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Introduction

Primary brain injury can result from a variety of causes,
including trauma, focal or global cerebral ischemia,
intraparenchymal or subarachnoid hemorrhage, infec-
tion, or toxic-metabolic derangements. Secondary
neuronal injury may ensue from a variety of factors,
including cerebral edema that may accompany elevated
intracranial pressure (ICP), and compromise cerebral
blood flow (CBF). The use of osmotic agents constitutes
the cornerstone of medical therapy in acute brain resus-
citation from cerebral edema and elevated ICP in all
brain injury paradigms. While mannitol is the osmotic
agent of choice, hypertonic saline (HS) solutions have
received renewed attention as agents that hold promise
in the future. This article reviews and highlights the
pathophysiological principles of osmotherapy and the
mechanisms of action of osmotic agents, and elaborates
on their use in patients with acute brain injury.

Fundamental principles of acute brain resuscitation

Cerebral edema and elevated ICP are frequently en-
countered in clinical practice in patients with brain in-
jury of diverse etiologies [1-6]. Cerebral edema, defined
as increased brain water content, may or may not trans-
late into elevated ICP [1,2,5,6]. Global increases in ICP
may compromise cerebral perfusion pressure (CPP;
mean arterial blood pressure [MAP] — ICP) and CBF
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and may lead to cerebral ischemia and irreversible brain
injury [5-7]. However, focal cerebral edema can act as a
mass that may lead to lethal intracranial compartmental
shifts, causing compression of vital brain structures that
are characterized by a constellation of symptoms and
signs (herniation syndromes) [1,2,5-7] (Table 1). Thus,
herniation syndromes can exist in the face of normal
global ICP. Serial neurologic examinations focusing on
the constellation of signs that help prompt recognition
of these syndromes is paramount in instituting thera-
peutic interventions in a timely fashion [8]. Tradition-
ally, cerebral edema has been classified as: (a) cytotoxic,
as a consequence of cellular energy failure (Na*-K*
pump disruption) (b) vasogenic, secondary to increased
vascular permeability to plasma components because
of dysfunction of glial foot processes, (c) hydrocephalic
edema, secondary to the obstruction of cerebrospinal
fluid (CSF) pathways leading to the periventricular ex-
travasation of CSF, (d) hydrostatic, because of elevated
systemic blood pressure, and (e) osmotic, because of
plasma hypo-osmolality [5,6,9] (Table 2).

From a therapeutic perspective, there is considerable
overlap in the management of cerebral edema with or
without elevated ICP [1,2,5,6] (Table 3). General mea-
sures for treatment focus on preventing any increases
in blood pressure and ICP (e.g., avoidance of shiver-
ing, agitation, and excessive stimulation, and the main-
taining of adequate analgesia) and assuring adequate
cerebral venous drainage (mid-head positioning and
elevation, euvolemia). Specific therapies for elevated
ICP include controlled hyperventilation, the use of
osmotic agents and diuretics, controlled cerebrospinal
fluid (CSF) drainage, and cerebral metabolic suppres-
sion with pharmacological coma (barbiturates and
propofol) [1,2,5,6]. More recently, hypothermia, with or
without decompressive hemicraniectomy, has received
attention as “rescue” therapy for certain brain injuries
[10-12], but evidence for the efficacy of these modalities
remains largely anecdotal and unproven.
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Table 1. Various types of herniation syndromes. Early recognition is paramount in instituting resuscitative therapies

Syndrome

Clinical manifestations

Subfalcian or cingulate

Usually a neuroradiological diagnosis

Cingulate gyrus herniates under the falx cerebrii
May cause compression of ipsilateral ACA
Contralateral lower extremity paresis

Central tentorial

Downward displacement of one or both cerebral hemispheres causing compression of

diencephalon and midbrain through tentorial notch
Usually due to centrally located masses
Impaired consciousness and eye movements; elevated ICP
Bilateral decorticate or decerebrate posturing

Lateral transtentorial (uncal)

Most common; usually due to laterally located masses such as tumors and hematomas

Tonsillar

External

Medial temoral lobe, uncus, and hippocampal gyrus herniates through the tentorial incisura

Compression of occumotor nerve, midbrain, and PCA; depressed level of consciousness;
ipsilateral papillary dilatation and contralateral hemiparesis

Decerebrate posturing, central neurogenic hyperventilation

Elevated ICP

Herniation of cerebellar tonsils through foramen magnum leading to medullary compression

Most frequently due to masses in the posterior fossa
Precipitous changes in BP and heart rate; small pupils, ataxic breathing, disturbance of
conjugate gaze and quadriparesis

Due to penetrating injuries to the skull, e.g., gunshot wound or skull fractures
Loss of CSF and brain tissue
ICP may not be elevated due to dural opening

ACA, Anterior cerebral artery; PCA, posterior cerebral artery; ICP, intracranial pressure; BP, blood pressure; CSF, cerebrospinal fluid

Table 2. Classification of cerebral edema

Classification Location Site Integrity of BBB Postulated mechanism Disease
Cytotoxic Intracellular White and gray Intact Cellular energy failure Anoxia
Water intoxication
Reye’s syndrome
Vasogenic Extracellular White matter Disrupted Increased vascular Brain tumor
permeability to Trauma
plasma components Brain abscess
Meningitis
ICH®
Ischemic Intra- and White and gray Disrupted Anoxia Cerebral ischemia
extracellular ICH®
Hydrostatic Extracellular White and gray Disrupted Increased BP Hypertensive
encephalopathy
Hydrocephalic  Extracellular White Intact Perventricular Hydrocephalus
extravasation Pseudotumor cerebri®
Osmotic Intra- and White and gray Intact Plasma hypo-osmolality ~ Overhydration
extracellular Hyponatremia
SIADH

ICH, Intracerebral hemorrhage; SIADH, syndrome of inappropriate antidiuretic hormone secretion; BBB, blood brain barrier
Adapted from Klatzo [1], Bingaman and Frank [6] and Bhardwaj and Ulatowski [5]

aUncertain diagnosis

Osmotherapy—historical perspective

Osmotherapy remains the cornerstone of medical
therapy for cerebral resuscitation, irrespective of the
etiology of cerebral edema with elevated ICP [5,6,13].
Through the years, a variety of osmotic agents have
been utilized for this purpose in a variety of acute brain
injury paradigms [5,13]. These agents include urea,

mannitol, glycerol, sorbitol [13,14], and, more recently,
HS solutions [5,14-16]. Weed and McKibben [17] were
the first to describe the effects of administering intrave-
nous osmotic agents on the brain. In 1919, they reported
that the intravenous injection of a highly concentrated
salt solution in patients resulted in subsequent inability
to withdraw CSF from the lumbar cistern. This phenom-
enon was attributed to the collapse of the thecal sac
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Table 3. Conventional therapies for cerebral resuscitation

General
Avoid shivering, agitation, or fever
Maintenance of euvolemic or slightly hypervolemic state
Pressors as needed to maintain CPP (usually > 70 mmHg)
Facilitate venous outflow (head elevation to 30° and
midline position)

Specific
Controlled hyperventilation (Pa,,, 25-30 mmHg)
External CSF drainage
Osmotic therapy (osmotic agents, diuretics)
Metabolic suppression (barbiturates® propofol)
Blood brain barrier integrity (steroids)
Decompressive surgery
Hypothermia

Adapted from Bhardwaj and Ulatowski [5]
CPP, Cerebral perfusion pressure

around the lumbar subarachnoid space [13,17]. Sub-
sequently, these observations were followed up with
rigorous laboratory experiments with intravenous injec-
tions of 30% saline solution in anesthetized cats [13,17].
This intervention caused disappearance of the normal
convexity of the brain soon after the injection, with
maximum shrinkage of the brain occurring 15-30min
after the injection was completed. Conversely, marked
brain swelling was observed after intravenous injections
of distilled water [17]. This set of observations, detailing
the effects of changes in plasma osmolality on brain
parenchyma, has formed the basis of osmotherapy
[13,17].

The first agent to be utilized formally as an osmotic
agent was concentrated urea [18]. Interest in the use of
concentrated human plasma proteins to raise oncotic
pressure as a means of alleviating elevated ICP was
dampened by the high cost of preparation and the
potential for allergic reactions [13]. Mannitol, a simple
alcohol derivative of the sugar mannose, came into
clinical use in the 1960s. The popularity of mannitol
resulted from its ease of preparation, stability in solu-
tion, and relative nontoxicity, and because it caused less
vein irritation than that observed with urea.

Alternative theories of mechanisms for the beneficial
effects of osmotic agents in the treatment of elevated
ICP have emerged over the years [13]. It has been hy-
pothesized that osmotic agents have dynamic effects on
blood and CSF compartments of the intracranial vault.
Mannitol, for example, has significant nonosmotic
effects, including the enhancement of CBF, due to its
antiviscosity effects by decreasing red cell volume, rigid-
ity, and cohesiveness [13,19-26]. Mannitol has also been
shown to possess neuroprotective properties by acting
as a scavenger of oxygen-free radicals in the cerebral
microvessels after trauma and glucose and oxygen dep-
rivation [13].
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Glycerol, an osmotic agent that is more commonly
used in continental Europe (out of tradition), is natur-
ally occurring in mammalian tissues [13]. It can rapidly
decrease ICP when given orally, without significant gas-
trointestinal side effects, but may produce hemolysis
when given rapidly by the intravenous route [13,27].
The use of glycerol in the United States has become
almost negligible in patients with acute brain injury.

Despite their obvious therapeutic value, there was
little interest in the clinical use of HS solutions until
the early 1980s, when these solutions were utilized for
small-volume resuscitation in patients with hemorrhagic
shock [15]. These investigations demonstrated that the
prehospital restoration of intravascular volume reduced
the morbidity and mortality associated with massive
hemorrhage [15]. In these studies, physiological param-
eters such as systemic blood pressure (BP), cardiac in-
dex, and tissue perfusion were improved by the use of
small volumes of HS solutions. Subsequently, investiga-
tors studied the cerebral effects of these solutions in
well-controlled laboratory studies in appropriate animal
models that provided evidence for their potential use in
patients with acute brain injury (see below).

Therapeutic rationale and goals of osmotherapy
in cerebral resuscitation

In normal individuals, the serum osmolality (270-
290mOsm-17!) is relatively constant from day to day
and the serum sodium (Na') concentration is an
estimate of body water osmolality [5]. Under ideal cir-
cumstances, serum osmolality can be calculated from
the formula:

Serum osmolality (mOsm-1-!) = 2[Na* + K*(mEq-17")]
+ plasma glucose (mg-dl-1)]/18 + [blood urea
nitrogen; BUN (mg-dl=')]/2.8

However, in clinical medicine, particularly when pro-
viding care for critically ill patients, it is important to
correlate the calculated osmolality to the osmolality
measured with an osmometer to assess the degree by
which other plasma constituents are contributing to to-
tal osmolality. Because urea is freely diffusible across
cell membranes, blood urea nitrogen (BUN) is less im-
portant in maintaining an osmolar gradient between the
intravascular compartment and the brain. Thus, serum
sodium and plasma glucose are the key elements in
altering serum osmolality. Osmotic agents exert their
beneficial effects primarily by establishing an osmotic
gradient between the intravascular space and the brain
[5,13,15]. Such gradients provide a driving force to
cause egress of water from the extracellular (and possi-
bly intracellular) spaces of the brain into the capillaries,
thereby decreasing the intracranial volume (comprised
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of brain, 80%; blood, 10%; and CSF, 10%) and improv-
ing intracranial compliance [1,2,5].

The goal of osmotherapy for cerebral edema associ-
ated with brain injury is to maintain a euvolemic or a
slightly hypervolemic state [5]. A hypo-osmolar state
should always be avoided in any patient with an acute
brain injury [2,5]. A serum osmolality in the range of
300-320mOsm-1~! is recommended for patients with
acute brain injury who demonstrate poor intracranial
compliance [2,5]. However, in an attempt to minimize
intracranial pathology, serum osmolality of more than
320mOsm-1~! can be used with great caution, without
apparent untoward side effects.

An ideal osmotic agent is one that produces a favor-
able osmotic gradient, is inert, nontoxic, has minimal
systemic side effects, remains largely in the intravascu-
lar compartment, and is excluded from entry into the
brain [5,13,15]. The specialized endothelium formed by
tight junctions in the brain constitutes the blood brain
barrier (BBB), and its ability to exclude a given com-
pound has been quantified and expressed as a reflection
coefficient (s) [5,13,15]. The value of this parameter
varies between zero (freely permeable) and 1 (com-
pletely impermeable) [5,13,15]. Compounds with an s
value approaching 1 are considered to be better osmotic
agents because they are completely excluded by an in-
tact BBB and, conversely, are less likely to exhibit “re-
bound” cerebral edema with elevations in ICP during
withdrawal of therapy [5,13,15]. With mannitol (s = 0.9)
use, the potential for cerebral edema and rebound el-
evations in ICP exists, as a result of the reversal of the
osmotic gradient between the brain and the intravascu-
lar compartment in areas of disrupted BBB [13]. For
example, mannitol appears in the CSF with levels of
approximately 12% of the corresponding plasma con-
centration at 8h after intravenous bolus administration
[19], and rebound increases in ICP have been well docu-
mented with its use. Similarly, other older osmotic
agents, glycerol (s = 0.48) and urea (s = 0.59), are less
than ideal because their osmotic effects are transient, as
they are only partly excluded by the intact BBB, and
equilibration between the brain and intravascular com-
partment occurs rapidly [13,15]. Because sodium chlo-
ride has a reflection coefficient of 1.0, it is proposed to
be a potentially more effective osmotic agent than man-
nitol [13,15].

Laboratory-based evidence

While there is a large body of literature demonstrating
the beneficial effects of mannitol in animal models of
acute brain injury, there are also emerging experimental
data demonstrating HS as an effective osmotic agent
in a variety of brain injury paradigms. For example,
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in neurologically intact rabbits, administration of
hypertonic lactated Ringer’s solution (osmolality of
480mOsm-1~') caused decreased ICP, decreased total
brain water content, and increased CBF as compared
with findings in rabbits treated with normal saline [28].
Subsequently, treatment with HS solutions in animal
models of hemorrhagic shock, in the absence of brain
injury, resulted in lower ICP, decreased brain water
content, increased CBF, and improved oxygen delivery
[29-31]. These findings were further confirmed in rats
with acute and focal cryogenic brain injury, in which the
administration of 23.4% saline produced both a greater
and more sustained reduction in ICP (8-h observation)
than mannitol administered in equimolar doses [32].
While HS was shown to worsen infarction volume when
begun at the time of reperfusion after 2h of transient
focal ischemia in the rat [33], the mechanism of this
detrimental effect was not due to impaired CBF. Little
is known about the differential response of neurons and
glia to HS solutions during the evolution of cerebral
infarction. For example, in-vitro studies have demon-
strated that hypertonic-hyperoncotic saline differen-
tially affects healthy and glutamate-injured primary
hippocampal neurons and astrocytes [34]. However,
brain water content was decreased significantly when
treatment was begun 24h after the onset of focal
ischemia and serum Na* was maintained at 145-
155mEq 17! [35]. Likewise, attenuation in brain edema
produced with HS in this model was comparable to that
achieved with large doses (2g-kg™" every 6h) of bolus
mannitol [35]. This supports the hypothesis that the
beneficial osmotic effects of hypernatremia induced
with HS are dependent on the timing of the initiation of
therapy in relation to “maturation” of the lesion during
cerebral ischemia. Continuous infusion of 3% HS also
attenuated ICP and augmented CPP in a dog model of
intracerebral hemorrhage, more so than conventional
doses of intravenous bolus mannitol [36]. Recently, in a
well-characterized model of experimental brain tumor,
we have demonstrated that continuous intravenous
infusion of 7.5% HS and maintenance of serum Na* at
145-155mEq- 1! for 48h attenuates water content more
effectively than high-dose bolus mannitol or furosemide
[37]. Thus, these laboratory studies provide compelling
evidence that HS is an effective osmotic agent in a vari-
ety of brain injury paradigms.

Data from clinical studies

Several prospective clinical studies, especially in the
traumatic brain injury (TBI) paradigm, have demon-
strated the beneficial effects of mannitol for the treat-
ment of elevated ICP. In an uncontrolled series, Miller
and Leach [26] demonstrated sustained decreases in
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ICP, to 34% of pretreatment values, with bolus manni-
tol in patients with poor intracranial compliance. In a
prospective series of patients with elevated ICP due to
diverse intracranial pathologies, in a dose-escalating
study, bolus mannitol decreased ICP, with a mean re-
duction of 52%, which was sustained for up to 88 min
[38]. Marshall et al. [21], in an uncontrolled series (8
patients) of TBI, demonstrated that 0.25g-kg=! bolus
mannitol was sufficient to cause reduction in elevated
ICP. Other studies have demonstrated decreased ICP
and enhanced CBF and CPP in patients with severe TBI
treated with mannitol [22,23]. While many of these trials
have centered on ICP effects and changes in physiologi-
cal variables in the acute phase, there is a paucity of
literature on long-term outcomes in these critically ill
patients. Although the immediate response to mannitol
was beneficial in a prospective randomized trial of 80
patients with TBI [24], long-term functional outcome
was not affected in patients who responded with a low-
ering of ICP.

Based on the extension of laboratory-based research,
a few human prospective studies, anecdotal case reports,
and several uncontrolled case series have been reported
using HS solutions in the treatment of cerebral edema
and elevated ICP. Overall, the literature supports the
use of HS as therapy to decrease ICP in patients after
TBI and stroke, and to optimize intravascular fluid sta-
tus in patients with subarachnoid hemorrhage-induced
vasospasm. The first report to demonstrate the efficacy
of HS in patients with TBI was by Worthley et al. [39].
This group described two patients with elevated ICP
refractory to mannitol, who were treated successfully
with a single bolus of 30% saline, after which ICP de-
creased and systemic perfusion improved. In another
report, continuous infusion of 2.5% and 5.4% saline
enhanced CPP and improved somatosensory evoked
potentials in a patient with brain stem trauma [16]. Like-
wise, in an uncontrolled, nonrandomized study [40],
there were reductions in ICP with a 7.5% HS solution
after neurotrauma. In a double-blinded, crossover
study, using 3% HS in children with TBI, ICP was
reduced by approximately SmmHg for 2h compared
with ICP in patients requiring equal volumes of isotonic
saline [41]. Because of the similar effects of mannitol
and HS on ICP, Gemma et al. [42] performed a
prospective randomized comparison of 2.5ml-kg™! of
either 20% mannitol (1400 mOsm-kg~') or 7.5% saline
(2560mOsm-kg~!) in patients undergoing elective su-
pratentorial procedures (“surgical trauma”). Effects on
CSF pressure, and the intraoperative clinical assessment
of brain swelling, were similar in both treatment groups.
However, the two solutions had different osmolalities,
making the interpretation of results somewhat limited.

In an uncontrolled, nonrandomized, retrospective
clinical series, we [43] have reported the beneficial ef-
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fects (clinical and radiographic evidence of improve-
ment in shift) following treatment with 3% hypertonic
saline/acetate in patients with head trauma and post-
operative cerebral edema, but not in patients with
intracerebral hemorrhage or cerebral infarction. In a
prospective randomized trial of 34 patients with TBI,
Shackford et al. [44] have demonstrated that both HS
and hypertonic lactated Ringer’s solution were effective
therapies in controlling ICP, although the admission
Glasgow Coma Score was higher in patients treated
with HS in their study. In a retrospective case series, we
have demonstrated that 30-ml intravenous bolus admin-
istration of 23.4% saline (8008 mOsm-1-!) reduced ICP
and augmented CPP for up to 3h in patients with intrac-
table intracranial hypertension of diverse etiologies that
were refractory to all conventional therapeutic modali-
ties for cerebral resuscitation [45]. In a prospective, ran-
domized, controlled study in children with severe TBI,
Simma et al. [46] demonstrated lower ICP, higher CPP,
fewer complications, and shorter intensive care unit
(ICU) stay after HS treatment. We have reported, in a
retrospective study, that the continuous infusion of HS
(saline/acetate, 50:50 solution) in patients with TBI
does not favorably impact on either the requirement for
other interventions or inpatient mortality [47].

A number of clinical studies have supported the clini-
cal utility of using HS in an attempt to minimize brain
injury resulting from cerebral ischemia. We have dem-
onstrated that HS solutions can be used safely, without
untoward side effects, in patients with vasospasm and
mild hyponatremia (presumably resulting from cerebral
salt wasting), following aneurysmal subarachnoid hem-
orrhage [48]. In this subset of patients, HS augmented
central venous pressures and CPP, both being desirable
endpoints of therapy, in the setting of cerebral vasos-
pasm. More recently, in a prospective randomized trial,
HS with hydroxylethyl starch (for more prolonged ac-
tion) has been shown to be more effective in lowering
elevated ICP in patients with ischemic stroke and el-
evated ICP as compared with equiosmolar doses of
mannitol [49]. Likewise, the intravenous bolus injection
of 10% saline has been shown to be effective in lowering
ICP in patients with ischemic stroke that failed to show
such a response to conventional doses of mannitol [50].

Osmotherapy protocol for cerebral resuscitation

The conventional osmotic agent mannitol, when admin-
istered at a dose of 0.25 to 1.5g-kg™! by intravenous
bolus injections, usually lowers ICP with maximal
effects observed 20-40min after its administration [13].
In the Neuroscience Critical Care unit at the Johns
Hopkins Hospital, in patients with acute brain injury
with poor intracranial compliance, instead of mannitol,
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TRAUMATIC BRAIN INJURY

|

GCS =38
Cerebral edema or compartmental shifts on head CT scan
Compression of vital brain structures

|

Tracheal intubation and mechanical ventilation
ICP monitoring
CSF Drainage if feasible

Monitor GCS; Serial neurological examinations
Maintain normovolemia or slight hypervolemia
Keep CPP > 70 mmHg (with vasopressors if needed)
Maintenance fluids—0.9%, 2% or 3% saline
Monitor serum Na+ Q 4-6H with goals >140 mEq-1"!
Osmotic diuretics

|

Signs of clinical herniation
ICP > 20 mmHg

|

Hyperventilation to keep PaCOZ 25-30 mmHg
Osmotic diuretics—Furosemide
Maintain normovolemia, CPP > 70 mmHg
Mannitol 0.5-1.0 g-kg~! IV bolus; Serum osmolality goals 300-320 mOsm-1~*
Maintain IV fluids 2%-3% saline; Maintain serum Na+ 145-155 mEq-1™!
23.4% saline IV bolus for refractory intracranial hypertension
Pharmacologic coma with barbiturates (Propofol)
Consider surgical decompression (decompressive hemicraniectomy, lobectomy)

Fig. 1. Suggested algorithm for cerebral resuscitation after
traumatic brain injury that can be extrapolated to other brain
injury paradigms, CT, Computed tomography; GCS, Glasgous
Coma Scale; ICP, intracranial pressure; CSF, cerebrospinal
fluid; CPP, cerebral perfusion pressure. Adapted from
Bhardwaj and Ulatowski [5], with permission

we use a 2% or 3% HS solution (Fig. 1). The HS is
formulated to contain an equal amount of sodium
chloride and sodium acetate (50:50) in order to avoid
hyperchloremic acidosis associated with the administra-
tion of high-concentration sodium chloride solutions
[15]. Potassium supplementation (40-60mEq-1-!) is
added to the solution as needed. Intravenous infusions
are started at a variable rate to achieve euvolemia or
slight hypervolemia, ranging from 75 to 150ml-h~! (1-
2ml-kg-"-h~!) through a central venous catheter. A 250-
ml bolus of HS is administered cautiously in selected
patients if more aggressive and rapid resuscitation is
warranted. Because HS may act as a diuretic, the assess-
ment of urine output alone will not provide an accurate
evaluation of intravascular fluid status. Therefore,
normovolemic fluid status is maintained, as guided by
central venous pressure or pulmonary artery wedge
pressure (if available). The goal in using HS is to
increase serum sodium concentration to a range of
145-155mEq-1"' (serum osmolality, approximately
300-320mOsm-1-!). This level of serum sodium is
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maintained for 48-72h, or until patients demonstrate
clinical improvement, develop systemic complications
of therapy, or there is lack of response despite achieving
this serum sodium goal. During withdrawal of therapy,
special caution is emphasized to avoid rebound hy-
ponatremia. Serum sodium and potassium are moni-
tored every 4-6h, both during the institution and the
withdrawal of therapy [5]. Other serum electrolytes are
monitored daily (with particular attention to calcium
and magnesium). Chest radiographs are performed at
least once every day to look for evidence of pulmonary
edema from congestive heart failure, especially in eld-
erly patients with poor cardiovascular reserve. Intrave-
nous bolus injections (30ml) of 23.4% saline have been
utilized in patients with intracranial hypertension refrac-
tory to conventional ICP lowering therapies; repeated
injections of 30-ml boluses of 23.4% saline may be given
if needed to lower ICP. We have previously demon-
strated that the administration of this osmotic load, to
lower ICP and maintain CPP, may allow extra time for
other diagnostic or therapeutic interventions (e.g., de-
compressive surgery) in critically ill patients [45]. How-
ever, safety data are limited with this degree of osmolar
load, and it is advised that current therapy be guided by
serum sodium in the 145- to 155-mEq-1~! range.

Safety and potential complications

Therapeutic concerns with mannitol include significant
systemic side effects, including hypotension, hemolysis,
hyperkalemia, renal insufficiency, and pulmonary
edema [5,13,15]. Our experience suggests that the side-
effect profile of HS is much better in comparison to that
of mannitol, but some theoretical complications are
possible with HS therapy. These include myelinolysis,
encephalopathy-confusion, lethargy, seizures, pulmo-
nary edema, hypotension, coagulopathy, and phlebitis
[5,15]. To date, there have been no “phase 1” trials for
safety with HS solutions. Myelin injury is a well-known
complication of rapid over-correction of preexisting
hyponatremia. However, the threshold for myelin in-
jury due to a change in serum sodium from a nor-
monatremic to a sustained hypernatremic state is ill
defined. In naive-uninjured rats, induced hyper-
natremia (145-155mEq-1-!) with HS does not cause
myelin injury (approximately 17mEq-17!) [33], and a
change of 35-40mEq-1! is required to induce myeli-
nolysis [51]. Other potential neurologic complications
of rapid changes in sodium and plasma osmolality in-
clude symptoms and signs of encephalopathy (con-
fusion, lethargy, seizures, and occasionally coma) [15].
Subdural hematomas or effusions may occur due to the
shearing of bridging veins as a result of hyperosmolar
contracture of the brain away from the dura. The risk
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of rapid volume expansion is especially important in
patients with poor cardiovascular reserve and a history
of heart failure, neurogenic cardiac stun, or pulmonary
edema. Anecdotal experiences suggest that, like manni-
tol, the bolus administration of HS can, paradoxically,
induce transient acute hypotension. Rapid expansion
of the plasma volume without concomitant potassium
replacement could lead to hypokalemia and cardiac
arrhythmias [15]. An increased plasma chloride concen-
tration could result in metabolic (hyperchloremic)
acidemia [15]. Hence, the use of HS solutions as a
mixture of chloride/acetate (50:50) is recommended.
Coagulopathy may result, with prolonged activated pro-
thrombin and partial thromboplastin times and a de-
crease in platelet aggregation [15]. Whenever possible,
slow infusion of HS solutions is recommended, because
rapid changes in osmotic gradients in the serum may
lead to hemolysis. Phlebitis may also occur if concen-
trated solutions are given through the peripheral route.
Thus, a central venous route of administration is recom-
mended when HS solutions are being used. Thus far,
there are no reports of toxicity or organ system failure
from HS, other than ventilatory failure secondary to
pulmonary edema in patients with poor cardiovascular
reserve [43]. Thus, caution is advised in the use of HS in
this subset of patients. Anaphylactic reactions and the
transmission of blood-borne infections are not a con-
cern with HS solutions. Rapid withdrawal of therapy
with HS may result in rebound cerebral edema, leading
to elevated ICP or herniation syndromes.

Future directions

While the complex mechanisms of both the osmotic and
the nonosmotic action of mannitol have been exten-
sively studied in the cerebral resuscitation paradigm,
little is known of the action of HS beyond its osmotic
effects. Few studies have demonstrated its nonosmotic
effects on CBF and CSF dynamics, but other potential
mechanisms of its action require further study. For
example, HS has been shown to modulate pro- and anti-
inflammatory molecules [52-54], regulate neutrophil-
endothelial cell interactions [55], and attenuate
polymorphonuclear neutrophil cytotoxicity [56]. While
many inflammatory mediators have been implicated in
modulating BBB permeability following acute brain
injury, the anti-inflammatory in-vivo effects of HS in
brain injury remain unexplored.

The molecular mechanisms of cerebral edema are
now being considered by several laboratories. In this
regard, the glial membrane water channel, aquaporin-4
(AQP4), has received particular attention in the patho-
genesis of cerebral edema [57]. Mice deficient in AQP4
have significantly less cerebral edema following water
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intoxication as well as following focal ischemic insult
[58]. Induced hyponatremia causes a pronounced and
rapid increase in AQP4 immunoreactivity that is not
accompanied by an increase in AQP4 mRNA expres-
sion, reflecting secondary confirmational modifications
of AQP4 protein [59]. Little is known about the role
that AQP4 plays in the pathophysiology of cerebral
edema that occurs after brain injury or with brain tu-
mors. Likewise, it is not known whether alteration
in AQP4 immunoreactive water channels plays an im-
portant role in determining the therapeutic efficacy
of HS in these disease entities. Furthermore, the timing,
duration, and most efficacious method of institut-
ing therapy (intravenous bolus versus continuous in-
fusion), as well as the specific lesions responsive to HS,
remain unclear at the present time, and carefully
controlled experiments in appropriate animal models
of brain injury are required to address these important
questions.

In the clinical paradigm, there are no large random-
ized clinical trials to date comparing the conventional
osmotic agent mannitol versus HS (equiosmolar con-
centrations) for cerebral resuscitation (effects on el-
evated ICP and other physiological variables such as
CPP) or long-term functional outcomes in critically ill
brain-injured patients. Prospective clinical studies will
help address this issue.

Conclusions

The management of cerebral edema, with or without
elevated ICP, continues to be a challenge for clinicians
in the care of patients with acute brain injury.
Osmotherapy remains the cornerstone of medical
therapy in these critically ill patients. HS solutions have
received renewed attention as osmotic agents that can
be used therapeutically with minimal side effects. Our
experience and those of others suggest that HS is par-
ticularly promising in patients with head trauma or
postoperative cerebral edema. Studies comparing HS
therapy with standard and widely used conventional
osmotic agents in cerebral resuscitation are limited.
Further studies, in carefully controlled experimental
animal models and randomized clinical trials, are re-
quired to determine the safety, timing of initiation of
therapy, and optimum duration of benefit, as well as the
particular cerebral lesions that are most likely to benefit
from this therapy. Until these definitive trials are per-
formed, great caution is advised in the clinical use of
these solutions.
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