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Abstract

Background. Flevated intracranial pressure (ICP) significantly worsens neurological outcomes and mortality
rates in patients with traumatic brain injury (TBI). Hypertonic saline (HTS), a hyperosmolar treatment, controls
elevated ICP in TBI patients. However, there is still debate regarding the efficacy of HTS in managing TBI.

Objectives. To assess the effectiveness of HTS in lowering elevated ICP in TBI patients with TBI.

Materials and methods. A systematic search was conducted using 4 electronic databases (PubMed,
Embase, Scopus, and Cochrane Library) to select relevant articles published in peer-reviewed journals. The risk
ratio (RR) and mean difference (MD) were calculated, along with their 95% confidence intervals (95% CIs).
Heterogeneity was assessed using Cochrane Q, I statistics and p-value. RevMan 5.4 was used.

Results. The current meta-analysis included 965 TBI patients from 15 randomized controlled trials (RCTs).
We found that HTS was significantly more effective than other ICP-lowering agents with RR of 0.74 (95% CI:
0.58—0.94) for reduction of elevated ICP; RR = 0.57 (95% CI: 0.40—0.81) for all-cause mortality; RR = 0.68
(95% (I 0.49—0.95) for rate of adverse hypernatremia; RR = 0.73 (95% CI: 0.60—0.88) for substantial
change in the Glasgow Outcome Scale (GOS) score and shorter period of hospital stay with MD of —1.26
(95% (I: —2.30 to —0.21).

Conclusions. We found that HTS is considerably effective in reducing elevated ICP with improvement
in long-term neurological functions, all-cause mortality, rate of hypernatremia, and length of hospital stay
in TBI patients.

Key words: hypertonic saline, intracranial pressure, traumatic brain injury, neurological outcomes, mortality
rates
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Highlights

in individuals with TBI.

1. Traumatic brain injury (TBI) occurs when the brain is harmed by a quick, external and violent impact, such
as in sports or car accidents. Worldwide, it is a leading cause of mortality and lasting disability in people.
2. Increased intracranial pressure (ICP) has a major negative impact on neurological outcomes and mortality rates

3. Hypertonic saline (HTS), a hyperosmolar therapy, manages increased ICP in TBI patients. However, there is still
some dispute over the efficacy of HTS in TBI treatment.

4. The present analysis shows that HTS outperforms other hyperosmolar agents like mannitol in reducing ICP, im-
proving neurological outcomes, reducing mortality and shortening hospital or ICU stays in acute TBI patients.

Introduction

Traumatic brain injury (TBI) occurs when the brain is
damaged due to a sudden, external and forceful impact!
often caused by serious sports-related accidents or vehicu-
lar collisions.? This condition is a leading cause of fatalities
and permanent disabilities in adults worldwide.® Possible
symptoms of TBI include cognitive disorientation, im-
paired visual acuity and difficulty concentrating, which
may manifest either promptly or with a delay.* Following
a TBI, blood leakage from blood vessels between the me-
ninges leads to the development of subdural hematomas®
and an increase in intracranial pressure (ICP),® which
in turn increases the risk of brain herniation and is as-
sociated with worse clinical outcomes. Most TBI fatalities
result from an uncontrolled increase in ICP, which often
occurs within the first 48 h following the event.”

Emergency care for moderate-to-severe TBI emphasizes
ensuring that the patient has enough oxygen and blood
flow, keeping blood pressure stable and preventing fur-
ther head or neck injury.® Therefore, reducing ICP using
potential hyperosmolar treatments, including mannitol
and hypertonic saline (HTS), is a critical part of treating
patients with mild-to-severe TBL° The initial rapid infusion
of large volumes of mannitol and a hypertonic crystalloid
solution helps restore blood pressure and blood volume.!
A hyperosmolar solution changes the viscosity and micro-
circulation of blood, causes the pial arteriolar constriction,
creates an osmotic gradient that pulls cerebral edema fluid
from brain tissue into the bloodstream, and lets the cere-
brospinal fluid leave the brain and lowers the ICP.}112

Since TBI severely impairs the quality of life. Research-
ers are investigating numerous therapeutic approaches
to address this issue. Hypertonic saline is an osmotic agent
that can be beneficial to patients during the acute phase
of severe TBI as it reduces the detrimental consequences
of secondary brain injury and regulates ICP by extract-
ing fluid from enlarged cerebral tissue.!’>!* Nevertheless,
the most recent guidelines from the Brain Trauma Founda-
tion 2016'° state that there is “insufficient evidence avail-
able from comparative studies to support a formal recom-
mendation” for the use of HTS, even though it is becoming

more popular in this setting and earlier studies have shown
its clinical benefits. One possible side effect linked to HTS
use is severe hypernatremia.'®

Therefore, researchers have conducted numerous ran-
domized clinical trials (RCTs), comparing infusions of dif-
ferent hyperosmolar treatments with HTS to investigate
their efficacy in terms of reducing ICP in patients suffering
from acute TBIL. However, the impact of a continuous HTS
infusion on neurological function, long-term functional re-
sults, all-cause mortality, long-term ICP management, and
adverse effects as compared to standard treatments is still
not clear. Therefore, in the present study, 15 RCTs!7-3!
comparing the effect of HTS with other ICP-lowering
hyperosmolar treatments were selected according to pre-
defined inclusion-exclusion criteria and meta-analyzed.

Objectives

The aim of this systematic review and meta-analysis
was to assess the effectiveness of HTS on the reduction
of elevated ICP in patients with TBI.

Materials and methods
Search strategy and selection criteria

This meta-analysis and systematic review comply with
the reporting standards established in the Preferred Re-
porting Items for Systematic Reviews and Meta-analysis
(PRISMA) statement.?? We conducted a systematic review
of RCTs that compared the efficacy of HTS with other ICP-
reducing agents in the reduction of elevated ICP in patients
with TBI. The investigation concentrated on individuals of all
ages who were experiencing elevated ICP as a result of TBL

The primary outcome of interest was the change in
Glasgow Outcome Scale (GOS) scores after 6 months,
all-cause mortality, rate of hypernatremia, rate of uncon-
trolled ICP, and length of hospital stay. The investigation
did not include trials that involved animal studies, studies
that were not randomized, or studies that did not provide
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Database | Search strategy
#1 "Hypertonic Saline” OR“HTS" OR “Intracranial Pressure Lowering Agents” OR “Traumatic Brain Injury” OR“TBI" OR “Intracranial Pressure”
OR"ICP"OR “Glasgow Outcome Scale (GOS) score”

SeepLs #2 "All-cause mortality” OR “total length of stay” OR “Osmotherapy” OR “reduction in uncontrolled ICP” OR “Hypernatremia” OR “Mannitol,"
OR"Mechanical ventilation” OR “Intravenous bolus infusion” OR “Cerebral perfusion pressure” OR “Randomized controlled trial”OR “RCT"
OR“Systematic review" OR “meta-analysis”

#3 #1 AND #2

#1  "Hypertonic Saline” OR "HTS" [MeSH Terms]* OR “Intracranial Pressure Lowering Agents” [All Fields] OR “Traumatic Brain Injury” [MeSH
terms] OR“TBI"[All fields] OR “Intracranial Pressure” [All Fields] OR“ICP" [All Fields] OR “Glasgow Outcome Scale (GOS) score” [All fields].

#2  "All-cause mortality” [MeSH Terms] OR “total length of stay” [All Fields] OR “Osmotherapy” [All Fields] OR “reduction in uncontrolled

PubMed ICP"[All Fields] OR “"Hypernatremia” OR “mannitol” [All Fields] OR "Mechanical ventilation” [All Fields] OR “Intravenous bolus infusion”
[All Fields] OR “Cerebral perfusion pressure” [All Fields] OR “Randomized controlled trial” [All Fields] OR“RCT" [All Fields] OR “systematic
review” [All Fields] OR “meta-analysis” [All Fields]

#3 #1 AND #2
#1 “Hypertonic Saline’/exp® OR “HTS"/exp OR “Intracranial Pressure Lowering Agents'/exp OR “Traumatic Brain Injury”/exp OR “TBI"/exp
OR“Intracranial Pressure”/exp OR “ICP"/exp OR “Glasgow Outcome Scale (GOS) score”

Embase #2 "All-cause mortality"/exp OR “total length of stay”/exp OR “Osmotherapy“/exp OR ‘reduction in uncontrolled ICP"/exp OR
“Hypernatremia”/exp OR “Mannitol”/exp OR “Mechanical ventilation”/exp OR “Intravenous bolus infusion’/exp OR “Cerebral perfusion
pressure’/exp OR “Randomized controlled trial”/exp OR“RCT"/exp OR “Systematic review"/exp OR “meta-analysis’/exp

#3 #1 AND #2

#1 (Hypertonic Saline): ti, ab, kw® OR (HTS): ti, ab, kw OR (Intracranial Pressure Lowering Agents): ti, ab, kw OR (Traumatic Brain Injury) ti,
ab, kw OR (TBI): ti, ab, kw OR (Intracranial Pressure): ti, ab, kw OR (ICP): ti, ab, kw OR (Glasgow Outcome Scale (GOS) score): ti, ab, kw
(Word variations have been searched)

Cochrane #2  (All-cause mortality): ti, ab, kw OR (total length of stay): i, ab, kw OR (Osmotherapy): ti, ab, kw OR (reduction in uncontrolled ICP):

Library ti, ab, kw OR (Hypernatremia): ti, ab, kw OR (Mannitol): ti, ab, kw OR (Mechanical ventilation): ti, ab, kw OR (Intravenous bolus infusion):
ti, ab, kw OR (Cerebral perfusion pressure): ti, ab, kw OR (Randomized controlled trial): ti, ab, kw OR (RCT): ti, ab, kw OR (Systematic
review): ti, ab, kw OR (meta-analysis): ti, ab, kw OR (Word variations have been searched)

#3 #1 AND #2

# MeSH terms — Medical Subject Headings; $ exp — explosion in Emtree-searching of selected subject terms and related subjects; @ ti, ab, kw: either title

or abstract or keyword fields.

hyperosmolar prophylaxis. There were no restrictions re-
garding language or year of publication. We conducted
an exhaustive search of the scientific literature databases
Embase, PubMed, Scopus, and Cochrane Library for pub-
lications released prior to April 30, 2024.

The following search terms were employed: “Hypertonic
Saline” OR “HTS” OR “Intracranial Pressure Lowering
Agents” OR “Traumatic Brain Injury” OR “TBI” OR “In-
tracranial Pressure” OR “ICP” OR “Glasgow Outcome
Scale (GOS) score”, “All-cause mortality” OR “total length
of stay” OR “Osmotherapy” OR “reduction in uncontrolled
ICP” OR “Hypernatremia” OR “Mannitol,” OR “Mechani-
cal ventilation” OR “Intravenous bolus infusion” OR “Cere-
bral perfusion pressure” OR “Randomized controlled trial”
OR “RCT” OR “Systematic review” OR “meta-analysis”.
Keywords were identified and evaluated for agreement
in both the MEDLINE and Embase databases in accor-
dance with the PICOS criteria.®

The keywords that were specified were inserted into
the Title (ti)-Abstract (abs)-Keyword (keyword) field dur-
ing the Scopus search. The Cochrane Library database
employed the search keywords “traumatic brain injury,”
“elevated intracranial pressure” and “hypertonic saline.”
The PICO framework was employed to establish precise
selection criteria. The letter “P” was employed to iden-
tify patients who had experienced TBI. Hypertonic saline
was implemented by the intervention group to mitigate
elevated ICP. Mannitol and other ICP-lowering agents were

represented by the letter “C.” The change in GOS scores
at 6 months, all-cause mortality, rate of hypernatremia,
rate of uncontrolled ICP, and duration of hospital stay as-
sociated with the use of HTS compared to control agents
were the primary clinical outcomes, denoted by “O.”

The design of the study was confined to the applica-
tion of RCTs. The methodology utilized in our investiga-
tion was based on the approach used in the formulation
of the World Health Organization (WHO) guideline.3*
Further articles were discovered by employing backward
and forward citation tracking on previously published
meta-analyses and the studies included therein.

Table 1,731 delineates the comprehensive search
strategy. The titles, abstracts and full texts of potentially
qualifying publications were independently evaluated
by 2 reviewers, X.R. and S.L. Any discrepancies between
the 2 reviewers were resolved through discussion, and
the 3" author (J.G.) was consulted as needed.

Data analysis

The current investigation encompassed studies that pro-
vided comparative data on the efficacy of HTS compared
to other ICP lowering agents in the reduction of elevated
ICP in TBI patients. The studies were selected on the ba-
sis of their ability to provide full texts and an adequate
amount of data for a 2x2 table. Bibliographic references
that were outdated, anecdotal or wholly expert-based were
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excluded from the examination process. The demographic
profiles of the patients and event data, including relevant
components, were independently collected from the stud-
ies included in the analysis by 2 researchers (X.R. and S.L.).
The data were collected using a predetermined form and
comprised the following: the authors, publication year,
country, total number of patients, age of patients, condi-
tion of patients at admission, intervention and control doses,
and primary and secondary outcomes. In the event that
the publishers’ data was insufficient or ambiguous, they
were contacted to obtain supplementary information. For
instance, clarification was sought when the dosage of ICP
lowering agents was unclear. All-cause mortality, rate of hy-
pernatremia, rate of uncontrolled ICP, length of hospital stay,
and change in GOS scores at 6 months were the primary
outcomes evaluated.

Risk of bias assessment of included studies

The researchers employed a standardized questionnaire
to evaluate the studies under investigation for any potential
biases. The Cochrane Risk-of-Bias tool v. 2 was employed
by 2 authors to independently assess the risk of bias in indi-
vidual investigations.3 Five components comprised the tool:
bias induced by randomization, bias resulting from devia-
tions from intended interventions, bias due to lacking out-
come information, bias during outcome evaluation, and bias
in selecting out the reported outcomes. In order to evalu-
ate potential bias, 2 researchers (X.R. and S.L.) conducted
an impartial evaluation. An additional reviewer (J.G.), as-
sumed the role of an arbitrator to resolve any remaining
disputes. Ultimately, the potential bias was evaluated and

” «

classified as either “uncertain risk”, “high risk” or “low risk”.
Statistical analyses

A comparison-adjusted funnel plot was employed to eval-
uate publication bias and small-study effects.¢ Begg’s test?”
was implemented by MedCalc software v. 23.1.7 (MedCalc,
Ostend, Belgium).?® to verify the statistically significant
impact of this bias. The software program Review Manager
(RevMan) v. 5.4 (The Cochrane Collaboration, The Nordic
Cochrane Centre, Copenhagen, Denmark)®® was imple-
mented to assess and analyze the impact of various con-
tinuous and dichotomous outcomes. In order to evaluate
binary outcomes, relative risks (RRs) were calculated for
each study, along with 95% confidence intervals (95% CIs)*
and the mean difference (MD).*! The risk ratio (RR) was
computed using the DerSimonian-Lair method*? and
a 2x2 table* that contained event data. The quantitative
evaluation excluded studies that did not report any selected
primary or secondary outcome. The objective of forest
plots** were created to assess the impact of various out-
come determinants. The heterogeneity was evaluated using
statistical methods, including the I? test*® and the 2 test,
which were used in conjunction with a p-value. A random

X. Ren et al. Hypertonic saline and ICP

effect model*” was implemented due to the fact that the in-
vestigations were conducted in different settings. Statis-
tical significance is defined as a p-value that is less than
0.05.%8 In order to evaluate the efficacy of HTS in reducing
elevated ICP in acute TBI patients in comparison to control
agents, a subgroup analysis was conducted.

Results
Study selection outcomes

An extensive electronic survey was done by searching
across multiple databases. A total of 318 papers were identi-
fied that satisfied the inclusion criteria specified in the PI-
COS criteria. Out of the 265 articles that were considered,
53 papers were excluded because they had duplicate con-
tent or titles and abstracts that were not relevant. After
conducting additional screening, a total of 135 papers were
then evaluated to determine their eligibility. However, after
applying the inclusion-exclusion criteria, it was determined
that 130 research did not meet the requirements and were
consequently excluded. Subsequently, the remaining 65 ar-
ticles were assessed to determine their suitability. Among
the whole pool of studies examined, 50 were eliminated,
mostly because they did not match the inclusion criteria,
did not provide enough data to create 2x2 tables or did
not have significant outcome measures. Ultimately, this
meta-analysis included a total of 15 RCTs that met the pre-
defined inclusion-exclusion criteria, as depicted in Fig. 1.
The researches included in the analysis involve a combined
total of 965 participants, spanning various age groups.
The salient features of the publications considered in this
meta-analysis are outlined in Table 2. The text provides
information on the authors’ identification and the year
of publication, the study design, the condition of the pa-
tients, the total number of patients, the age of the par-
ticipants, the dosage of the intervention and comparator,
as well as the primary and secondary outcomes. In addi-
tion, data regarding the events in the 2x2 table were ob-
tained from the aforementioned research for the purpose
of conducting a meta-analysis.

Quality assessment of the included studies

An assessment of potential risk of bias was executed
out to calculate the overall rating for the study’s quality.
Table 3 displays the results of the risk of bias assessment
for each of the 15 RCTs that were included, using the pre-
determined questionnaire. The current meta-analysis
exhibits a low risk of bias, as indicated by the traffic light
plot in Fig. 2 and the summary plot for bias assessment
displayed in Fig. 3. Among the 15 RCTs, 11 studies were
determined to have a low risk of bias.

Two RCTs, of Du et al.!® and Jagannatha et al.,2® demon-
strate a moderate level of bias. This is attributed to issues
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Table 2. Characteristics of the included studies — cont.

Secondary outcomes

Primary outcomes

Intervention

v
2
c
I
2
=2
=
£
S
Q
o=
o

Age of par- | Number
of partici- | Con

Country
of study

Type

of study

Study ID

ticipants

[years]

and year

Duration of hospital stay,
uncontrolled ICP, defined as rate

|CP control, defined
as the number
of episodes and
duration of intracranial

2 ml/kg bolus dose,
20% mannitol infused

2 ml/kg bolus dose
7.5% hypertonic saline

Head trauma and persistent
coma and GCS < 8 requiring

single-
center
parallel RCT

of failure of each treatment, 90-
day GOS score, all-cause mortality

over 20 min, 2" dose

infused over 20 min,

>18 20

France

Vialet et al.?®

ICP monitoring and infusion

given within 10 min

2" dose given within
10 min if 15t dose failed.

of an osmotic agent.

by 6 months.

hypertension per day.

if 1°t dose failed.

Length of ICU stay, mortality

Reduction in ICP below
15 mm Hg (maximal ICP

3 ml/kg boluses

(infused over 30 min)

0.5 mL/kg/h continuous

hypertonic saline

Severe TBI, GCS 4-12.

in ICU.

every 6 h for48 h. reduction).

infusion over 48 h.

50

18-60

Egypt

single-
center
parallel RCT

Wahdan
etal®

Duration of ICU and hospital
stay, in-hospital mortality, GOS

Lowest ICP achieved
for each bolus and time

3% hypertonic saline

Severe TBI after
decompressive craniectomy,

single-
center
parallel RCT

at 6 months, uncontrolled
|CP after max of 3 doses

209% mannitol bolus

bolus infused via CVC

60

>18

China

Yan et al 3!

required to achieve

infused intravenously.

hyperosmolar therapy,

ICP < 20 mm Hg.

over 20 min.

ICP > 25 mm Hg >5 min.

hypernatremia.

RCT - randomized controlled trial; ICP — intracranial pressure; TBI — traumatic brain injury; ICU — intensive care unit; GCS - Glasgow Coma Scale; CVC - central venous catheter.
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Records identified through database searching
(n=318)

Y

Records after duplicates removed
(n=265)

\

Records screened
(n=135)

Records excluded
(n=130)

\

] [ Screening ] [Identification]

Full text articles Full text articles
assessed for _ | excluded with reasons:
. eligibility 7| - studies did not report
= (n=65) required outcome: 26
:% - studies not having
= sufficient data for
2x2 table: 12
- unavailability of full
papers: 8
v - others: 4
)
c Studies included
2 in quantitative
= synthesis
v .
= (meta-analysis)
(n=15)
——/

Fig. 1. Preferred Reporting Items for Systematic reviews and Meta-
Analyses (PRISMA) study flow diagram

with the randomization method and the deviation from
the intended intervention, respectively. The other 2 RCTs
conducted by Hendoui et al.?! and Vialet et al.?® demon-
strate a high risk of bias pertaining to the randomiza-
tion method and the selection of reported outcomes,
respectively.

Findings derived from the statistical
investigation

In all, 965 TBI patients from 15 selected RCTs were in-
cluded in the current meta-analysis to evaluate the efficacy
of HTS compared to other ICP-lowering agents on the re-
duction of elevated ICP in patients with TBI. The following
conclusions were obtained from the statistical analysis
of the primary study outcome:

Comparison of the efficacy of HTS and
other ICP lowering agents in controlling
the elevated ICP in TBI patients

The included studies defined the elevated ICP as a re-
quirement of “stage 3 therapies” in accordance with
the Brain Trauma Foundation guidelines, which include
barbiturates to reduce ICP.!! Elevated ICP is defined
as the “persistently elevated ICP greater than 20 mm Hg
despite a maximum of 3 doses of hyperosmolar therapy,”
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Table 3. Risk assessment of included studies

Study ID and year

Harutjunyan
Kumar et al.?*
Tsaousi et al.2®
Vialet et al.?®

etal.?°
etal.?
Huang and

Yang??
Jagannatha

Cottenceau
etal.”

Du et al.’®
Francony
etal.””
etal.??
Patil and
Qin etal.®
Roquilly
etal.?
Yan et al.3'

Was a consecutive or random sample
of patients enrolled?

Did the study avoid inappropriate
exclusions?

Did all patients receive the same
reference standard?

Were all patients included
in the analysis?

Was the sample frame appropriate
to address the target population?

Were study participants sampled
in an appropriate way?

Were the study subjects and
the setting described in detail?

Were valid methods used for
the identification of the condition?

Was the condition measured in
a standard, reliable way for all Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y
participants?

#Y —yes;N - no.

Fig. 2. Traffic light plot for assessment
of risk of bias



Adv Clin Exp Med. 2025;34(11):1827-1840

Fig. 3. Risk of bias summary plot
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Fig. 4. A. Forest plot comparing the effect of HTS vs control on rate of uncontrolled intracranial pressure; B. Funnel plot

HTS - hypertonic saline: RR - risk ratio; 95% Cl — 95% confidence interval; M-H random — Mantel-Haenszel random-effects model.

necessitating the use of further ICP-lowering measures,
such as hyperventilation, propofol, cerebrospinal fluid
drainage, or decompressive craniectomy.*’

Treatment failure is defined as a sustained raised ICP
greater than 35 mm Hg despite 2 consecutive infusions
of hyperosmolar or an average time ICP exceeding 20 mm
Hg, barbiturate requirement, and/or episodes of refractory
ICP after 3 consecutive doses of hyperosmolar therapy.>
In order to evaluate the overall efficacy of HTS in manag-
ing the rate of elevated ICP in TBI patients in comparison
to other ICP lowering agents, the RR and 95% CI were cal-
culated using event data from the included studies (Fig. 4).
This meta-analysis demonstrated that HTS was signifi-
cantly more effective than other agents in reducing ICP
(RR = 0.74, 95% CI: 0.58—0.94, Tau? = 0.11, x> = 28.96, de-
grees of freedom (df) = 14, I2 = 52%, Z = 2.48, and p = 0.01)
as shown in Fig. 4A. Additionally, the symmetrical funnel
diagram in Fig. 4B and a statistically insignificant p-statis-
tic of Begg’s test (p = 0.312), which exceeds the predefined
significance threshold of 0.05, suggested a minimal likeli-
hood of publication bias.

Subgroup analysis

A subgroup analysis was conducted to investigate
the effectiveness of HTS and other ICP lowering agents

in controlling elevated ICP in TBI patients. The analysis
focused on evaluating changes in GOS scores at 6 months,
all-cause mortality, the rate of hypernatremia, and
the length of hospital stay.

All-cause mortality

To determine the impact of infusing HTS vs other ICP
lowering comparator on all-cause mortality, the RR and
95% CI were calculated using the event data extracted from
the included trials (Fig. 5A). In comparison to the com-
parator, the administration of HTS results in a lower
mortality rate with an RR of 0.57 (95% CI: 0.40-0.81)
and Tau? value of 0.24, x? value of 29.47, df = 14, Z = 3.10,
12 = 52%, and p = 0.002. In addition, the symmetrical fun-
nel plots (Fig. 5B) and the statistically insignificant p value
(p = 0.104) from Begg’s test, (>0.05) indicate a low prob-
ability of publication bias.

Rate of adverse hypernatremia

To find out the impact of infusing HTS vs other ICP
lowering comparator on the rate of adverse hypernatre-
mia or defined as a rise in serum sodium concentration
to a value exceeding 145 mmol/L,* the RR and 95% CI
were calculated using the event data extracted from
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Fig. 5. A. Forest plot comparing the effect of HTS vs control on all-cause mortality; B. Funnel plot

HTS - hypertonic saline: RR - risk ratio; 95% Cl — 95% confidence interval; M-H random — Mantel-Haenszel random-effects model.

Fig. 6. A. Forest plot comparing the effect of HTS vs control on rate of adverse hypernatremia; B. Funnel plot

HTS - hypertonic saline: RR - risk ratio; 95% Cl — 95% confidence interval; M-H random — Mantel-Haenszel random-effects model.

Fig. 7. A. Forest plot comparing the effect of HTS vs control on GOS score at 6 months; B. Funnel plot

HTS — hypertonic saline: RR - risk ratio; 95% Cl — 95% confidence interval; M-H random — Mantel-Haenszel random-effects model.

the included RCTs (Fig. 6A). In comparison to the com-
parator, the administration of HTS results in lower rate
of adverse hypernatremia with an RR of 0.68 (95% CI:
0.49-0.95) and Tau? value of 0.14, x? value of 18.56, df = 9,
Z =227, 1> = 52%, and p = 0.02. Moreover, the sym-
metrical funnel plots depicted in Fig. 6B, along with
the statistically negligible p-value (p = 0.284) obtained
from Begg’s test (p > 0.05), suggest a little likelihood
of publication bias.

Change in GOS scale score

The GOS score® is an ordinal scale used to assess pa-
tients’ functional outcomes following brain injury, taking
into account the patients’ level of consciousness and ability
to perform activities of daily living (ADLs). The RR and
95% CI were calculated using the event data extracted
from the included RCTs to determine the impact of infus-
ing HTS vs other ICP lowering comparator on the change
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Fig. 8. A. Forest plot comparing the effect of HTS vs control on length of hospital stay; B. Funnel plot

HTS - hypertonic saline: RR - risk ratio; 95% Cl — 95% confidence interval.

in the GOS score (Fig. 7A). Compared to the comparator,
the administration of HTS leads to a substantial change
in GOS scale score. The relative risk (RR) is 0.73 (95% CI:
0.60-0.88), with a Tau? value of 0.00, x? value 0f 0.95, df = 7,
Z-score of 3.36, 12 value of 51%, and a p < 0.001. In ad-
dition, the symmetrical funnel plots shown in Fig. 7B,
coupled with the statistically insignificant p-value of 0.144
obtained from Begg’s test (p > 0.05), indicate a low prob-
ability of publication bias.

Length of hospital stay

To investigate the beneficial impact of infusing HTS
compared to other ICP lowering comparator on the total
length of hospital stay, the MD and the 95% CI were cal-
culated using the event data extracted from the included
RCTs (Fig. 8A). Compared to the comparator, the admin-
istration of HTS leads to a shorter period of hospital stay.
The estimated MD is —1.26 (95% CI: —2.30 to —0.21), with
a Tau? value of 0.00, x* value of 0.70, df = 14, Z = 2.35,
I2 =70%, and p = 0.02. In addition, the symmetrical funnel
plots shown in Fig. 8B, combined with the statistically in-
significant p-value of 0.246 calculated from the Begg’s test
(p > 0.05), stipulate a low probability of publication bias.

From the abovementioned statistical analysis of the in-
cluded RCTs,'73! we found that HTS was significantly
more effective than other hyperosmolar agents in reducing
ICP (RR = 0.74 (95% CI: 0.58-0.94)), mortality rate (RR
=0.57 (95% CI: 0.40-0.81)) and rate of adverse hypernatre-
mia (RR = 0.68 (95% CI: 0.49-0.95)), providing substantial
change in GOS scale score (RR = 0.73 (95% CI: 0.60—-0.88)),
with shorter period of hospital stay (MD = —1.26 (95% CI:
—-2.30 to —0.21)). These values of RR 1 indicate that HTS
is substantially more effective than other ICP-lowering
agents for improving long-term neurological function,
all-cause mortality and length of hospital stay in patients
with acute TBIL

Discussion

According to our systematic review and meta-analysis
including 15 RCTs!7-3! that incorporated 965 TBI patients
of all age groups, HTS was found to be considerably more
effective than other ICP-lowering agents. The following
are the primary findings that were determined: 1) HTS
was substantially more effective than primarily man-
nitol in improving the long-term neurological outcome
in patients with elevated ICP; 2) HTS was more effective
in lowering the all-cause mortality and length of hos-
pital stay and reducing risk of adverse hypernatremia.
The wide 95% Cls for all the evaluated outcomes indicate
the therapeutically significant differences between HTS
and other hyperosmolar treatments for decreasing ICP,
such as mannitol. Our findings are in accordance with
the findings of a systematic review and meta-analysis con-
ducted by Bernhardt et al.,>® who concluded that there
is no evidence of an effect of HTS on clinically significant
outcomes and that HTS is associated with adverse hyper-
natremia. In spite of the fact that HTS was found to be
not related to deleterious hypernatremia when compared
with other agents, this result must be viewed with care due
to the fact that the majority of the weighting for this point
estimate is based on a single large multicenter trial.?” This
research was significant since it explored the continuous
infusion of a larger dosage of HTS (20%) than is often
used in clinical settings (range: 1.8—5%). The infusion was
administered for a minimum of 48 h. Therefore, it is con-
ceivable that the apparent increased risk of hypernatremia
in the patients who were investigated is mostly because
of the lengthy continuous infusion of concentrated HTS.
Similarly, our findings are align with recent practice sur-
veys, which revealed that most centers use HTS as first-
line hyperosmolar therapy rather than mannitol.>*5

However, our findings contradict the findings of prior re-
search that suggested that HTS is not more successful than
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its comparators (e.g., mannitol), such as Chen et al.,”® who
conducted a Cochrane review in which they analyzed trials
that compared HTS to a potential range of other ICP-low-
ering agents, including mannitol or mannitol in combina-
tion with glycerol. They contended that HTS is not superior
to mannitol in terms of efficacy and safety in the long-
term management of acute TBI, based on the limited data
and weak evidence. The majority of their included RCTs
were at a high or ambiguous risk of bias due to selective
reporting, incomplete outcome data and a lack of blind-
ing. Additionally, certain studies have indicated that there
is no difference in plasma sodium concentration between
patients who are getting HTS and those who are receiv-
ing mannitol boluses. This difference may indicate that
certain delivery procedures are not successful in achieving
a hyperosmolar state.>”>8 The effect of bolus compared
to continuous infusion of HTS on plasma sodium levels
should be investigated further to discover whether or not
there is an optimal administration route that can generate
a therapeutic hyperosmolar state without causing deleteri-
ous hypernatremia. Continued research is required to an-
swer this question. It is likely that using near-patient salt
monitoring, such as blood gas analysis, will make it easier
for clinicians to give and alter the dosage of HTS.

Within the setting of TBI, there is a dearth of large-scale
RCTs that compare ICP-lowering treatments due to the rela-
tively low occurrence of severe TBI in critical care settings,
which necessitates the use of ICP-lowering medicines. Simi-
larly, RCT data from nations with lower middle incomes
and RCT involving pediatric populations are scarce. In this
particular review, for example, there is only 1 pediatric trial
that reports a GOS score of <12 and primarily included tri-
als involving adult patients from higher-income countries.?!
In order to address the existing lack of high-quality evi-
dence and to ascertain whether or not HTS is a preferred
ICP-lowering agent in particular patient population, there
is a pressing need for larger international and multicenter
trials to be conducted in a range of contexts.

Finally, the inconsistent reporting of outcomes follow-
ing TBI among clinical trials, such as long-term func-
tional outcome ratings using the GOS score, undermines
the validity of comparisons between studies and impedes
advancement in this area of research. For instance, 3 stud-
ies reported GOS scores in formats that were not suitable
for inclusion in a pooled analysis. Vialet et al.? only pro-
vided statistics on the number of patients who had died
or had severe disability at the 90-day point. In the RCT
by Jagannatha et al.,?? the term “favorable” outcome was
defined as “good recovery,” “moderate disability” or “severe
disability.” This definition is likely to be in conflict with
what the majority of patients would view as a favorable
outcome. Similarly, Kumar et al.?! recorded the number
of patients who survived with or without disability, as well
as the number of patients who were in a vegetative state
or had passed away during the first 6 months of their
illness. It is not certain whether these methods of GOS

X. Ren et al. Hypertonic saline and ICP

reporting will be beneficial to clinicians or patients, which
highlights the importance of having a core outcome set
that is standardized for TBI.

Therefore, there is an obvious need for the execution
of more trials in substantial TBI (COSTS-TBI) projects®>*¢°
in the future for establishing a standard set for analyzing
patients with moderate to severe TBI and to provide more
accurate evaluations of blood pressure-lowering medicines
in a variety of critical care settings, the thresholds for
hazardous hypernatremia, the optimal range of plasma
sodium concentration, and other clinical characteristics
of patients.

Limitations

The limitations of this analysis can be attributed to
the clinical and methodological disparities among trials,
which also encompassed predominantly small sample
sizes. In addition, variations in the methodologies used
to report outcomes restricted the available data that could
be included in meta-analyses. Furthermore, the subgroup
analyses were based on different age groups, degrees of TBI
and methods of administration. Additionally, it remains
uncertain whether there is an optimal hyperosmolar ther-
apy that varies according to the age group of the patient
or the severity of TBI. Along with this, the classification be-
tween “favorable” and “unfavorable” outcomes was based
on what most patients and physicians would agree upon.
Therefore, it is conceivable that significant data regarding
the long-term neurological prognosis, which could poten-
tially impact and direct decisions made by patients and
clinicians, may not be reflected in these findings.

Conclusions

This systematic review and meta-analysis provide sub-
stantial evidence that HTS is more effective to other hy-
perosmolar agents, such as mannitol, in decreasing ICP,
enhancing neurological outcomes (measured using GOS
score), reducing overall mortality, and shortening the du-
ration of hospital or ICU stay in patients with acute TBI.
However, this conclusion is derived from a limited number
of trials with a small sample size, necessitating a compre-
hensive investigation into the potential benefits of HTS
and the risks associated with hypernatremia. Hence,
it is imperative to carry out future research that includes
a substantial number of trials and a sufficient sample size
in order to ensure the accuracy and reliability of the find-
ings regarding the effectiveness of HTS for acute TBI.
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The datasets generated and/or analyzed during the cur-

rent study are available from the corresponding author
on reasonable request.



Adv Clin Exp Med. 2025;34(11):1827-1840

Consent for publication
Not applicable.
Use of Al and Al-assisted technologies

Not applicable.

ORCID iDs

Xiaoping Ren @ https://orcid.org/0009-0009-1661-6057

Shuyan Liu @ https://orcid.org/0009-0005-4313-9250

Ju Gao © https://orcid.org/0009-0005-3088-4817

Rupshikha Choudhury @ https://orcid.org/0000-0002-9956-0133
Sanjay Rastogi @ https://orcid.org/0000-0001-8573-3075

References

1. Capizzi A, Woo J, Verduzco-Gutierrez M. Traumatic brain injury:
An overview of epidemiology, pathophysiology, and medical man-
agement. Med Clin North Am. 2020;104(2):213-238. doi:10.1016/j.
mcna.2019.11.001

2. Thapa K, Khan H, Singh TG, Kaur A. Traumatic brain injury: Mecha-
nisticinsight on pathophysiology and potential therapeutic targets.
JMol Neurosci.2021;71(9):1725-1742. doi:10.1007/512031-021-01841-7

3. Faul M, Coronado V. Epidemiology of traumatic brain injury. Handb
Clin Neurol.2015;127:3-13. d0i:10.1016/B978-0-444-52892-6.00001-5

4. Bergman K, Given B, Fabiano R, Schutte D, Von Eye A, Davidson S.
Symptoms associated with mild traumatic brain injury/concussion:
The role of bother. J Neurosci Nurs. 2013;45(3):124-132. doi:10.1097/
JNN.Ob013e31828a418b

5. Zhang S, Chen Q, Xian L, Chen Y, Wei L, Wang S. Acute subdural
haematoma exacerbates cerebral blood flow disorder and pro-
motes the development of intraoperative brain bulge in patients
with severe traumatic brain injury. Eur J Med Res. 2023;28(1):138.
doi:10.1186/540001-023-01100-y

6. O'Phelan KH, Park D, Efird JT, et al. Patterns of increased intracrani-
al pressure after severe traumatic brain injury. Neurocrit Care. 2009;
10(3):280-286. d0i:10.1007/s12028-008-9183-7

7. Gedeno K, Neme D, Jemal B, et al. Evidence-based management
of adult traumatic brain injury with raised intracranial pressure in
intensive critical care unit at resource-limited settings: A literature
review. Ann Med Surg (Lond). 2023;85(12):5983-6000. doi:10.1097/MS9.
0000000000001291

8. Lynch DG, Narayan RK, Li C. Multi-mechanistic approaches to
the treatment of traumatic brain injury: A review. J Clin Med. 2023;
12(6):2179. doi:10.3390/jcm12062179

9. GuJ,Huang H, Huang Y, Sun H, Xu H. Hypertonic saline or mannitol
for treating elevated intracranial pressure in traumatic brain inju-
ry: A meta-analysis of randomized controlled trials. Neurosurg Rev.
2019;42(2):499-509. doi:10.1007/s10143-018-0991-8

10. Widrek A, Jaworski T, Krzych £J. Hyperosmolar treatment for patients
at risk for increased intracranial pressure: A single-center cohort
study. Int J Environ Res Public Health. 2020;17(12):4573. doi:10.3390/
ijerph17124573

11. Fenn NE, Sierra CM. Hyperosmolar therapy for severe traumatic brain
injury in pediatrics: A review of the literature. J Pediatr Pharmacol Ther.
2019;24(6):465-472. doi:10.5863/1551-6776-24.6.465

12. Mangat HS, Hartl R. Hypertonic saline for the management of raised
intracranial pressure after severe traumatic brain injury. Ann N Y Acad Sci.
2015;1345(1):83-88. doi:10.1111/nyas.12704

13. Froese L, Dian J, Batson C, Gomez A, Unger B, Zeiler FA. The impact
of hypertonic saline on cerebrovascular reactivity and compen-
satory reserve in traumatic brain injury: An exploratory analysis.
Acta Neurochir. 2020;162(11):2683-2693. doi:10.1007/s00701-020-
04579-0

14. Berger-Pelletier E, Emond M, Lauzier F, Shields JF, Turgeon AF. Erra-
tum: Hypertonic saline in severe traumatic brain injury: A systematic
review and meta-analysis of randomized controlled trials. CJEM. 2016;
18(3):243-243. doi:10.1017/cem.2016.323

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31

32.

1839

. Maas AIR, Menon DK, Adelson PD, et al. Traumatic brain injury: Inte-

grated approaches to improve prevention, clinical care, and research.
Lancet Neurol. 2017;16(12):987-1048. doi:10.1016/51474-4422(17)30371-X

. Kolmodin L, Sekhon MS, Henderson WR, Turgeon AF, Griesdale DE.

Hypernatremia in patients with severe traumatic brain injury: A sys-
tematic review. Ann Intensive Care. 2013;3(1):35. d0i:10.1186/2110-
5820-3-35

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):2003-2012. doi:10.1089/neu.2011.1929

. Du DY, Sun LT, Zhang WS, Li K, Xu C, Li ZF. The clinical efficacy of

hypertonic saline in reducing intracranial pressure in patients with
severe traumatic brain injury [in Chinese]. Neural Inj Funct Reconsty.
2017;12:215-217.

. Francony G, Fauvage B, Falcon D, et al. Equimolar doses of manni-

tol and hypertonic saline in the treatment of increased intracra-
nial pressure. Crit Care Med. 2008;36(3):795-800. doi:10.1097/CCM.
0B013E3181643B41

Harutjunyan L, Holz C, Rieger A, Menzel M, Grond S, Soukup J. Efficien-
cy of 7.2% hypertonic saline hydroxyethyl starch 200/0.5 versus man-
nitol 15% in the treatment of increased intracranial pressure in neu-
rosurgical patients: A randomized clinical trial [I[SRCTN62699180]. Crit
Care. 2005;9(5):R530. d0i:10.1186/cc3767

Hendoui N, Beigmohammadi MT, Mahmoodpoor A, et al. Reliability
of calcium-binding protein S100B measurement toward optimiza-
tion of hyperosmolal therapy in traumatic brain injury. Eur Rev Med
Pharmacol Sci. 2013;17(4):477-485. PMID:23467946.

Huang X, Yang L. Comparison of 20% mannitol and 15% hyperton-
ic saline in doses of similar osmotic burden for treatment of severe
traumatic brain injury with intracranial hypertension [in Chinese].
Nan Fang YiKe Da Xue Xue Bao. 2014;34(5):723-726. PMID:24849445.
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. doi:10.1016/j.jocn.2015.08.035

Kumar SA, Devi Bl, Reddy M, Shukla D. Comparison of equiosmolar dose
of hyperosmolar agents in reducing intracranial pressure: A random-
ized control study in pediatric traumatic brain injury. Childs Nerv Syst.
2019;35(6):999-1005. doi:10.1007/500381-019-04121-3

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-e228.
doi:10.1016/j.wneu.2019.01.051

Qin D,Huang W, Yang L, et al. Hypertonic saline in treatment of intra-
cranial hypertension caused by severe cerebral trauma after decom-
pressive craniectomy. Chin J Neuromed. 2018;15:1267-1273.
Roquilly A, Moyer JD, Huet O, et al. Effect of continuous infusion
of hypertonic saline vs standard care on 6-month neurological out-
comes in patients with traumatic brain injury: The COBI randomized
clinical trial. JAMA. 2021;325(20):2056. doi:10.1001/jama.2021.5561
Tsaousi GG, Pezikoglou |, Nikopoulou A, et al. Comparison of equiosmo-
lar doses of 7.5% hypertonic saline and 20% mannitol on cerebral oxy-
genation status and release of brain injury markers during supratento-
rial craniotomy: A randomized controlled trial.J Neurosurg Anesthesiol.
2023;35(1):56-64. doi:10.1097/ANA.0000000000000791

Vialet R, Albanése J, Thomachot L, et al. Isovolume hypertonic sol-
utes (sodium chloride or mannitol) in the treatment of refractory
posttraumatic intracranial hypertension: 2 mL/kg 7.5% saline is more
effective than 2 mL/kg 20% mannitol. Crit Care Med. 2003;31(6):
1683-1687. d0i:10.1097/01.CCM.0000063268.91710.DF

Wahdan AS, Al-Madawi AA, El-Shafey KA, Othman SH. Comparison
of intermittent versus continuous infusion of 3% hypertonic saline
on intracranial pressure in traumatic brain injury using ultrasound
assessment of optic nerve sheath. EgyptJAnaesth. 2022;38(1):291-299.
doi:10.1080/11101849.2022.2077052

Yan YF, Yao HB, Shen X, Yao-Dong. Hypertonic saline for the treat-
ment of intracranial hypertension due to traumatic brain edema.
J Trauma Surg. 2013;15:296-300.

Liberati A, Altman DG, Tetzlaff J, et al. The PRISMA statement for
reporting systematic reviews and meta-analyses of studies that eval-
uate healthcare interventions: Explanation and elaboration. BMJ.
2009;339:b2700. doi:10.1136/bm;j.b2700


https://www.doi.org/10.1016/j.mcna.2019.11.001
https://www.doi.org/10.1016/j.mcna.2019.11.001
https://www.doi.org/10.1007/s12031-021-01841-7
https://www.doi.org/10.1016/B978-0-444-52892-6.00001-5
https://www.doi.org/10.1097/JNN.0b013e31828a418b
https://www.doi.org/10.1097/JNN.0b013e31828a418b
https://www.doi.org/10.1186/s40001-023-01100-y
https://www.doi.org/10.1007/s12028-008-9183-7
https://www.doi.org/10.1097/MS9.0000000000001291
https://www.doi.org/10.1097/MS9.0000000000001291
https://www.doi.org/10.3390/jcm12062179
https://www.doi.org/10.1007/s10143-018-0991-8
https://www.doi.org/10.3390/ijerph17124573
https://www.doi.org/10.3390/ijerph17124573
https://www.doi.org/10.5863/1551-6776-24.6.465
https://www.doi.org/10.1111/nyas.12704
https://www.doi.org/10.1007/s00701-020-04579-0
https://www.doi.org/10.1007/s00701-020-04579-0
https://www.doi.org/10.1017/cem.2016.323
https://www.doi.org/10.1016/S1474-4422(17)30371-X
https://www.doi.org/10.1186/2110-5820-3-35
https://www.doi.org/10.1186/2110-5820-3-35
https://www.doi.org/10.1089/neu.2011.1929
https://www.doi.org/10.1097/CCM.0B013E3181643B41
https://www.doi.org/10.1097/CCM.0B013E3181643B41
https://www.doi.org/10.1186/cc3767
https://pubmed.ncbi.nlm.nih.gov/23467946
https://pubmed.ncbi.nlm.nih.gov/24849445
https://www.doi.org/10.1016/j.jocn.2015.08.035
https://www.doi.org/10.1007/s00381-019-04121-3
https://www.doi.org/10.1016/j.wneu.2019.01.051
https://www.doi.org/10.1001/jama.2021.5561
https://www.doi.org/10.1097/ANA.0000000000000791
https://www.doi.org/10.1097/01.CCM.0000063268.91710.DF
https://www.doi.org/10.1080/11101849.2022.2077052
https://www.doi.org/10.1136/bmj.b2700

1840

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45,

46.

47.

48.

Brown D. A review of the PubMed PICO tool: Using evidence-based
practice in health education. Health Promot Pract. 2020;21(4):496-498.
doi:10.1177/1524839919893361

Kuo CY, Liou TH, Chang KH, et al. Functioning and disability analysis
of patients with traumatic brain injury and spinal cord injury by using
the World Health Organization Disability Assessment Schedule 2.0.
Int J Environ Res Public Health. 2015;12(4):4116-4127. doi:10.3390/
ijerph120404116

Higgins JPT, Altman DG, Gotzsche PC, et al. The Cochrane Collab-
oration’s tool for assessing risk of bias in randomised trials. BMJ.
2011;343:d5928. d0i:10.1136/bm;j.d5928

Sterne JAC, Egger M. Funnel plots for detecting bias in meta-analysis.
J Clin Epidemiol. 2001;54(10):1046-1055. d0i:10.1016/50895-4356(01)
00377-8

Begg CB, Mazumdar M. Operating characteristics of a rank corre-
lation test for publication bias. Biometrics. 1994;50(4):1088-1101.
PMID:7786990.

Elovic A, Pourmand A. MDCalc Medical Calculator App review.
JDigitimaging. 2019;32(5):682-684. doi:10.1007/s10278-019-00218-y
Schmidt L, Shokraneh F, Steinhausen K, Adams CE. Introducing
RAPTOR: RevMan Parsing Tool for Reviewers. Syst Rev. 2019;8(1):151.
doi:10.1186/513643-019-1070-0

Noma H, Misumi M, Tanaka S. Risk ratio and risk difference estimation
in case-cohort studies. J Epidemiol. 2023;33(10):508-513. d0i:10.2188/
jea.JE20210509

Andrade C. Mean difference, dtandardized mean difference (SMD),
and their use in meta-analysis: As simple as it gets. J Clin Psychiatry.
2020;81(5):20f13681. d0i:10.4088/JCP.20f13681

George BJ, Aban IB. An application of meta-analysis based on Der-
Simonian and Laird method. J Nucl Cardiol. 2016;23(4):690-692.
doi:10.1007/s12350-015-0249-6

Freidlin B, Korn EL. Two-by-two factorial cancer treatment trials: Is suf-
ficient attention being paid to possible interactions? J Nat Cancer Inst.
2017;109(9):djx146. doi:10.1093/jnci/djx146

Dettori JR, Norvell DC, Chapman JR. Seeing the forest by looking at
the trees: How to interpret a meta-analysis forest plot. Global Spine J.
2021;11(4):614-616. doi:10.1177/21925682211003889
Huedo-Medina TB, Sdnchez-Meca J, Marin-Martinez F, Botella J.
Assessing heterogeneity in meta-analysis: Q statistic or I index?
Psychol Methods. 2006;11(2):193-206. doi:10.1037/1082-989X.11.2.193
McHugh ML. The Chi-square test of independence. Biochem Med
(Zagreb). 2013;23(2):143-149. d0i:10.11613/BM.2013.018

Barili F, Parolari A, Kappetein PA, Freemantle N. Statistical Primer:
Heterogeneity, random- or fixed-effects model analyses? Interact
Cardiovasc Thorac Surg. 2018;27(3):317-321. doi:10.1093/icvts/ivy 163
Andrade C. The p-value and statistical significance: Misunderstand-
ings, explanations, challenges, and alternatives. Indian J Psychol Med.
2019;41(3):210-215. doi:10.4103/1JPSYM.IJPSYM_193_19

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

X. Ren et al. Hypertonic saline and ICP

Leinonen V, Vanninen R, Rauramaa T. Raised intracranial pressure
and brain edema. Handb Clin Neurol. 2018;145:25-37. doi:10.1016/
B978-0-12-802395-2.00004-3

Mataczynski C, Kazimierska A, Uryga A, Kasprowicz M. Intracrani-
al pressure pulse morphology-based definition of life-threatening
intracranial hypertension episodes. In: 2022 44t Annual Interna-
tional Conference of the IEEE Engineering in Medicine & Biology Society
(EMBC). Glasgow, UK: IEEE; 2022:1742-1746. d0i:10.1109/EMBC48229.
2022.9871403

Yun G, Baek SH, Kim S. Evaluation and management of hypernatre-
mia in adults: Clinical perspectives. Korean J Intern Med. 2023;38(3):
290-302. doi:10.3904/kjim.2022.346

Yamal JM, Hannay HJ, Gopinath S, Aisiku IP, Benoit JS, Robertson CS.
Glasgow Outcome Scale measures and impact on analysis and
results of arandomized clinical trial of severe traumatic brain injury.
J Neurotrauma. 2019;36(17):2484-2492. doi:10.1089/neu.2018.5939
Bernhardt K, McClune W, Rowland MJ, Shah A. Hypertonic saline
versus other intracranial-pressure-lowering agents for patients with
acute traumatic brain injury: A systematic review and meta-analysis.
Neurocrit Care. 2024;40(2):769-784. d0i:10.1007/s12028-023-01771-9
Cook AM, Morgan Jones G, Hawryluk GWJ, et al. Guidelines for
the acute treatment of cerebral edema in neurocritical care patients.
Neurocrit Care. 2020;32(3):647-666. d0i:10.1007/512028-020-00959-7
Rowland M, Veenith T, Scomparin C, et al. Sugar or salt (“SOS"): A pro-
tocol for a UK multicentre randomised trial of mannitol and hyper-
tonic saline in severe traumatic brain injury and intracranial hyper-
tension [update in: Cochrane Database Syst Rev. 2020;1:CD010904.
doi:10.1002/14651858.CD010904.pub3]. J Intensive Care Soc. 2022;
23(2):222-232. d0i:10.1177/1751143720901690

Chen H, Song Z, Dennis JA. Hypertonic saline versus other intra-
cranial pressure-lowering agents for people with acute traumat-
ic brain injury. Cochrane Database Syst Rev. 2019;1(1):CD010904.
doi:10.1002/14651858.CD010904.pub2

Boone M, Oren-Grinberg A, Robinson T, Chen C, Kasper E. Mannitol or
hypertonic saline in the setting of traumatic brain injury: What have we
learned? Surg Neurol Int. 2015;6(1):177. d0i:10.4103/2152-7806.170248
Dabrowski W, Siwicka-Gieroba D, Robba C, et al. Potentially detri-
mental effects of hyperosmolality in patients treated for traumatic
brain injury. J Clin Med. 2021;10(18):4141. d0i:10.3390/jcm10184141
Vella MA, Crandall ML, Patel MB. Acute management of traumatic
brain injury. Surg Clin North Am. 2017;97(5):1015-1030. doi:10.1016/j.
suc.2017.06.003

Freeman N, Welbourne J. Osmotherapy: Science and evidence-based
practice [erratum in: BJA Educ. 2019;19(1):34. d0i:10.1016/j.bjae.2018.
10.002]. BJA Educ. 2018;18(9):284-290. d0i:10.1016/j.bjae.2018.05.005


https://www.doi.org/10.1177/1524839919893361
https://www.doi.org/10.3390/ijerph120404116
https://www.doi.org/10.3390/ijerph120404116
https://www.doi.org/10.1136/bmj.d5928
https://www.doi.org/10.1016/S0895-4356(01)00377-8
https://www.doi.org/10.1016/S0895-4356(01)00377-8
https://pubmed.ncbi.nlm.nih.gov/7786990
https://www.doi.org/10.1007/s10278-019-00218-y
https://www.doi.org/10.1186/s13643-019-1070-0
https://www.doi.org/10.2188/jea.JE20210509
https://www.doi.org/10.2188/jea.JE20210509
https://www.doi.org/10.4088/JCP.20f13681
https://www.doi.org/10.1007/s12350-015-0249-6
https://www.doi.org/10.1093/jnci/djx146
https://www.doi.org/10.1177/21925682211003889
https://www.doi.org/10.1037/1082-989X.11.2.193
https://www.doi.org/10.11613/BM.2013.018
https://www.doi.org/10.1093/icvts/ivy163
https://www.doi.org/10.4103/IJPSYM.IJPSYM_193_19
https://www.doi.org/10.1016/B978-0-12-802395-2.00004-3
https://www.doi.org/10.1016/B978-0-12-802395-2.00004-3
https://www.doi.org/10.1109/EMBC48229.2022.9871403
https://www.doi.org/10.1109/EMBC48229.2022.9871403
https://www.doi.org/10.3904/kjim.2022.346
https://www.doi.org/10.1089/neu.2018.5939
https://www.doi.org/10.1007/s12028-023-01771-9
https://www.doi.org/10.1007/s12028-020-00959-7
https://www.doi.org/10.1002/14651858.CD010904.pub3
https://www.doi.org/10.1177/1751143720901690
https://www.doi.org/10.1002/14651858.CD010904.pub2
https://www.doi.org/10.4103/2152-7806.170248
https://www.doi.org/10.3390/jcm10184141
https://www.doi.org/10.1016/j.suc.2017.06.003
https://www.doi.org/10.1016/j.suc.2017.06.003
https://www.doi.org/10.1016/j.bjae.2018.10.002
https://www.doi.org/10.1016/j.bjae.2018.10.002
https://www.doi.org/10.1016/j.bjae.2018.05.005

