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Abstract

Intravenous hyperosmolar fluids have been used 
for the clinical management of intracranial 
hypertension. The most suitable agent depends 
on the patient’s age, comorbidities, and clinical 
status. Since hypertonic saline causes an intra-
vascular volume expansion, it can be advanta-
geous for hypovolemic patients. Still, it should 
be used with caution in patients with cardiac 
heart failure, in whom it may precipitate acute 
pulmonary edema. In contrast, mannitol induces 
a strong diuretic response that can lead to a 
severe blood volume depletion that should be 
promptly treated to avoid complications. Other 
concerns related to its use are the rebound phe-

nomenon and a potential risk of hematoma 
expansion in patients with intracranial hemor-
rhages. The main concern in patients receiving 
hypertonic saline is hypernatremia. It poses a 
theoretical risk of osmotic demyelination when 
serum sodium levels rise quickly, especially in 
hyponatremic patients. Both agents can cause 
renal injuries but through distinct mechanisms. 
Whereas high serum mannitol concentrations 
can lead to osmotic nephrosis, renal function 
impairment associated with hypertonic saline 
infusion seems to be mediated by hypernatre-
mia and hyperchloremia. Further research is 
warranted to determine the optimal agent and 
their best means of administration (boluses vs. 
continuous infusions) for each neurocritical 
condition. More extensive clinical trials are 
needed to address long-term outcomes, adverse 
events, and quality of life with both agents.
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 Hyperosmolar Fluids

As early as 1919, Weed and McKibben observed 
noticeable changes in the brain volume after the 
infusion of hypertonic or hypotonic solutions, 
disrupting the long-held dogma that the volume 
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of the brain was constant [1]. The first case series 
in which hypertonic fluids (initially in the form of 
urea) were used to treat elevated intracranial 
pressure were described in the 1950s [2]. Over 
time, many other hypertonic infusions such as 
bicarbonate 8.4%, sodium lactate, mannitol, and 
hypertonic saline have been used.

For decades, mannitol has been considered the 
gold standard even without consistent evidence 
of benefit [3]. However, more recently, there has 
been a controversy (the so-called sugar or salt 
debate) regarding the potential superiority of 
hypertonic saline over mannitol in several clini-
cal settings. Still, further research is warranted to 
find out the optimal agent, their best means of 
administration (boluses vs. continuous infusion), 
and their precise mechanism of action [4].

In Fig. 1, we illustrate the primary mechanism 
of action proposed for the hyperosmolar solutions.

 Mannitol

Mannitol (C6H14O6) is an isomer of sorbitol 
found in many fruits and vegetables and has been 
industrially manufactured from the hydrogena-
tion of fructose and glucose [4].

Due to its small molecular weight (182 
Daltons), it is readily filtered by the glomerulus. 
It doesn’t undergo biotransformation and is 

almost entirely excreted in the urine after 24 h, 
with only 7% being reabsorbed [4, 5].

In animal models, it inhibits the renin- 
angiotensin system and acts as a free radical 
scavenger, reducing ischemia-reperfusion lesions 
[5]. Therefore, it is used in distinct clinical set-
tings, such as cardiopulmonary bypass, aortic 
cross-clamping, renal transplantation, rhabdomy-
olysis, and obstructive jaundice [5]. Whereas low 
mannitol doses have a renal vasodilator effect, 
improving glomerular filtration rate, higher doses 
can cause the opposite effect [6].

Mannitol 20% (means that it provides 200 g/L) 
has approximately the same osmolarity as hyper-
tonic saline 3.2% (1098 mOsm/L). After an intra-
venous bolus administration, it is distributed 
primarily in the extracellular compartments. It 
has an onset of action after 15 min, reaching its 
maximal effect in 45 min and lasting up to 6 h, 
with a half-life of 70–100 min [5].

 Mechanisms of Action
Three mechanisms have been suggested to 
explain how mannitol can decrease ICP [5].

First, it transiently increases cerebral blood 
volume and improves cerebral perfusion pres-
sure. Due to its rheological properties, increasing 
red blood cell deformability, and decreasing 
blood viscosity, it enhances oxygen delivery and 
microvascular flow to the cerebral tissues [7].

Reflex vasoconstriction of the pial arterioles

CBV CBF (maintained) ICP

Oxygen delivery to the brain microcirculation

Hyperosmolar fluid infusion

CBV (transient) CPP RBC deformability and Blood viscosity

CPP

Fig. 1 Hyperosmolar 
fluid mechanism of 
action (based in 
Freeman and Welbourne 
[4]). (CBV, cerebral 
blood volume; CPP, 
cerebral perfusion 
pressure; RBC, red 
blood cell; CBF, cerebral 
blood flow; ICP, 
intracranial pressure)
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Second, reflex vasoconstriction of cerebral 
arterioles occurs in response to this increment in 
the microvascular oxygen delivery. Attention 
should be caught since it may not happen when 
the blood-brain barrier is not intact, or the cere-
bral autoregulation is not preserved [8].

Third, a decrease in cerebral blood volume 
and osmotic dehydration of the brain takes place, 
alleviating cerebral edema and ameliorating 
intracranial compliance [5].

In addition to that, Orešković et al. studied the 
cerebral spinal fluid (CSF) pressures in animal 
models and proposed a new mechanism for man-
nitol action based on CSF pressure variation. 
They suggested that an osmotic retrieval of water 
from the CSF into the blood circulation occurs 
predominantly in the spinal part of the system 
and increases the CSF circulation, leading to a 
drop in CSF pressure that begins very fast and 
lasts up to 40 min [9].

 Mannitol and the Cardiovascular 
System
The hemodynamic response to an intravenous 
bolus of mannitol is typically triphasic [5].

Firstly, after 15 min, due to a sharp elevation 
in serum osmolarity, there is a rapid increase in 
intravascular volume. Consequently, there is a 
significant increment in cardiac output and pul-
monary capillary wedge pressure [5].

Secondly, after 45 min approximately, there is 
a drop in the intravascular volume below the 
baseline values. It occurs due to vasodilation that 
takes place primarily in skeletal muscles and can 
cause severe hypotension with increased lactate 
levels. Osmotic diuresis can worsen this phenom-
enon due to depletion of blood volume and should 
be carefully monitored. It is crucial to avoid arte-
rial hypotension since it can decrease cerebral 
perfusion pressure [4].

Thirdly, these hemodynamic variables return 
to the baseline levels [5].

 Mannitol and the Kidneys
As mannitol passes into the nephron, an impair-
ment in water reabsorption occurs in both the 
proximal convolute tubule and the descending 
limb of the loop of Henle due to its increased 

osmotic pressure. Next, there is a progressive 
reduction in sodium reabsorption in the ascend-
ing limb of the loop of Henle and the collecting 
tube. Hence, there is a dilution of tubular sodium 
concentration, preventing water from being reab-
sorbed back into the circulation and resulting in 
increased diluted urine output [4, 5].

Mannitol also activates the endogenous natri-
uretic peptide and suppresses the antidiuretic 
hormone release. Augmenting medullary blood 
flow dissipates medullary hypertonicity, inhibits 
tubular reabsorption of salt and water, and results 
in osmotic diuresis [5].

Around 6–12% of the patients can develop 
acute renal injury [10, 11]. It usually occurs in 
patients receiving daily or cumulative doses of 
mannitol higher than 200 g and 1100 g, respec-
tively, and after 12 h and 7 days (typically within 
the first 48  h) when serum osmolarity exceeds 
320 mOsm/L. Therefore, a high serum concen-
tration of mannitol may be related to it [5].

Since mannitol dosage is not readily available, 
the osmolal gap can be used instead [12]. This 
surrogate measure is especially needed for elderly 
patients with poor neurologic status, with diabe-
tes, in use of diuretics, and with arterial hypoten-
sion or sepsis, which are independent predisposing 
factors for mannitol nephrotoxicity [5]. In case of 
reaching an osmolal gap higher than 55 mOsm/
kg, which corresponds to a mannitol concentra-
tion higher than 1000 g/dL, it is advisable to dis-
continue its infusion and perform hemodialysis, 
if necessary [5].

The mechanisms of renal injury are not 
entirely understood. One hypothesis is that exces-
sive doses of mannitol lead to pronounced hypo-
tension and peripheral vasodilation, which in turn 
causes renal vasoconstriction and osmotic 
nephrosis in patients with predisposing factors 
[5]. Renal vasoconstriction is particularly harm-
ful in diabetic patients since their renal blood 
flow is unevenly distributed, increasing medul-
lary susceptibility to ischemic injuries. The con-
comitant use of loop diuretics inhibits the 
compensatory mechanism of increasing sodium 
reabsorption in response to intravascular volume 
depletion, leading to a strong diuretic effect. 
Patients with preexisting renal disease can have a 
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prolonged mannitol half-like (from 70 to 100 min 
to more than 36 h). Therefore, it is advisable to 
closely monitor the intravascular volume and 
arterial pressure of these patients [5].

Osmotic nephrosis refers to an intracellular 
vacuolization caused by mannitol pinocytosis in 
the tubular cells of the kidney. These vacuoles 
eventually fuse with lysosomes and reduce the 
proximal tubule’s lumen diameter, leading to 
unpredictable sequelae [5].

 Hydroelectrolyte and Acid-Base 
Changes
Mannitol infusion typically induces a hypokale-
mic and hypochloremic alkalosis with volume 
contraction caused by excessive diuresis [13], but 
dilutional metabolic acidosis can also occur due 
to a solvent drag mechanism [5].

It is expected that for each increase in 100 g/
dL in the mannitol serum concentration, the plas-
matic sodium falls between 1.6 and 2.6  mEq/L 
and that for each increase of 182 mg/L in man-
nitol serum concentration, serum osmolarity 
increases by 10  mOsm/L.  Thus, its repeated 
administration can cause hypertonic hyponatre-
mia. Hence, it is not recommended to replace 
sodium to correct this hyponatremia because it 
would further increase the serum osmolarity. 
Hyponatremia usually is self-corrected within 
3 h after an infusion of up to 1.4 g/kg of mannitol 
in a patient with normal renal function due to 
diuresis. If it doesn’t occur and osmolarity 
reaches 310 mOsm/L or more, it is advisable to 
immediately stop mannitol infusion and proceed 
to hemodialysis if necessary [5].

Mannitol facilitates renal excretion of magne-
sium, potassium, phosphate, and bicarbonate 
ions. Whereas moderate doses (1 g/kg) of man-
nitol infusion usually result in mild hypokale-
mia, higher doses (2  g/kg) can cause 
hyperkalemia, especially when administrated 
concomitantly with blood [5]. It can occur due to 
hemolysis, dilutional acidosis, and a shift of 
potassium ions from the intracellular into the 
extracellular space [5].

Diabetic patients or those receiving glucocor-
ticoids may develop a hyperglycemic hyperos-
molar state related to mannitol infusion. It can 

manifest as an unexplained seizure, a new neuro-
logical deficit, or confusion [14].

 Rebound Phenomenon and Other 
Concerns
For decades there has been controversy regarding 
the possibility that a rebound increase in ICP 
could occur in patients who received mannitol. 
The rationality for it is that mannitol can cross the 
blood-brain barrier and accumulate in the brain 
since its reflection coefficient (that describes the 
relative impermeability to an intact blood- brain 
barrier) for mannitol is 0.9. Therefore, it may 
accumulate in injured brain regions after pro-
longed infusions, leading to a reverse osmotic 
shift and rebound ICP elevation [4]. However, this 
phenomenon has only been demonstrated in rats, 
and its relevance in humans is still unknown [15].

In addition to that, patients receiving pro-
longed hyperosmolar infusions can produce and 
accumulate cerebral idiogenic osmoles that also 
simulate a rebound phenomenon. The astrocytes 
provide them in an attempt to equilibrate the 
osmotic gradient generated. It can possibly 
explain the need for higher dosages of hyperos-
motic infusions to reach the same effect when the 
treatment lasts several days. Therefore, it is also a 
concern in patients receiving hypertonic saline 
solutions [5, 16].

Mannitol use should be carefully monitored or 
even contraindicated when there is a possibility 
that the blood-brain barrier is disrupted, such as 
in patients with severe traumatic brain injuries, 
intracerebral hemorrhage, or vasogenic edema 
[5]. When cerebral autoregulation is not pre-
served, the transient increase in cerebral blood 
flow that occurs right after mannitol infusion may 
not be followed by cerebral vasoconstriction, 
leading to undesirable cerebral hyperemia [5].

Finally, there is also a concern that, since the 
therapeutic reduction in water content occurs 
predominantly in undamaged regions of the 
brain, hyperosmolar treatment could potentially 
exacerbate pressure gradients within the skull 
and lead to herniations. Accordingly, modern 
image techniques can detect slight displacements 
in brain structures, but they seem to have little 
clinical relevance [14].
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 Mannitol Dosages
Oddo M et  al. acknowledged in their meta- 
analysis that mannitol bolus was associated with 
a reduction in the ICP of approximately 
10.9  mmHg (95%CI  =  8.2–13.5  mmHg, 
p < 0.001). Heterogeneity was high, but sensitiv-
ity analysis using a high correlation between 
before and after measurements corroborated this 
finding. By meta-regression, the extent of ICP 
reduction had no correlation to mannitol dosage. 
However, after adjusting for initial ICP, they 
found that for every 100  mg/kg of mannitol 
administration, there was a decrease of 
0.78 mmHg in ICP (p < 0.003) [17].

A reasonable dosage of mannitol would be 
from 0.25 to 1 g/kg [18]. Other authors claim that 
it is safe to administer mannitol boluses from 
0.15–0.2 g/kg up to 2 g/kg over 30–60 min [5]. 
However, it is crucial to avoid its prolonged 
administration, as mentioned before in this chap-
ter, due to the formation of cerebral idiogenic 
osmoles and potential nephrotoxicity. As serum 
mannitol dosage is not readily available, when 
reaching an osmolar gap higher than 55 mOsm/
kg or a serum osmolarity higher than 
320 mOsm/L, mannitol infusion should be imme-
diately discontinued. It is also recommended to 
avoid the administration of more than 200 g of 
mannitol per day or cumulative doses higher than 
1100 g [5].

 Hypertonic Saline

Even though mannitol has been considered the 
gold standard hyperosmolar agent for decades, 
hypertonic saline has recently gained popularity. 
One of its main advantages is not crossing the 
blood-brain barrier (its reflection coefficient is 1), 
which means that it doesn’t accumulate in the 
brain tissue [18]. It seems to be as much or even 
more advantageous than mannitol in several clin-
ical settings. Apart from it, patients who do not 
respond to mannitol may benefit from repeated 
boluses of hypertonic saline [19].

Hypertonic saline is the hyperosmolar solu-
tion of normal saline. It is usually available at 3 
(or 3.2)%, 5%, 7.5%, and 23% concentrations. 

As a hypertonic solution, it can ameliorate cere-
bral perfusion and diminish cerebral edema, 
decreasing ICP.  Different from mannitol, it 
doesn’t cause a strong diuretic response. Thus, it 
generates a prolonged expansion of the intravas-
cular volume, which may be highly desirable in 
hypovolemic patients. However, it may be haz-
ardous for cardiac heart failure patients since it 
can precipitate acute pulmonary edema [4].

It doesn’t cross the blood-brain barrier; there-
fore, it doesn’t penetrate the brain tissue, remain-
ing in the intravascular compartment [4, 5]. When 
used in concentrations higher than 3% through a 
peripheral cannula, it can lead to extravasation 
injuries, such as thrombophlebitis and subcutane-
ous infiltration [4].

 Mechanisms of Action
As a hyperosmolar agent, its classical mechanism 
of action has been attributed to reducing brain 
water content due to its osmotic properties. Thus, 
it shares the favorable rheologic and osmolar gra-
dient effects involved in ICP reduction with man-
nitol [20]. However, a sustained decrease in ICP 
appears to occur even after serum sodium values 
return to levels that its osmotic effect is no longer 
expected to be active. Thus, other mechanisms 
seem to be involved [21].

Several theories have been proposed. 
Hypertonic saline seems to restore Na/glutamate 
release, which has an undesirable toxic excitatory 
effect in the injured brain [22]. It also appears to 
normalize cellular resting membrane potential 
and cell volume [16, 23], stimulate arterial natri-
uretic peptide [24], inhibit neuroinflammation 
[25], and reduce CSF production [21].

Another postulated mechanism of its action 
for ameliorating cerebral edema is the down-
regulation of aquaporin-4 expression in the 
astrocytes [26].

 HTS and Cardiovascular System
Aiming to observe the cardiovascular effects of 
HTS, healthy volunteers with average vascular 
permeability had their cardiovascular parameters 
studied. After an infusion of 4  ml/kg of hyper-
tonic saline 7.5% as a single dose over 30 min, an 
increase of plasma volume was noticeable, equiv-
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alent to almost twice the infused volume. There 
was also an increase in the cardiac index, mean 
arterial pressure, and heart rate. However, stroke 
volume didn’t seem to change significantly. A 
significant increase in the extracellular and intra-
vascular volumes from the baseline was reported 
and suggested to be partially achieved due to the 
shift of water from the intracellular into the extra-
cellular compartment. The researchers also 
acknowledged that interstitial water initially 
decreased during the infusion of HTS and then 
began to increase, reaching higher levels than the 
baseline at the end of the procedure [22].

Hypertonic saline infusion rapidly increases 
intravascular volume. Thus, it should be used 
cautiously in patients with cardiac heart failure or 
any other condition that a volume overload is 
potentially harmful. Concomitant use of furose-
mide can mitigate this risk [14].

 HTS and the Kidneys
Acute kidney injury has been reported in up to 
16% of patients who received NaCl 3% continu-
ous infusion in neurocritical care settings. It is 
associated with prolonged ICU stay and higher 
inhospital mortality [27]. Even though bolus 
administration seems to be less harmful, there is 
not enough evidence to support one dosing strat-
egy over the other [28].

Whereas mannitol may cause renal injury 
mainly because of hypovolemia due to excessive 
diuresis, hypertonic saline appears to be nephro-
toxic through a different mechanism, mediated 
by hypernatremia and hyperchloremia. Raised 
sodium and chloride concentrations can cause 
renal vasoconstriction and, thereby, impair renal 
perfusion [29].

 Hydroelectrolyte and Acid-Base 
Changes
The impact of HTS on acid-base balance is not 
entirely understood. It can cause mild acidosis, 
which may stimulate respiratory drive. It can also 
be associated with hyperchloremia and other 
hydroelectrolyte disturbances [4, 14].

Therefore, it is highly recommended to monitor 
renal function and electrolytes in patients receiving 
hypertonic saline infusions [30]. Hyperchloremia 

(Cl  >  110  mEq/L), hyperosmolarity, and severe 
hypernatremia (Na  >  155  mEq/L) are apparently 
related to acute renal injury [28].

Hypernatremia is a critical concern since it 
poses a theoretical risk of osmotic demyelination 
(formerly called central pontine myelinolysis) 
when serum sodium levels rise very quickly, 
especially in hyponatremic patients [31]. It is 
noticeable that elevated ICP conditions are com-
monly associated with SIAD (syndrome of inap-
propriate antidiuretic hormone secretion) and 
cerebral waste syndrome. Hence, close monitor-
ing of serum sodium levels, sometimes every 4 or 
2 h, is advisable [31].

 HTS Dosages
In their meta-analysis, Oddo et al. reported that 
hypertonic saline infusion was associated with an 
average ICP reduction of 8.8  mmHg 
(95%CI = 6.5–11.1 mmHg, p < 0.001). The dose 
was not a predictor of ICP reduction. However, 
the inclusion of the initial ICP together with the 
dose in a multivariate meta-regression approach 
generated statistically significant slopes [17].

There is not enough evidence in the literature 
regarding the benefit of targeting a specific serum 
sodium concentration when administering hyper-
tonic saline. Instead, it is advisable to constantly 
monitor neurological symptoms, ICP (when pos-
sible), and sodium changes to adjust the treat-
ment accordingly [28].

 Half-Molar Sodium Lactate 
(SL-Totilac™ Innogene Kalbiotech, 
Singapore, Malaysia) or Hypertonic 
Lactate (HL)

An alternative to hypertonic saline or mannitol to 
treat elevated ICP, hypertonic lactate, also called 
half-molar sodium lactate (SL-Totilac™ 
Innogene Kalbiotech, Singapore, Malaysia), has 
been recently studied. Apart from being a hyper-
osmolar solution, its effects cannot be only attrib-
uted to the classical osmotic mechanism of action 
since lactate also seems to be involved [32].

Lactate is one major oxidative substrate pro-
duced by injured brain cells. It has a unique role in 
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inducing cerebral vasodilation when oxygen 
delivery is diminished. The brain can use lactate 
as an alternative energy source when there is 
insufficient glucose availability [33]. Furthermore, 
it also appears to play a role in the metabolic 
interaction between astrocytes and neurons [34].

Many studies have already shown the efficacy 
of HL in treating elevated ICP [35, 36]. One of 
them is a randomized controlled trial with 60 
patients with severe traumatic brain injury, in 
which it was found that those who received 
0.5  ml/kg/h of SL within the first 12  h post- 
trauma had fewer episodes of increased ICP com-
pared to a control group that received normal 
saline [36]. The authors speculate that sodium 
accumulates in the extracellular space since lac-
tate is rapidly metabolized in the brain cells. It 
generates an electric gradient that promotes chlo-
ride efflux from the cells. Then, there is an efflux 
of water from the cells to maintain the osmotic 
equilibrium, ameliorating the brain cellular 
edema [35]. Other proposed mechanisms of 
action for HL are improvement of cerebral hemo-
dynamics [17, 37] and attenuation of energetic 
metabolic crisis [38, 39].

Despite all these evidences, ESICM 
(European Society of Intensive Care Medicine) 
consensus in 2018 didn’t provide any recom-
mendation regarding the use of HL as a first-line 
osmotic solution [17].

In Table 1, we summarize the main differences 
between mannitol and hypertonic saline.

 Clinical Settings

 Neuroanesthesia

Considering that a bulging of the brain can sig-
nificantly lead to difficult surgical access, brain 
relaxation maneuvers can facilitate surgery since 
less retraction pressure may be required to 
expose and manipulate brain structures. 
Therefore, one of the main goals of neuroanes-
thesia is to provide adequate brain relaxation 
[18]. This refers to the content-space relation-
ship of the intracranial cavity after opening the 
dura. Intracranial hypertension results in an 
increased volume of the brain that surpasses the 
capacity of the intracranial space, clearly evident 

Table 1 Hypertonic solutions

Mannitol 20% Hypertonic saline
Cardiovascular 
system

Phase 1 (after 15 min): rapid 
increase in intravascular volume
Phase 2 (after 45 min): drop in 
intravascular volume below the 
baseline values due to vasodilation 
and osmotic diuresis

Prolonged and rapid expansion of the intravascular 
volume—caution should be taken in patients with 
cardiac heart failure or conditions in which a 
volume overload could be deleterious

Acute kidney injury 6–12%; associated with high serum 
concentration of mannitol (surrogate 
measure: osmolal gap higher than 
55 mOsm/kg

Up to 16%; mechanism mediated by hypernatremia 
and hyperchloremia

Hydroelectrolyte and 
acid-base changes

Hypokalemic and hypochloremic 
alkalosis with volume contraction
Hypertonic hyponatremia (usually 
self-corrected)
Risk of hyperglycemic 
hyperosmolar state

Hypernatremia (risk of osmotic demyelination)
Hyperchloremia, mild acidosis

Concerns It shouldn’t be used in patients with 
any suspicious of rupture of the 
blood-brain barrier and loss of 
cerebral autoregulation

Pediatrics patients- sustained (>72 h) serum sodium 
greater than 160 mEq/L may be associated with 
thrombocytopenia, anemia, and deep vein 
thrombosis

Rebound phenomenon
Accumulation of cerebral idiogenic 
osmoles in prolonged infusions

It doesn’t seem to cross the blood-brain barrier but 
also can induce cerebral idiogenic osmole formation 
in prolonged infusions
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after the dura opening. Thus, a subjective evalu-
ation by the neurosurgeons of the brain firmness 
after opening the dura is commonly used to 
assess brain relaxation status [40].

One of the standard brain relaxation maneu-
vers is the infusion of hyperosmolar solutions. 
Within minutes, there is a drop in ICP and a vis-
ible reduction of the brain volume during crani-
otomy. Hyperosmolar therapy effects are 
comparable to acute forced ventilation, with the 
advantage of being more consistent and longer- 
lasting [14].

A systematic review found an improvement in 
cardiac performance with both hyperosmolar 
agents. However, this improvement was more 
evident after the HTS infusion. Mannitol had a 
more prominent diuretic effect and induced tran-
sient hyponatremia [41].

A recent trial compared equimolar 5  ml/kg 
infusions of 3% HTS and 20% mannitol regard-
ing their effects on blood coagulation. No differ-
ences were found between the two groups, as 
evidenced by ROTEM and standard coagulation 
tests. It was acknowledged an increase of CFT 
EXTEM, hematocrit, platelet count, and fibrino-
gen and a decrease of CT INTEM compared to 
baseline levels with both agents, but still within 
the normal range [42].

 Intracranial Tumors

Some brain tumors cause a significant brain swell-
ing that may occur pre-, intra-, or  postoperatively. 
Hyperosmolar agents can improve brain elastance 
pre- or intraoperatively and can also be used to 
control ICP and cerebral edema after surgery [18].

A systematic review in 2014 suggested that 
HTS significantly reduces the risk of tense/
swollen brain compared to mannitol during 
elective craniotomies, mainly for tumor resec-
tions. However, this data was derived from a 
limited number of studies. They pointed out the 
need for high-quality data concerning long-term 
mortality and outcomes, adverse events moni-
toring, and quality of life evaluation after both 
treatments [18].

A more recent meta-analysis also found HTS 
to provide a higher rate of adequate brain relax-
ation during craniotomies in comparison to man-
nitol [43].

Hyperosmotic solutions also can be used for 
a new approach to the treatment of brain tumors. 
This strategy is called blood-brain barrier dis-
ruption, and it seems to increase the delivery of 
antineoplastic agents to the central nervous sys-
tem [44].

 Neurointensive Care

Hyperosmolar agents are used to treat cerebral 
edema in a variety of clinical settings in neuro-
critical patients [12].

According to the ESICM (European Society 
of Intense Care Medicine) consensus, osmothera-
peutic agents can be used to reduce increased ICP 
in neurocritical care patients. They recommend a 
predefined trigger based on clinical and neuro-
monitoring variables.

They suggest the combination of neurological 
worsening (defined as a decrease of two points of 
the GSC motor score, or loss of pupillary reactiv-
ity or asymmetry, or deterioration of head CT 
findings) and ICP >25. They also accept ICP > 25 
without other variables but strongly recommend 
against the use of ICP  >  15 independently of 
other variables as a trigger.

It is advisable to monitor ICP response and 
measure serum osmolarity and electrolytes, as 
well as fluid balance and arterial blood pressure 
to limit side effects of the hyperosmolar therapy. 
They don’t recommend using HTS as a resuscita-
tion fluid in patients with low blood pressure and 
report insufficient evidence to support hypertonic 
lactate [17].

Another guideline recently published recom-
mended the use of hyperosmolar therapy to treat 
ICP elevations or cerebral edema. However, they 
acknowledged no compelling evidence of an 
improvement in neurological outcomes [12].

It is proved that the control of elevated ICP has 
a beneficial effect on survival. Hyperosmolar 
agents can be used to control intracranial hyper-
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tension. However, their beneficial role on survival 
can only be assumed since there are no trials omit-
ting hyperosmolar therapy from the standard 
treatment [14]. Outcomes may be affected by 
unknown or uncontrolled variables, such as 
comorbidities, associated injuries or complica-
tions, and rehabilitation availability [30].

 Traumatic Brain Injury (TBI)
The Committee of the Brain Trauma Foundation 
in 2016 endorsed the use of hyperosmolar agents 
in the care of patients with severe TBI. Due to 
limited data, they didn’t formally recommend 
one specific agent over the other. They also 
removed the recommendation of mannitol use for 
patients with signs of transtentorial herniation or 
progressive neurological deterioration [4].

In the setting of TBI, hypertonic saline use has 
more advantages than mannitol. It provides 
plasma volume expansion, brain cell immune 
modulation, and extracellular glutamate reduc-
tion and improves cerebral blood flow [5].

A recent Cochrane review compared the effect 
of hypertonic saline and mannitol in patients with 
TBI. Even though both treatments proved to be 
effective, there was a trend favoring HTS because 
it seemed to have more benefits. There was insuf-
ficient data to evaluate long-term outcomes and 
adverse events, such as rebound phenomenon, 
pulmonary edema, and acute renal failure [32].

An ongoing multicenter randomized trial 
(COBI—Continuous Hyperosmolar Therapy in 
Traumatic Brain-Injured Patients) compares the 
functional outcome after 6  months of patients 
receiving hypertonic saline 20% as an add-on to 
standard care versus a control group receiving 
only standard care. Hopefully, it will provide 
some new evidence regarding the long-term ben-
efits of hypertonic saline treatment in patients 
with TBI [37].

 Intracranial Hemorrhage
The impact of ICP lowering on neurological out-
comes of patients with intracranial hemorrhages 
is still unknown. The main challenge is avoiding 
perihematomal edema expansion since it is cor-
related with worse neurological outcomes [12, 
45, 46]. Some studies have shown a potential risk 

of hematoma expansion with mannitol use [12, 
45, 46], but Misra and colleagues reported no sig-
nificant change in horizontal or vertical shift doc-
umented by magnetic resonance imaging after 
mannitol administration in these patients [3, 47].

Mannitol shouldn’t be used when there is a 
disruption of the blood-brain barrier since it can 
penetrate and accumulate in the brain, blunting 
the osmotic effects and sometimes even aggravat-
ing the cerebral edema [5].

Fortunately, some studies have shown a poten-
tial benefit of hypertonic saline in this clinical 
setting [12].

 Acute Ischemic Stroke
The current guideline of the American Stroke 
Association concluded that there is not enough 
data to support the prophylactic use of hyperos-
molar agents based only on early CT swelling 
without clinical evidence of elevated ICP. Indeed, 
the preemptive use of mannitol in this situation 
may even be harmful [12].

For patients with cerebral edema and clinical 
deterioration, osmotic therapy is reasonable. 
However, more data is needed to evaluate the 
effect of each agent depending on the clinical 
situation [12, 48].

In a small trial, patients with a large hemi-
spheric infarction and a midline shift of >10 mm 
who received 1.5  g/kg of mannitol were evalu-
ated. It was noticed a slight decrease in the cere-
bral blood flow restricted to the non-infarcted 
hemisphere. Thus, the midline shift tended to 
worsen since the shrinkage occurred mainly in 
the non-infarcted hemisphere [49].

Hypertonic saline appears to have a more 
robust and long-lasting effect than mannitol in 
acute ischemic stroke patients. It also seems to 
have a faster onset of action. Moreover, patients 
who didn’t respond to mannitol still can have an 
adequate response to hypertonic saline [48].

 Subarachnoid Hemorrhage
Cook and colleagues recommended using hyper-
tonic saline in patients with subarachnoid hemor-
rhage due to its ability to improve brain tissue 
oxygenation. They suggested a symptom-based 
dosage and didn’t identify any compelling evi-
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dence to support targeting a specific serum 
sodium concentration while treating these 
patients. However, they pointed out that the over-
all quality of the data was low and insufficient to 
assess the clinical outcomes related to this treat-
ment [12]. There is also a concern related to acute 
kidney injury in these patients [50].

Even though mannitol at doses varying from 
0.25 to 1  g/kg can provide brain relaxation in 
patients undergoing craniotomies for aneurysm 
clipping, its effects in this setting are still contro-
versial and need further investigation [5].

 Hepatic Encephalopathy
Hyperosmolar therapy can be used as an add-on 
treatment for patients with fulminant liver failure 
and encephalopathy. Further research is war-
ranted to investigate the influence of ammonia 
lowering therapy and define the optimal strate-
gies for treating intracranial hypertension and 
cerebral edema in these patients [12, 51].

 Neuropediatrics
There is a lack of high-quality research explicitly 
addressed to this population. Therefore, most 
practical guidelines are based on mixed disease 
population studies, with both children and adults.

A consortium of pediatric societies developed 
a comprehensive guideline for TBI pediatric 
patients based on the recommendations of the 
Brain Trauma Foundation [52]. They considered 
as level II recommendation (based on a moderate- 
quality body of evidence) the administration of 
boluses of hypertonic saline 3% of 2–5  ml/kg 
over 10–20  min for the ICP control of these 
patients. Continuous infusions on a sliding scale 
or boluses of 23.4% HTS for refractory intracra-
nial hypertension were considered level III evi-
dence (based on a low-quality body of evidence). 
Regarding safety issues, they recommended 
avoiding sustained (>72  h) serum sodium con-
centrations greater than 160 mEq/L since it was 
associated with complications such as thrombo-
cytopenia, anemia, and deep vein thrombosis. 
They pointed out that even though mannitol is 
commonly used to control elevated ICP in neuro-
pediatric patients, there is insufficient evidence to 
endorse it. They also reported there was not 

enough data to evaluate the potential beneficial 
effect of hyperosmotic therapy on the neurologi-
cal outcomes of this population [52].

In Table 2, we summarize the main findings in 
the literature concerning the use of mannitol in 
comparison to hypertonic saline in different clini-
cal settings.

 Clinical Case

A 12-year-old female suffered a severe TBI after 
a car accident. When the rescue team arrived, she 
was awake, with normal breathing, Glasgow 
Coma Scale of 8, isodiametric pupils, blood pres-
sure 160 × 80, and HR 120 bpm.

She had no comorbidities besides being over-
weight (55 kg). She was transferred to the hospital 
with spinal immobilization, and further investiga-
tion showed no medullary injuries. After 2 h of the 
accident, she developed a conscience level impair-
ment, with a Glasgow Coma Scale of 5. Thus, she 
was sedated, intubated, and mechanically venti-
lated. CT scan showed large regions of frontal 
brain contusion with surrounding edema and no 
hematomas. An external  ventricular drain and ICP 
monitoring device were placed. The initial ICP 
was 30  mmHg but dropped to 26  mmHg after 
CSF drainage. Serum sodium was 139 mmol/L, 
creatinine was 0.9  mg/dL, and hematocrit was 
31% after initial volume stabilization.

Questions

 1. Would you recommend a hyperosmolar treat-
ment for this patient? If so, which agent would 
you prefer?

 2. How would you prescribe it?

Discussion—based on [3, 14, 31, 52, 53]
The deteriorating neurological clinical state of 

this patient points out the risk of further and fatal 
elevations of intracranial pressure. Since there is 
no formal indication for neurosurgical treatment, 
hyperosmolar therapy is an appropriate clinical 
approach.

As we discussed before in this chapter, there is 
not enough evidence to support the use of man-
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nitol in pediatric neurocritical patients. Therefore, 
hypertonic saline should be more appropriate.

Hypertonic saline is usually administrated in 
boluses of 150  ml of the 3% solution 
(513  mmol/L), 75  ml of a 7.5% solution 
(1283  mmol/L), or 30  ml of 23.4% solution 
(4008  mmol/L). In pediatric patients, caution 
should be taken to avoid serum sodium concen-
trations higher than 160 mEq/L. It may be associ-
ated with deep vein thrombosis, anemia, and 
thrombocytopenia in concentrations higher than 
170 mEq/L [52].

Calculating the amount of HTS to reach an 
initial target sodium concentration of approxi-
mately 150  mmol/L, the sodium requirement 
would be:

Na requirement  =  (lean body weight, in 
kg) × (% of the water in the bodyweight) × (desired 
sodium – current sodium).

Note: the percentage of water in the body-
weight is approximately 0.5 for females and 0.6 

for males; since the patient was 12  years old 
and weighed 55 kg, we considered the value of 
0.5:

Na requirement = 55 × 0.5 × (150 – 139).
Na requirement = 302 mmol.
It corresponds to 589 ml of 3% saline or 75 ml 

of 23% saline.
Therefore, the initial prescription could be 

5  ml/kg (275  ml) of hypertonic saline 3% in 
10 min, which could be repeated twice to reach 
an ICP of 20 mmHg. It is highly recommended to 
monitor serum sodium levels carefully to avoid 
rapid changes. Renal function, electrolytes, and 
gasometry should be measured at regular inter-
vals. Moreover, subsequent boluses or continu-
ous infusions could be administered, aiming to 
improve her neurological status. Extreme hyper-
osmolarity, as reflected by serum sodium levels 
higher than 160 mmol/L, is unlikely to have fur-
ther beneficial effects and may even generate 
undesirable effects.

Table 2 Clinical settings: sugar or salt?

Evidence for ICP 
lowering benefit

Sugar or 
salt Precautions

Long-term 
outcome 
benefit References

Neuroanesthesia For brain relaxation Trend 
toward 
HTS

Dehydration and HE 
disturbances with mannitol 
use

No evidence [18, 40, 
42, 43]

Intracranial 
tumors

Some kinds of tumors Trend 
toward 
HTS

Rebound phenomenon with 
mannitol

No evidence [18, 43, 
44]

TBI Yes, and a potential 
benefit of HL

Trend 
toward 
HTS

AKI and HE disturbances No evidence 
yet (COBI)

[4, 5, 12, 
32, 37]

Intracranial 
hemorrhage

Little evidence HTS Hematoma expansion and 
rebound (mannitol)
AKI and HE disturbances 
(HTS)

No evidence [12, 45, 
46]

Acute ischemic 
stroke

Yes, but preemptive 
use is not 
recommended

Trend 
toward 
HTS

Decrease in CBF in the 
non-infarcted hemisphere

No evidence [12, 48, 
49]

Subarachnoid 
hemorrhage

Low evidence HTS AKI and HE disturbances No evidence [5, 12, 50]

Hepatic 
encephalopathy

As an add-on 
treatment

Both AKI, HE disturbances 
(HTS), rebound (mannitol)

No evidence [12, 51]

Neuropediatrics Moderate evidence, 
mainly in TBI

HTS Anemia, 
thrombocytopenia, DVT 
and AKI (HTS)

No evidence [52]

HTS: hypertonic saline, TBI: traumatic Brain Injury, HL: hypertonic lactate (half-molar sodium lactate), AKI: acute 
kidney injury, HE: hydroelectrolyte, DVT: deep vein thrombosis, COBI: Continuous Hyperosmolar Therapy in 
Traumatic Brain-Injured Patients (trial)
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 Take-Home Messages

• Hyperosmolar solutions can be used to treat 
cerebral edema in various clinical settings in 
neurocritical care and neuroanesthesia.

• Caution should be taken in patients with loss 
of cerebral autoregulation or disruption of the 
brain-blood barrier.

• Prolonged infusions of both hypertonic solu-
tions can lead to the accumulation of cerebral 
idiogenic osmoles that can simulate a rebound 
phenomenon.

• The main concerns associated with mannitol 
use are dehydration due to osmotic diuresis, 
acute kidney injury due to high serum concen-
tration of mannitol, and rebound 
phenomenon.

• The main concerns associated with the use of 
hypertonic saline are volume overload, acute 
kidney injury associated with hyperchloremia, 
and hypernatremia. Extravasation injuries can 
occur when administered in peripheral 
cannulas.
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