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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 



656

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 



658

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, 



661

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.
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