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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

1  Traumatic Brain Injury
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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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