock (19%), weaning 
from cardiopulmonary bypass (16%), preoperative support 

for high-risk patients (13%), and refractory unstable angina 
(12%) [11].

In the Benchmark registry, the majority of IABP inser-
tions occurred in the cardiac catheterization lab (64%) or 
operating room (24%), with only 4% of insertions occurring 
in the ICU [11]. Over 95% of insertions were performed per-
cutaneously, with the right femoral artery (65%) preferred 
over the left femoral artery (36%). Only 1% of percutaneous 
insertions were via other alternative sites. The median dura-
tion of IABP support was 41 h [11].
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Overall in-hospital mortality was 21%, with the highest 
rates seen in cardiogenic shock (28%) and weaning from car-
diopulmonary bypass (28%) [79]. Additionally, IABP inser-
tion after more than five inpatient hospital days was strongly 
predictive of mortality. In comparison, mortality rates for car-
diogenic shock without IABP range between 50% and 80%.

 Conclusion

IABP is the oldest and most widely used mechanical assist 
device for the failing heart. The most common indications 
for appropriate use include hemodynamic support during or 
after PCI in unstable patients, cardiogenic shock, weaning 
from cardiopulmonary bypass, and prophylaxis for “high- 
risk” patients before PCI or cardiac surgery. However, 
despite relatively strong recommendations from the ACC/
AHA and ESC, actual utilization for cardiogenic shock com-
plicating AMI is low, averaging between 25% and 35%. 
Vigilance must be maintained to guard against balloon infla-
tion/deflation timing errors. When utilized by experienced 
clinicians, procedural success is very high, and complication 
rates are low.
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