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Introduction

Polytrauma that includes the central nervous
system, especially cases involving traumatic brain
injury (TBI) presents a challenge to both surgical
and neurocritical care teams due to potential
competing interests during the resuscitative per-
iod. Trauma resuscitation involves the infusion of
fluids to help decrease bleeding, reverse and
prevent coagulopathy, support cardiovascular
integrity in order to maintain organ, tissue, and
cellular function. Recently these goals have been
met while decreasing edema formation. In the
brain, the blood brain barrier (BBB) normally
maintains immunologic privilege as well as tight
autoregulatory fluid control. However, following
TBI, BBB dysfunction leads to vasogenic and
cytotoxic edema, which contributes to intracranial
hypertension [1]. TBI in return has been shown to
have systemic implications in physiology such
respiratory compromise as well as derangements
in the hypothalamic pituitary adrenal axis such as
acute glucocorticoid deficiency and diabetes

insipidus [2]. This chapter will discuss current
practices as well as preclinical and clinical studies
aiming to answer the question about the optimal
fluid resuscitation strategy.

In trauma patients without TBI, resuscitation
goals include relatively low mean arterial, urine
output and central venous pressure until definitive
hemostasis is obtained, reversal of coagulopathy as
well as the clearing of a base deficit. These “hy-
potensive” goals are utilized until definitive
hemostasis is obtained, usually within 2–3 h of
admission. In neurocritical care, adequate cerebral
perfusion is paramount, with goal pressures of at
least 60 mmHg, achieved by balancing intracranial
pressure (ICP) and systemic mean arterial pressure
of at least 90 mmHg. Especially early in the
resuscitation of a polytrauma patient, it is obvious
that these goals may seem contradictory. Intracra-
nial pressure is reduced in a tiered fashion,withfirst
tier treatments typically including sedation, estab-
lishing an ICP threshold, cerebral perfusion moni-
toring, neuromuscular blockade, cerebral spinal
fluid (CSF) drainage, and hyperosmolar therapy
[3]. Second tier treatments include hyperventila-
tion, barbiturates for pharmacological coma with
electroencephalogram monitoring for burst sup-
pression, hypothermia, and surgical decompres-
sion.Mean arterial pressure is commonly supported
by the use of vasoactive pressors norepinephrine
and phenylephrine because they have the least
effect on cerebral vasomotor tone, but overaggres-
sive hypertension may increase the risk of acute
respiratory distress syndrome [4].Up toone-third of
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TBI patients have abnormal cerebral autoregula-
tion. As the result of the loss of cerebral autoregu-
lation, cerebral blood flow and capillary hydrostatic
pressure increases, exacerbating edema and
ICP.CSF circulation and clearance ofmetabolites is
also impaired following TBI.

Fluid Balance

Only a handful of clinical studies have been
designed to specifically address trauma resusci-
tation and fluid balance in cases that include
traumatic brain injury, and none have found any
association to benefits of fluid balance manage-
ment and neurologic outcome [5]. Inferences
have been made from other studies such as the
North American Brain Injury Study: Hypother-
mia II (NABIS:H II) suggested that the higher
incidence of intracranial hypertension was likely
associated with resuscitation in the first 96 h
aimed at countering hypotension encountered
during the hypothermic protocol. Adjusting for
injury severity, TBI patients were shown to have
modestly increased odds of death after receiving
resuscitative intravenous fluids in the prehospital
setting. A retrospective cohort TBI study exam-
ined total fluid balance over the first 10 days of
intensive care admission and the association with
refractory intracranial hypertension despite first
tiered therapies (defined as ICP >20 for 30 min
or ICP >15 for 15 min in patients status post
decompressive craniectomy). The study found
that there was no difference between cumulative
fluid in patients that did or did not develop
refractory intracranial hypertension [6].

Crystalloids Versus Colloids

Crystalloids have long been first line therapy for
resuscitating the trauma patient but the pattern of
distribution of specific crystalloid products has
implications on the degree of interstitial edema.
Colloids such as albumin have the potential of
raising intravascular oncotic pressure, thereby
reducing interstitial edema to tissues such as the

brain. However, studies such as the Saline versus
Albumin Fluid Evaluation (SAFE) trial found that
the clinical effect of colloids such as albumin have
been much less than estimated [7]. Ad hoc sub-
group analysis of the SAFETBI trial found that the
use of albumin was associated with increased
treatment intensity in order to control ICP [8].
Reviewers of the SAFE trial have suggested that
the albumin was either leaking into the brain
interstitial tissue thereby exacerbating the edema
or that the albumin solution was slightly hypoos-
motic compared to normal saline [9]. In another
study, albumin combined with neutral or a slightly
negative fluid balance was associated with low
mortality in severe TBI, but was associated with
high rates respiratory failure [10]. To date, other
colloids including synthetics have not produced
convincing evidence to alter clinical practice.

Hyperosmolar Therapy

Hyperosmolar therapy includes mannitol, which
is administered at 0.5–1 g/kg and produces effect
within 15–30 min. This can be administered
every 6 h to a target serum osmolaritiy of 310–
320 Osm/L. In addition to lowering the in-
tracranial pressure, mannitol also has been shown
to improve cerebral blood flow (CBF) [11]. 23 %
hypertonic saline can be used for hyperacute ICP
elevations and for herniation syndromes and can
reduce the ICP by up to 50 % within minutes and
produce a durable response over hours [12].

Osmotic agents, including mannitol and
hypertonic saline have been shown to be well
tolerated and effective in the reduction of
intracranial hypertension, but to date, no study has
shown improved survival nor improved neuro-
logical outcomes. While both mannitol and
hypertonic saline are both considered first tiered
therapies, the dosing and administration practices
vary between and within institutions and thus the
power of systematic reviews are limited [13]. The
Saline versus Albumin Fluid Evaluation Transla-
tion of Research Into Practice Study (SAFE
TRIPS) trial was a global cross-sectional study
that looked at 391 intensive care units and found
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that the choice of resuscitative fluid varied con-
siderably and was associated more with local
practice then the clinical scenario [14].

In the case of the trauma patient with poly-
trauma, hypertonic saline has found applications
in reducing bowel edema in damage control sur-
gery. In a retrospective study, the use of 3 %
sodium chloride at 30 mL/h as maintenance fluid
compared to isotonic fluids at 125 mL/h in dam-
age control laparotomies was associated with
100 % primary fascial closure by day 7 compared
to 76 % with isotonic fluids (p = 0.010). Retro-
spective studies have suggested that mannitol and
hypertonic saline boluses (23.4 %) are equivalent
in reducing ICP [15]. It is evident however, that in
practice, the use of mannitol has become more
limited to situations where quick reductions in ICP
is required as the potential for diuresis complica-
tions are more prevalent than with hypertonic
saline [16]. Rapid diuresis in the hypovolemic
polytrauma patient can be especially deleterious,
causing precipitous drops in blood pressure. Thus
in theory, hypertonic saline can be considered one
of the optimal fluids to be administered in a sce-
nario of a patient with TBI undergoing damage
control laparotomy. Although hypertonic saline is
a common agent used for intracranial hyperten-
sion, patients experience worsening of their
hypocoagulability and hyper-fibrinolysis, which
may complicate the initial resuscitation of patients
with polytrauma [17–19]. In a randomized control
study evaluating single 250 mL bolus adminis-
tration of 7.5 % saline, 7.5 % saline/6 % dextran,
or normal saline in the prehospital setting for
severe TBI patients not in hypovolemic shock, no
differences were seen in 6 month Extended Glas-
gow Outcome Scale scores or disability rating
scores. A follow-up study examining the same
prehospital strategy of treating severe TBI patients
with hypovolemic shock also did not show any
differences in 28 day survival (although the study
was stopped early due to increased early mortality
in a subset of hypertonic saline and hypertonic
saline/dextran groups that did not receive packed
red blood cells in the first 24 h).

Other Crystalloids

Investigators have also explored the use of lactate
containing solutions and sodium bicarbonate in
small clinical studies. Lactate is a preferred energy
substrate in TBI, increasing cerebral blood flow
and in a small study, reduced intracranial hyper-
tension to a similar degree as equimolar mannitol
[20]. Half molar sodium lactate was applied in a
randomized double blinded study versus normal
saline and was found to significantly reduce the
number of elevated ICP episodes as well as total
fluid and chloride balance over the first 48 h post
TBI [21]. Equiosmolar 8.4 % sodium bicarbonate
was investigated in a small, randomized trial ver-
sus 5 % hypertonic sodium chloride and was
found to have equal reductions in ICP [22]. The
use of sodium bicarbonate may reduce the inci-
dence of hyperchloremic metabolic acidosis
commonly seen with repeated doses of hypertonic
sodium chloride and may provide an advantage in
critically ill trauma patients where acidosis already
exists [23].

Blood Products

Blood products are increasingly becoming a
standard addition to the trauma resuscitation
algorithm starting in certain cases in the pre-
hospital setting [24]. Optimal resuscitation using
blood products has been shown through the
Prospective Observational Multicenter Major
Trauma Transfusion (PROMMITT) and Prag-
matic Randomized Optimal Platelet and Plasma
Ratios (PROPPR) studies to be best performed
using balanced red cells, fresh frozen plasma
(FFP) and platelets. Many leading trauma centers
now use plasma as the primary resuscitation fluid
in hypovolemic trauma patients. These centers
are also placing this approach into the prehospital
environment [25]. Of interest in TBI is the
potential therapeutic benefit of FFP due to the
known endotheliopathy that occurs in trauma.
One TBI population that may particularly benefit
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from FFP is the pediatric population, which is
prone to developing coagulopathy following
injury than adults and also demonstrate acute
phase dysregulation of fluid and electrolyte bal-
ance [26].

Plasma repairs the systemic endothelial injury
and dysfunction that leads to coagulation dis-
turbances and inflammation [27]. This protective
property has been shown in the pulmonary
endothelium as well as in studies on platelet
function, and thus may play an important role in
treating the endothelial dysfunction that occurs
following TBI at the level of the blood brain
barrier [28]. Compared to normal saline, FFP has
been shown to cause less activation of coagula-
tion, natural anticoagulation, and endothelial
systems in porcine polytrauma models of TBI
[29].

Initial porcine studies by the Alam group
comparing FPP, 6 % hetastarch and normal saline
in a combined controlled TBI and hemorrhage
model (mimicking the polytrauma patient)
demonstrated superiority of FFP over 6 %
hetastarch and normal saline in reducing lesion
size and edema. The volume of normal saline
required to resuscitate the animals was three times
that of FFP [30]. Further studies demonstrated
decreased excitotoxicty through decreased levels
of glutamate and glycerol as well as improved
energetics with higher levels of mitochondrial
pyruvate dehydrogenase complex activity with
FFP resuscitation compared to normal saline [31].
More recently, the investigators were also able to
demonstrate improved levels of brain oxygena-
tion, cerebral perfusion pressure and endothelial
nitric oxide synthase [32].

The roles of blood products such as FFP and
component factors become critical with the
increased incidence of trauma patients arriving
on anticoagulation including warfarin, clopido-
grel and others. The reversal of anticoagulation is
often part of the initial resuscitation process and
may be even more essential to survival in TBI
patients than non-TBI trauma patients [33].
Investigators have suggested that the use of
recombinant factor VIIa can reduce the amount
of FFP required and may help reduce length of
stay and intensive care required in the

coagulopathic TBI patient [34]. In the most
challenging cases where direct thrombin inhibi-
tors such as Dabigatran, Etexilate are not easily
reversed, monitoring with thrombelastography
and treatments such as activated prothrombin
complex concentrates, recombinant factor VIIa
and other factors may need to be employed,
along with possible emergency dialysis [35, 36].

Other Considerations

In the effort to move resuscitation to the prehos-
pital setting, investigators have studied the
potential of “on demand” versions of plasma and
red cells. Lyophilized plasma product was found
to be just as effective as FFP preclinical swine
models of combined TBI and hemorrhagic shock
[37]. The hemoglobin based oxygen carrier
HBOC-201 was found to improve cerebral per-
fusion pressure and brain tissue oxygen versus
lactated ringers [38, 39]. While some high volume
centers in the US have placed liquid plasma and
RBCs on their helicopters, the dried plasma
products will facilitate wide spread adoption.
Although increasing oxygenation should theoret-
ically protect the injured brain, a recent random-
ized trial found that neither the administration of
erythropoietin nor establishing a transfusion
threshold of 10 g/dL resulted in any improve-
ments in a dichotomized Glasgow Outcome Scale
at 6 months post TBI [40]. Additionally, the
incidence of venous thromboembolisms increased
in the treated groups. In the design of such studies,
the choice of the outcome measure may need to be
tailored to the proposed mechanism of the treat-
ment in order to find clinically significant and
relevant associations.

Neurocritical Care Targets
of Resuscitation

The monitoring and treatment of ICP is a major
target in the treatment of TBI. However, con-
troversy exists in the impact of ICP directed
therapy on outcomes. The multicentered, ran-
domized Benchmark Evidence from South
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American Trials: Treatment of Intracranial Pres-
sures (BEST TRIP) study reported no difference
in functional/cognitive outcome, mortality,
median ICU stay, and serious adverse events
between maintaining ICP at or below 20 mmHg
to imaging and clinical examination alone [41,
42]. Critics of the trial argue that the study varied
from established guidelines and did not specifi-
cally look into ICP monitor use for the man-
agement of intracranial hypertension, thereby
limiting external validity and generalizability.
The average ICP during the acute neurointensive
period has been used as an early target for ther-
apy in hopes that this indicator could correlate
with long-term outcome. However, studies have
reported that average ICP during the first 48 h do
not correlate with 6-month functional nor
neuropsychological outcomes [43]. Some sug-
gest that, these studies generally do not reflect
continuous monitoring trends, number of spikes
and waveforms, and are thus likely limited by
design. Despite these findings, recent evidence
looking specifically at large databases and stud-
ies following the Brain Trauma Foundation
(BTF) guidelines suggest that ICP monitoring
contributed to improved outcomes [44–47].

The debate regarding ICP monitoring and
outcome has led investigators to seek additional,
multimodal approaches to guide resuscitation for
the injured brain and include brain oxygen
monitoring and microdialysis. Poor short-term
outcome is associated with hypoxia measured by
pBrO2 (partial pressure of oxygen in brain tissue)
independent of elevated ICP, low CPP, and
injury severity [48]. Studies have suggested that
pBrO2 directed therapy can lead to improved
Glasgow Outcome Scores (GOS) at 6 months
versus standard ICP directed management [49].
The multicentered Phase II Brain Tissue Oxygen
Monitoring in Traumatic Brian Injury (BOOST
2) trial, will further evaluate whether pBrO2

levels below the critical threshold of 20 mmHg
can be reduced with monitoring, in addition to
the evaluation of safety, feasibility and GOS
extended scores 6 months post injury. Despite
the potential benefits of an additional metabolic
indicator of resuscitation, judicial use of

monitoring equipment may be necessary as using
pBrO2 monitors have also been shown in a study
to be associated with higher cumulative fluid
balance, vasopressor use, pulmonary edema and
refractory intracranial hypertension [6].

Microdialysis has the ability to provide infor-
mation regarding themetabolic status of penumbral
brain tissue, and includes real-time glucose, lactate,
glycerol, and glutamate measurements although
robust randomized clinical trials have not yet been
pursued. Studies have suggested that metabolic
derangements can be detected by microdialysis
prior to increases in ICP [50]. Investigators have
also demonstrated that metabolic crisis, defined by
brain glucose <0.8 mmol/L and lactate/pyruvate
ratio > 25 can occur at an incidence of 74 %
despite adequate resuscitation and controlled ICP
[51].

While the use of pBrO2 monitoring and
microdialysis has not been widely adopted in
clinical use, these two devices provide investiga-
tors valuable tools beyond simple ICP measure-
ments when evaluating emerging therapeutics.
Combined microdialysis and positron emission
tomography in patients following severe TBI
demonstrated that metabolic crisis can even be
present without cerebral ischemia as measured by
oxygen extraction fraction and cerebral venous
oxygen content [52].

Future Directions

The solution to effective resuscitation for the
polytrauma patient with TBI will likely be in the
form of a multimodal approach that will include
FFP, hyperosmolar agents, as well as other
emerging fluid options such as lactate and
hypertonic bicarbonate solutions and other ther-
apeutic adjuncts. Optimizing resuscitation by
decreasing blood loss and edema seems to be a
reasonable approach. Clinical strategies have
even included case reports where continuous
renal replacement therapy was shown to nor-
malize intracranial hypertension in TBI patients
within 48 h of initiation through a hypothesized
mechanism of gentle removal of fluid, solutes and
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inflammatory cytokines [53]. Preclinical studies
have suggested that valproic acid can improve
energetics, reduce lesion size, and edema [54].
Cell therapy with bone marrow derived mes-
enchymal stromal cells has been shown to inhibit
inflammation and preserve vascular endothelial
integrity in lungs after hemorrhagic shock and
preserve vascular endothelial barrier proteins
[55]. Clinical trials are underway in both pedi-
atric and adult populations using autologous bone
marrow derived mononuclear cells intravenously
delivered within 48 h of injury [56, 57].

Controversy still exists in the extent of which
ICP directed management impacts short and
long-term outcomes, thus other strategies, new
targets are necessary. Clinical trials should be
designed to test therapies against clinically rele-
vant outcome measures such as neurointensive
length of stay, short and long-term neurocongi-
tive outcomes and neuroimaging, in addition to
standard long-term function. Neurophysiological
outcomes, such as BBB dysfunction can be
assessed by CSF-plasma albumin quotient and
may be the key to validating and translating
preclinical studies to the intensive care unit [58].
Even the amount of resuscitative fluid and ade-
quacy on a per patient basis can be optimized.
For example, limited transthoracic echocardio-
gram has been shown to be effective in guiding
fluid resuscitation [59]. Also, plasma levels of
longitudinal midregional pro-atrial naturetic
peptide has been studied as a prognostic tool of
GOS outcome at 6-months post injury [60].

Polytrauma that includes central nervous
system injury and hemorrhagic shock presents a
complicated challenge for trauma and neurocrit-
ical care teams during the resuscitative period.
The choice of fluid administrated during the
resuscitative period has direct impact to the
central nervous system. The adequacy of resus-
citation in regards to TBI must look beyond ICP
and CPP management adherence to include
clinically relevant indicators of outcome. To
date, small studies and post hoc analysis have not

yielded convincing support towards any single
clinical management strategy. Although plasma
and other fluids have emerged as effective agents
in preclinical studies, robust clinical trials or
retrospective studies using trauma registries must
be designed to correlate preclinical physiologic
as well as functional improvements to clinically
measureable outcomes.

Today, trauma and neurocritical care teams
must approach the TBI patient with coexisting
hemorrhagic shock with a tailored approach,
using multiple systemic and neuromonitoring
modalities while applying judicious selection of
resuscitative fluids. Balanced blood products
should be given for hemorrhagic shock and early
ICP monitoring established with frequent
neurologic checks. The delay to ICP monitoring
or neurosurgical intervention should be reduced.
Retrospective studies suggest that hemorrhagic
complications infrequently occur when interna-
tional normalized ratio (INR) levels of 1.6 or less
[61]. The increased usage of thrombelastography
to assess the functional clotting status may
reduce the delay that moderately elevated INR
values causes to neurosurgical interventions [62].
Early stabilization of both systemic and cere-
bral endothelia with FFP may influence the
course of resuscitation. The choice of additional
resuscitative fluids may depend on the clinical
scenario. FFP can be given when patients present
with multiple derangements such as hypov-
olemia, coagulopathy, and possibly cerebral
edema due to endothelial dysfunction of the BBB.
Hyperosmolar agents can be used for episodes of
intracranial hypertension, but can be beneficial
when applied to counter systemic as well as
cerebral edema in TBI patients undergoing dam-
age control laparotomies. Other fluid options such
as lactate and hypertonic bicarbonate solutions
should be considered as additional therapies for
neuroprotection if clinically indicated. These
resuscitative efforts should ideally be directed
using prospectively designed service guidelines
and thoroughly captured for analysis.
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