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Abstract Management of intracranial hypertension second-
ary to traumatic brain injury is crucial to optimizing outcomes.
Use of pharmacological and/or surgical management is often
needed to prevent secondary brain injury and its immediate
and long-term effects. In addition to discussing medical and
surgical options for approaching intracranial hypertension,
this chapter will review its pathophysiology and discuss key
aspects of intracranial pressure monitoring.
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Introduction

Traumatic brain injury (TBI) remains a major public health
concern and is a leading cause of mortality and disability in
the USA; on average, approximately 53,000 deaths per year
are attributable to TBI [1]. Fall-related deaths are also on the
rise, with the highest number among adult patients aged
>75 years. This highlights a new dimension of brain injury
consisting of older patients whose primary mechanism of in-
jury is a fall. These patients have diminished recovery poten-
tial, often have significant comorbidities, and may be on one
or more anticoagulants [2].

This article is part of the Topical Collection on Blunt Head Trauma

> Adil H. Haider
ahhaider@partners.org

Center for Surgery and Public Health, Brigham and Women’s
Hospital, 1620 Tremont Street, 4-020, Boston, MA 02120, USA

Initial or primary head injury is the initial impact that leads
to disruption of brain tissue and/or blood vessels. This in-
sult—which can be accompanied by hemorrhage, infarction,
edema, or other effects of direct injury—may lead to raised
intracranial pressure, as humans have an inflexible skull. Sec-
ondary brain injury refers to hypo-perfusion of brain tissue
after the initial insult and is significantly associated with worse
outcomes. Hypoxia, hypotension, increased intracranial pres-
sure, and altered cellular biochemical processes may all con-
tribute to this secondary injury. A major goal of treatment is to
prevent this secondary brain injury.

Existing literature corroborates the importance of maintain-
ing cerebral perfusion pressure despite the intracranial pres-
sure. In all cases of TBI and resultant intracranial hyperten-
sion, a thorough understanding of the cerebral perfusion pres-
sure is integral to preventing secondary brain injury and im-
proving outcomes.

This chapter focuses on an overview of the relevant path-
ophysiology of intracranial hypertension, reviews intracranial
monitoring, pharmacology, surgical options, and challenges in
management, and presents a brief discussion of the prognostic
indicators.

Pathophysiology

The Monro-Kellie hypothesis and cerebral dynamics are
important in order to understand the pathophysiology of
intracranial hypertension. The Monro-Kellie hypothesis
states that the sum of the intracranial volumes of blood,
brain, cerebrospinal fluid, and other components is con-
stant and that an increase in any one of these must be
offset by an equal decrease in another, or else the pressure
increases [3]. The volume of these compartments is tight-
ly regulated, and cerebral blood flow is kept constant by
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the normal regulatory process called pressure auto-regula-
tion. Increases in intracranial pressure can result in

decreases in the cerebral perfusion pressure, as shown
by the following equation [2]:

cerebral perfusion pressure (CPP) = mean arterial pressure (MAP) — intracranial pressure (ICP)

The brain is able to maintain a normal cerebral blood flow
(CBF) with a CPP that ranges from 50 to 150 mmHg where
the CPP provides the driving force behind the CBF. A reduc-
tion in CBF can then lead to inadequate brain tissue perfusion
and oxygenation. The brain may not be able to compensate
adequately at CPP values less than 50 mmHg and after injury,
where the ability of the brain to auto-regulate may be
disrupted. The resultant brain ischemia can then further exac-
erbate brain edema and worsen ICP.

The surgeon must always be aware of the secondary injury
processes that follow the primary injury, mainly hypotension
and hypoxia. These are preventable conditions that can have a
significant effect on the outcome. In fact, a single episode of
hypotension can increase the morbidity of any given brain
injury [4]. Therefore, an important goal in the resuscitation
of these patients should be to restore the blood pressure. Hyp-
oxia is also an independent predictor of poor outcome and
must be avoided [5].

Intracranial Pressure Monitoring

Intracranial pressure monitoring is an invasive technique with
associated risks and should only be utilized for patients with a
depressed neurologic status (Glasgow coma scale [GCS] less
than 8) or who cannot give a reliable, reproducible exam.
There are several ways to monitor ICP based on the anatom-
ical location of the monitor (Table 1). Intraventricular cathe-
ters sit in the ventricle and are considered the most accurate

method to monitor ICP [6]. They are easy to recalibrate and
have the additional therapeutic advantage of CSF drainage
that can be helpful in intracranial lesions when edema is not
the primary cause of elevated ICP. They are best used for
patients who have large ventricles or where drainage would
be helpful. However, it is the most invasive method and can be
a challenge to insert, especially in compressed or displaced
ventricles. It is also associated with infection and hemorrhage
[7, 8]. Intraparenchymal monitors are catheters that can be
inserted directly into the brain tissue. Advantages include eas-
ier placement and less risk of infection and hemorrhage. How-
ever, they do not have the ability to drain CSF and cannot be
recalibrated easily without the removal of the catheter. Sub-
arachnoid bolts/screws and epidural monitors are less accurate
and are less popular options. However, they have the advan-
tages of presenting a low risk of infection and hemorrhage and
can be considered in coagulopathic patients in need of ICP
monitoring.

Pharmacological Treatment

Therapeutic strategies involve the use of osmotic therapy with
mannitol or hypertonic saline to decrease ICP. Mannitol has
been one of the first choices in the treatment of ICP due to
trauma [9]. Mannitol increases the serum osmolality, resulting
in the creation of an osmotic gradient that allows fluid from
the cerebral parenchyma to be drawn into the serum, reducing
cerebral edema and in turn ICP. While both mannitol and

Table 1  Advantages and disadvantages of ICP monitors
Advantages Disadvantages
Ventricular * Low cost * Most invasive
* CSF drainage « Difficulties with insertion due to compression or displacement

« Ease of recalibration

of ventricles
* Measurement inaccuracies from blocked catheters

Intraparenchymal < Ease of insertion especially in those with compressed ventricles < Difficult to recalibrate

Subarachnoid * Ease of insertion

* Less invasive

* Lower risk of infection/hemorrhage
Epidural * Ease of insertion

* Less invasive
» Lower risk of infection

* Measurement drift over time
* Inability to drain CSF

» Measurement drift over time

* Inability to drain CSF

* Less accurate—often clog with debris

* Less accurate—dura may dampen the pressure

* Measurements drift over time
* Inability to drain CSF

* Lower risk of hemorrhage—safer in coagulopathic patients
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hypertonic saline are effective at lowering mortality, hyperton-
ic saline seems to confer a greater survival benefit when com-
pared to mannitol [10]. Additionally, hypertonic saline has
also been shown to produce a more significant reduction in
ICP when compared to mannitol [11]. While the benefits of
hypertonic saline are clear, there is a lack of consensus over
optimal concentration, administration route, and length of
treatment. However, regardless of the concentration or admin-
istration mode (bolus or continuous), hypertonic saline has
been shown to produce better short-term outcomes. The min-
imal adverse effects associated with hypertonic saline are yet
another advantage of its use in intracranial hypertension. Fur-
thermore, hypertonic saline has the additional advantage of
having sodium level as a target and parameter to follow for
effectiveness of treatment [11].

Mannitol can cause hypovolemia and hypotension and
should be used with caution in the polytrauma patient, as it
can cause a precipitous fall in systemic blood pressure and
further exacerbate cerebral ischemia. It can also exacerbate
cerebral edema if administered late after cerebral injury, due
to a disrupted blood brain barrier.

Sedation also forms an important part of the pharmacolog-
ical management of intracranial hypertension. These patients
are often agitated, and sedation can help to reduce intracranial
hypertension. However, the need for sedation must be care-
fully balanced against the potential loss of neurologic assess-
ments. Propofol is one of the preferred drugs for sedation in
these patients. Studies have shown favorable cerebral effects,
including a reduction in ICP [12—14]. It has a relatively quick
onset and offset of action, allowing for discontinuation of
sedation to perform reliable clinical neurological examina-
tions. However, one should be aware of its hemodynamic
effects, as it can cause a reduction in the mean arterial pres-
sure, which may require fluid resuscitation or even vasopres-
sors to maintain the CPP. Propofol offers additional benefits
such as increased seizure threshold and offers a better quality
of sedation when compared to midazolam [15].

Barbiturates have been recommended as a sedative for pa-
tients with refractory intracranial hypertension. Literature sup-
ports its use as a mechanism to slow brain metabolism, reduce
cerebral blood flow, and improve oxygenation of the cerebral
tissue [16-20]. Similarly, as is the case with propofol, one
should be aware of its effects on hemodynamics and be pre-
pared to act accordingly. Loss of the neurologic exam during
barbiturate coma warrants the need for continuous EEG mon-
itoring. This requirement makes barbiturate coma unavailable
at certain centers where continuous EEG monitoring is
inaccessible.

In the past, ketamine was contraindicated in the manage-
ment of intracranial hypertension because of adverse effects
on cerebral hemodynamics. More recently, studies show that it
does not worsen intracranial pressure or mean perfusion pres-
sure [21]. Despite the absence of a therapeutic component, it

has been shown to be a reasonable option for those patients
with hemodynamic compromise who require sedation. Opi-
oids and benzodiazepines have a greater role in the recovery
period for long-term analgesia and sedation in the critical care
setting for neurologic injury patterns.

Surgical Treatment

Decompressive craniectomy provides a larger reserve to com-
pensate for increased pressure and circumvents the Monroe-
Kellie doctrine, thus alleviating intracranial hypertension. Its
role in the management of traumatic brain injury is not well
defined and continues to be a source of debate in the literature.

Most studies have found that decompressive craniectomy
is effective at reducing ICP but that there is no change in
overall outcome of the patient. Studies further show that de-
compressive craniectomy can significantly lower ICP and
may shorten the length of stay in the intensive care unit
[22¢]. A recent review found an associated reduction in mor-
tality with the declining use of decompressive craniectomy in
Washington State Trauma Registry but found no change in
functional outcome or long-term mortality [23+¢]. However,
Dubose et al. found that mortality was significantly better
among military casualties who had higher rates of neurosur-
gical intervention for TBI when compared to their civilian
counterparts in the National Trauma Data Bank [24]. Thus,
there remains debate regarding its use. In fact, older literature,
including the 2006 Cochrane review by Sahuquillo et al.,
found that routine use of decompressive craniectomy was
not supported by the literature. Hence, clinical circumstances
should be carefully considered before surgical intervention
[22-].

The timing of decompressive craniectomy is also debat-
able. Some studies suggest that early decompression lowers
ICP but does not affect mortality. An evaluation of 11 level 1
trauma centers found that early decompressive craniectomy
did not significantly improve mortality in patients with refrac-
tory intracranial hypertension when compared with medical
therapy [25¢]. In contrast, a two-center study evaluating de-
compressive craniectomy and lesion evacuation found that
early intervention might improve outcome even when intra-
cranial pressure was not necessarily elevated or a factor in
surgical decision-making [26¢].

Challenges in Management
Head Injury in Intoxicated Patients
Intoxicated patients with head injuries present a particularly

challenging diagnostic and therapeutic dilemma to trauma sur-
geons and emergency department (ED) physicians alike.
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Alcohol intoxication is a major predisposing factor for head
trauma. The management of the head-injured patient is highly
dependent on an accurate clinical assessment of the patient’s
consciousness. The unreliability of this exam can complicate
the decision-making process and prevent timely management
decisions. Furthermore, these patients are agitated, disruptive,
and uncooperative. In the interest of the patient and complet-
ing the clinical assessment, sedation is sometimes warranted.
Benzodiazepines such as lorazepam and midazolam should be
used with caution in such cases. While benzodiazepines can
reduce CBF and ICP, there is evidence that bolus doses can
significantly reduce MAP and CPP [27]. Other important dis-
advantages include significant respiratory depression and in-
hibition of the cough reflex, which can in turn predispose to
aspiration.

Head Injury in Multiply-Injured Patients

Multiply-injured patients with head injuries can present a di-
agnostic conundrum. While the primary survey of the ATLS
protocol prioritizes the rapid assessment and treatment of life-
threatening injuries, one should be aware of the effects of
mannitol administration for head injuries. Mannitol can cause
a deleterious drop in the blood pressure through hypovolemia
and can therefore exacerbate early class I or II shock. In such
cases, a fine balance is needed between resuscitation and man-
nitol administration.

Prognostic Indicators and Rehabilitation

The rehabilitation phase can be life-long, with functionally
limiting complications that can impede therapy. There are no
perfect predictors of prognosis when considering traumatic
brain injury. Therapy should begin in the intensive care unit
and should actively involve the patient and their family mem-
bers. In certain situations, there are no therapies or medica-
tions that can substitute the support of family. We believe that
family is more important than any medication or drug in im-
proving outcomes after traumatic brain injury.

Trauma patients and their families should be made aware of
the imperfect science of gauging neurologic recovery after trau-
matic injury. Even though prognostic calculators have been
developed, based on the International Mission for Prognosis
and Clinical Trial (IMPACT) database and the Corticosteroid
Randomization after Significant Head Injury (CRASH) trial
database, controversy still exists surrounding reliable prognos-
tic indicators. The IMPACT group developed a numeric scale
for predictors of prognosis in brain-injured patients [28], but
Olivecrona et al. found that the scoring did not necessarily
correlate with severe brain injury patterns [29]. The CRASH
prognostic calculator was also criticized for overestimating risk
of mortality and unfavorable outcomes [30]. In an effort to
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validate these tools in recent larger datasets, Roozenbeek
et al. compared IMPACT and CRASH prognostic models; they
found good generalizability and confirmed validity in quanti-
fying prognosis. Predictors that captured most information
were age, GCS score, and pupillary reactivity; no relevant dif-
ferences were found between the models [31].

Conclusions

Intracranial hypertension secondary to traumatic brain injury
is a significant cause of morbidity and mortality in the USA
and is a major public health concern. Prevention of secondary
brain injury immediately after the primary insult is essential to
the successful outcomes after head trauma. Rapid develop-
ment of increased intracranial pressure should be detected
and treated promptly (either medically or surgically) and,
whenever possible, prevented.
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