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Abstract

Purpose of Review Traumatic brain injury (TBI) is a
leading cause of morbidity and mortality; however, little
definitive evidence exists about most clinical management
strategies. Here, we highlight important differences
between two major guidelines, the 2016 Brain Trauma
Foundation guidelines and the Lund Concept, along with
recent preclinical and clinical data.

Recent Findings While intracranial pressure (ICP) moni-
toring has been questioned, the majority of literature
demonstrates benefit in severe TBI. The optimal cerebral
perfusion pressure and ICP are yet unknown, but likely as
important is the concept of ICP burden. The evidence for
antihypertensive therapy is strengthening. Decompressive
craniectomy improves mortality, but at the cost of
increased morbidity. Plasma-based resuscitation has
demonstrated benefit in multiple preclinical TBI studies.
Summary The management of hemodynamics and
intravascular volume are crucial in TBI. Based on recent
evidence, ICP monitoring, antihypertensive therapy, mini-
mal use of vasopressors/inotropes, and plasma resuscitation
may improve outcomes.
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Introduction

Traumatic brain injury (TBI) is a leading cause of mor-
bidity and mortality in the United States (US) and world-
wide. There are over 2 million cases of TBI each year in
the US, resulting in approximately 50,000 deaths [1, 2].
There are two main phases of TBI. The first is the primary
injury itself, which involves the initial mechanical force of
impact, resulting in loss of tissue and neuronal cell death.
This primary injury cannot be repaired, and the damage
done is permanent. The second phase is related to a
hyperexcitatory and inflammatory-mediated secondary
injury that occurs during the period of hours to days after
the initial injury [3]. This results in increased blood—brain
barrier (BBB) permeability and cerebral edema, leading to
increasing intracranial pressure, potentially exacerbating
cerebral ischemia [4]. The penumbra, the area of the brain
surrounding the primary injury, is especially vulnerable to
hypoxic insults, and preservation of this region is one of the
primary goals in the management of TBI.

The prevention of the secondary brain injury has been
the subject of significant research over last 3 decades.
However, despite promising data from numerous preclini-
cal trials, no therapy to date has improved outcomes in
humans [5]. Furthermore, we still have little definitive
evidence about the effectiveness of nearly every aspect of
our management of TBI [6]. The guidelines that do exist
are based largely on expert consensus and theoretical
physiological models based upon animal models. There is
no “best’ guideline for treating TBI. The heterogeneity of
injury patterns and an initial classification scheme that has
numerous potential confounders [i.e., Glasgow Coma Scale
(GCS)] hamper the development of effective clinical trials.
Further, there may be aspects of TBI, such as sex
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differences, that we do not yet understand and have yet to
adopt in our individual management of TBI [6, 7].

Yet, until a proven therapy to help prevent secondary
brain injury is available, we must continue to treat patients
suffering TBI in the most empirically effective manner
possible. Here, we will highlight fundamental differences
between two of the main guidelines available for the
management of severe TBI: the most recent Brain Trauma
Foundation (BTF) guidelines, published in 2016, and the
guidelines prescribed in the Lund Concept (LC) [8, 9e°].

Controversies and challenges exist in the process of
treating a patient with TBI, from pre-hospital management
to long-term, outpatient care [10]. This review, however,
will focus on resuscitation during the hours and days after
injury, after the patient has been admitted, triaged, and any
immediate life-threatening space occupying lesions have
been evacuated. Specifically, we will focus on the key
physiologic principles that are used in various approaches
to minimize secondary brain injury.

Perfusion pressure/hemodynamic strategies in TBI

The intracranial contents include the brain, cerebrospinal
fluid, and blood. Intracranial volume is kept constant by the
rigid skull; thus, intracranial pressure (ICP) is the sum of its
three components. An increase in one component affects
the entire compartment. Thus, the brain is rapidly subject to
the development of a “compartment syndrome.” Under
normal circumstances, ICP is kept relatively constant by
compensatory mechanisms, such as autoregulation of
cerebral blood flow (CBF) [11]. However, elevations in
ICP after TBI—via space occupying lesions, cerebral
edema, and disrupted autoregulation—can lead to com-
pression of brain tissue and decrease in CBF, resulting in
further ischemic insults and cell death within the brain.
Furthermore, MAP changes can have effects on cerebral
perfusion pressure (CPP) that would not affect the brain
with intact autoregulation [12]. Therefore, each variable in
the equation MAP — ICP = CPP must be carefully con-
sidered in management to ensure adequate CBF and pre-
vent pathologic elevations in ICP.

CPP and ICP

The parameters for optimal CPP and ICP are not known
and are the scrutiny of much research and debate. Further,
CPP is not a truly measured variable and is a theoretical
entity. There has been a view that ICP elevation is merely
an epi-phenomenon that serves as an index of injury
severity, but that it is not really a valid therapeutic target.
In support of that view, there have been a few studies that
claim no difference in outcome with/without ICP
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monitoring [13]. However, the overwhelming evidence is
that ICP/CPP management strategies can be useful in
severe TBI [14—16]. The critical element distinguishing the
two positions is the concept of ICP burden, as this repre-
sents the total time spent with an ICP over 25 mm Hg for
adults and 20 mm Hg in pediatric patients. Guiza et al.,
clearly demonstrated the strong association between ICP
burden and ultimate outcome using continuous waveform
analysis and data capture (see Fig. 1) [17¢]. Functionally,
all but the shortest interval with an ICP over 20 mm Hg in
children is associated with a bad outcome. More than
approximately 10 min with an ICP over 25 mm Hg is at
high risk for a bad outcome in adults. While there can be
disagreement about the optimal strategies to manage this
derangement, it is apparent that a pathological ICP is
associated with a poor outcome [17¢].

In contrast to a CPP driven strategy, the LC concept
focuses on ICP. The LC attempts to maintain ICP < 20
mm Hg and CPP between 50 and 70 mm Hg, with the
caveat that lower CPPs are only tolerated in a normov-
olemic, non-anemic patient and without the use of beta-
agonist inotropic support [18]. The BTF guidelines have
adapted their pressure targets in the most recent edition.
The threshold at which ICP management should be initi-
ated was increased to 22 mm Hg from 20 mm Hg, while
the range of acceptable CPP values was narrowed to
60-70 mm Hg from 50 to 70 mm Hg [8].

The CPP-based strategy is based upon the concept that
CPP is a surrogate for CBF, which is highly dependent on
cerebral autoregulation. Recent research has highlighted
that the degree of disrupted cerebral autoregulation is
variable among patients, which can have an effect on their
individual optimal CPP [19]. New methods for assessing
the autoregulatory capacity of patients have been recently
developed; however, they are largely not validated and
require sophisticated technologies not present in most
centers caring for TBI patients [11, 20, 21]. The funda-
mental issue is that global pressure perfusion relationships
may not be indicative of penumbral regions of disturbed
flow or metabolism.

More research is certainly necessary to determine opti-
mal thresholds for ICP and CPP, especially concerning the
individual patient’s capacity for cerebral autoregulation.
What is evident is that elevations in ICP > 25 mm Hg and
deviations in CPP < 50 mm Hg and > 70 mm Hg are
likely contribute to secondary brain injury.

Blood Pressure

In TBI, hypotension (defined as SBP < 90 mm Hg) is
known to contribute to mortality and worse outcomes in
children and adults [22, 23]. Many TBI patients endure
simultaneous  polytrauma, leading to  significant
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Fig. 1 Visualization of correlation between Glasgow Outcome Score
(GOS) and average number of ICP insults per GOS category. Left
adult cohort (n = 261). Right pediatric cohort (n = 99). Each color-
coded point in the graph refers to a number of episodes of ICP,
defined by a certain ICP intensity threshold (X-axis), and a certain
duration threshold (Y-axis). Such an episode is called an ICP insult.
The univariate correlation of each type of ICP insult (characterized by

extracranial hemorrhage. Over the last two decades, sig-
nificant advances in trauma resuscitation have led to
improvements in the management of patients with severe
hemorrhage; however, morbidity and mortality of patients
with TBI and hemorrhagic shock remains high [24, 25].
Furthermore, after the initial resuscitation, the optimal
management of hemodynamics in TBI is still under
investigation. What is our goal? Is it to lower ICP, with
acceptance of lower CPP values? Or do we augment MAP
as the primary method of achieving the CPP we desire?
The BTF guidelines recommend maintaining SBP at
> 100 mm Hg for patients 50 to 69 year old or at > 110
mm Hg or above for patient 15 to 49 or > 70 years old [8].
Yet, there is only Level III evidence for this recommen-
dation. Furthermore, there is no recommendation for the
acceptable upper limit of SBP or management of hyper-
tension. In high-income countries, as morbidity due to
cardiovascular disease and cancer has decreased, the inci-
dence of TBI among elderly has increased, with falls being
the most common cause of TBI [6]. These patients often
have pre-existing hypertension, among other comorbidities,
and recent evidence has demonstrated that hypertension
may be associated with increased mortality after TBI [26].
Furthermore, catecholamine excess after TBI can lead to
elevations in SBP after TBI [9, 26]. In the injured brain,
autoregulation mechanism are often impaired, especially at
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ICP intensity and duration thresholds) with outcome is color-coded.
Dark red episodes mean that such ICP insults, on average, are
associated with worse outcome (lower GOS categories); dark blue
episodes mean that such ICP insults, on average, are associated with
better outcome (higher GOS categories). The contour of zero
correlation is highlighted in black, and is called the transition curve.
Reproduced from Ref. [17¢], with permission

and around the site of injury, and recent evidence has
demonstrated that increased SBP and CPP may be directly
transmitted to cerebral capillaries, leading to increases in
capillary hydrostatic pressure and worsening cerebral
edema [9ee, 11].

The BTF guidelines provide recommendations for
minimum SBP, while hypertension is not specifically
addressed. There are no recommendations for or against the
use of antihypertensive medications.

Catecholamines and Paroxysmal Sympathetic
Hyperactivity After TBI

TBI is known to cause to a catecholamine surge that can
result in further damage within the CNS and can have
significant effects on the cardiovascular system. The
association between brain injury, catecholamines, and
cardiac function has been known for some time. In 1971,
Hawkins and Clower demonstrated that head trauma in
mice caused myocardial damage and necrosis, which was
abrogated by administration of reserpine (a sympathetic
blocking agent) [27]. Clifton et al. found that the severity
of head injury correlated closely with levels of circulating
norepinephrine (NE) and dopamine beta-hydroxylase; fur-
thermore, measures of sympathetic activity—including
blood pressure, heart rate, and temperature—were similarly
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elevated in TBI patients with elevated levels of NE [28]. In
addition, catecholamine levels were found to correlate with
prognosis of patients with Glasgow Coma Scale (GCS)
scores of 3 or 4 on admission [29]. This finding from over
30 years ago was confirmed in a recent prospective study,
which found that elevated circulating catecholamines were
independently associated with functional outcome and
mortality in moderate-to-severe TBI [30].

Neuronal injury to specific areas of the brain—such as
the insular cortex and subcortical regions—has been
implicated in catecholamine release, autonomic dysfunc-
tion, and neuroinflammation [31]. The constellation of
these pathological alterations has been termed paroxysmal
sympathetic hyperactivity (PSH), as there is lack of evi-
dence of specific alterations in parasympathetic activity
after neurological injury [32]. Catecholamine excess can
lead to mitochondrial dysfunction and cell death within the
myocardium. Di Battista et al. demonstrated that levels of
catecholamines correlated with circulating cytokine levels,
including IL-10, IL-1B, and TNF-q, over the first 24 h after
injury. Furthermore, higher levels of systemic inflamma-
tory response correlated with worsened 6-month outcomes
[33].

Recent studies have demonstrated that systolic dys-
function is common after TBI, which can further exacer-
bate secondary brain injury via decreased capacity to
maintain cerebral perfusion. Chaikittisilpa et al. found that
the presence of systemic inflammatory response syndrome
(SIRS) criteria was associated with systolic cardiac dys-
function after TBI [34]. These findings support the notion
that catecholamine and systemic inflammatory excess may
contribute to worsened outcomes in TBI. Krishnamoorthy
et al. have provided evidence that a distinctive hemody-
namic profile after TBI, specifically early hypertension and
tachycardia, may be predictive of future cardiac dysfunc-
tion [35]. It is clear that TBI causes a significant sympa-
thetic nervous system response, including a catecholamine
and systemic inflammatory surge, that can result in cardiac
dysfunction and damage and correlates with severity of
neuronal injury.

Antihypertensive Therapy

From its inception, the LC avoided the use of vasopressors,
inotropes, and fluids to maintain supranormal CPP based
on physiologic aspects of brain volume regulation in TBI
(see Fig. 2; for review of brain volume regulation and the
LC, see Grinde 2006) [9e, 36, 37]. Instead, the LC
advocates to start antihypertensive therapy as soon as the
patient has been stabilized. Antihypertensive therapy is
used to reduce arterial pressure, cerebral hydrostatic cap-
illary pressure, and adrenergic stress, with avoidance of
drugs that induce cerebral vasodilation [9e, 18]. While
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most TBI guidelines advocate for treating elevations in ICP
based on a, incident-driven approach [38, 39], LC advo-
cates maintain that starting antihypertensive therapy early
is crucial to preventing pathologic ICP; furthermore, once
brain edema develops, reduction is a slow process due to
BBB disruption in the brain [9+]. In the LC, beta-1
blockade and alpha-2 agonists are the initial therapies of
choice. The principles of hemodynamic management in the
LC are targeted towards normotension decreasing cate-
cholamine-induced stress in order to reduce cerebral edema
and ICP. However, there is no set definition of normoten-
sion or management of SBP with respect to age or
comorbidities.

Beta-Blockers

A great deal of preclinical and clinical research has
investigated the mechanisms and effect of beta-blockade in
TBI, with promising results. Although not specifically
recommended in the BTF guidelines, beta-blockers have
become increasingly utilized in the treatment of TBI. The
Eastern Association for the Surgery of Trauma recently
released guidelines, based on systematic review and meta-
analysis, recommending the use of beta-blockers in severe
TBI in patients under specific conditions: (1) those treated
in an intensive care unit (ICU) where adverse cardiovas-
cular events can be monitored and (2) only if symptomatic
hypotension and bradycardia are avoided. Although the
guidelines note that while the beneficial effects of beta-
blockade in TBI are consistent across multiple studies,
prospective randomized trials are still needed [40].

As mentioned above, the beneficial effects of sympa-
thetic nervous system blockade after brain injury have been
studied and known for many decades. Hawkins demon-
strated that TBI can cause myocardial damage, which was
significantly reduced when mice were pretreated with
reserpine, which blocks the release of catecholamines [27].
In a mouse model, propranolol, a non-selective beta-
blocker, administration at 15 min or 60 min after injury
increased cerebral perfusion in a dose-dependent manner
[41]. Early propranolol administration has also been shown
to attenuate the reduction in cerebral glucose metabolism
often seen after TBI and improve motor function testing at
24 h after injury in mice [42]. Beta-adrenergic receptor
knockout mice were reported to have decreased fibrinolysis
compared to wild-type mice with TBI, potentially leading
to attenuation of coagulopathy after TBI and reduction of
intracranial hemorrhage progression [43]. While not a TBI-
specific model, surgically induced traumatic stress was
found to increase levels of pro-inflammatory cytokines in
microglia cells, central immune effector cells in the CNS;
beta-blockade with propranolol immediately prior to sur-
gery was found to decrease the pro-inflammatory response
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Fig. 2 a A schematic illustration of the cerebral capillary and the
forces responsible for transcapillary fluid exchange in the uninjured
brain with intact BBB. b The cerebral capillary and forces responsible

in isolated microglia [44]. In studying the effects of pro-
pranolol and mesenchymal stem cell therapy in TBI, Kota
et al. demonstrated that a single dose of propranolol
reduced cerebral edema and altered microglia activation
[45]. However, there are also data that suggest propranolol
can actually increase levels of epinephrine after TBI [46].
Further information is needed to elucidate the mechanism
of beta-adrenergic receptors and beta-blockade therapy in
TBI.

The beneficial effects of beta-blockade after TBI are
also demonstrated across multiple clinical studies [47-52].
In a prospective, observational study, Ahl et al. found that
early initiation of beta-blocker therapy with continuous
exposure during the hospital course decreased length of
stay (LOS) and improved functional outcomes at long-term
follow-up, although there was no difference in mortality
[52]. Another prospective, observational study of early and
continuous beta-blocker therapy also demonstrated that
beta-blockade was associated with decrease in ICU and
hospital LOS without increase risk of bradycardic or
hypotensive events [53]. In a prospective, randomized
study of severely injured trauma patients, early treatment
with propranolol was found to improve bone marrow
dysfunction, blunt early tachycardia, and demonstrated a
trend towards faster resolution of anemia [54]. Clearly, a
prospective randomized trial is needed to assess the effi-
cacy and impact of beta-blocker therapy in TBI. The results
from two ongoing randomized clinical trials will hopefully
help guide future therapy (NCT02957331 and
NTC01322048).

Alpha-2 Agonists

Alpha-2 agonists reduce blood pressure via antisympathetic
and sedative effects, and dampen the hyperadrenergic state

Volume regulation of the injured brain
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Capillory

after TBI [9ee, 55]. While non-selective alpha agonists can
have vasoconstrictor effects via alpha-1 stimulation, more
selective alpha-2 agonist (such as dexmedetomidine) can
avoid this and are recommended in low dose by the LC.
The critical element is that these drugs work at the pre-
capillary level, thus reducing transcapillary hydrostatic
pressure and the potential for worsening cerebral edema.
While not as extensively studied as beta-blockers in TBI,
proponents of the LC point to multiple preclinical TBI
studies that showed neuroprotective effects and decreases
in plasma catecholamine levels with the use of alpha-2
agonists [56, 57]. Furthermore, there is recent clinical
evidence that dexmedetomidine is safe in patients with
severe TBI and may decrease requirements for narcotics
and additional sedatives [58].

Angiotensin Il Antagonists

If beta-blockade and alpha-2 agonists cannot confer nor-
motension, angiotensin II blockade is added as an addi-
tional antihypertensive agent in the LC. There is evidence
from preclinical studies that elevated angiotensin II levels
can cause neuronal damage, and that angiotensin II
blockade can lead to reduction in inflammation and vas-
cular permeability after TBI; however, studies in humans
are lacking [9e, 59].

Vasopressors and Inotropes

As mentioned above, the use of vasopressors or inotropes is
avoided at all costs in the LC. Based on physiologic
principles of the injured brain, proponents of the LC con-
tend that while vasopressors and inotropes raise CPP via
elevations in cardiac contractility and arterial pressure,
they actually can cause a decrease in perfusion to the
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critically injured part of the penumbra, the area of brain
surrounding the primary injury. The penumbra is especially
sensitive to hypoxic insults, and preserving the penumbra
zone is one of the primary goals in treating secondary brain
injury [9ee]. Furthermore, activation of the sympathetic
nervous system and catecholamine excess after TBI can
lead to peripheral insults, such as Acute Respiratory Dis-
tress Syndrome (ARDS), via release of pro-inflammatory
substances and increases in vascular permeability [60, 61].
Previous BTF guidelines had recommended the use of
vasopressor/inotrope therapy to maintain CPP > 70 mm
Hg; however, as evidence of the harmful effects of vaso-
pressors and inotropes has accumulated, and mortality has
been shown to improve with CPP < 70 mm Hg, the most
recent BTF guidelines now recommend avoiding the use of
vasopressors and inotropes to maintain CPP > 70 mm Hg

[8].
Decompressive Surgery for Elevated ICP
Decompressive Craniectonmy

Decompressive craniectomy (DC) is used to treat elevated
ICP when medical management has failed. The DECRA
trial (Decompressive Craniectomy in Diffuse Traumatic
Brain Injury) investigated the use of early DC (within 72 h)
to treat elevated ICP; of note, the study did not include
those patient with mass lesions [62]. The results demon-
strated that while DC was effective in treating intracranial
hypertension and reducing length of ICU Stay, those who
underwent DC had worse long-term neurologic outcomes
as based on their Extended Glasgow Outcome Scale scores.
The DECRA trial utilized a large bifrontotemporoparietal
DC. The most recent BTF guidelines caution against using
a bifrontal DC and, instead, recommend a large fron-
totemporoparietal DC [8]. This recommendation was made
prior to the results of the RESCUEicp study (Randomized
Evaluation of Surgery with Craniectomy for Uncontrol-
lable Elevation of Intracranial Pressure), which evaluated
the use of DC (unilateral or bilateral based on intracranial
pathology and surgeon preference) in patients with
refractory intracranial hypertension despite maximum
medical management [63]. The results of this trial indicate
that while mortality was improved in the surgical group,
this was also associated with a higher incidence of vege-
tative state and severe disability. The rates of moderate
disability or good recovery were similar between the two
groups (RESCUEicp). A recent meta-analysis by Zhang
et al. examined the value of DC in TBI with elevated ICP;
they concluded that while DC is effective in lowering ICP
and reducing mortality rates, it is associated with an
increase in overall complication rates [64]. However, the
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benefit on long-term recovery and functional outcomes was
not significant.

In the LC, DC is accepted as a life-saving maneuver for
prevention of brain-stem herniation and death with
uncontrolled elevations in ICP despite optimal medical
treatment [18]. However, the LC advocates for treating
effects of DC, specifically the increase in transcapillary
hydrostatic pressure that results from the reduction in ICP.
This increase in pressure leads to increased transcapillary
filtration and, in turn, potentially worsening brain edema
and further secondary brain injury. In order to counteract
this, the LC advocates for maintaining relatively low CPP
after DC with the use of antihypertensive therapy, plus
albumin, as described above [9+¢]. A retrospective review
of patients treated according to the LC demonstrated no
significant difference in long-term outcome between
patients who underwent DC versus those who did not have
surgery, even though the patients who underwent DC had
higher initial ICPs [65]. However, one must caution com-
paring these outcomes to DECRA and RESCUEicp, as the
outcome long-term outcomes in both groups of severe TBI
patients in the study by Olivecrona et al. were significantly
improved compared to both the DECRA and RESCUEicp
trials.

Multiple Compartment Syndrome

The equation CPP = MAP — ICP lacks a specific venous
component and ignores the potential effects of venous
pressure on ICP and cerebral perfusion. However,
intracranial hypertension can result from increased venous
pressure, both inside and outside the cranial vault [66].
Within the cranium, external compression or internal
obstruction of the venous sinuses can increase venous
pressure. In severe TBI patients, especially those with
polytrauma, external venous compression from outside of
the cranial vault can lead to increased ICP. Ill-fitted cer-
vical collars can cause compression of the internal jugular
vein, which raises ICP. Furthermore, increases in intra-
abdominal pressure (IAP) or intra-thoracic pressure can
raise ICP. Scalea et al. have termed this phenomenon
“multiple compartment syndrome” (MCS), highlighting
the relationship between the abdomen, thorax, and brain
and, furthermore, the effects that treatments for one com-
partment may have on another [67]. Excessive fluids used
to augment CPP can lead to intra-abdominal edema and
increased intra-abdominal pressures, causing compression
of splanchnic vasculature or abdominal compartment syn-
drome (ACS). Furthermore, excessive fluids can also lead
to pathologic interstitial pulmonary edema, acute respira-
tory distress syndrome (ARDS), and increases in intra-
thoracic pressure. Joseph et al. examined 17 patients with
intractable intracranial hypertension, without evidence of
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ACS, who underwent DL as a last-resort maneuver [68]. 11
out of the 17 patients had sustained decreases in ICP and
survived. Those who did not survive only had transient
decreases in ICP after DL. The same group then performed
a retrospective review of patients who had intractable ele-
vation in ICP, were identified as having MCS, and under-
went both DC and DL [67]. ICP was reduced consistently
after both procedures. While the number of patients with
MCS was small, 24 total, they had higher injury severity
scores and fluid requirements compared to patients with
severe TBI who underwent DC alone. Furthermore, ICP
significantly decreased in all patient with MCS who
underwent DL.

IAP monitoring and ACS are not included in either the
BTF guidelines or LC. While not addressed in the BTF
guidelines, the use of positive end-expiratory pressure
(PEEP) is specified in the LC in order to prevent atelectasis
and development of ARDS [9¢]. Clinical data from recent
years have demonstrated that PEEP does have not clini-
cally significant effects on CPP or ICP and can be used
safely in severe TBI patients [69-71]. This is probably
related to the venous collapse within the brain, just distal to
the dura, that protects against “back pressure” until central
venous pressure (CVP) > ICP; flow CVP = ICP may be
the basis for the efficacy of decompressive laparotomy for
refractory ICP with moderate elevation in IAP. In severe
TBI patients with intractable elevations in I[CP—especially
those with polytrauma, high fluid requirements and acute
lung injury—one should consider the effects that the intra-
abdominal and intra-thoracic compartments may have on
intracranial pathology.

The Management of Intravascular Volume in TBI

Volume status is crucial in every critically ill patient;
however, TBI patients are especially vulnerable to the
effects of intravascular volume loss and replacement due to
disruptions in and increased permeability of the BBB and
the susceptibility of the injured brain to hypoxia. While
significant research has been applied to hyperosmolar
therapy for reducing ICP, there is a lack of literature and
evidence about fluid management and maintenance of
normovolemia after TBI.

The LC provides guidelines for the management of
intravascular volume, which has been the source of much
of its criticisms [72]. The main goal of fluid resuscitation in
the LC is avoidance of hypovolemia via albumin supple-
mentation and erythrocyte transfusions (which will be
explored further in the succeeding sections).

The BTF guidelines, however, provide almost no guid-
ance as to how clinicians should address fluid management
in severe TBI. The most recent guidelines only state that

the prior recommendation of using mannitol to reduce ICP
is no longer supported, and there is insufficient evidence,
thus far, to recommend hypertonic saline (HTS) over
mannitol [8]. Yet, recommendations for maintenance fluid
therapy, volume replacement, hemoglobin/hematocrit
thresholds, and the use of blood products—all critical
components in the treatment of patients with severe TBI—
are lacking. Of important note, current management of
trauma and damage control resuscitation has changed sig-
nificantly over the last 20 years, specifically the adoption
of Massive Transfusion Protocols and the 1:1:1 ratio of
plasma:platelet:red blood cells (RBC) transfusion strategy
in favor of crystalloid- or albumin-based initial resuscita-
tion of trauma patients [73, 74]. Therefore, some of the
findings outlined below, including the use of crystalloid-
based resuscitation, are based on management strategies in
trauma patients that are no longer used today.

Albumin Versus Crystalloids

The debate over the use of albumin versus crystalloid for
volume replacement has been the focus of significant
research and opinion in every niche of critical care; how-
ever, the literature in TBI has yet to provide any clear
evidence or direction.

Post hoc analysis of subgroup of patient with TBI SAFE
Study, conducted between 2001 and 2003, concluded that
fluid resuscitation with albumin was associated with higher
mortality rates than resuscitation with saline in critically ill
TBI patients [75]. In further post hoc analysis of those TBI
patients who had ICP monitors placed, the authors of the
study concluded that resuscitation with albumin was
associated with increased ICP and likely contributed to
increased mortality during the first week post-injury [76].
These results have prompted many to shun the use of
albumin in the management of TBI. However, this study
has two major issues that likely preclude its applicability to
current practice. First, this study was conducted during a
time when the major TBI guidelines recommended main-
taining CPP > 70 mm Hg, which often required the use of
vasopressors as indicated in the data from the SAFE study
[77]. As described above, vasopressors can lead to wors-
ening of cerebral edema and ischemia, as well as the
development of ARDS. Second, the study used a 4%
albumin solution, which is hypotonic. Resuscitation with
hypotonic fluids is known to worsen cerebral edema after
TBI, and critics of the SAFE Study have concluded that its
results only further confirmed this finding [78].

The LC guidelines continue to endorse the use of
albumin in the treatment of severe TBI. Specifically, the
LC recommends the use of isotonic 20% albumin in
combination with crystalloids to maintain normovolemia
[9e¢]. The use of albumin allows for decreased amount of
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total volume of fluid necessary to maintain normovolemia,
therefore limiting further cerebral edema. However, evi-
dence supporting the safety of albumin in TBI is limited to
animal models and small, single-center studies [9+¢]. Fur-
thermore, recent evidence into the effects of the endothelial
glycocalyx layer in trauma signify that there is a reduced
absorption effect of transcapillary oncotic pressure than
would be predicted by classic Starling principles [18].
Thus, the plasma expanding capacity of albumin may be
reduced in trauma and TBI patients.

Recent evidence from general critical care and trauma
populations have investigated the use of saline versus
balanced crystalloids, such as Lactated Ringers and Plas-
malyte. Semler et al. concluded that in critically ill adults,
balanced crystalloids, in comparison to normal saline,
resulted in decreased mortality, need for renal replacement
therapy, and persistent renal dysfunction [79]. Further-
more, higher volume of crystalloid resuscitation is associ-
ated with increased mortality [80]. However, evidence
based on non-TBI populations are difficult to adopt into the
management of TBI patients due to effects of BBB
disruption.

Hyperosmolar Therapy

Hyperosmolar agents cause a fluid shift from the brain to
the intravascular compartment, thus allowing for a reduc-
tion in ICP [81]. The mainstays of hyperosmolar therapy
include mannitol and hypertonic saline (HTS), and they
have become central components in the treatment of
pathologic ICP after TBI [82]. However, although signifi-
cant preclinical and clinical research has focused on each
of these agents individually and in comparison to each
other, the existing data provide inconclusive evidence to
support their role in the management of TBI. The most
recent BTF guidelines removed previous recommendations
for the use of mannitol and, instead, stated that sufficient
evidence is lacking to make any recommendation as to the
use of hyperosmolar therapy [8]. Proponents of the LC
contend that the hyperosmolar therapy only treats the
symptom of elevated ICP, but does not have help treat the
pathologic mechanism behind it. In the LC, osmotherapy is
only used to treat acute prevention of brain-stem com-
pression [9ee].

Recent guidelines for fluid therapy in neurointensive
care patients, produced by the European Society of Inten-
sive Care Medicine, gave a weak recommendation for the
use of hyperosmolar therapy in order to reduce ICP,
specifically for ICP greater than 25 mm Hg (also a weak
recommendation) [83]. However, data from 3 randomized
control trials performed in TBI patients demonstrated low-
quality evidence against improved outcomes with the use
of hyperosmolar therapy [83]. Yet, hyperosmolar therapy
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will likely remain in use until significant evidence emerges
that demonstrates worsened outcomes with its use. Among
the two most common agents used, HTS appears to be
more effective in reducing ICP burden, but this has not led
to significant differences in outcomes [82, 84-86]. Pre-
clinical data from Oernbo et al. also demonstrated that
hyperosmolar NaCl solution induced a greater osmotic
response than mannitol [87].

The results from the ongoing COBI trial (Continuous
Hyperosmolar Therapy for Traumatic Brain-injured
Patients; NCT03143751) may help clarify the role of HTS
in acute TBI. In this multicenter, randomized control trial,
patients with TBI (defined as GCS < 12 and abnormal
brain CT scan) will be randomized to standard care or
continuous 20% HTS for at least 48 h [88]. A sodium level
of greater than 155 mmol/L results in a stoppage of HTS
until the next lab draw. One must be cautious in using
HTS; a recent retrospective review found that hyperna-
tremia (defined as Na > 150 mEq/L) was independently
associated with increased mortality in patients with severe
TBI, with higher rates of mortality in patients with severe
hypernatremia (Na > 160 mEq/L) [89].

Data from preclinical experiments in animal models
have demonstrated that hyperosmolar therapy reduced
leukocyte recruitment at the lesion site after TBI [90].
Models of intracerebral hemorrhage and cerebral ischemia
have demonstrated that HT'S and mannitol may reduce pro-
inflammatory mediators and pro-inflammatory microglia
activation and, thereby, attenuate neuroinflammation and
cerebral edema [91-94].

Blood Products
Hemoglobin and Red Blood Cell Transfusions

The current BTF guidelines have no recommendations for
hemoglobin/hematocrit (Hb/Hct) thresholds or the use of
blood products in resuscitation after TBI. The LC, how-
ever, promotes higher Hb/Hct thresholds and a more
aggressive transfusion strategy than is the current standard
in most ICUs. A recent review of the LC suggests a target
Hb level of 10.5-11 g/dL, which is actually lower than
previous suggested Hb target of 11.5-12 g/dL [9ee].
According to proponents of the LC, the argument in favor
of liberal transfusion is two-fold. Erythrocytes contribute to
a significant portion of the intravascular volume; thus, at
low hemoglobin concentrations, higher volumes of plasma
volume expanders such as albumin and crystalloids are
necessary to maintain normovolemia [9+¢, 18]. And given
the relative hypoxia of the penumbra zone, LC proponents
reason that TBI patients are particularly susceptible to
anemia and hypovolemia.
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However, evidence from the Transfusion Requirements
in Critical Care (TRICC) Trial, specifically post hoc
analysis of a subgroup of TBI patients, demonstrated no
benefit from a restrictive (Hb < 7 g/dL) versus liberal
(Hg < 10 g/dL) threshold for RBC transfusion [95]. Sub-
sequent studies in TBI have confirmed this finding [96-98].
Maintaining Hb threshold > 10 g/dL was actually associ-
ated with higher risk of progressive hemorrhagic injury
when compared to a threshold of > 7 g/dL. However,
studying the effects of Hb thresholds on brain tissue oxy-
genation (PbtO2), increased episodes of tissue hypoxia in
normal brain tissue were noted in the low Hb group, which
was not seen when the monitor was placed in contused
brain [96]. Yet, these results were not statistically signifi-
cant, and the authors concluded that the overall data do not
support the use of higher transfusion threshold in TBI.

Plasma

Traumatic injury and TBI cause disruption and damage to
the endothelium, which can lead to worsening coagulopa-
thy, vascular leak, edema, tissue injury, and inflammation
[73]. Multiple studies have demonstrated the effectiveness
of plasma in reducing endothelial cell permeability and
reversing hypercoagulability in hemorrhagic shock
[73, 99]. A recent study in severe TBI patients found sig-
nificantly elevated syndecan-1 levels, a marker of
endothelial glycocalyx injury, in those patients with TBI
associated coagulopathy [100]. Furthermore, these patients
required increased blood product transfusions and had
higher risk of early mortality.

Evidence from trauma literature has demonstrated the
benefit of using a balanced transfusion strategy, specifically
a 1:1:1 ratio of plasma:platelet:RBC, in damage control
resuscitation [74]. Post hoc analysis also revealed that TBI
patients with concomitant hemorrhagic shock had worse
pre-resuscitation coagulopathy than all other groups, sig-
nifying that understanding and implementing balanced
damage control resuscitation is crucial for any provider
caring for TBI patients [24]. Furthermore, the presence of
coagulopathy has been demonstrated to lead to worsened
outcomes in penetrating TBI [101].

Plasma, specifically fresh frozen plasma (FFP), is cur-
rently under investigation as a resuscitative fluid in TBI.
Animal models have demonstrated improved outcomes
with plasma-based resuscitation in comparison to crystal-
loid and colloids [102¢—104]. Jin et al. demonstrated that
administration of FFP significantly reduced brain swelling
and prevented progression of brain injury compared to
treatment with NS in a swine model of TBI + hemorrhagic
shock [102¢]. Furthermore, Halawiesh et al. have demon-
strated that lyophilized plasma provided comparable neu-
roprotection to FFP in a swine model of TBI, which has

implications for resuscitating TBI patients in locations
where access to FFP is limited, such as the combat theater
[105]. Georgoff et al. demonstrated, in another swine
model of TBI in combination with hemorrhagic shock and
polytrauma, that resuscitation with both FFP and lyophi-
lized plasma resulted in lower neurologic severity scores in
comparison to animals resuscitated with normal saline
[106].

Early plasma transfusion has been associated with
improved in-hospital survival in TBI patients who pre-
sented with multifocal intracranial hemorrhage; however,
this finding was not associated with other injury subtypes,
including epidural hematomas, subdural hematomas,
intraparenchymal contusions, or subarachnoid hemorrhage
[107]. Further preclinical and clinical investigations are
warranted before any definite recommendations for plasma
use as a volume expander or resuscitative in TBI can be
made. However, there is evidence that plasma can preserve
endothelial integrity, reverse trauma-induced coagulopa-
thy, and reduce cerebral edema and lesion size after TBI.

Conclusion

TBI is one of the least understood disorders among both the
trauma and neurocritical care populations. We still have
not completely elucidated the pathophysiological mecha-
nisms that contribute to secondary brain injury. Further-
more, no therapies exist that have been proven to prevent
secondary brain injury. Current practice focuses on treating
ICP and CPP, in order to reduce cerebral edema, ischemia,
and brain tissue damage. The management of hemody-
namics and intravascular volume are crucial in TBI, but, as
demonstrated in this review consensus in treatment options
is lacking and many therapies require further investigation.
Guidelines for the management of TBI, such as the BTF
and LC, have many fundamental differences (see Table 1).
However, based on the information presented, we propose
that certain strategies will likely prove beneficial in the
management of TBI:

For patients presenting with significant extracranial
hemorrhage, resuscitation with a 1:1:1 blood product ratio
should be initiated. After control of bleeding, and in those
patients with isolated TBI, we propose that plasma-based
volume resuscitation, as opposed to crystalloid or albumin,
may improve outcomes via correction of coagulopathy,
preservation of the endothelium, and reduction of
intracranial hemorrhage extension. Further study is cer-
tainly warranted on the use of plasma in TBI. Once the
patient has been stabilized, early and continuous beta-
blocker administration is recommended to decrease the
catecholamine and systemic inflammatory excess seen after
TBI, which may help attenuate secondary brain injury via
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Table 1 Recommendations for key resuscitation strategies and fundamental differences between the most recent BTF guidelines and the LC

Management goals  BTF Guidelines (2016)

and treatment

Lund concept

strategies
CPP Maintain CPP between 60 and 70 mm Hg Maintain CPP between 50 and 70 mm Hg
ICP Treat ICP > 22 mm HG Maintain ICP < 20 mm Hg

Blood pressure

Antihypertensive
therapy

No specific recommendation

Vasopressors and

ionotropes due to risk of acute respiratory failure

Decompressive
craniectomy®

recommended
Osmotherapy Hyperosmolar therapy may lower ICP, but there is insufficient
evidence to support a specific recommendation. Previous
recommendation supporting the use of mannitol has been
removed
Hemoglobin/ No specific recommendation
hematocrit

Maintain SBP > 100 mm Hg for patients 50-69 years old or
at > 110 for patients 15-49 or > 70 years old

Avoid vasopressors/inotropes to maintain CPP above 70 mm Hg

DC can reduce ICP in patients with medically refractory ICP
elevations. A large frontotemporoparietal DC is recommended
over small frontotemporoparietal DC. Bifrontal DC in not

No specific recommendation

Early and continuous beta-blockade and alpha-2
agonist therapy as tolerated

Avoid vasopressors/inotropes at all costs

Used as life-saving measure to prevent brain-stem
herniation and death. No specific recommendation
regarding surgical technique.

Hyperosmolar therapy is avoided and only used to
prevent acute brain-stem compression. No specific
recommendation regarding HTS or mannitol

Maintain Hb between 10.5-11 g/dL

“These recommendations were made prior to the results of the RESCUEicp trial

increase in cerebral perfusion and oxygenation, decrease in
the pro-inflammatory response, and preservation of cardiac
function. Alpha-2 agonist therapy has also demonstrated
potential for improving outcomes after TBI. The results
from the DASH after TBI Study will hopefully elucidate
the efficacy of beta-blocker and alpha-2 agonist therapy in
TBI (NCT01322048) [108].

Vasopressors and inotropes should be limited, and we
propose that therapy should be targeted to control ICP,
rather than CPP. The range of optimal CPP remains elu-
sive, possibly because it is only a theoretical marker of
CBF. What is apparent, however, is that ICP burden cor-
relates with injury severity. When ICP is elevated, treat-
ment should focus on reducing ICP, as opposed titrating
CPP via pharmacologic augmentation of MAP. HTS is
recommended to reduce acute elevations in ICP, and early
DC for persistently uncontrolled ICP should be offered to
patients with otherwise survivable injuries. Furthermore,
the COBI trial will help provide information on early and
continuous use of HTS.

Finally, although not addressed in this review, the reader
should be aware of the potential benefit of cellular therapy
in TBI to attenuate secondary brain injury. Preclinical and
clinical data have demonstrated that stem cells—including
bone marrow mononuclear cells (BMMNC), multipotent
adult progenitor cells (MAPC), and mesenchymal stem
cells (MSC)—decrease inflammation, cerebral edema, and
improve outcomes after TBI via alteration in systemic and
cerebral immune function [45, 109—114]. Currently, there
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are two ongoing Phase II trials evaluating autologous
BMMNC in children and adults with severe TBI
(NCT02525432 and NCT01851083).
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