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Background:  Acute treatment of cerebral edema and elevated intracranial pressure is a common issue in 
patients with neurological injury. Practical recommendations regarding selection and monitoring of therapies 
for initial management of cerebral edema for optimal efficacy and safety are generally lacking. This guideline 
evaluates the role of hyperosmolar agents (mannitol, HTS), corticosteroids, and selected non-pharmacologic 
therapies in the acute treatment of cerebral edema. Clinicians must be able to select appropriate therapies for 
initial cerebral edema management based on available evidence while balancing efficacy and safety.

Methods:  The Neurocritical Care Society recruited experts in neurocritical care, nursing, and pharmacy to create a 
panel in 2017. The group generated 16 clinical questions related to initial management of cerebral edema in vari-
ous neurological insults using the PICO format. A research librarian executed a comprehensive literature search 
through July 2018. The panel screened the identified articles for inclusion related to each specific PICO question and 
abstracted necessary information for pertinent publications. The panel used GRADE methodology to categorize the 
quality of evidence as high, moderate, low, or very low based on their confidence that the findings of each publica-
tion approximate the true effect of the therapy.

Results:  The panel generated recommendations regarding initial management of cerebral edema in neurocritical 
care patients with subarachnoid hemorrhage, traumatic brain injury, acute ischemic stroke, intracerebral hemorrhage, 
bacterial meningitis, and hepatic encephalopathy.

Conclusion:  The available evidence suggests hyperosmolar therapy may be helpful in reducing ICP elevations or cer-
ebral edema in patients with SAH, TBI, AIS, ICH, and HE, although neurological outcomes do not appear to be affected. 
Corticosteroids appear to be helpful in reducing cerebral edema in patients with bacterial meningitis, but not ICH. 
Differences in therapeutic response and safety may exist between HTS and mannitol. The use of these agents in these 
critical clinical situations merits close monitoring for adverse effects. There is a dire need for high-quality research to 
better inform clinicians of the best options for individualized care of patients with cerebral edema.
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Introduction
Cerebral edema is a non-specific pathological swelling 
of the brain that may develop in a focal or diffuse pat-
tern after any type of neurological injury. The underlying 
cause of this brain swelling is highly variable and relates 
to multiple physiological cellular changes. The simplest 
description of cerebral edema is an accumulation of 
excessive fluid within either brain cells or extracellular 
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spaces. Cerebral edema can be secondary to disruption 
of the blood brain barrier, local inflammation, vascular 
changes, or altered cellular metabolism. The identifica-
tion and treatment of cerebral edema is central to the 
management of critical intracranial pathologies. Meas-
urement of cerebral edema is indirect and generally relies 
on surrogate markers seen on imaging studies, such as 
tissue shifts or structural changes, or via intracranial 
pressure (ICP) monitoring devices. It is considered one 
of the more common contributors to elevated ICP, which 
has been identified as a predictor of poor outcome in 
patients with TBI, stroke, and other intracranial patholo-
gies [1, 2]. The literature describes multiple treatment 
modalities including hyperosmolar therapy, acute hyper-
ventilation, temperature modulation, diversion of CSF, 
surgical decompression, and metabolic suppression [3]. 
These treatments are often administered without con-
sideration of the underlying disease process, when in 
fact their efficacy may hinge upon the pathophysiology at 
hand. Recent guidelines for the management of AIS, ICH, 
and TBI, among others, discuss the treatment of cerebral 
edema. However, practical recommendations regarding 
the selection and monitoring of therapies for optimal effi-
cacy and safety are generally lacking [3–6].

This guideline primarily evaluates the role of hyper-
osmolar agents (mannitol, HTS), corticosteroids, and 
selected non-pharmacologic therapies in the acute 
treatment of cerebral edema; strategies used for refrac-
tory cerebral edema or increased ICP (e.g., barbiturates, 
therapeutic hypothermia) are not highlighted. The term 
cerebral edema was used preferentially as a representa-
tive term encompassing elevated intracranial pressure, 
brain swelling, herniation syndromes, and cerebral 
edema (intracranial pressure may not be known in many 
patients, but symptoms of this intracranial abnormality 
may be present). In references where intracranial pres-
sure was specifically evaluated, the results are stated as 
such. It should be emphasized that the recommendations 
in this guideline are based on available medical literature, 
which may not reflect all aspects of clinical expertise and 
practical experience.

Methods
This work was commissioned and approved by the Neu-
rocritical Care Society (NCS) Board of Directors. The 
NCS Guidelines Committee tasked two Chairs (AC, 
LS) to form a panel of experts in neurocritical care, 
pharmacotherapy, and nursing to execute the guide-
line. A GRADE methodologist was also included in the 
panel. Beginning in October 2017, the panel drafted 
sixteen questions relevant to the treatment and moni-
toring of cerebral edema in neurocritical care patients 
using the Grading of Recommendations Assessment, 

Development, and Evaluation (GRADE) framework 
(Table  1) [7]. Questions were drafted using the PICO 
format and aligned with specific neurocritical care popu-
lations (e.g., TBI) so as to render recommendations rel-
evant to underlying pathologies and not the neurocritical 
care population as a whole. Individual outcomes of inter-
est related to cerebral edema, ICP, neurological status, 
or other evaluated parameters are listed on the applica-
ble tables that are included as electronic supplementary 
material. Of note, the response of intracranial pressure 
or cerebral edema was separated from neurological out-
comes such as modified Rankin Score or mortality as 
the authors were uncertain that treatment response of 
intracranial pressure or cerebral edema is directly related 
to neurological outcome. Interventions were specifically 
identified by name and formulation in most instances. 
In some PICO questions, various sodium salts with dif-
fering concentrations were evaluated. Throughout the 
document, “hypertonic saline” was referred to as “hyper-
tonic sodium solutions” to account for the differences in 
sodium salt formulation. In cases where a specific sodium 
salt or concentration was evaluated, it was identified as 
stated in the study if the specific formulation was perti-
nent for the results.

A research librarian executed a comprehensive, inde-
pendent literature search using Ovid Medline and 
EMBASE from inception (1947) to July 5, 2018. The 
searches were peer reviewed by a second librarian at St. 
Michael’s Hospital in Toronto, ON. Additional articles 
were identified from the bibliographies of the publica-
tions included in the literature search, as well as a supple-
mentary PubMed searches of publications and personal 
files of members of the panel up to February 2019 once 
data abstraction began. The literature search excluded 
articles that were not available in English, pediatric stud-
ies, animal studies, and unpublished works. The panel 
included systematic reviews, meta-analyses, randomized, 
controlled trials, observational studies, and case series 
of five or more patients. Studies with prospectively col-
lected data which were retrospectively evaluated were 
consistently considered retrospective observational 
studies in our quality of evidence assessment. Studies 
with mixed populations (e.g., SAH, TBI, and ICH) were 
included if the population relevant to the specific PICO 
question had a sample size of five or more. Meta-analyses 
were included only if their patients were representative 
of the population of neurocritical care patients identi-
fied in the specific PICO question. If the meta-analysis 
included a mixture of multiple populations, the results 
were only included if they were differentiated by neuro-
logical injury. All meta-analyses that were excluded due 
to an inability to differentiate results by specific neuro-
logical injury are listed as footnotes on the applicable 
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evidentiary tables that are included as electronic supple-
mentary material. A systematic review software was used 
for screening and abstraction of the available literature 
(DistillerSR, Evidence Partners, Ottawa, Canada). Initial 
article screening for inclusion criteria was performed by 
one individual reviewer. Once screened for inclusion, 
data abstraction from each of the pertinent articles was 
performed by a minimum of two panel members pertain-
ing to each PICO question (Table 1).

The panel used the GRADE methodology to evaluate 
the quality of evidence as high, moderate, low, or very 
low [7]. These designations denote the degree of certainty 
that the estimate of effect in each study approximates the 
true effect. Recommendations generated from this litera-
ture review and the subsequent quality of evidence rat-
ing accounted for efficacy, risks, potential sources of bias, 
and treatment effect. The Cochrane Risk of Bias Assess-
ment tool was used to evaluate bias in sequence genera-
tion, allocation, blinding, missing outcome data, selective 
outcome reporting, and other sources of bias. The panel 
classified recommendations as strong (“We recommend”) 
when they are the preferred treatment for most patients 
and should be adopted as policy in the majority of situ-
ations. Conditional recommendations (“We suggest,” 
“Clinicians should consider”) should be further consid-
ered based upon the clinical scenario and carefully evalu-
ated by stakeholders before being implemented as policy. 
Areas where there is insufficient evidence to support 
recommendations are identified, and, in some instances, 
“good practice statements” are provided. These state-
ments are meant to state guidance where there may be a 
lack of published evidence, but the practice is commonly 
accepted as beneficial.

The panel met in person on September 26–27, 2018, 
in Boca Raton, FL, and again on January 17–18, 2019, 
in Chicago, IL. Other meetings were virtual. Members 
assigned to specific PICO questions presented a sum-
mary of the GRADE evidence on each topic, and recom-
mendations were discussed, revised, and validated by the 
entire panel. Internal experts within the Neurocritical 
Care Society and external stakeholders reviewed the final 
guideline.

Treatment of Cerebral Edema in Patients 
with Subarachnoid Hemorrhage

In patients with SAH, does sodium target-based dos-
ing with hypertonic sodium solutions (sodium chlo-
ride, lactate, or bicarbonate) improve ICP/cerebral 
edema compared to intermittent, symptom-based 
bolus doses of hypertonic sodium solutions?
In patients with SAH, does sodium target-based dos-
ing with hypertonic sodium solutions (sodium chlo-
ride, lactate, or bicarbonate) improve neurological 

outcomes at discharge compared to intermittent, 
symptom-based bolus doses of hypertonic sodium 
solutions?

Recommendations
1.	 We suggest using symptom-based bolus dosing of 

hypertonic sodium solutions rather than sodium tar-
get-based dosing for the management of ICP or cer-
ebral edema in patients with SAH (conditional rec-
ommendation, very low-quality evidence).

Rationale:  In making this recommendation, the panel 
felt that while the quality of evidence was very low, the 
consistency of the literature justified symptom-based 
bolus dosing of HTS as an effective means of reducing 
ICP and cerebral edema in patients with SAH. The data 
on sodium target-based HTS dosing regimens for ICP 
control were extremely limited and provided only indi-
rect evidence and thus could not be recommended.

2.	 Due to insufficient evidence, we cannot recommend 
a specific dosing strategy for HTS to improve neuro-
logical outcomes in patients with SAH.

The panel first evaluated the relative merits of symp-
tom-based bolus dosing of HTS as opposed to HTS 
administration titrated to a target sodium concentra-
tion in patients with SAH (Table  1, Questions 1 and 
2). A small number of publications have addressed 
this specific issue, and the panel did not identify any 
studies that directly compared the two administra-
tion strategies. Nine studies addressed the two infusion 
strategies independently: two targeted a sodium level of 
145–155  mEq/L and seven used symptom-based bolus 
administration of HTS [8–16]. The overall quality of evi-
dence was very low (Table 2).

The panel assessed seven studies of symptom-based 
bolus administration of HTS. One key study for many of 
the topics in this guideline is Koenig, et al., which was a 
retrospective cohort analysis that evaluated the percent-
age of neurocritical care patients who experienced clini-
cal reversal of TTH after receiving a 30–60  mL dose of 
23.4% NaCl [10]. The investigators observed clinical TTH 
reversal in 75% of cases and 22 patients (32.4%) survived 
to hospital discharge. Only 16 of 68 patients included 
had SAH and the results were only reported for the full 
cohort (i.e., not subdivided to show the SAH patient 
data specifically), so the direct effects on patients with 
SAH could not be discerned. Overall, reversal of TTH 
was associated with a > 5  mEq/L rise in serum sodium 
concentration (p < 0.001) or an absolute serum sodium 
of > 145  mEq/L (p < 0.007) within 1  h after 23.4% HTS 
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administration. It should be noted that while changes in 
sodium values were observed, specific targets had not 
been pre-determined.

In a prospective study, Al-Rawi et  al. administered 
2  ml/kg of 23.5% NaCl to 44 patients with poor-grade 
SAH [14]. Patients who demonstrated a robust and 
durable response to the NaCl infusion were more likely 
to have a favorable outcome (mRS < 4). Bentsen and col-
leagues published three studies using 7.2% NaCl with 6% 
HES, a formulation which is currently not available in the 
USA, in patients with SAH [11–13]. One of these was a 
prospective, randomized, placebo-controlled trial of 22 
patients that found modest reductions in ICP using 7.2% 
HTS/6% HES compared to placebo [11]. The other stud-
ies were of lower quality with similar results [12, 13].

Two studies explored the effects of titrating HTS 
to a targeted serum sodium concentration of 145–
155  mEq/L. Tseng, et  al. prospectively observed 35 
patients who received 2 ml/kg doses of 23.5% NaCl [16]. 
They concluded that HTS administration in this man-
ner decreased ICP and improved CBF, though their 
results were obtained via logistic regression analysis of 
dose-dependent effects of HTS on CBF as measured by 
CT scan perfusion studies. The panel deemed that these 
measures were too indirect to be considered outcomes 
as defined by the PICO question, which downgraded the 
rating of this study. A second study retrospectively com-
pared patients who received a 3% NaCl continuous infu-
sion titrated to a goal serum sodium of 145–155 mEq/L 
to a group of historical controls who did not receive HTS 
[9]. While the total sample size was robust (n = 215), only 
38 patients had SAH. This subgroup was underpowered, 
and there was not a statistically significant difference in 
episodes of critically elevated ICP or neurological out-
comes. Given both studies were underpowered and used 
different administration methods to achieve the target 
sodium concentration, the panel felt the available data 
prevented endorsement of HTS use to target a specific 
serum sodium concentration in order to improve ICP, 
cerebral edema, or neurological outcomes.

While the overall quality of the evidence in this area 
is very low, the panel felt there was enough consistency 
across the published studies to suggest symptom-based 
bolus dosing of HTS as an effective means of reducing 
ICP and cerebral edema in patients with SAH. In addi-
tion, HTS bolus administration may also raise serum 
sodium, improve brain pH, and increase brain tissue oxy-
genation [17, 18]. At present, there are insufficient data 
to support the use of HTS to improve neurological out-
come, regardless of the administration strategy. We did 
not identify any substantial evidence to support targeting 
a specific serum sodium concentration in order to reduce 
ICP or improve neurological outcome in patients with 

SAH, demonstrating the need for future research regard-
ing the impact of specific sodium targets on ICP and neu-
rological outcomes.

Treatment of Cerebral Edema in Patients with Traumatic 
Brain Injury

In patients with TBI, does the use of hypertonic 
sodium solutions improve cerebral edema compared 
to mannitol?
In patients with TBI, does the use of hypertonic 
sodium solutions for cerebral edema improve neuro-
logical outcomes compared to mannitol?

Recommendations
1.	 We suggest using hypertonic sodium solutions over 

mannitol for the initial management of elevated ICP 
or cerebral edema in patients with TBI (conditional 
recommendation, low-quality evidence). We sug-
gest that neither HTS nor mannitol be used with the 
expectation for improving neurological outcomes 
in patients with TBI (conditional recommendation, 
low-quality evidence).

Rationale:  In making this recommendation, the panel 
felt that while the quality of evidence was low, the con-
sistency of the literature suggested HTS was at least 
as safe and effective as mannitol. In addition, the panel 
agreed that the putative advantages of HTS over manni-
tol for fluid resuscitation and cerebral perfusion justified 
the suggestion to use HTS over mannitol. Although treat-
ment effect of these agents on elevated ICP or cerebral 
edema may be expected based on the literature, neither 
agent has been demonstrated to improve neurological 
outcomes.

2.	 We suggest that the use of mannitol is an effective 
alternative in patients with TBI unable to receive 
hypertonic sodium solutions (conditional recommen-
dation, low-quality evidence).

Rationale:  Although HTS was recommended over 
mannitol, the quality of evidence was low and the litera-
ture consistently suggests that mannitol is also a safe and 
effective option for the initial management of elevated 
ICP or cerebral edema in patients with TBI, particularly 
those with concomitant severe hypernatremia or volume 
overload.

3.	 We recommend against the use of hypertonic sodium 
solutions in the pre-hospital setting to specifically 
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improve neurological outcomes for patients with TBI 
(strong recommendation, moderate-quality evidence).

Rationale:  Acute treatment of cerebral edema and her-
niation syndromes is often necessary in the pre-hospital 
setting. However, well-designed clinical trials did not 
suggest any benefit from the use of HTS in the pre-hos-
pital setting on long-term outcomes in patients with TBI.

4.	 We suggest against the use of mannitol in the pre-
hospital setting to improve neurological outcomes for 
patients with TBI (conditional recommendation, very 
low-quality evidence).

Rationale:  In making this recommendation, the panel 
felt that the quality of evidence was very low and did not 
suggest any potential benefit in the pre-hospital setting 
on long-term outcomes in patients with TBI.

The panel evaluated several studies to inform rec-
ommendations on the use of HTS and/or mannitol to 
improve ICP, cerebral edema, or neurological outcomes 
(Table 1, Questions 3 and 4). These two agents have been 
compared in at least eight randomized, controlled trials 
of patients with elevated ICP from a variety of causes, 
including TBI [19–26]. A number of uncontrolled, ret-
rospective, and non-comparative studies have also evalu-
ated either HTS or mannitol in patients with TBI. These 
studies all support the notion that both hyperosmolar 
therapies effectively reduce ICP (Table  3). The available 
data are limited by patient heterogeneity, low sample size, 
and inconsistent methods among studies. For example, 
several studies utilized a crossover study design where 
patients served as their own control, sequentially receiv-
ing HTS and then mannitol or vice versa, whereas oth-
ers randomized patients to receive one agent or the other 
[20, 22]. In addition, several of the early studies evaluat-
ing HTS used a combination product which included 
HES. The overall quality of evidence was low (Evidentiary 
Table 2 of Electronic Supplementary Material).

The panel discussed at length the lack of high-quality 
evidence supporting preferential use of one hyperosmo-
lar agent as first line treatment of elevated ICP in TBI. 
Several meta-analyses have reached conflicting conclu-
sions; some found no difference in ICP-related outcomes 
in TBI patients, whereas others favored HTS [27, 28]. 
Differences in the statistical analysis across these meta-
analyses may have accounted for the variance in results 
[28].

Some advantages of HTS over mannitol have been 
observed in direct comparison, crossover, and res-
cue therapy randomized studies [28]. HTS may have a 

quicker onset of action, a more robust and durable ICP 
reduction, and may be advantageous in patients in whom 
mannitol failed [21]. Hypertonic sodium solutions with 
either a chloride, lactate, or bicarbonate salt seem to all 
be effective [26, 29]. The panel felt that there was con-
sistency across the numerous, lower-quality studies that 
HTS was more effective than mannitol for reducing ICP 
or cerebral edema in this population.

Several meta-analyses and RCTs have demonstrated 
no significant difference in neurological outcomes when 
comparing various hyperosmolar therapies [19, 24, 27, 
30]. It is notable that two of the RCTs used equi-osmo-
lar doses of HTS and mannitol, whereas the third used 
twofold higher osmolar dose of 7.5% NaCl compared to 
mannitol [19, 24, 30]. Another prospective study pooled 
data from three separate trials and evaluated target-based 
infusions of 20% NaCl compared to standard care [31]. 
Overall there was no difference in long-term neurologi-
cal outcomes between groups, but patients who received 
20% NaCl exhibited a reduced mortality rate at 90  days 
in a propensity-score-adjusted analysis (HR 1.74, 95% CI 
1.36–2.23). Nevertheless, the weight of the current evi-
dence does not support the use of hyperosmolar thera-
pies for the specific purpose of improving neurological 
outcomes.

Studies have also evaluated emergent, pre-hospital 
resuscitation with HTS or mannitol in patients with 
TBI. A phase II feasibility study evaluated 229 TBI 
patients with a GCS < 9 and those who were hypotensive 
(SBP < 100 mm Hg) and randomized each to receive pre-
hospital 250  mL 7.5% NaCl or 250  mL Ringer’s lactate. 
Survival to hospital discharge was similar in both groups, 
as was GOSE and survival at 6 months [32]. Bulger et al. 
performed a prospective, double-blind trial of 1282 TBI 
patients who received a 250 mL bolus of 7.5% NaCl/6% 
dextran 70, a 250  mL bolus of 7.5% NaCl, or a 250  mL 
0.9% NaCl in the pre-hospital setting [33]. No significant 
differences in distribution of GOSE category, Disabil-
ity Rating Score, or mortality by treatment group were 
found. Sayre et  al. evaluated the use of mannitol in the 
pre-hospital setting in patients with TBI and also found 
no benefit on mortality [34].

While the overall quality of the evidence in this area is 
low, the panel felt there was enough consistency across 
the published studies to suggest that both HTS and man-
nitol are effective in reducing ICP elevations and cerebral 
edema. The panel noted that the evidence supporting 
HTS is more robust, but mannitol is also an effective 
option. The decision regarding which agent to use should 
be based on available resources, the patient’s individual 
characteristics, and local practice patterns. While either 
agent can address the physiological abnormalities of ICP 
elevations and cerebral edema, there is evidence that 
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neither agent directly influences long-term neurologi-
cal outcome, particularly when used in the pre-hospital 
setting.

Treatment of Cerebral Edema in Patients with Acute 
Ischemic Stroke

In patients with ischemic stroke, does the use of 
hypertonic sodium solutions improve cerebral edema 
compared to mannitol?
In patients with ischemic stroke, does the use of hyper-
tonic sodium solutions for cerebral edema improve 
neurological outcomes compared to mannitol?

Recommendations
1.	 We suggest using either hypertonic sodium solutions 

or mannitol for the initial management of ICP or cer-
ebral edema in patients with acute ischemic stroke 
(conditional recommendation, low-quality evidence). 
There is insufficient evidence to recommend either 
hypertonic saline or mannitol for improving neu-
rological outcomes in patients with acute ischemic 
stroke.

Rationale:  In making this recommendation, the panel 
felt that the quality of evidence was low and the literature 
in patients with AIS was not compelling to recommend 
one agent over the other for initial management of ele-
vated ICP or cerebral edema. Patient-specific factors may 
be employed to aid clinicians in selecting the appropri-
ate initial agent in patients with either measured elevated 
ICP or symptoms of cerebral edema.

2.	 We suggest that clinicians consider administration of 
hypertonic sodium solutions for management of ICP 
or cerebral edema in patients with acute ischemic 
stroke who do not have an adequate response to man-
nitol (conditional recommendation, low-quality evi-
dence).

Rationale:  In making this recommendation, the panel 
felt that the quality of evidence was low, but the literature 
in patients with AIS suggested that patients who do not 
have an adequate treatment response to mannitol may 
still respond to HTS.

3.	 We suggest against the use of prophylactic scheduled 
mannitol in acute ischemic stroke due to the potential 
for harm (conditional recommendation, low-quality 
evidence).

Rationale:  In making this recommendation, the panel 
felt that while the quality of evidence was low, the lack of 
benefit and the potential association with worse neuro-
logical outcomes justified avoiding prophylactic mannitol 
in patients with acute ischemic stroke.

The panel evaluated whether the use of HTS or man-
nitol improves ICP, cerebral edema, or neurologi-
cal outcomes in patients with AIS. The panel did not 
identify any RCTs that directly compared these agents 
in AIS using neurological outcomes as an endpoint. 
Therefore, we included observational studies that either 
compared mannitol or HTS with no hyperosmolar 
therapy or that reported on hyperosmolar therapy use 
without a control group (Table  1, Questions 5 and 6). 
The overall level of evidence was low (Table 4).

The panel identified 11 studies that evaluated hyper-
osmolar therapy for reducing ICP or cerebral edema 
in patients with AIS. Of these, three were prospective, 
randomized trials that compared mannitol directly 
with HTS [21, 35, 36]. The remainder were prospec-
tive or retrospective cohort studies that evaluated one 
or both hyperosmolar therapies with or without a con-
trol group. The majority of these studies suggested that 
both HTS and mannitol were efficacious in reducing 
ICP in AIS, although some of these studies had a mixed 
patient population [9, 21, 36–39]. In two prospective, 
randomized studies, the reduction in ICP from HTS 
was quicker, more pronounced, and more sustained 
compared to mannitol [21, 36]. In addition, two studies 
suggested that HTS may be effective even in patients in 
whom mannitol has failed [36, 40].

While the use of a continuous infusion of HTS 
titrated to sodium goals is a common practice in neu-
rocritical care, use of this strategy in AIS has only been 
evaluated in two studies which had conflicting results. 
One evaluation suggested that the use of continuous 
HTS to target a serum sodium concentration of 145–
155 mEq/L may be associated with fewer ICP crises per 
patient, while the other demonstrated no difference [9, 
37]. Based on the available evidence, the use of 3% NaCl 
to target a specific serum sodium concentration does 
not consistently demonstrate reductions in ICP crises 
and does not appear to improve neurological outcome 
in patients with AIS.

Overall, both mannitol and HTS appear to be effective 
in reducing ICP and cerebral edema in patients with AIS. 
Given the limitations of the above studies (small sample 
size, heterogeneous populations, insufficient informa-
tion on osmolar load), we cannot definitively conclude 
that one hyperosmolar therapy agent is clearly superior 
to the other for ICP reduction. However, it appears HTS 
may have a more rapid onset of action, a more robust 
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and durable ICP reduction, and may be advantageous for 
patients in whom mannitol failed [36, 40].

After having established the potential benefits of hyper-
osmolar therapy in improving intracranial pressure, the 
panel next evaluated 10 studies that focused on hyper-
osmolar therapy to improve neurological outcome in 
AIS. Of these studies, only one was an RCT (which com-
pared mannitol to no hyperosmolar therapy) [41]. Only 
two other studies classified outcomes separately between 
mannitol and HTS in AIS; however, these studies did not 
directly compare these treatments and therefore an anal-
ysis of the relative efficacy was not possible [42, 43]. Of 
these studies, hyperosmolar therapies were administered 
in a number of different ways, ranging from scheduled 
daily dosing, dosing to a specific serum sodium target (in 
the case of HTS), or intermittent dosing over the period 
of several days [9, 10, 37, 41, 42, 44–47]. The indication 
for hyperosmolar therapy was also variable: ICP eleva-
tion, cerebral edema, or prophylactic [10, 37].

Overall, the data are weak and contradictory when 
evaluating the effect of hyperosmolar agents on neuro-
logical outcome after AIS. An analysis of a prospective 
registry of patients reported improved mortality and 
3-month mRS in AIS treated with 5.1–7.6% NaCl, but 
this was not compared with another therapy or control 
group [42]. Another small case series reported improve-
ment in GCS or pupillary reactivity in some patients after 
a single mannitol dose, but, with only seven patients and 
no control group, definitive conclusions are not possible 
[44]. The Koenig study was also included to address this 
PICO question, but the potential benefit of 23.4% NaCl 
in AIS patients is not discernable from this report [10]. 
The only RCT is an outdated study of 77 patients with 
AIS which found no change in neurological outcome 
after a single daily dose of 0.8 to 0.9  g/kg mannitol for 
10  days [41]. The majority of the observational studies 
also reported no difference in neurological outcome after 
hyperosmolar therapy administration [9, 45, 47, 48].

Conversely, some reports have suggested harm with 
prophylactic hyperosmolar therapy with mannitol after 
AIS. Two large, retrospective, cohort studies reported an 
increased risk of death at 30  days and/or greater func-
tional dependency with prophylactic use of scheduled 
mannitol doses [45, 46]. However, the findings of both of 
these studies may have been skewed by the potential for 
dosing mannitol more frequently in the most critically ill 
patients. This potential treatment bias could not be fully 
accounted for after multivariable adjustment.

While the overall quality of evidence in this area is low, 
the panel felt there was enough consistency across pub-
lished studies to suggest that both HTS and mannitol are 
effective in reducing ICP elevations and cerebral edema 
in AIS. In contrast, the overall evidence does not support 

routine hyperosmolar therapy to improve neurological 
outcome following AIS, and in fact, the use of prophylac-
tic mannitol may be associated with harm.

Treatment of Cerebral Edema in Patients with Intracerebral 
Hemorrhage

In patients with ICH, does the use of hypertonic 
sodium solutions improve cerebral edema compared 
to mannitol?
In patients with ICH, does the use of corticosteroid 
therapy improve neurological outcomes compared to 
placebo/control?

Recommendations for Hyperosmolar Therapy
1.	 We suggest using hypertonic sodium solutions over 

mannitol for the management of ICP or cerebral 
edema in patients with intracerebral hemorrhage 
(conditional recommendation, very low-quality evi-
dence).

Rationale:  In making this recommendation, the panel 
felt that while the quality of evidence was very low, the 
consistency of the literature suggested HTS was at least 
as safe and effective as mannitol. In addition, the panel 
agreed that the putative advantages of HTS over manni-
tol for fluid resuscitation and cerebral perfusion justified 
the suggestion to use HTS over mannitol.

2.	 We suggest that either symptom-based bolus dosing 
or using a targeted sodium concentration is appropri-
ate hypertonic sodium solution administration strat-
egy for the management of elevated ICP or cerebral 
edema in patients with intracerebral hemorrhage 
(conditional recommendation, very low-quality evi-
dence).

Rationale:  In making this recommendation, the panel 
felt that the quality of evidence was very low and the lit-
erature in patients with ICH was not compelling to rec-
ommend one method of administration of HTS over the 
other for initial management of elevated ICP or cerebral 
edema. Patient-specific factors may be employed to aid 
clinicians in selecting the appropriate initial agent.

The panel evaluated the relative merits of HTS and 
mannitol in improving ICP, cerebral edema, or neurologi-
cal outcomes in patients with ICH (Table 1, Question 7). 
The panel identified four studies examining HTS alone, 
one related to mannitol, and no studies comparing the 
two agents. The overall quality of evidence was very low 
(Table 5).
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Three studies addressed the use of continuous infu-
sion 3% NaCl adjusted to achieve a targeted sodium 
concentration of 145–155 mEq/L [9, 37, 49]. Hauer et al. 
reported on a mixed neurocritical care patient popu-
lation that included 120 patients with ICH [9]. These 
patients received 3% NaCl infusions with a goal serum 
sodium of 145–155  mEq/L compared to a historical 
cohort, and the results are reported specific to patients 
with ICH. A prospective study of 26 ICH patients treated 
with 3% NaCl continuous infusion demonstrated a reduc-
tion in cerebral edema and number of ICP crises [49]. 
Conversely, a retrospective cohort study with a subset 
of eight ICH patients who received 3% sodium acetate/
chloride continuous infusion (with additional boluses 
as needed) found no differences in ICP or mass effect at 
12  h [37]. Data from the aforementioned Koenig study 
was included to address this PICO question as patients 
with ICH were included even though they could not be 
separated out from the other patient populations [10]. 
The data from these studies are conflicting, and clinicians 
should weigh the risks and benefits of targeting a sodium 
concentration in the short-term management of ICP and 
cerebral edema in ICH patients.

The panel acknowledges that there are some commonly 
referenced articles reporting on the use of mannitol in 
patients with ICH that were not included in this guide-
line, as they did not address these specific PICO ques-
tions [50–52]. Two recent publications, both of which 
demonstrated potential risk of hematoma expansion, 
were ultimately excluded from our assessment as the 
study outcomes did not directly address the PICO ques-
tions as written (though hematoma expansion is impor-
tant clinically, the panel did not feel this variable was 
directly related to cerebral edema or ICP) [53, 54]. How-
ever, the panel felt that their results may give providers 
some pause regarding the safety of mannitol in patients 
with ICH. Given these concerns, along with the lack of 
published articles assessing the impact of mannitol on 
short-term outcomes, the panel was unable to recom-
mend use of mannitol in this population at this time.

While the overall quality of evidence in this area is very 
low, the panel felt there was enough consistency across 
published studies to suggest that HTS is effective in 
reducing ICP elevations and cerebral edema. In contrast, 
the available published studies on mannitol were not 
directly related to the PICO question and they implied 
harm; thus, the panel favored HTS over mannitol.

Recommendations for Corticosteroids in Patients 
with Intracerebral Hemorrhage

1.	 We recommend against the use of corticosteroids 
to improve neurological outcome in patients with 
intracerebral hemorrhage due to the potential for 

increased mortality and infectious complications 
(strong recommendation, moderate-quality evi-
dence).

The panel evaluated whether use of corticosteroids in 
patients with ICH impacts neurological outcome, includ-
ing mortality or functional status at any designated time 
point. The panel included a Cochrane meta-analysis, 
two moderate- to high-quality studies, and several other 
lower-quality studies in their assessment (Table 1, Ques-
tion 8) [55–62]. The overall quality of evidence was mod-
erate (Table 6).

A 2005 Cochrane Review assessed the impact of cor-
ticosteroids on neurological outcome in patients with 
ICH compared to placebo or standard of care controls. 
The review found no evidence to support the routine 
use of corticosteroids in patients with primary ICH and 
highlighted a potential for harm in these patients [61]. 
One prospective, randomized, placebo-controlled trial 
(n = 93) of dexamethasone to placebo in patients with 
ICH was halted due to increased rates of infectious and 
diabetic complications, while another (n = 40) showed no 
difference in mortality or neurological outcomes [55, 62]. 
Sharafadinzadeh et  al. published a placebo-controlled 
trial of 225 patients which found higher mortality in the 
dexamethasone group [56]. Four other lower-quality 
studies all found no improvement in outcomes related 
to dexamethasone use, with two studies demonstrating 
increased mortality in the treatment group [57–60].

Treatment of Cerebral Edema in Patients with Bacterial 
Meningitis

In patients with bacterial meningitis, does the use 
of hypertonic sodium solutions for cerebral edema 
improve CE compared to mannitol?
In patients with bacterial meningitis, does the use of 
corticosteroid therapy improve neurological outcomes 
compared to placebo/control?

Recommendations
1.	 We recommend dexamethasone 10  mg intravenous 

every 6 h for 4 days to reduce neurological sequelae 
(primarily hearing loss) in patients with community-
acquired bacterial meningitis (strong recommenda-
tion, moderate-quality evidence).

2.	 We suggest dexamethasone 0.15  mg/kg intravenous 
every 6 h for 4 days as an alternative dose for patients 
with low body weight or high risk of corticosteroid 
adverse effects (good practice statement).

3.	 We recommend administering dexamethasone 
before or with the first dose of antibiotic in patients 
with bacterial meningitis (strong recommendation, 
moderate-quality evidence).
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4.	 We recommend use of corticosteroids to reduce 
mortality in patients with tuberculosis meningitis 
(strong recommendation, moderate quality of evi-
dence). We cannot make a recommendation for one 
specific corticosteroid or dose in patients with TB 
meningitis due to the inconsistency of agents and 
doses evaluated in the literature.

5.	 We suggest that treatment with corticosteroids 
should be continued for two or more weeks in 
patients with tuberculosis meningitis (conditional 
recommendation, low quality of evidence).

Rationale:  In making this recommendation, the panel 
felt that the quality of evidence was low and consider-
able variability exists within and across studies regard-
ing the duration of corticosteroid treatment. Clinicians 
should use patient-specific response and clinical factors 
to optimize the duration of corticosteroid treatment in 
this setting.

6.	 There is insufficient evidence to determine whether 
hypertonic sodium solutions or mannitol is more 
effective to reduce ICP or cerebral edema in patients 
with community-acquired bacterial meningitis.

The panel evaluated whether the use of corticoster-
oids improved neurological outcome in patients with 
community-acquired bacterial meningitis and TB men-
ingitis. (Table  1, Questions 9 and 10) The panel elected 
to focus on these two areas within the broader category 
of bacterial meningitis due to their acuity and worldwide 
prevalence. The literature describing corticosteroid use 
in community-acquired bacterial meningitis is broad and 
includes many studies that combined adult and pediatric 
populations, as well as mixed immunocompetent, immu-
nocompromised, and unknown immune status patients. 
While various corticosteroids have been evaluated, the 
overwhelming majority administered dexamethasone. 
Specific antimicrobial use and the corticosteroid timing 
in relation to antibiotic dose were not always described 
but are noted in the applicable evidentiary table when the 
information was available. The overall quality of the evi-
dence was moderate (Tables 7 and 8).

Bacterial Meningitis
Three meta-analyses have shown varying effects of corti-
costeroid treatment on outcomes in community-acquired 
bacterial meningitis [63–65]. These meta-analyses are 
disparate in their methodologies and assess patients 
over different time periods, but are similar in that they 
included several of the same randomized trials. Due to 

the high risk of heterogeneity across these meta-analy-
ses and the low quality of some of the studies included 
in each meta-analysis, the overall quality of these meta-
analyses was classified as low and the strength of these 
findings should be cautiously applied in practice. In addi-
tion, some overlap in the data and time periods exists; 
therefore, the panel took this into account so as to not 
over-emphasize specific studies in the recommenda-
tions. One meta-analysis by Brouwer et  al. included 
25 RCTs from 1963–2013 and evaluated children and 
adults with varying corticosteroid agents and doses. 
Overall, there were no significant differences in mortal-
ity or neurological sequelae, although corticosteroid use 
significantly lowered rates of hearing loss [63]. Patients 
in high-resource areas who were treated with corticos-
teroids had decreased hearing loss compared to those in 
low-resource areas. In addition, a subset of patients with 
Streptococcus pneumoniae meningitis demonstrated a 
lower mortality rate with corticosteroid treatment [63]. 
When seven studies from this meta-analysis were ana-
lyzed separately with only adult patient data, there was 
no difference in mortality between groups. Four of these 
studies included hearing loss as part of their neurological 
outcome measures and found it to be significantly lower 
in patients treated with corticosteroids.

A second meta-analysis by Vardakas et al. included 10 
RCTs published from 1963 to 2007 and determined that 
corticosteroids were not associated with decreased mor-
tality overall [64]. A subgroup analysis found that corti-
costeroid treatment was associated with lower mortality 
in laboratory-proven meningitis, Streptococcus pneumo-
niae meningitis, and in patients in high-resource areas. 
Further analysis of only the high-quality randomized 
controlled trials in the meta-analysis showed that cor-
ticosteroid use was associated with decreased hearing 
loss. An additional subgroup analysis removing primarily 
HIV-positive patients demonstrated that corticosteroid 
treatment was associated with lower mortality [64, 66]. 
Finally, Van de Beek et  al. published a meta-analysis of 
five trials published between 2002 and 2007 using indi-
vidual patient data [67]. Overall, they found no difference 
in mortality, neurological disability, or severe hearing 
loss. A post hoc analysis suggested that, among survivors, 
corticosteroid use was associated with reduced hearing 
loss.

Individual trials show similar trends. de Gans et al. pub-
lished the landmark RCT for corticosteroid use in com-
munity-acquired bacterial meningitis, which randomized 
adult patients to dexamethasone 10  mg intravenous 
every 6 h for 4 days with the first dose of dexamethasone 
15–20 min prior to or with antibiotics [68]. Dexametha-
sone improved GOS and decreased mortality, but did not 
benefit other neurological sequelae including hearing 
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loss. In a subgroup analysis of patients with Streptococcus 
pneumoniae meningitis, neurological outcomes and the 
rate of neurological sequelae were improved in the dexa-
methasone group compared with placebo. Other studies 
have also suggested patients with Streptococcus pneu-
moniae meningitis may exhibit reduced hearing loss and 
lower risk of mortality from corticosteroid therapy [63, 
64, 69, 70]. Taken together, these three meta-analyses and 
multiple individual trials suggest that corticosteroids do 
not affect mortality overall, though some distinct patient 
subsets may gain mortality benefit. In addition, corticos-
teroids may play a role in mitigating hearing loss.

Of note, the Infectious Disease Society of American 
Bacterial Meningitis Guidelines evaluated corticosteroid 
use in 2004 [71]. These guidelines included both adult 
and pediatric patients. The authors recommended use of 
dexamethasone in adults with suspected or proven Strep-
tococcus pneumoniae meningitis and avoiding corticos-
teroid use if antimicrobials have already been initiated 
(both with a GRADE-equivalent to strong recommen-
dation, high-quality evidence). They also noted that the 
data are inadequate to recommend dexamethasone in 
adults with meningitis due to an unknown or non-pneu-
mococcal pathogen. The panel elected to recommend the 
dexamethasone dose used in the de Gans study as it was 
the seminal study and provides an easy, practical dosing 
regimen.

There is a scarcity of the published literature address-
ing the use of HTS or mannitol for ICP elevation or cer-
ebral edema in community-acquired bacterial meningitis 
(Table 9). The panel identified one relevant study, which 
did not specifically evaluate the role of hyperosmolar 
therapy but rather determined that ICP control by a com-
bination of methods improved mortality in community-
acquired bacterial meningitis [72]. Of note, only 40% of 
patients included in this study received hyperosmolar 
therapy. Multiple studies evaluate the use of glycerol for 
elevated ICP in community-acquired bacterial meningitis 
and did not show a mortality benefit [73, 74].

Tuberculous Meningitis
The panel evaluated the use of corticosteroid treatment 
in patients with TB meningitis separately from commu-
nity-acquired bacterial meningitis (Table 1, Questions 9 
and 10). Tuberculous meningitis occurs in immunocom-
promised patients, is more frequent in lower-resource 
areas, and generally has a higher morbidity and mortal-
ity compared to community-acquired bacterial menin-
gitis [75]. The literature search identified a number of 
RCTs and one meta-analysis, as well as a number of other 
studies evaluating corticosteroids in TB meningitis. The 
overall quality of the evidence was moderate (Evidentiary 
Table 8 of Electronic Supplementary Material).

The meta-analysis by Prasad et al. included 1337 adult 
and pediatric patients with TB meningitis who received 
corticosteroids. Studies using a variety of agents and 
over different durations were also included in this analy-
sis [76]. At 3–18-month follow-up, corticosteroid use 
reduced mortality by almost 25%, but did not change 
overall neurological outcomes. These results are con-
sistent with an RCT of moderate quality that evalu-
ated a tapering dose of dexamethasone and found that 
it reduced mortality, but not neurological deficits. This 
treatment effect was consistent across subgroups of dis-
ease severity and HIV status [77]. Conversely, other 
randomized trials in TB meningitis have shown no ben-
efit on mortality or morbidity and were confounded by 
a variety of corticosteroid dosing strategies and agents 
used across the studies. The duration of corticosteroid 
therapy ranged from 1 to 8  weeks in these studies, and 
no definitive treatment duration has emerged from the 
available evidence [78–80]. Overall, there is some sugges-
tion that corticosteroids may reduce mortality in patients 
with tubercular meningitis and the duration of therapy is 
likely to be much longer than with community-acquired 
meningitis.

Treatment of Cerebral Edema in Patients with Hepatic 
Encephalopathy

In patients with hepatic encephalopathy, does the 
use of hypertonic sodium solutions improve cerebral 
edema compared to mannitol?
In patients with hepatic encephalopathy, does the use 
of hyperosmolar therapy improve neurological out-
comes at discharge compared to ammonia-lowering 
agents?

Recommendations
1.	 We suggest using either hypertonic sodium solu-

tions or mannitol for the management of ICP or cer-
ebral edema in patients with hepatic encephalopathy 
(conditional recommendation, very low-quality evi-
dence).

Rationale:  In making this recommendation, the panel 
felt that the quality of evidence was very low and the lit-
erature in patients with hepatic encephalopathy was not 
compelling to recommend one form hyperosmolar ther-
apy over the other. Thus, either agent could be used and 
patient-specific factors may be employed to aid clinicians 
in selecting the appropriate initial agent.

2.	 There is insufficient evidence to determine whether 
either hyperosmolar therapy or ammonia-lowering 
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therapy improves neurological outcomes in patients 
with hepatic encephalopathy.

The panel assessed whether the use of HTS reduced 
ICP or cerebral edema more effectively than mannitol in 
patients with HE (Table 1, Question 11). The panel iden-
tified five studies that evaluated either mannitol or HTS 
as monotherapy, but did not find any studies that directly 
compared the two agents [81–85]. The overall quality of 
evidence was very low (Table 10).

Early studies evaluated various combinations of 
therapies (mannitol, dexamethasone) in patients with 
liver failure and elevated ICP [81, 83]. These studies 
were graded as low quality because they variably and 
inconsistently assessed the effect of mannitol on ICP. 
Nevertheless, the results suggested some benefits of 
mannitol in this context. One placebo-controlled study 
of 30 patients with acute liver failure and elevated ICP 
evaluated a 3% NaCl bolus to maintain a serum sodium 
of 145–155  mEq/L, which increased serum sodium and 
significantly decreased ICP compared to placebo [82]. 
Retrospective analyses of patients with liver failure who 
received hyperosmolar therapy show conflicting results 
based on imaging: 23.4% NaCl reduced brain tissue vol-
ume (as measured by MRI or diffusion tensor imaging), 
whereas mannitol did not affect brain water or clinical 
status [84, 85].

The evidence identified by the panel suggests that 
hyperosmolar therapy can effectively treat elevated ICP 
or cerebral edema in the setting of fulminant liver failure 
and HE; however, more research is needed to determine 
optimal treatment strategies. The availability of a well-
designed prospective clinical trial comparing HTS and 
mannitol in this patient population would substantially 
change the strength of evidence in this area. In addition, 
a gap in the literature exists regarding the influence of 
ammonia-lowering therapy on ICP, cerebral edema, or 
neurological outcomes.

Hyperosmolar Therapy Safety and Infusion Considerations
In patients receiving mannitol, does osmolarity or 
osmolar gap best predict the likelihood for AKI?
In patients receiving hypertonic sodium solutions, 
does the serum sodium concentration best predict 
toxicity [AKI, unwanted acidosis] compared to the 
serum chloride concentration?

Recommendations for Assessing the Risk of Renal Injury After 
Mannitol Administration

1.	 We suggest using osmolar gap over serum osmolarity 
thresholds during treatment with mannitol to moni-
tor for the risk of AKI (conditional recommendation, 
very low-quality evidence).

Rationale:  In making this recommendation, the panel 
felt that the quality of evidence was very low. While 
osmolar gap has not been definitively shown to predict 
AKI during mannitol treatment, the osmolar gap appears 
to correlate best with mannitol concentration and ele-
vated mannitol concentration is best associated with 
toxicity. Thus, the physiological rationale for the use of 
osmolar gap is stronger than using an empiric osmolarity 
threshold.

2.	 There is insufficient evidence to recommend a cutoff 
value for osmolar gap when evaluating for the risk of 
acute kidney injury.

Rationale:  In making this recommendation, the panel 
felt that the quality of evidence was too low to make a 
definitive recommendation. While the panel recognizes 
that an osmolar gap of 20  mOsm/kg has been used in 
clinical practice, we were unable to identify evidence to 
support this threshold. Research suggests that serum 
mannitol concentrations are the most effective method 
to assess but AKI risk, but this laboratory measure-
ment is not commonly available. We did identify one 
study that demonstrated an osmolar gap of 55  mOsm/
kg or higher being most correlated with serum mannitol 
concentration.

3.	 Renal function measures should be monitored closely 
in patients receiving mannitol due to the risk of AKI 
with hyperosmolar therapy (good practice statement).

The panel evaluated whether osmolar gap was more 
predictive of AKI than osmolarity threshold in neuro-
critical care patients receiving mannitol (Table 1, Ques-
tion 13). Three publications have addressed this specific 
issue, though no studies directly compare the two meas-
ures [86–88]. Because of this lack of direct comparison, 
we were unable to make a strong recommendation for 
one monitoring strategy over the other. The panel defined 
outcomes of interest as any related to renal dysfunction. 
The overall quality of evidence was very low (Table 11).

The incidence of AKI is estimated to be between 6 and 
12% of patients treated with mannitol [88, 89]. Several 
specific risk factors have been identified in patients with 
mannitol-associated AKI, including heart failure, dia-
betes, higher severity of illness (APACHE II or NIHSS), 
and pre-existing renal dysfunction [88, 89]. The precise 
mechanism for mannitol-related AKI is not well defined, 
but appears to be concentration-related [90].

Very limited evidence is available to guide clinicians in 
choosing an osmolarity parameter when administering 
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mannitol. Clinicians commonly use a serum osmolarity 
of 320 mOsm/kg or an osmolar gap of 20–55 mOsm/kg 
to estimate the risk of AKI with mannitol; both are indi-
rect surrogates of serum mannitol concentration [91]. 
Serum mannitol concentration is possibly the best indi-
cator of AKI risk based on animal models, however most 
clinical laboratories are not able to directly measure this 
[92]. Of the clinical measures serum mannitol concen-
tration appears to correlated best with osmolar gap [86, 
91]. In one case series of eight patients with mannitol-
induced AKI, an elevated osmolar gap was present in all 
but two patients (mean osmolar gap 74 mOsm/kg) [86]. 
Early publications describing a serum osmolarity thresh-
old of 320  mOsm/L included variable mannitol dosing 
regimens under different treatment paradigms that may 
no longer apply to current therapy (e.g., continuous infu-
sion) [87, 93]. Recent studies have shown that an osmo-
larity threshold of greater than 320  mOsm/L does not 
affect the incidence of AKI [88]. Clinicians should moni-
tor intravascular volume status, renal function, and some 
measure of serum osmolarity closely when using manni-
tol in patients with cerebral edema.

Recommendations for Assessing the Risk of Toxicity (Acute 
Kidney Injury or Unwanted Acidosis) After Hypertonic Sodium 
Solution Administration

1.	 We suggest that severe hypernatremia and hyper-
chloremia during treatment with hypertonic sodium 
solutions should be avoided due to the association 
with acute kidney injury (conditional recommenda-
tion, low-quality evidence). An upper serum sodium 
range of 155–160 mEq/L and a serum chloride range 
of 110–115 mEq/L may be reasonable to decrease the 
risk of acute kidney injury (conditional recommenda-
tion, very low-quality evidence).

Rationale:  In making this recommendation, the panel 
rated the quality of evidence as very low. The precise 
serum values associated with acute kidney injury var-
ies across the literature. Clinicians should evaluate the 
appropriate sodium and chloride concentrations in indi-
vidual patients based on renal function, acid–base bal-
ance, and the need for acute treatment for elevated ICP 
or cerebral edema.

2.	 Clinicians should routinely monitor both sodium 
and chloride serum concentrations to assess risk of 
AKI related to elevated concentrations (good practice 
statement).

3.	 Renal function should be monitored closely in 
patients receiving hypertonic sodium solutions due 

to the risk of AKI with hyperosmolar therapy (good 
practice statement).

Rationale:  In making these good practice statements 
on monitoring renal function, serum sodium, and serum 
chloride, the panel felt that the practice of routine moni-
toring for acute kidney injury was prudent given the 
potential risks of both HTS in this setting. Clinicians 
should use patient-specific factors to determine the fre-
quency of monitoring with ranging from twice daily to 
every 2 h based on rapidity of change to interventions.

The panel evaluated the safety of HTS as it relates to 
the development of AKI and unwanted metabolic acido-
sis (Table 1, Question 14). Hypernatremia and hyperchlo-
remia have both been linked to AKI and poor outcomes 
in a variety of critical care populations [94–97]. A small 
number of publications directly compared serum sodium 
concentrations to serum chloride concentrations in 
terms of the risk of AKI. We identified six studies that 
evaluated the relationship between use of HTS, hyperna-
tremia, and AKI. Varying concentrations of HTS, admin-
istration techniques, and serum sodium ranges (generally 
155–160  mEq/L) have been described in the literature, 
which complicates interpretation [98, 99]. Also included 
in the panel’s analysis were several studies that com-
mented on the safety and/or side effects of hyperosmo-
lar therapy in the neurocritical care setting but were not 
designed to specifically evaluate AKI. The panel defined 
outcomes of interest as any related to renal dysfunction 
or acid–base balance. The overall quality of evidence was 
very low (Table 12).

The only study which was designed to distinguish 
between serum sodium and serum chloride in predicting 
AKI retrospectively reviewed the use of continuous infu-
sion 3% NaCl in a mixed neurocritical care population 
[100]. Sixteen percent of patients developed AKI, which 
was associated with a longer intensive care unit (ICU) 
length of stay and a greater in-hospital mortality. Five 
independent risk factors for AKI were identified: severe 
hypernatremia (serum sodium > 155  mEq/L), male gen-
der, African-American ethnicity, history of chronic kid-
ney disease, or having received piperacillin/tazobactam. 
Hyperchloremia (serum chloride > 110  mEq/L), severe 
hypernatremia, and hyperosmolarity were more com-
mon in the AKI group. Other studies of neurocritical 
care patients who received HTS have conflicting results 
with regard to the relationship between hypernatremia 
and AKI [8, 9, 22, 30, 99, 101–103]. There is considerable 
variability in study design, population, statistical valid-
ity, and outcome reporting that precludes forming strong 
recommendations.

Hyperchloremia has been implicated in the develop-
ment of AKI in several observational studies [104, 105]. 
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In one retrospective cohort study of patients with SAH, 
treatment with HTS was more common in the group 
of patients who developed AKI. Both increase in mean 
serum chloride level (OR 7.39 per 10  mEq/L increase) 
and use of HTS (OR 2.074) were found to be indepen-
dently associated with AKI. In addition, five independent 
risk factors for AKI were identified: male gender, hyper-
tension, diabetes mellitus, abnormal baseline creatinine, 
and degree of increase in mean serum chloride concen-
tration [104]. A separate, propensity-matched retro-
spective cohort study which included patients with ICH 
found that those who received continuous infusion 3% 
NaCl and developed hyperchloremia (Cl > 115  mEq/L) 
had significantly higher rates of AKI [106]. One ret-
rospective cohort comparison evaluated the effects of 
bolus dose and continuous infusion 3% NaCl on AKI 
[98]. Hyperchloremia and AKI were more observed to be 
more frequent in the continuous infusion cohort.

Three studies have described the effect of HTS on 
acid–base balance. Two retrospective cohort studies 
described the use of a sodium acetate and NaCl mix (to 
equal a 2 to 3% solution) which demonstrated no differ-
ence in the rate of metabolic acidosis [101, 107]. Tseng 
et al. reported on the use of 23.5% NaCl to achieve a goal 
serum sodium of 145–155 mEq/L in patients with SAH 
[16]. No significant changes in serum bicarbonate con-
centration were noted. Despite the relative lack of stud-
ies demonstrating substantial acid–base imbalances with 
HTS use, clinicians should be mindful of the potential for 
hyperchloremia to induce metabolic acidosis, which may 
stimulate respiratory drive.

Though the quality of the evidence is low, it suggests 
that severe hypernatremia and hyperchloremia from 
HTS are associated with AKI. In addition, the impact of 
HTS on acid–base balance is not well defined in studies 
including neurocritical care patients. Clinicians should 
monitor renal function, electrolytes, and acid–base bal-
ance closely when using HTS.

Recommendations for the Optimal Administration Method 
of Hypertonic Sodium Solution

In patients with cerebral edema, how does continu-
ous infusion of hypertonic sodium solutions compare 
to bolus infusion of hypertonic sodium solutions in 
improving neurological outcomes?

1.	 There is insufficient evidence to support use of a con-
tinuous infusion of HTS targeting a serum sodium 
goal for the purpose of improving neurological out-
comes.

2.	 Due to insufficient evidence, we cannot recommend 
a specific dosing strategy for HTS to improve neuro-
logical outcomes in patients with cerebral edema.

3.	 Clinicians should avoid hyponatremia in patients 
with severe neurological injury due to the risk of 
exacerbating cerebral edema (good practice state-
ment).

The panel evaluated whether titrating a continuous 
infusion of HTS to a target serum sodium concentration 
compared to the use of bolus/symptom-based dosing 
resulted in improved neurological outcomes in patients 
with cerebral edema across a variety of neurocritical care 
conditions (Table 1, Question 15). Six publications have 
specifically addressed the issue of how HTS was admin-
istered to patients, but the panel only identified one that 
directly compared continuous infusion versus bolus 
administration for control of ICP that met the criteria for 
this PICO. The overall quality of evidence was very low 
(Table 13).

While the use of a continuous infusion of 3% NaCl is 
believed to be a common practice in neurocritical care, 
this strategy is not well studied. Maguigan et al. directly 
compared continuous versus bolus dose 3% NaCl for 
control of ICP elevations in a retrospective study of 162 
patients with severe TBI to assess which method was the 
most effective [98]. No significant difference was found 
in time to the goal osmolarity, although more patients 
receiving continuous 3% NaCl reached the goal serum 
osmolarity than patients receiving bolus dosing. There 
was no difference in ICP or mortality between the two 
groups.

Given the lack of evidence comparing these dosing 
strategies, it is not clear whether continuous or bolus 
dosing is preferable when targeting a goal serum sodium 
concentration. Additionally, there is a significant gap in 
the literature regarding the value of targeting a specific 
serum sodium concentration in patients with cerebral 
edema, if it is in fact efficacious. While this discussion 
focuses on increasing sodium concentrations to treat 
elevated ICP and cerebral edema, clinicians must main-
tain awareness of the risk and benefits of sudden sodium 
changes, particularly in patients with chronic hypona-
tremia) [108].

Non‑pharmacologic Treatment of Cerebral Edema 
and Elevated Intracranial Pressure

In patients with cerebral edema, how do non-pharma-
cological interventions compare to pharmacological 
interventions for reduction of cerebral edema?

Recommendations for the Non‑pharmacological Treatment 
of Cerebral Edema

1.	 We suggest that elevating the head of the bed to 30 
degrees (but no greater than 45 degrees) be used as 
a beneficial adjunct to reduce intracranial pressure 
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(conditional recommendation, very low-quality evi-
dence).

Rationale:  In making this recommendation, the panel 
rated the quality of available evidence as very low. How-
ever, this intervention has been used extensively in the 
clinical setting and the risk of elevating the head of the 
bed is generally very low and may be beneficial.

2.	 We recommend that brief episodes of hyperventila-
tion can be used for patients with acute elevations in 
intracranial pressure (strong recommendation, very 
low-quality evidence).

Rationale:  In making this recommendation, the panel 
rated the quality of available evidence was very low. How-
ever, a strong recommendation was felt to be appropri-
ate given the extensive amount of practical experience 
with this therapeutic strategy. Clinicians should be mind-
ful of the limitations of acute hyperventilation related to 
cerebral blood flow and the extent of PaCO2 reduction. 
Clinicians should also maintain careful awareness of the 
duration of therapy to avoid deleterious changes in cer-
ebral perfusion.

3.	 We suggest that the use of CSF diversion be consid-
ered as a beneficial adjunct to reduce intracranial 
pressure (conditional recommendation, very low-
quality evidence).

Rationale:  In making this recommendation, the panel 
felt that the quality of evidence was very low. Clinicians 
should assess the risks and benefits of CSF diversion 
using patient-specific factors.

4.	 While non-pharmacological interventions may be 
effective for acute elevations in intracranial pressure, 
there is insufficient evidence that non-pharmacolog-
ical interventions are effective for the treatment of 
any specific physiological changes that produce brain 
swelling related to cerebral edema.

The panel evaluated whether non-pharmacologic 
therapies such as hyperventilation, head of the bed 
elevation, and CSF diversion can be used to reduce 
ICP and cerebral edema in neurocritical care patients 
(Table 1, Question 16). It must be noted that these non-
pharmacological interventions decrease ICP through 
mechanical or structural changes without actually hav-
ing any impact on cerebral edema and brain swelling. 

Other non-pharmacologic therapies such as surgical 
decompression and therapeutic hypothermia were not 
included, as they are adequately addressed by other 
guidelines [3]. The overall quality of evidence was very 
low (Table 14).

The panel identified nine studies which assessed ICP 
in relation to elevation of the head of the bed [109–117]. 
Compared to supine positioning, ICP was consistently 
lower in patients at angles of 15o to as high as 90 o. The 
effect of head of bed elevation may be attributable to car-
diovascular physiology and cerebral blood volume, which 
can at times manifest as alterations in CPP. In fact, sev-
eral studies suggest that CPP is slightly reduced as the 
extent of head of bed elevation increases, though not to 
a clinically significant degree. One prospective observa-
tional study of patients with TBI suggested that ICP was 
reduced and CPP was stable when elevating the patients’ 
head of the bed from supine to 30o [113]. However, fur-
ther increases in the angle of head elevation above 45o 
may increase ICP and/or reduce CPP [109, 113, 116].

The panel identified four studies evaluating the use of 
transient hyperventilation for reducing ICP; studies of 
prophylactic and/or prolonged hyperventilation were not 
considered for the final recommendations. Three hetero-
geneous studies evaluated the effect of transient hyper-
ventilation on ICP with variable results. Oertel et  al. 
completed 57 trials of hyperventilation in 27 patients 
with TBI and noted a significant reduction in ICP in 
96.5% of the patients [118]. Fortune et  al. performed 
transient hyperventilation in 16 episodes of elevated ICP 
occurring in 22 patients with TBI and noted a significant 
reduction in ICP in 88% of the episodes [119]. In con-
trast, Soustiel et al. found no significant change in ICP in 
response to transient hyperventilation [120]. Muizelaar 
et al. evaluated the impact of prophylactic hyperventila-
tion on ICP and neurological outcomes in 113 patients 
with TBI and found that prophylactic hyperventilation 
(PaCO2 of 25 mmHg) was associated with a more stable 
ICP course compared to the normal ventilation group 
(PaCO2 of 35  mmHg) [121]. There was no difference in 
long-term outcomes, and a subgroup analysis suggested 
that prophylactic hyperventilation may be harmful in 
patients with a motor subscore of 4–5 on the GCS. While 
the quality of the literature for transient hyperventilation 
is graded as very low, clinical experience with this prac-
tice as a temporizing treatment for elevated ICP is exten-
sive. The use of transient hyperventilation in patients 
with symptoms suggesting acute cerebral edema or her-
niation has been a standard practice in multiple clinical 
settings (pre-hospital, emergency department, ICU and 
operating room), and clinicians have seen improvement 
in pupil diameter, physical examination, or ICP meas-
urements in response to this intervention. In addition, 
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the harm associated with hyperventilation is generally 
related to the risk for cerebral ischemia with prolonged 
vasoconstriction. Given the potential life-threatening 
nature of elevated ICP, lack of apparent associated harm, 
and possible short-term benefit with transient hyperven-
tilation, we felt that virtually all clinicians would choose 
hyperventilation as an adjunctive treatment strategy 
given the possibility that it may decrease ICP. Thus, the 
panel felt that a strong recommendation was warranted.

The panel identified four studies evaluating the efficacy 
of CSF diversion in reducing ICP [122–125]. Physiologi-
cally, it may be reasonable to assume that CSF drainage 
can lower ICP by decreasing the volume of the intracra-
nial compartment by shunting CSF from the ventricles 
(as opposed to decreasing cerebral edema). Overall, CSF 
diversion appeared to be effective at reducing the ICP in 
two separate prospective, observational cohort studies 
[122, 123]. There was a significant change in ICP imme-
diately after drainage without a measurable improvement 
in other indices of cerebral perfusion. In addition, Nwa-
chuku et al. found that continuous CSF drainage results 
in a lower mean ICP and overall ICP burden compared to 
intermittent drainage [125].

Summary
The pharmacologic treatment of cerebral edema should 
be guided whenever possible by the underlying pathol-
ogy. The available evidence suggests hyperosmolar 
therapy may be helpful in reducing ICP elevations or 
cerebral edema in patients with SAH, TBI, AIS, ICH, 
and HE, although neurological outcomes do not appear 
to be affected. This finding is consistent with many other 
interventions used in the acute care of patients with 
neurological conditions in that treatments may affect an 
immediate abnormality, but outcomes are often influ-
enced by multiple factors that may be beyond the aware-
ness or control of the treating team (e.g., comorbidities, 
associated injuries, rehabilitation availability, etc.). Cor-
ticosteroids appear to be helpful in reducing cerebral 
edema in patients with bacterial meningitis, but not ICH. 
Differences in therapeutic response and safety may exist 
between HTS and mannitol. The use of these agents in 
these critical clinical situations merits close monitoring 
for adverse effects.

The various treatments for ICP or cerebral edema 
reviewed in this guideline are used in patients with 
critical intracranial pathologies worldwide. Despite 
their ubiquity, the overall quality of the literature in this 
area is low and there is a paucity of rigorous prospec-
tive trials. The strength of the panel’s recommendations 
was frequently downgraded due to the limited evidence 
available comparing the different treatments. The con-
cepts of hyperosmotic therapy have been entrenched 

in the critical care management of patients with neu-
rological injuries for years, yet there is limited evidence 
to guide clinicians on the optimal practical use of man-
nitol or hypertonic saline. There is a dire need for high-
quality research to better inform clinicians of the best 
options for the individualized care of patients with cer-
ebral edema. The goals of research activities in this area 
should address specific questions, adequately reflect 
the scope of planned patient enrollment, and select rea-
sonable outcome measures. Basic criteria of research 
efforts should include a definition of how cerebral 
edema is being measured, the specific purpose of any 
intervention (e.g., resuscitation, management of ICP, 
effect on physiological parameters), and what outcome 
measures will be assessed. In addition, research efforts 
should consider and report on the osmolar equivalents 
of agents used in the management of cerebral edema, 
assess the effects of specific ranges of sodium levels 
on markers of edema, evaluate the best duration of 
therapy, standardize and report basic care protocols, 
and consider the impact of all pharmacological and 
non-pharmacological interventions on designated out-
comes. Finally, while the goal of all interventions in the 
management of neurological injuries is to improve sur-
vival and minimize disability, it must be acknowledged 
that a single intervention to address a specific physi-
ological variable may have limited impact on the multi-
ple factors that contribute to both short- and long-term 
outcomes.

Electronic supplementary material
The online version of this article (https​://doi.org/10.1007/s1202​8-020-00959​-7) 
contains supplementary material, which is available to authorized users.

Abbreviations
AIS: Acute ischemic stroke; AKI: Acute kidney injury; APACHE: Acute physiol-
ogy, age, and chronic health evaluation; CE: Cerebral edema; CNS: Central 
nervous system; CPP: Cerebral perfusion pressure; CSF: Cerebrospinal fluid; CT: 
Computerized tomography; GCS: Glasgow coma score; GOS: Glasgow out-
come scale; GOSE: Glasgow outcome scale extended; HE: Hepatic encepha-
lopathy; HES: Hydroxyethyl starch; HTS: Hypertonic sodium solution (usually 
referring to sodium chloride 3%, 7.5%, or 23.4%, but also inclusive of solutions 
ranging from 1.5 to 23.5% and various other sodium salts including lactate 
and bicarbonate); ICH: Intracerebral hemorrhage; ICP: Intracranial pressure; 
mRS: Modified Rankin scale; NaCl: Sodium chloride; NIHSS: National Institutes 
of Health Stroke Scale; PICO: Population, intervention, comparison, outcome; 
RCT​: Randomized controlled trial; SAH: Subarachnoid hemorrhage; TB: Tuber-
culosis; TBI: Traumatic brain injury; TTH: Transtentorial herniation.

Author details
1 UK Healthcare, University of Kentucky College of Pharmacy, Lexington, KY, 
USA. 2 Methodist Le Bonheur Healthcare, Memphis, TN, USA. 3 University 
of Manitoba, Winnipeg, MB, Canada. 4 Maine Medical Center, Portland, ME, 
USA. 5 Ohio State University, Columbus, OH, USA. 6 Emory University Hospital, 
Atlanta, GA, USA. 7 Memorial Hermann-Texas Medical Center, Houston, TX, 
USA. 8 The Daniel K. Inouye College of Pharmacy | University of Hawaii at Hilo, 

https://doi.org/10.1007/s12028-020-00959-7


662

Honolulu, HI, USA. 9 Stanford University Medical Center, Stanford, CA, USA. 
10 Penn State University Health Milton S. Hershey Medical Center, Hershey, 
PA, USA. 11 University of California, Davis, Sacramento, CA, USA. 12 University 
of Pittsburgh School of Medicine, Pittsburgh, PA, USA. 

Acknowledgements
Drs. Herb Fried and Lori Madden for their guidance and support throughout 
the completion of this guideline; Mr. David Lightfoot for his librarian services.

Author contributions
All authors contributed to the implementation of the methods, creation and 
evaluation of the recommendations, and writing of the manuscript.

Source of Support
The Neurocritical Care Society partially supported travel and virtual meetings.

Compliance with Ethical Standards

Conflict of interest
The authors declare that they have no conflicts of interest.

Informed Consent
Not applicable.

Open Access
This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction 
in any medium or format, as long as you give appropriate credit to the original 
author(s) and the source, provide a link to the Creative Commons licence, and 
indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in the 
article’s Creative Commons licence and your intended use is not permitted 
by statutory regulation or exceeds the permitted use, you will need to obtain 
permission directly from the copyright holder. To view a copy of this licence, 
visit http://creat​iveco​mmons​.org/licen​ses/by/4.0/.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Published online: 15 May 2020

References
	 1.	 Treggiari MM, Schutz N, Yanez ND, Romand J-A. Role of intracranial 

pressure values and patterns in predicting outcome in traumatic brain 
injury: a systematic review. Neurocrit Care. 2007;6(2):104–12.

	 2.	 Marmarou A. A review of progress in understanding the pathophysiol-
ogy and treatment of brain edema. Neurosurg Focus. 2007;22(5):E1.

	 3.	 Carney N, Totten AM, O’Reilly C, et al. Guidelines for the manage-
ment of severe traumatic brain injury, fourth edition. Neurosurgery. 
2017;80(1):6–15.

	 4.	 Connolly ES Jr, Rabinstein AA, Carhuapoma JR, et al. Guidelines for 
the management of aneurysmal subarachnoid hemorrhage. Stroke. 
2012;43(6):1711–37.

	 5.	 Jauch EC, Saver JL, Adams HP Jr, et al. Guidelines for the early manage-
ment of patients with acute ischemic stroke: a guideline for healthcare 
professionals from the American Heart Association/American Stroke 
Association. Stroke. 2013;44(3):870–947.

	 6.	 Hemphill JC 3rd, Greenberg SM, Anderson CS, et al. Guidelines for the 
management of spontaneous intracerebral hemorrhage: a guideline for 
healthcare professionals from the American Heart Association/Ameri-
can Stroke Association. Stroke. 2015;46(7):2032–60.

	 7.	 Andrews JC, Schunemann HJ, Oxman AD, et al. GRADE guide-
lines: 15. Going from evidence to recommendation-determinants 
of a recommendation’s direction and strength. J Clin Epidemiol. 
2013;66(7):726–35.

	 8.	 Tseng M-Y, Al-Rawi PG, Pickard JD, Rasulo FA, Kirkpatrick PJ. Effect of 
hypertonic saline on cerebral blood flow in poor-grade patients with 
subarachnoid hemorrhage. Stroke. 2003;34(6):1389–96.

	 9.	 Hauer EM, Stark D, Staykov D, Steigleder T, Schwab S, Bardutzky J. Early 
continuous hypertonic saline infusion in patients with severe cerebro-
vascular disease. Crit Care Med. 2011;39(7):1766–72.

	 10.	 Koenig MA, Bryan M, Lewin IJL, Mirski MA, Geocadin RG, Stevens RD. 
Reversal of transtentorial herniation with hypertonic saline. Neurology. 
2008;70(13 part 1):1023–9.

	 11.	 Bentsen G, Breivik H, Lundar T, Stubhaug A. Hypertonic saline (7.2%) 
in 6% hydroxyethyl starch reduces intracranial pressure and improves 
hemodynamics in a placebo-controlled study involving stable patients 
with subarachnoid hemorrhage. Crit Care Med. 2006;34(12):2912–7.

	 12.	 Bentsen G, Stubhaug A, Eide PK. Differential effects of osmoth-
erapy on static and pulsatile intracranial pressure. Crit Care Med. 
2008;36(8):2414–9.

	 13.	 Bentsen G, Breivik H, Lundar T, Stubhaug A. Predictable reduction of 
intracranial hypertension with hypertonic saline hydroxyethyl starch: 
a prospective clinical trial in critically ill patients with subarachnoid 
haemorrhage. Acta Anaesthesiol Scand. 2004;48(9):1089–95.

	 14.	 Al-Rawi PG, Tseng M-Y, Richards HK, et al. Hypertonic saline in patients 
with poor-grade subarachnoid hemorrhage improves cerebral blood 
flow, brain tissue oxygen, and pH. Stroke. 2010;41(1):122–8.

	 15.	 Al-Rawi PG, Zygun D, Tseng MY, Hutchinson PJ, Matta BF, Kirkpatrick PJ. 
Cerebral blood flow augmentation in patients with severe subarach-
noid haemorrhage. Acta Neurochir Suppl. 2005;95:123–7.

	 16.	 Tseng M-Y, Al-Rawi PG, Czosnyka M, et al. Enhancement of cerebral 
blood flow using systemic hypertonic saline therapy improves out-
come in patients with poor-grade spontaneous subarachnoid hemor-
rhage. J Neurosurg. 2007;107(2):274–82.

	 17.	 Rockswold GL, Solid CA, Paredes-Andrade E, Rockswold SB, Jancik JT, 
Quickel RR. Hypertonic saline and its effect on intracranial pressure, 
cerebral perfusion pressure, and brain tissue oxygen. Neurosurgery. 
2009;65(6):1035–41 (discussion 1041–1032).

	 18.	 Wells DL, Swanson JM, Wood GC, et al. The relationship between 
serum sodium and intracranial pressure when using hypertonic saline 
to target mild hypernatremia in patients with head trauma. Crit Care. 
2012;16(5):R193.

	 19.	 Vialet R, Albanese J, Thomachot L, et al. Isovolume hypertonic solutes 
(sodium chloride or mannitol) in the treatment of refractory posttrau-
matic intracranial hypertension: 2 mL/kg 7.5% saline is more effective 
than 2 mL/kg 20% mannitol. Crit Care Med. 2003;31(6):1683–7.

	 20.	 Battison C, Andrews PJD, Graham C, Petty T. Randomized, controlled 
trial on the effect of a 20% mannitol solution and a 7.5% saline/6% 
dextran solution on increased intracranial pressure after brain injury. 
Crit Care Med. 2005;33(1):196–8.

	 21.	 Harutjunyan L, Holz C, Rieger A, Menzel M, Grond S, Soukup JA. 
Efficiency of 7.2% hypertonic saline hydroxyethyl starch 200/0.5 versus 
mannitol 15% in the treatment of increased intracranial pressure in 
neurosurgical patients—a randomized clinical trial [ISRCTN62699180]. 
Crit Care. 2005;9(5):R530–40.

	 22.	 Ware ML, Nemani VM, Meeker M, Lee C, Morabito DJ, Manley GT. Effects 
of 23.4% sodium chloride solution in reducing intracranial pressure in 
patients with traumatic brain injury: a preliminary study. Neurosurgery. 
2005;57(4):727–36.

	 23.	 Francony G, Fauvage B, Falcon D, et al. Equimolar doses of mannitol and 
hypertonic saline in the treatment of increased intracranial pressure. 
Crit Care Med. 2008;36(3):795–800.

	 24.	 Cottenceau V, Masson F, Mahamid E, et al. Comparison of effects of 
equiosmolar doses of mannitol and hypertonic saline on cerebral 
blood flow and metabolism in traumatic brain injury. J Neurotrauma. 
2011;28(10):2003–12.

	 25.	 Sakellaridis N, Pavlou E, Karatzas S, et al. Comparison of mannitol and 
hypertonic saline in the treatment of severe brain injuries. J Neurosurg. 
2011;114(2):545–8.

	 26.	 Ichai C, Armando G, Orban J-C, et al. Sodium lactate versus mannitol in 
the treatment of intracranial hypertensive episodes in severe traumatic 
brain-injured patients. Intensive Care Med. 2009;35(3):471–9.

	 27.	 Berger-Pelleiter E, Emond M, Lauzier F, Shields JF, Turgeon AF. Hyper-
tonic saline in severe traumatic brain injury: a systematic review and 
meta-analysis of randomized controlled trials. CJEM. 2016;18(2):112–20.

http://creativecommons.org/licenses/by/4.0/


663

	 28.	 Li M, Chen T, Chen SD, Cai J, Hu YH. Comparison of equimolar doses of 
mannitol and hypertonic saline for the treatment of elevated intrac-
ranial pressure after traumatic brain injury: a systematic review and 
meta-analysis. Medicine (Baltimore). 2015;94(17):e736.

	 29.	 Bourdeaux CP, Brown JM. Randomized controlled trial comparing 
the effect of 8.4% sodium bicarbonate and 5% sodium chloride on 
raised intracranial pressure after traumatic brain injury. Neurocrit Care. 
2011;15(1):42–5.

	 30.	 Jagannatha AT, Sriganesh K, Devi BI, Rao GSU. An equiosmolar study 
on early intracranial physiology and long term outcome in severe 
traumatic brain injury comparing mannitol and hypertonic saline. J Clin 
Neurosci. 2016;27:68–73.

	 31.	 Asehnoune K, Lasocki S, Seguin P, et al. Association between continu-
ous hyperosmolar therapy and survival in patients with traumatic brain 
injury—a multicentre prospective cohort study and systematic review. 
Crit Care. 2017;21(1):328.

	 32.	 Cooper DJ, Myles PS, McDermott FT, et al. Prehospital hypertonic 
saline resuscitation of patients with hypotension and severe 
traumatic brain injury: a randomized controlled trial. JAMA. 
2004;291(11):1350–7.

	 33.	 Bulger EM, May S, Brasel KJ, et al. Out-of-hospital hypertonic 
resuscitation following severe traumatic brain injury: a randomized 
controlled trial. JAMA. 2010;304(13):1455–64.

	 34.	 Sayre MR, Daily SW, Stern SA, Storer DL, van Loveren HR, Hurst 
JM. Out-of-hospital administration of mannitol to head-injured 
patients does not change systolic blood pressure. Acad Emerg Med. 
1996;3(9):840–8.

	 35.	 Diringer MN, Scalfani MT, Zazulia AR, Videen TO, Dhar R. Cerebral hemo-
dynamic and metabolic effects of equi-osmolar doses mannitol and 
23.4% saline in patients with edema following large ischemic stroke. 
Neurocrit Care. 2011;14(1):11–7.

	 36.	 Schwarz S, Schwab S, Bertram M, Aschoff A, Hacke W. Effects of hyper-
tonic saline hydroxyethyl starch solution and mannitol in patients with 
increased intracranial pressure after stroke. Stroke. 1998;29(8):1550–5.

	 37.	 Qureshi AI, Suarez JI, Bhardwaj A, et al. Use of hypertonic (3%) saline/
acetate infusion in the treatment of cerebral edema: effect on intrac-
ranial pressure and lateral displacement of the brain. Crit Care Med. 
1998;26(3):440–6.

	 38.	 Lewandowski-Belfer JJ, Patel AV, Darracott RM, Jackson DA, Nordeen 
JD, Freeman WD. Safety and efficacy of repeated doses of 14.6 or 23.4% 
hypertonic saline for refractory intracranial hypertension. Neurocrit 
Care. 2014;20(3):436–42.

	 39.	 Keller E, Steiner T, Fandino J, Schwab S, Hacke W. Jugular venous 
oxygen saturation thresholds in trauma patients may not extrapolate to 
ischemic stroke patients: lessons from a preliminary study. J Neurosurg 
Anesthesiol. 2002;14(2):130–6.

	 40.	 Schwarz S, Georgiadis D, Aschoff A, Schwab S. Effects of hypertonic 
(10%) saline in patients with raised intracranial pressure after stroke. 
Stroke. 2002;33(1):136–40.

	 41.	 Santambrogio S, Martinotti R, Sardella F, Porro F, Randazzo A. Is there a 
real treatment for stroke? Clinical and statistical comparison of different 
treatments in 300 patients. Stroke. 1978;9(2):130–2.

	 42.	 Strbian D, Meretoja A, Putaala J, et al. Cerebral edema in acute ischemic 
stroke patients treated with intravenous thrombolysis. Int J Stroke. 
2013;8(7):529–34.

	 43.	 Ong CJ, Keyrouz SG, Diringer MN. The role of osmotic therapy in hemi-
spheric stroke. Neurocrit Care. 2015;23(2):285–91.

	 44.	 Manno EM, Adams RE, Derdeyn CP, Powers WJ, Diringer MN. The effects 
of mannitol on cerebral edema after large hemispheric cerebral infarct. 
Neurology. 1999;52(3):583–7.

	 45.	 Zuliani G, Cherubini A, Atti AR, et al. Prescription of anti-oedema agents 
and short-term mortality in older patients with acute ischaemic stroke. 
Drugs Aging. 2004;21(4):273–8.

	 46.	 Papagianni M, Tziomalos K, Kostaki S, et al. Treatment with Mannitol is 
associated with increased risk for in-hospital mortality in patients with 
acute ischemic stroke and cerebral Edema. Am J Cardiovasc Drugs. 
2018;18(5):397–403.

	 47.	 Bereczki D, Mihalka L, Szatmari S, et al. Mannitol use in acute stroke: 
case fatality at 30 days and 1 year. Stroke. 2003;34(7):1730–5.

	 48.	 Bereczki D, Fekete I, Prado GF, Liu M. Mannitol for acute stroke. 
Cochrane Database Syst Rev. 2007;3:CD001153.

	 49.	 Wagner I, Hauer EM, Staykov D, et al. Effects of continuous hyper-
tonic saline infusion on perihemorrhagic edema evolution. Stroke. 
2011;42(6):1540–5.

	 50.	 Misra UK, Kalita J, Ranjan P, Mandal SK. Mannitol in intracerebral hemor-
rhage: a randomized controlled study. J Neurol Sci. 2005;234(1–2):41–5.

	 51.	 Wang X, Arima H, Yang J, et al. Mannitol and outcome in intracerebral 
hemorrhage: propensity score and multivariable intensive blood 
pressure reduction in acute cerebral hemorrhage trial 2 results. Stroke. 
2015;46(10):2762–7.

	 52.	 Shah M, Birnbaum L, Rasmussen J, et al. Effect of hyperosmolar therapy 
on outcome following spontaneous intracerebral hemorrhage: ethnic/
racial variations of intracerebral hemorrhage (ERICH) study. J Stroke 
Cerebrovasc Dis. 2018;27(4):1061–7.

	 53.	 Sun S, Li Y, Zhang H, et al. The effect of mannitol in the early stage of 
supratentorial hypertensive intracerebral hemorrhage: a systematic 
review and meta-analysis. World Neurosurg. 2019;124:386–96.

	 54.	 Aminmansour B, Tabesh H, Rezvani M, Poorjafari H. Effects of mannitol 
20% on outcomes in nontraumatic intracerebral hemorrhage. Adv 
Biomed Res. 2017;6:75.

	 55.	 Tellez H, Bauer RB. Dexamethasone as treatment in cerebrovascular 
disease. 1. A controlled study in intracerebral hemorrhage. Stroke. 
1973;4(4):541–6.

	 56.	 Sharafadinzadeh N, Baghebanian SM, Pipelzadeh M, Moravej Ale Ali A, 
Ghanavati P. Effects of dexamethasone in primary intracerebral hemor-
rhage in the South West of Iran. Pak J Med Sci. 2008;24(4):502–5.

	 57.	 Zaganas I, Halpin AP, Oleinik A, et al. A comparison of acute hemor-
rhagic stroke outcomes in 2 populations: the Crete-Boston study. 
Stroke. 2011;42(12):3640–2.

	 58.	 Rubinstein MK. The influence of adrenocortical steroids on severe 
cerebrovascular accidents. J Nerv Ment Dis. 1965;141(3):291–9.

	 59.	 Ogun SA, Odusote KA. Effectiveness of high dose dexamethasone in 
the treatment of acute stroke. West Afr J Med. 2001;20(1):1–6.

	 60.	 Desai P, Prasad K. Dexamethasone is not necessarily unsafe in primary 
supratentorial intracerebral haemorrhage. J Neurol Neurosurg Psychia-
try. 1998;65(5):799–800.

	 61.	 Feigin VL, Anderson N, Rinkel GJE, Algra A, van Gijn J, Bennett DA. 
Corticosteroids for aneurysmal subarachnoid haemorrhage and 
primary intracerebral haemorrhage. Cochrane Database Syst Rev. 
2005;3:CD004583.

	 62.	 Poungvarin N, Bhoopat W, Viriyavejakul A, et al. Effects of dexametha-
sone in primary supratentorial intracerebral hemorrhage. N Engl J Med. 
1987;316(20):1229–33.

	 63.	 Brouwer MC, McIntyre P, Prasad K, van de Beek D. Corticoster-
oids for acute bacterial meningitis. Cochrane Database Syst Rev. 
2015;9:CD004405.

	 64.	 Vardakas KZ, Matthaiou DK, Falagas ME. Adjunctive dexamethasone 
therapy for bacterial meningitis in adults: a meta-analysis of rand-
omized controlled trials. Eur J Neurol. 2009;16(6):662–73.

	 65.	 van de Beek D, de Gans J, McIntyre P, Prasad K. Corticosteroids for acute 
bacterial meningitis. Cochrane Database Syst Rev. 2007;1:CD004405.

	 66.	 Scarborough M, Gordon SB, Whitty CJM, et al. Corticosteroids for 
bacterial meningitis in adults in sub-Saharan Africa. N Engl J Med. 
2007;357(24):2441–50.

	 67.	 van de Beek D, Farrar JJ, de Gans J, et al. Adjunctive dexamethasone in 
bacterial meningitis: a meta-analysis of individual patient data. Lancet 
Neurol. 2010;9(3):254–63.

	 68.	 de Gans J, van de Beek D, European Dexamethasone in Adulthood 
Bacterial Meningitis Study I. Dexamethasone in adults with bacterial 
meningitis. N Engl J Med. 2002;347(20):1549–56.

	 69.	 Fritz D, Brouwer MC, van de Beek D. Dexamethasone and long-term 
survival in bacterial meningitis. Neurology. 2012;79(22):2177–9.

	 70.	 Girgis NI, Farid Z, Mikhail IA, Farrag I, Sultan Y, Kilpatrick ME. Dexametha-
sone treatment for bacterial meningitis in children and adults. Pediatr 
Infect Dis J. 1989;8(12):848–51.

	 71.	 Tunkel AR, Hartman BJ, Kaplan SL, et al. Practice guidelines for the man-
agement of bacterial meningitis. Clin Infect Dis. 2004;39(9):1267–84.

	 72.	 Glimaker M, Johansson B, Halldorsdottir H, et al. Neuro-intensive 
treatment targeting intracranial hypertension improves outcome in 
severe bacterial meningitis: an intervention-control study. PLoS ONE. 
2014;9(3):e91976.



664

	 73.	 Ajdukiewicz KM, Cartwright KE, Scarborough M, et al. Glycerol adjuvant 
therapy in adults with bacterial meningitis in a high HIV seroprevalence 
setting in Malawi: a double-blind, randomised controlled trial. Lancet 
Infect Dis. 2011;11(4):293–300.

	 74.	 Singhi S, Jarvinen A, Peltola H. Increase in serum osmolality is possible 
mechanism for the beneficial effects of glycerol in childhood bacterial 
meningitis. Pediatr Infect Dis J. 2008;27(10):892–6.

	 75.	 Hosoglu S, Geyik MF, Balik I, et al. Predictors of outcome in patients with 
tuberculous meningitis. Int J Tuberc Lung Dis. 2002;6(1):64–70.

	 76.	 Prasad K, Singh MB, Ryan H. Corticosteroids for managing tuberculous 
meningitis. Cochrane Database Syst Rev. 2016;4:002244.

	 77.	 Thwaites GE, Nguyen DB, Nguyen HD, et al. Dexamethasone for the 
treatment of tuberculous meningitis in adolescents and adults. N Engl J 
Med. 2004;351(17):1741–51.

	 78.	 Chotmongkol V, Jitpimolmard S, Thavornpitak Y. Corticosteroid in tuber-
culous meningitis. J Med Assoc Thailand = Chotmaihet thangphaet. 
1996;79(2):83–90.

	 79.	 Kumarvelu S, Prasad K, Khosla A, Behari M, Ahuja GK. Randomized con-
trolled trial of dexamethasone in tuberculous meningitis. Tuber Lung 
Dis. 1994;75(3):203–7.

	 80.	 Malhotra HS, Garg RK, Singh MK, Agarwal A, Verma R. Corticoster-
oids (dexamethasone versus intravenous methylprednisolone) 
in patients with tuberculous meningitis. Ann Trop Med Parasitol. 
2009;103(7):625–34.

	 81.	 Canalese J, Gimson AE, Davis C, Mellon PJ, Davis M, Williams R. Con-
trolled trial of dexamethasone and mannitol for the cerebral oedema of 
fulminant hepatic failure. Gut. 1982;23(7):625–9.

	 82.	 Murphy N, Auzinger G, Bernel W, Wendon J. The effect of hypertonic 
sodium chloride on intracranial pressure in patients with acute liver 
failure. Hepatology (Baltimore, Md.). 2004;39(2):464–70.

	 83.	 Hanid MA, Davies M, Mellon PJ, et al. Clinical monitoring of intracranial 
pressure in fulminant hepatic failure. Gut. 1980;21(10):866–9.

	 84.	 Saraswat VA, Saksena S, Nath K, et al. Evaluation of mannitol effect in 
patients with acute hepatic failure and acute-on-chronic liver failure 
using conventional MRI, diffusion tensor imaging and in vivo proton 
MR spectroscopy. World J Gastroenterol. 2008;14(26):4168–78.

	 85.	 Liotta E, Romanova A, Lizza B, et al. Association of osmolality, brain 
volume, and clinical neurologic changes in hepatic encephalopathy. 
Crit Care Med. 2015;43(12 SUPPL. 1):121.

	 86.	 Dorman HR, Sondheimer JH, Cadnapaphornchai P. Mannitol-induced 
acute renal failure. Medicine (Baltimore). 1990;69(3):153–9.

	 87.	 Dziedzic T, Szczudlik A, Klimkowicz A, Rog TM, Slowik A. Is mannitol safe 
for patients with intracerebral hemorrhages? Renal considerations. Clin 
Neurol Neurosurg. 2003;105(2):87–9.

	 88.	 Gondim FdAA, Aiyagari V, Shackleford A, Diringer MN. Osmolality not 
predictive of mannitol-induced acute renal insufficiency. J Neurosurg. 
2005;103(3):444–7.

	 89.	 Lin S-Y, Tang S-C, Tsai L-K, et al. Incidence and risk factors for acute 
kidney injury following mannitol infusion in patients with acute stroke: 
a retrospective cohort study. Medicine. 2015;94(47):e2032.

	 90.	 Gadallah MF, Lynn M, Work J. Case report: mannitol nephrotoxicity 
syndrome: role of hemodialysis and postulate of mechanisms. Am J 
Med Sci. 1995;309(4):219–22.

	 91.	 Garcia-Morales EJ, Cariappa R, Parvin CA, Scott MG, Diringer MN. 
Osmole gap in neurologic-neurosurgical intensive care unit: its normal 
value, calculation, and relationship with mannitol serum concentra-
tions. Crit Care Med. 2004;32(4):986–91.

	 92.	 Temes SP, Lilien OM, Chamberlain W. A direct vasoconstrictor effect of 
mannitol on the renal artery. Surg Gynecol Obstet. 1975;141(2):223–6.

	 93.	 Becker DP, Vries JK. The alleviation of increased intracranial pressure by 
the chronic administration of osmotic agents. In: Brock M, Dietz H, edi-
tors. Intracranial pressure. Berlin: Springer; 1972.

	 94.	 Yunos NM, Bellomo R, Hegarty C, Story D, Ho L, Bailey M. Association 
between a chloride-liberal vs chloride-restrictive intravenous fluid 
administration strategy and kidney injury in critically ill adults. JAMA. 
2012;308(15):1566–72.

	 95.	 Boland T, Henderson GV, Gibbons FK, et al. Hypernatremia at hospital 
discharge and out of hospital mortality following primary intracerebral 
hemorrhage. Neurocrit Care. 2016;25(1):110–6.

	 96.	 Fisher LA, Ko N, Miss J, et al. Hypernatremia predicts adverse car-
diovascular and neurological outcomes after SAH. Neurocrit Care. 
2006;5(3):180–5.

	 97.	 Stelfox HT, Ahmed SB, Zygun D, Khandwala F, Laupland K. Characteriza-
tion of intensive care unit acquired hyponatremia and hypernatremia 
following cardiac surgery. Can J Anaesth. 2010;57(7):650–8.

	 98.	 Maguigan KL, Dennis BM, Hamblin SE, Guillamondegui OD. Method 
of hypertonic saline administration: effects on osmolality in traumatic 
brain injury patients. J Clin Neurosci. 2017;39:147–50.

	 99.	 Froelich M, Ni Q, Wess C, Ougorets I, Hartl R. Continuous hypertonic 
saline therapy and the occurrence of complications in neurocritically ill 
patients. Crit Care Med. 2009;37(4):1433–41.

	100.	 Erdman MJ, Riha H, Bode L, Chang JJ, Jones GM. Predictors of acute 
kidney injury in neurocritical care patients receiving continuous hyper-
tonic saline. Neurohospitalist. 2017;7(1):9–14.

	101.	 Larive LL, Rhoney DH, Parker D Jr, Coplin WM, Carhuapoma JR. Introduc-
ing hypertonic saline for cerebral edema: an academic center experi-
ence. Neurocrit Care. 2004;1(4):435–40.

	102.	 Oddo M, Levine JM, Frangos S, et al. Effect of mannitol and hypertonic 
saline on cerebral oxygenation in patients with severe traumatic brain 
injury and refractory intracranial hypertension. J Neurol Neurosurg 
Psychiatry. 2009;80(8):916–20.

	103.	 Kerwin AJ, Schinco MA, Tepas JJ 3rd, Renfro WH, Vitarbo EA, Mue-
hlberger M. The use of 23.4% hypertonic saline for the management of 
elevated intracranial pressure in patients with severe traumatic brain 
injury: a pilot study. J Trauma. 2009;67(2):277–82.

	104.	 Sadan O, Singbartl K, Kandiah PA, Martin KS, Samuels OB. Hyperchlo-
remia is associated with acute kidney injury in patients with subarach-
noid hemorrhage. Crit Care Med. 2017;45(8):1382–8.

	105.	 Corry JJ, Varelas P, Abdelhak T, et al. Variable change in renal function by 
hypertonic saline. World J Crit Care Med. 2014;3(2):61–7.

	106.	 Riha HM, Erdman MJ, Vandigo JE, et al. Impact of moderate hyper-
chloremia on clinical outcomes in intracerebral hemorrhage patients 
treated with continuous infusion hypertonic saline: a pilot study. Crit 
Care Med. 2017;45(9):e947–53.

	107.	 Suarez JI, Qureshi AI, Parekh PD, et al. Administration of hypertonic (3%) 
sodium chloride/acetate in hyponatremic patients with symptomatic 
vasospasm following subarachnoid hemorrhage. J Neurosurg Anesthe-
siol. 1999;11(3):178–84.

	108.	 Achinger SG, Ayus JC. Treatment of hyponatremic encephalopathy in 
the critically Ill. Crit Care Med. 2017;45(10):1762–71.

	109.	 Durward QJ, Amacher AL, Del Maestro RF, Sibbald WJ. Cerebral and 
cardiovascular responses to changes in head elevation in patients with 
intracranial hypertension. J Neurosurg. 1983;59(6):938–44.

	110.	 Kenning JA, Toutant SM, Saunders RL. Upright patient position-
ing in the management of intracranial hypertension. Surg Neurol. 
1981;15(2):148–52.

	111.	 Rosner MJ, Coley IB. Cerebral perfusion pressure, intracranial pressure, 
and head elevation. J Neurosurg. 1986;65(5):636–41.

	112.	 Feldman Z, Kanter MJ, Robertson CS, et al. Effect of head elevation on 
intracranial pressure, cerebral perfusion pressure, and cerebral blood 
flow in head-injured patients. J Neurosurg. 1992;76(2):207–11.

	113.	 Moraine JJ, Berre J, Melot C. Is cerebral perfusion pressure a major 
determinant of cerebral blood flow during head elevation in 
comatose patients with severe intracranial lesions? J Neurosurg. 
2000;92(4):606–14.

	114.	 Winkelman C. Effect of backrest position on intracranial and cerebral 
perfusion pressures in traumatically brain-injured adults. Am J Crit Care. 
2000;9(6):373–80 (quiz 381–372).

	115.	 Ledwith MB, Bloom S, Maloney-Wilensky E, Coyle B, Polomano RC, Le 
Roux PD. Effect of body position on cerebral oxygenation and physi-
ologic parameters in patients with acute neurological conditions. J 
Neurosci Nurs. 2010;42(5):280–7.

	116.	 Mahfoud F, Beck J, Raabe A. Intracranial pressure pulse amplitude 
during changes in head elevation: a new parameter for determin-
ing optimum cerebral perfusion pressure? Acta Neurochir (Wien). 
2010;152(3):443–50.

	117.	 Ng I, Lim J, Wong HB. Effects of head posture on cerebral hemodynam-
ics: its influences on intracranial pressure, cerebral perfusion pressure, 
and cerebral oxygenation. Neurosurgery. 2004;54(3):593–7 (discussion 
598).



665

	118.	 Oertel M, Kelly DF, Lee JH, et al. Efficacy of hyperventilation, blood 
pressure elevation, and metabolic suppression therapy in controlling 
intracranial pressure after head injury. J Neurosurg. 2002;97(5):1045–53.

	119.	 Fortune JB, Feustel PJ, Graca L, Hasselbarth J, Kuehler DH. Effect of 
hyperventilation, mannitol, and ventriculostomy drainage on cerebral 
blood flow after head injury. J Trauma. 1995;39(6):1091–7 (discussion 
1097–1099).

	120.	 Soustiel JF, Mahamid E, Chistyakov A, Shik V, Benenson R, Zaaroor M. 
Comparison of moderate hyperventilation and mannitol for control 
of intracranial pressure control in patients with severe traumatic brain 
injury–a study of cerebral blood flow and metabolism. Acta Neurochir. 
2006;148(8):845–51.

	121.	 Muizelaar JP, Marmarou A, Ward JD, et al. Adverse effects of prolonged 
hyperventilation in patients with severe head injury: a randomized 
clinical trial. J Neurosurg. 1991;75(5):731–9.

	122.	 Kerr EM, Marion D, Sereika MS, et al. The effect of cerebrospinal fluid 
drainage on cerebral perfusion in traumatic brain injured adults. J 
Neurosurg Anesthesiol. 2000;12(4):324–33.

	123.	 Kerr ME, Weber BB, Sereika SM, Wilberger J, Marion DW. Dose 
response to cerebrospinal fluid drainage on cerebral perfusion in 
traumatic brain-injured adults. Neurosurg Focus. 2001;11(4):E1.

	124.	 Candanedo C, Doron O, Hemphill JC, 3rd, et al. Characterizing the 
response to cerebrospinal fluid drainage in patients with an external 
ventricular drain: the pressure equalization ratio. Neurocrit Care 
2019;30(2):340–7.

	125.	 Nwachuku EL, Puccio AM, Fetzick A, et al. Intermittent versus con-
tinuous cerebrospinal fluid drainage management in adult severe 
traumatic brain injury: assessment of intracranial pressure burden. 
Neurocrit Care. 2014;20(1):49–53.

	126.	 Levin AB, Duff TA, Javid MJ. Treatment of increased intracranial pres-
sure: a comparison of different hyperosmotic agents and the use of 
thiopental. Neurosurgery. 1979;5(5):570–5.

	127.	 Schwartz ML, Tator CH, Rowed DW. The University of Toronto head 
injury treatment study: a prospective, randomized comparison of 
Pentobarbital and Mannitol. Can J Neurol Sci. 1984;11(4):434–40.

	128.	 Smith HP, Kelly DL Jr, McWhorter JM, et al. Comparison of mannitol 
regimens in patients with severe head injury undergoing intracranial 
monitoring. J Neurosurg. 1986;65(6):820–4.

	129.	 Midgely S, Dearden NM, Miller JD. CPP and SJO2 with ICP reduction 
therapy after severe head injury. In: Avezaat CJJ, Eijndhoven JHM, van 
Maas AIR, Tans JTJ, editors. Proceedings of the 8th International Sym-
posium on Intracranial Pressure, Held in Rotterdam, The Netherlands, 
June 16–20, 1991. New York: Springer; 1993. p. 558–563.

	130.	 Smedema RJ, Gaab MR, Heissler HE. A comparison study between 
mannitol and glycerol therapy in reducing intracranial pressure. 
In: Avezaat CJJ, Eijndhoven JHM, van Maas AIR, Tans JTJ, editors. 
Proceedings of the 8th International Symposium on Intracranial 
Pressure, Held in Rotterdam, The Netherlands, June 16–20, 1991. New 
York: Springer; 1993. p. 605–608.

	131.	 Biestro A, Alberti R, Galli R, et al. Osmotherapy for increased intrac-
ranial pressure: comparison between mannitol and glycerol. Acta 
Neurochir (Wien). 1997;139(8):725–32 (discussion 732–723).

	132.	 Hartl R, Ghajar J, Hochleuthner H, Mauritz W. Treatment of refrac-
tory intracranial hypertension in severe traumatic brain injury 
with repetitive hypertonic/hyperoncotic infusions. Zentralbl Chir. 
1997;122(3):181–5.

	133.	 Hartl R, Bardt TF, Kiening KL, Sarrafzadeh AS, Schneider GH, Unterberg 
AW. Mannitol decreases ICP but does not improve brain-tissue pO2 
in severely head-injured patients with intracranial hypertension. Acta 
Neurochir Suppl. 1997;70:40–2.

	134.	 Shackford SR, Bourguignon PR, Wald SL, Rogers FB, Osler TM, Clark 
DE. Hypertonic saline resuscitation of patients with head injury: a 
prospective, randomized clinical trial. J Trauma. 1998;44(1):50–8.

	135.	 Schatzmann C, Heissler HE, Konig K, et al. Treatment of elevated 
intracranial pressure by infusions of 10% saline in severely head 
injured patients. Acta Neurochir Suppl. 1998;71:31–3.

	136.	 Qureshi AI, Suarez JI, Castro A, Bhardwaj A. Use of hypertonic 
saline/acetate infusion in treatment of cerebral edema in patients 
with head trauma: experience at a single center. J Trauma. 
1999;47(4):659–65.

	137.	 Horn P, Munch E, Vajkoczy P, et al. Hypertonic saline solution for control 
of elevated intracranial pressure in patients with exhausted response to 
mannitol and barbiturates. Neurol Res. 1999;21(8):758–64.

	138.	 Munar F, Ferrer AM, de Nadal M, et al. Cerebral hemodynamic effects of 
7.2% hypertonic saline in patients with head injury and raised intracra-
nial pressure. J Neurotrauma. 2000;17(1):41–51.

	139.	 Huang SJ, Chang L, Han YY, Lee YC, Tu YK. Efficacy and safety of 
hypertonic saline solutions in the treatment of severe head injury. Surg 
Neurol. 2006;65(6):539–46 (discussion 546).

	140.	 Lescot T, Degos V, Zouaoui A, Preteux F, Coriat P, Puybasset L. Opposed 
effects of hypertonic saline on contusions and noncontused brain 
tissue in patients with severe traumatic brain injury. Crit Care Med. 
2006;34(12):3029–33.

	141.	 Chatterjee N, Chaudhury A, Mukherjee S, Prusty GK, Chattopadhyay 
T, Saha S. Efficacy of different hypertonic solutes in the treatment of 
refractory intracranial hypertension in severe head injury patients: A 
comparative study of 2 ml/kg 7.5% hypertonic saline and 2 ml/kg 20% 
mannitol. Indian J Neurotrauma. 2007;4(2):101–8.

	142.	 Morrison LJ, Baker AJ, Rhind SG, et al. The Toronto prehospital 
hypertonic resuscitation–head injury and multiorgan dysfunction 
trial: feasibility study of a randomized controlled trial. J Crit Care. 
2011;26(4):363–72.

	143.	 Roquilly A, Mahe PJ, Latte DD, et al. Continuous controlled-infusion of 
hypertonic saline solution in traumatic brain-injured patients: a 9-year 
retrospective study. Crit Care. 2011;15(5):R260.

	144.	 Mangat HS, Chiu Y-L, Gerber LM, Alimi M, Ghajar J, Hartl R. Hypertonic 
saline reduces cumulative and daily intracranial pressure burdens after 
severe traumatic brain injury. J Neurosurg. 2015;122(1):202–10.

	145.	 Colton K, Yang S, Hu PF, et al. pharmacologic treatment reduces pres-
sure times time dose and relative duration of intracranial hypertension. 
J Intensive care Med. 2016;31(4):263–9.

	146.	 Tan SK, Kolmodin L, Sekhon MS, et al. The effect of continuous 
hypertonic saline infusion and hypernatremia on mortality in patients 
with severe traumatic brain injury: a retrospective cohort study. Can J 
Anaesth. 2016;63(6):664–73.

	147.	 Cheng F, Xu M, Liu H, Wang W, Wang Z. A retrospective study of intrac-
ranial pressure in head-injured patients undergoing decompressive 
craniectomy: a comparison of hypertonic saline and mannitol. Front 
Neurol. 2018;9:631.

	148.	 Dunham CM, Malik RJ, Huang GS, Kohli CM, Brocker BP, Ugokwe KT. 
Hypertonic saline administration and complex traumatic brain injury 
outcomes: a retrospective study. Int J Burns Trauma. 2018;8(3):40–53.

	149.	 Patil H, Gupta R. A comparative study of bolus dose of hypertonic 
saline, mannitol, and mannitol plus glycerol combination in patients 
with severe traumatic brain injury. World Neurosurg. 2019;125:e221–8.

	150.	 Mangat HS, Wu X, Gerber LM, et al. Hypertonic saline is superior to 
mannitol for the combined effect on intracranial pressure and cerebral 
perfusion pressure burdens in patients with severe traumatic brain 
injury. Neurosurgery 2020;86(2):221–30.

	151.	 Onar M, Arik Z. The evaluation of mannitol therapy in acute ischemic 
stroke patients by serial somatosensory evoked potentials. Electro-
myogr Clin Neurophysiol. 1997;37(4):213–8.

	152.	 Videen TO, Zazulia AR, Manno EM, et al. Mannitol bolus preferentially 
shrinks non-infarcted brain in patients with ischemic stroke. Neurology. 
2001;57(11):2120–2.

	153.	 Roberts I, Smith R, Evans S. Doubts over head injury studies. BMJ. 
2007;334(7590):392–4.

	154.	 Bennett I, Finland M, Hamburger M, Kass EH, Lepper M, Waisbren BA. 
The effectiveness of hydrocortisone in the managment of severe infec-
tions. J Am Med Assoc. 1963;183(6):462–5.

	155.	 Bademosi O, Osuntokun BO. Prednisolone in the treatment of pneumo-
coccal meningitis. Trop Geogr Med. 1979;31(1):53–6.

	156.	 Gupta A, Singh NK. Dexamethasone in adults with bacterial meningitis. 
J Assoc Phys India. 1996;44(2):90–2.

	157.	 Bhaumik S, Behari M. Role of dexamethasone as adjunctive therapy in 
acute bacterial meningitis in adults. Neurol India. 1998;46(3):225–8.

	158.	 Thomas R, Le Tulzo Y, Bouget J, et al. Trial of dexamethasone treatment 
for severe bacterial meningitis in adults. Adult Meningitis Steroid Group. 
Intensive Care Med. 1999;25(5):475–80.

	159.	 Ahsan T, Shahid M, Mahmood T, et al. Role of dexamethasone in acute 
bacterial meningitis in adults. JPMA J Pak Med Assoc. 2002;52(6):233–9.



666

	160.	 Auburtin M, Porcher R, Bruneel F, et al. Pneumococcal meningitis in the 
intensive care unit: prognostic factors of clinical outcome in a series of 
80 cases. Am J Respir Crit Care Med. 2002;165(5):713–7.

	161.	 Gijwani D, Kumhar MR, Singh VB, et al. Dexamethasone therapy for bac-
terial meningitis in adults: a double blind placebo control study. Neurol 
India. 2002;50(1):63–7.

	162.	 Flores-Cordero JM, Amaya-Villar R, Rincon-Ferrari MD, et al. Acute 
community-acquired bacterial meningitis in adults admitted to the 
intensive care unit: clinical manifestations, management and prognos-
tic factors. Intensive Care Med. 2003;29(11):1967–73.

	163.	 Weisfelt M, Hoogman M, van de Beek D, de Gans J, Dreschler WA, 
Schmand BA. Dexamethasone and long-term outcome in adults with 
bacterial meningitis. Ann Neurol. 2006;60(4):456–68.

	164.	 Weisfelt M, van de Beek D, de Gans J. Dexamethasone treatment in 
adults with pneumococcal meningitis: risk factors for death. Eur J Clin 
Microbiol Infect Dis. 2006;25(2):73–8.

	165.	 Hoogman M, Van De Beek D, Weisfelt M, De Gans J, Schmand B. Cogni-
tive outcome in adults after bacterial meningitis. J Neurol Neurosurg 
Psychiatry. 2007;78(10):1092–6.

	166.	 Nguyen THM, Tran THC, Thwaites G, et al. Dexamethasone in Vietnam-
ese adolescents and adults with bacterial meningitis. N Engl J Med. 
2007;357(24):2431–40.

	167.	 Ayaz C, Celen MK, Geyik MF, Ulug M. The efficacy of dexamethasone 
treatment in adult patients with acute bacterial meningitis. Neuro-
sciences. 2008;13(2):146–50.

	168.	 Lazzarini L, Toti M, Fabris P, et al. Clinical features of bacterial meningitis 
in Italy: a multicenter prospective observational study. J Chemother 
(Florence, Italy). 2008;20(4):478–87.

	169.	 Assiri AM, Alasmari FA, Zimmerman VA, Baddour LM, Erwin PJ, Tleyjeh 
IM. Corticosteroid administration and outcome of adolescents and 
adults with acute bacterial meningitis: a meta-analysis. Mayo Clin Proc. 
2009;84(5):403–9.

	170.	 Tolaj I, Dreshaj S, Qehaja E, Tolaj J, Doda-Ejupi T, Mehmeti M. Dexameth-
asone as adjuvant therapy in the treatment of invasive meningococcal 
diseases. Med Arh. 2010;64(4):228–30.

	171.	 Brouwer MC, Heckenberg SGB, De Gans J, Spanjaard L, Reitsma JB, Van 
De Beek D. Nationwide implementation of adjunctive dexamethasone 
therapy for pneumococcal meningitis. Neurology. 2010;75(17):1533–9.

	172.	 Heckenberg SGB, Brouwer MC, Van Der Ende A, Van De Beek D. Adjunc-
tive dexamethasone in adults with meningococcal meningitis. Neurol-
ogy. 2012;79(15):1563–9.

	173.	 Moon S-Y, Chung DR, Kim S-W, et al. Is adjunctive corticosteroid 
beneficial in pneumococcal meningitis in a region with high rates of 
resistance to penicillin and ceftriaxone? J Neurol. 2012;259(7):1453–60.

	174.	 Bodilsen J, Dalager-Pedersen M, Schonheyder HC, Nielsen H. Dexa-
methasone treatment and prognostic factors in community-acquired 
bacterial meningitis: a Danish retrospective population-based cohort 
study. Scand J Infect Dis. 2014;46(6):418–25.

	175.	 Fernandes D, Goncalves-Pereira J, Janeiro S, Silvestre J, Bento L, Povoa 
P. Acute bacterial meningitis in the intensive care unit and risk fac-
tors for adverse clinical outcomes: retrospective study. J Crit Care. 
2014;29(3):347–50.

	176.	 Viale P, Scudeller L, Pea F, et al. Implementation of a meningitis care 
bundle in the emergency room reduces mortality associated with 
acute bacterial meningitis. Ann Pharmacother. 2015;49(9):978–85.

	177.	 Baunbaek-Knudsen G, Solling M, Farre A, Benfield T, Brandt CT. 
Improved outcome of bacterial meningitis associated with use of corti-
costeroid treatment. Infect Dis (London, England). 2016;48(4):281–6.

	178.	 Buchholz G, Koedel U, Pfister HW, Kastenbauer S, Klein M. Dramatic 
reduction of mortality in pneumococcal meningitis. Crit Care. 
2016;20(1):312.

	179.	 Gudina EK, Tesfaye M, Wieser A, Pfister HW, Klein M. Outcome of 
patients with acute bacterial meningitis in a teaching hospital in Ethio-
pia: a prospective study. PLoS ONE. 2018;13(7):e0200067.

	180.	 O’Toole RD, Thornton GF, Mukherjee MK, Nath RL. Dexamethasone in 
tuberculous meningitis. Relationship of cerebrospinal fluid effects to 
therapeutic efficacy. Ann Intern Med. 1969;70(1):39–48.

	181.	 Girgis NI, Farid Z, Kilpatrick ME, Sultan Y, Mikhail IA. Dexamethasone 
adjunctive treatment for tuberculous meningitis. Pediatr Infect Dis J. 
1991;10(3):179–83.

	182.	 Yechoor VK, Shandera WX, Rodriguez P, Cate TR. Tuberculous meningitis 
among adults with and without HIV infection: experience in an urban 
public hospital. Arch Intern Med. 1996;156(15):1710–6.

	183.	 Kalita J, Misra UK. Effect of methyl prednisolone on sensory motor func-
tions in tuberculous meningitis. Neurol India. 2001;49(3):267–71.

	184.	 Rahman ML, Basher A, Rashid M, et al. Central nervous system tuber-
culosis and adjuvant corticosteroid therapy. Mymensingh Med J MMJ. 
2009;18(1):47–51.

	185.	 Hsu PC, Yang CC, Ye JJ, Huang PY, Chiang PC, Lee MH. Prognostic fac-
tors of tuberculous meningitis in adults: a 6-year retrospective study 
at a tertiary hospital in Northern Taiwan. J Microbiol Immunol Infect. 
2010;43(2):111–8.

	186.	 Torok ME, Nguyen DB, Tran THC, et al. Dexamethasone and long-term 
outcome of tuberculous meningitis in Vietnamese adults and adoles-
cents. PLoS ONE. 2011;6(12):e27821.


	Guidelines for the Acute Treatment of Cerebral Edema in Neurocritical Care Patients
	Background: 
	Methods: 
	Results: 
	Conclusion: 
	Introduction
	Methods
	Treatment of Cerebral Edema in Patients with Subarachnoid Hemorrhage
	Recommendations

	Treatment of Cerebral Edema in Patients with Traumatic Brain Injury
	Recommendations

	Treatment of Cerebral Edema in Patients with Acute Ischemic Stroke
	Recommendations

	Treatment of Cerebral Edema in Patients with Intracerebral Hemorrhage
	Recommendations for Hyperosmolar Therapy
	Recommendations for Corticosteroids in Patients with Intracerebral Hemorrhage

	Treatment of Cerebral Edema in Patients with Bacterial Meningitis
	Recommendations
	Bacterial Meningitis
	Tuberculous Meningitis

	Treatment of Cerebral Edema in Patients with Hepatic Encephalopathy
	Recommendations

	Hyperosmolar Therapy Safety and Infusion Considerations
	Recommendations for Assessing the Risk of Renal Injury After Mannitol Administration
	Recommendations for Assessing the Risk of Toxicity (Acute Kidney Injury or Unwanted Acidosis) After Hypertonic Sodium Solution Administration

	Recommendations for the Optimal Administration Method of Hypertonic Sodium Solution
	Non-pharmacologic Treatment of Cerebral Edema and Elevated Intracranial Pressure
	Recommendations for the Non-pharmacological Treatment of Cerebral Edema


	Summary
	Acknowledgements
	References


