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Abstract

Background and objectives: We conducted a meta-analysis to evaluate the comparative efficacy of hypertonic saline (HS) versus
mannitol in the management of elevated Intracranial Pressure (ICP) among patients with Traumatic Brain Injury (TBI).

Materials and methods: A systematic literature search up to February 2025 identified 18 studies including 1,828 patients with TBI.
The analysis compared the effects of HS and mannitol on elevated ICP control. Odds Ratios (ORs) and Mean Differences (MDs) with
95% Confidence Intervals (Cls) were calculated using dichotomous or continuous approaches, applying either fixed- or random-effects
models.

Results: Compared with mannitol, HS was associated with a significantly lower treatment failure rate (OR 0.38; 95% CI 0.15-0.98;
p=0.04), higher cerebral perfusion pressure at 30-60 minutes post-infusion (MD 5.25; 95% CI 3.59-6.91; p<0.001), and lower ICP at 30-
60 minutes (MD-1.12; 95% CI -2.11 to -0.12; p=0.03). However, HS did not significantly affect mortality, functional outcomes, cerebral
perfusion pressure at 90-120 minutes, ICP at 90-120 minutes, or the daily duration of elevated ICP.

Conclusion: In patients with TBI, HS was superior to mannitol in reducing treatment failure, improving cerebral perfusion pres-
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sure, and lowering ICP within 30-60 minutes of administration. However, no significant differences were observed in mortality, long-term
functional outcomes, or ICP control beyond 90 minutes. These findings suggest HS may offer short-term hemodynamic advantages over
mannitol, but larger, high-quality trials are required to confirm its long-term clinical benefit.

Keywords: Mannitol, Hypertonic saline, Cerebral perfusion pressure, Intracranial pressure, Traumatic brain injury, Treatment outcome,
Stress physiology, Morphological adaptations, Comparative anatomy, Plant morphology, Systematic botany

Introduction

Traumatic Brain Injury (TBI) represents one of the most significant contributors to fatalities and chronic impairments world-
wide. Epidemiological data reveal that European populations experience over 2,000 TBI cases per million people each year. A hallmark
of severe TBI cases is the development of elevated Intracranial Pressure (ICP), which frequently stems from cerebral edema a patho-
logical buildup of fluid within brain tissue (Graham, et al. 1978, Marion, et al. 1991, Bouma, et al. 1991, Katayama, 1990). Clinicians
prioritize ICP control in TBI protocols due to its well-documented association with elevated mortality risks and diminished recovery
of neurological or physical function (Scalfani, et al. 2012). First-line interventions outlined in clinical guidelines involve non-surgi-
cal methods, such as positioning patients in a semi-recumbent posture, diverting Cerebrospinal Fluid (CSF) via catheterization, and
pharmacological therapies including sedatives (e.g., propofol) and hyperosmolar agents. Surgical interventions like decompressive
craniectomy are reserved for cases unresponsive to these measures (Firsching, et al. 2017, Carney, et al. 2017, Kochanek, et al. 2019).
In neurocritical care, hyperosmolar agents such as mannitol and hypertonic saline are utilized to counteract cerebral edema, preserve
Cerebral Perfusion Pressure (CPP), and enhance cerebral hemodynamics by modulating blood flow dynamics.

The application of osmotherapy for cerebral edema is undergirded by a fundamental biological strategy shared with botanical
organisms. Faced with environmental extremes, plant systems have evolved sophisticated mechanisms to achieve osmotic equilibri-
um, safeguarding cellular architecture and viability. A central tactic involves the production and amassment of compatible osmolytes
small organic molecules that adjust intracellular volume while preserving metabolic function (Chen, et al. 2002). In this clinical con-
text, mannitol represents a unique example of a plant-derived osmolyte with direct therapeutic application. This hexitol is not merely
a pharmaceutical agent but also a principal photosynthate, a reserve carbon source, and a vital osmoprotective compound synthesized
in diverse plant species such as olives, celery, and marine algae (Loescher, et al. 1987, Zhifang, et al. 2003). Its natural role in protecting
plant cells against osmotic stress provides a strong phytophysiological rationale for its pharmacological use in mitigating cerebral ede-
ma. By highlighting mannitol’s dual identity as both a phytochemical and a neurocritical care, this study establishes a bridge between
plant-based pharmaceutical research and clinical medicine.

Beyond its clinical effects, mannitol’s biological and chemical origins provide additional context for its role in ICP management.
Mannitol can be synthesized from mannose through chemical reduction (e.g., with sodium borohydride) or catalytic hydrogenation,
which introduces a hydrogen atom across the carbonyl group, forming a sugar alcohol (Saha, et al. 2011). In plants, mannitol bio-
synthesis proceeds via enzymatic pathways involving NADPH-mannose-6-phosphate reductase (M6PR). Specifically, (1) mannose is
first phosphorylated to mannose-6-phosphate, (2) M6PR reduces this intermediate to mannitol-1-phosphate, and (3) a phosphatase
removes the phosphate group to yield mannitol. This biosynthetic process is influenced by light availability and plant developmental
stages (Meena, et al. 2015).

However, systemic effects of osmotic agents, such as osmotic diuresis or transient hypernatremia, may inadvertently alter cere-
brovascular dynamics, complicating their therapeutic role (Zhang, et al. 2019). Clinical studies strongly endorse the administration of
hyperosmolar therapies for managing elevated Intracranial Pressure (ICP) in Traumatic Brain Injury (TBI) patients. However, ongoing
controversy surrounds the identification of a preferred therapeutic agent among available options (Firsching, et al. 2017, Carney, et al.
2017, Kochanek, et al. 2019). Current therapeutic protocols employ two primary osmotic agents, Hypertonic Saline (HS) and mannitol
both of which are integral to modern neurocritical care (Shi, et al. 2020, Gu, et al. 2019, Schwimmbeck, et al. 2021). While their ability to
reduce ICP is well-documented, comparative studies have yet to establish a definitive therapeutic advantage for either agent (Soustiel,
et al. 2006). Clinicians frequently favor mannitol despite the absence of standardized approval frameworks guiding its application in
ICP management. Preclinical investigations, including animal models, propose potential benefits of HS, such as reduced neuroinflam-
matory responses, enhanced ICP stabilization, and improved cerebral oxygenation. However, these findings have not been reliably
replicated in randomized human trials, highlighting translational discrepancies between experimental and clinical outcomes (Aneste-
siologica, 2015). Existing meta-analyses focus predominantly on surrogate markers like ICP reduction rather than patient-centered
outcomes (e.g., mortality, functional recovery), with most analyses reporting no statistically meaningful disparities between HS and
mannitol (Shi, et al. 2020, Gu, et al. 2019, Schwimmbeck, et al. 2021). Consensus guidelines emphasize the inconclusive evidence base
for prioritizing one agent over the other, underscoring the need for rigorous, outcome-driven trials (Firsching, et al. 2017, Carney, et
al. 2017, Kochanek, et al. 2019). This meta-analysis systematically evaluates the comparative efficacy of HS versus mannitol in reducing
elevated ICP among TBI patients, aiming to clarify their roles in clinical practice.

Materials and Methods

The present investigation adhered to the principles of meta-analysis of epidemiological studies as outlined in established meth-
odological statements and was conducted in accordance with a predefined protocol (Stroup, et al. 2000).
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Study selection

Study criteria encompassed statistical measures of connotation regarding efficacy of HS versus mannitol in managing high
ICP in TBI. Inclusion was not limited by size or type of study. Excluded publications comprised review articles, editorials, and studies

lacking a measure of association. Fig. 1illustrates entire study process.
Publications were incorporated into meta-analysis upon fulfillment of subsequent inclusion criteria:
i. Investigative designs were limited to prospective Randomized Controlled Trials (RCTs) or retrospective cohort analyses.
ii. Participant eligibility required a confirmed diagnosis of Traumatic Brain Injury (TBI).
iii. Intervention program assessed efficacy of HS against mannitol in managing high ICP in TBI.
iv. Study encompassed comparisons between HS and mannitol.

Criteria for excluding participants from intervention groups were:

i. Research that did not assess the impact of HS versus mannitol in the management of increased ICP in TBI.
ii. Research encompassing ICP management following TBI, excluding impacts of HS and mannitol.

iii. Research that did not concentrate on the impact on comparative outcomes.
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Figure 1. Schematic diagram of study procedure.

Identification

The research protocol was structured around the PICOS framework (population, intervention, comparison, outcomes and study
design) to ensure methodological rigor (Higgins, et al. 2003). This framework was operationalized as follows:

« Population (P): Patients diagnosed with Traumatic Brain Injury (TBI).
« Intervention/Exposure (I): Administration of Hypertonic Saline (HS) or mannitol.

« Comparison (C): Relative efficacy of HS versus mannitol in clinical outcomes.
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« Outcomes (0): Primary metrics included Treatment Failure (TF), favorable Functional Outcomes (FOs), mortality rates, and
changes in Cerebral Perfusion Pressure (CPP) and Intracranial Pressure (ICP).

« Study design (S): All study types were eligible for inclusion to minimize selection bias (Liberati, et al. 2009).

A comprehensive search was conducted in five databases (Embase, PubMed, Cochrane Library, OVID, and Google Scholar) up to
February 2025. The search strategy incorporated controlled vocabulary (MeSH terms) and free-text keywords related to HS, mannitol,
ICP modulation, TBI, CPP, mortality, and functional recovery (Tab. 1). Retrieved records were imported into EndNote, where duplicates
were systematically removed. Titles and abstracts were screened in a two-tier process to exclude studies without direct HS-mannitol
comparisons. Full-text reviews were conducted for the remaining studies to extract data aligned with the predefined outcomes. To re-
inforce the journal’s thematic scope, it is important to note that mannitol was considered not only as a neurocritical care intervention
but also as a plant-derived osmolyte, linking this clinical study with phytochemical origins. This dual identity ensures methodological
relevance for Modern Phytomorphology, particularly in the context of phytomedicine.

Table 1. Search strategy for each database.

Database Search strategy

#1 «hypertonic Saline»[MeSH Terms] OR «mannitol»[All Fields] OR
«intracranial pressure»[All Fields]

#2 «traumatic brain injury»[MeSH Terms] OR «hypertonic Salinex»[All
PubMed Fields] OR «Treatment failure»[All Fields] OR «Cerebral perfusion
pressurex[All Fields] OR «Favorable outcome»[All Fields] OR «Death»[All
Fields]

#3 #1 AND #2

#1 ‘hypertonic Saline’/exp OR ‘mannitol’/exp OR ‘intracranial pressure’/
exp

#2 ‘traumatic brain injury’/exp OR ‘ICBG’/exp OR ‘Treatment failure’/exp
OR ‘Cerebral perfusion pressure’/exp OR ‘Favorable outcome’/exp OR
‘Death’/exp

Embase

#3 #1 AND #2

#1 (hypertonic Saline):ti,ab,kw OR (mannitol):ti,ab,kw OR (intracranial
pressure):ti,ab,kw (Word variations have been searched)

#2 (traumatic brain injury):ti,ab,kw OR (Treatment failure):ti,ab,kw OR
(Cerebral perfusion pressure):ti,ab,kw OR (Favorable outcome):ti,ab,kw
OR (Death):ti,ab,kw (Word variations have been searched)

Cochrane library

#3 #1 AND #2

Screening

Data extraction followed a standardized template capturing study identifiers (lead author, year, timeframe, location), design
characteristics, cohort demographics, intervention protocols, outcome measures, statistical methods, and comparative efficacy find-
ings (Gupta, et al. 2018). Two reviewers independently screened and coded eligible studies. Disagreements were resolved through dis-
cussion, and unresolved conflicts were adjudicated by a senior investigator. To minimize bias, the Cochrane Collaboration’s RoB 2 tool
was applied to evaluate methodological rigor in RCTs (RoB, 2020), classifying studies into three categories:

i. Low risdecreased intracranial pressure (ICP) within 30-60 minutes aftelaws or omissions that compromised validity.
Consensus was reached through re-examination of source materials, and final classifications were documented.
Eligibility

The primary outcome was the comparative impact of HS versus mannitol on elevated ICP management in TBI. A summary eval-
uation of associated clinical outcomes (e.g., mortality, CPP, and functional recovery) was conducted.

Inclusion

Sensitivity analyses were restricted to studies documenting direct HS versus mannitol comparisons. Subclass and sensitivity
assessments were undertaken to validate findings.
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Statistical analysis

Analytical computations included Odds Ratios (ORs) and Mean Differences (MDs) with 95% Confidence Intervals (Cls), derived
using fixed-effect or random-effects models depending on data heterogeneity. Heterogeneity was quantified using the I index, with
thresholds defined as follows:

« 0%-25%: Minimal heterogeneity
o 26%-50%: Moderate heterogeneity
« >50%: Substantial heterogeneity, warranting a random-effects model to account for inter-study variance (Higgins, et al. 2003).

Subgroup analyses were performed based on predefined outcome categories, with intergroup differences considered statisti-
cally significant at p<o.0s. Publication bias was evaluated quantitatively using Egger’s regression test (bias inferred at p > 0.05) and
qualitatively by funnel plot asymmetry (log-transformed ORs vs. standard errors) (Gupta, et al. 2018).

All statistical analyses were performed using Reviewer Manager 5.3 (The Nordic Cochrane Centre, Cochrane Collaboration).
Forest plots and sensitivity analyses were generated to visualize pooled effect estimates.

Results

A total of 1,601 distinct research studies were discovered, of which 18 investigations (conducted between 2003 and 2023) fit the
inclusion criteria and were incorporated into this meta-analysis (Vialet, et al. 2003, Harutjunyan, et al. 2005, Mao, et al. 2007, Franco-
ny, et al. 2008, Oddo, et al. 2009, Kerwin, et al. 2009, Ichai, et al. 2009, Cottenceau, et al. 2011, Sakellaridis, et al. 2011, Hendoui, et al.
2013, Huang, et al. 2014, Jagannatha, et al. 2016, Du, et al. 2017, Qin, et al. 2018, Patil, et al. 2019, Huang, et al. 2020, Mangat, et al. 2020,
Van Veen, et al. 2023). A total of 18 trials encompassed 1,828 participants with TBI at the commencement of research, as shown in Tab.
2. All trials assessed the impact of HS versus mannitol in the treatment of high ICP resulting from TBI. The study included between 20
and 457 patients with traumatic brain damage at its inception.

Table 2. Characteristics of selected studies for meta-analysis.

Study Country Total Hypertonic saline Mannitol
Vialet, 2003 France 20 10 10
Harutjunyan, 2005 Germany 32 17 15
Mao, 2007 China 56 28 28
Francony, 2008 USA 20 10 10
Oddo, 2009 USA 22 1 1
Kerwin, 2009 USA 22 11 11
Ichai, 2009 France 33 17 16
Cottenceau, 2011 France 47 22 25
Sakellaridis, 2011 Greece 64 32 32
Hendoui, 2013 Iran 33 23 10
Huang, 2014 India 238 119 119
Jagannatha, 2016 India 38 18 20

Du, 2017 China 132 65 67
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Qin D, 2018

Patil, 2019

Huang, 2020

Mangat, 2020

van Veen, 2023

China

India

China

USA

Netherlands

Total

48

80

457

50

436

1828

24

40

236

25

287

995

24

40

221

25

149

833

Analysis of acute-phase outcomes (30-60 minutes post-infusion) revealed distinct advantages for Hypertonic Saline (HS) over
mannitol in Traumatic Brain Injury (TBI) cohorts:

« Treatment Failure (TF): HS was associated with a 629 reduction in TF incidence (OR: 0.38;95% CI: 0.15-0.98; p=0.04), though
moderate heterogeneity was noted across studies (I*=50%).

« Cerebral Perfusion Pressure (CPP): A marked increase in CPP of 5.25 mmHg (95% CI: 3.59-6.91; p<0.001) was observed with

HS, albeit with substantial interstudy variability (1>=94%).

« Intracranial Pressure (ICP): HS administration correlated with a 1.12 mmHg reduction in ICP (95% CI: -2.11--0.12; p=0.03),
despite significant heterogeneity among trials (1>=85%).

Visual representations of these findings are provided in Figs. 2-4.

Hypertonic saline Mannitol Odds Ratio Odds Ratio
Study or Subgroup Events Total Events Tota Weight M-H, Random, 95% CI Yea M-H, Random, 95% CI
Vialet, 2003 1 10 Iy 10 10.9% 0.05[0.00, 0.56) 2003
Mao, 2007 2 28 4 28 17.0% 0.46[0.08 2.75 2007 — &
Kerwin, 2009 1 1 3 1M1 11.0% 0.27[0.02, 3.08 2009 =
Ichai, 2009 3 il 8 27 21.5% 0.25([0.06, 1.08 2009 S
Jagannatha, 2016 34 187 62 301 39.6% 0.86 [0.54, 1.36) 2016 .
Total (95% CI) 267 377 100.0% 0.38 [0.15, 0.98] sl
Total events 41 84
Heterogeneity: Tau*= 052, Chi*= 7.94, df = 4 (P=0.09); I*= 50% 0.005 01 ] 10 200

Test for overall effect £2=2.01 (P = 0.04)

Figure 2. Forest plot of treatment failure of hypertonic saline compared to mannitol when used for management of elevated intracranial pressure

in traumatic brain injury.

Hypertonic saline Mannitol Mean Difference Mean Difference

Study or Subgroup  Mean SD  Tota Mean SD Tota Weight [V, Random, 95% CI Year IV, Random, 95% CI
Harutjuryan, 2005 13 23 17 8 25 15 16.3% 5.00(3.33 6.67] 2005 -
Francony, 2008 22 10 10 A ] 10 33% 1.00[7.34, 934 2008 -_—T
Oddo, 2008 13 1 14 7 3 28 17.7% 6.00(4.77, 7.23] 2009 -
Ichai, 2008 764 344 30 665 335 28 16.1% 9.90[8.15,11.69) 2009 =
Cottenceau, 2011 793 116 72 769 174 93 82% 240[-2.04 6.84 201 o =
Huang, 2014 19.6 3 19 147 23 119 189% 4.90(4.21, 5.59 2014 .
Huang, 2020 1.9 09 236 87 02 221 1956% 3.20(3.08, 3.32] 2020 .
Total (95% Cl) 498 514 100.0% 5.25[3.59, 6.91] &

ity 2= g 2= - 2= 1 1 1 1
Heterogeneity: Tau®= 3.66; Chi*= 100.95, df = 6 (P < 0.00001); 1*= 94% 20 10 0 10 20

Test for overall effect Z=16.20 P < 0.00001)

Figure 3. Forest plot of effect of hypertonic saline compared to mannitol on cerebral perfusion pressure 30-60 minutes after infusion termination

when used for management of elevated intracranial pressure in traumatic brain injury.
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Hypertonic saline Mannitol Mean Difference Mean Difference
Study or Subgroup  Mean SD Totad Mean SD Total Weight IV, Random, 95% CI Yea IV, Random, 95% CI
Harutjuryan, 2005 -1 1 17 -9 13 15 98% -200[284 -1.16] 2005 &=
Mao, 2007 -9.1 28 28 -93 33 28 83% 0.20(-1.40,1.800 2007 i
Francony, 2008 -9.45 5 10 -13.95 8 10 23%  4.50[-1.3510.38 2008
Ichai, 2009 -814 2 30 477 226 28 92%  -3.37[4.53,-221] 2009 e
Kerwin, 2009 -93 1y 11 -64 B.57 1 2.3% -290[-8.73,2.93] 2009
Oddo, 2009 -12 2 14 -6 4 28 768% -6.00[7.81,-419) 2009 -
Sakellaridis, 2011 -9.7 2.7 32 102 36 32 84% 0.50[-1.06, 2.086] 2011 I T
Cottenceau, 2011 -12.2 6.1 72 -105 68 93 75% -1.70[-3.67,0.27] 2011 —
Huang, 2014 -9.3 31 119 87 23 19 101% -0.60[-1.29, 0.09] 2014 =]
Jagannatha, 2016 -10.1 87 187 -89 84 67  6.6% -1.20[-3.57,1.17] 2016 —1
Du, 2017 -938 1.73 65 -995 166 24 99% 0.57[-0.22,1.36 2017 &
QinD, 28 -1282 292 24 <1255 216 40 89% -0.27 [-1.62, 1.08) 2018 =2 =
Patil 2019 15 257 40 -15 766 221 9.0% 0.00[-1.29,1.29 2019 —tr—
Huang, 2020 -9.8 31 236 -89 26 0 Not estimable 2020
Tota (95% CI) 885 716 100.0%  -1.12[-2.11,-0.12] -
Heterogeneity: Tau®= 2.42, Chi*= 80.42, df= 12 (P < 0.00001); I*= 85% _150 '5 0 5' 150

Test for overall effect Z=221 F =003

Figure 4. Forest plot of the effect of hypertonic saline compared to mannitol on intracranial pressure 30-60 minutes after infusion termination

when used for management of elevated intracranial pressure in traumatic brain injury.

HS exhibited no significant impact on death (OR, 0.74; 95% CI, 0.52-1.04, p=0.08) with no heterogeneity (I>=0%), 2 FO (OR, 1.61;
95% CI, 1.01-2.58, p=0.05) with low heterogeneity (1>=37%), CPP 90-120 minutes post-infusion termination (MD, 4.28; 95% CI, -0.16-
8.72, p=0.06) with high heterogeneity (1>=97%), ICP 90-120 minutes post-infusion termination (MD, -0.90; 95% CI, -3.21-1.41, p=0.45)
with high heterogeneity (1?=95%), and duration of elevated ICP per day (MD, 2.20; 95% CI, -5.44-1.05, p=0.18) with high heterogeneity
(I*=97%) in comparison to mannitol in individuals with TBI, as illustrated in Figs. 5-9.

Hypertonic saline  Mannitol Odds Ratio Odds Ratio
Study or Subgroup  Events  Total Events Total Weight NM-H, Fixed, 9% Cl Year M-H, Fixed, 95% CI
Vialet, 2003 4 10 5 10 40%  067[0.11,3.92) 2003
Harutjunyan, 2005 7 17 9 15 T73%  047[0.11,1.92] 2005 —
Cottenceau, 2011 6 2 6 25 55%  1.19]0.32 441] 2011 -1
Hendoui, 2013 5 23 6 10 87%  019]0.04,092) 2013 — &
Jagannatha, 2016 6 18 10 20 84%  050[0.13,1.86) 2016 — B[
Du, 2017 3 65 5 67 63%  060[0.14,262) 2017 — =
Qin D, 2018 3 24 3 24 35%  100[0.18,5.53] 2018 D
van Veen, 2023 74 267 43 149 561%  086[0.95,1.33] 2023 X+
Total (95% Cl) 466 320 100.0%  0.74[0.52, 1.04] L
Total events 108 87

| ] ] |

Heterogeneity: Chi*=4.73, df=7 (P = 0.69); P = 0% IO 0 OI1 1 .
Test for overall effect; Z=1.73 (P = 0.08) ' '

—_—
—_—
[as]
e
[]
(=1

Figure 5. Forest plot of death of hypertonic saline compared to mannitol when used for management of elevated intracranial pressure in trau-

matic brain injury.
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Hypettonic saline Mannitol Odds Ratio Odds Ratio
Study or Subgroup Events Total Events Total Weight M-H, Fixed, 95% Cl Yea M-H. Fixed, 95% CI
Kerwin, 2009 10 1" g " 2.7%  3.75([0.32,43.31] 2009 -
Ichai, 2009 1 17 5 16  6.6%  4.03([0.84,617.22] 2009 |
Cottenceau, 2011 5 2 1 25 29.0% 0.37[0.10,1.34 2011 — T
Jagannatha, 2016 2 14 0 16 1.4% 6.60([0.29,150.07] 2016
Du, 2017 35 65 26 65 43.8% 1.75(0.87, 3.51] 2017 i
QinD, 2018 15 24 12 24 16.4% 1.67 [0.53 5.27) 2018 —r
Total (95% Cl) 153 157 100.0% 1.61[1.01, 2.58] £
Total events 78 62
Heterogeneity: Chi*= 7.89, df =5 (P=0.16); I*=37% 0.01 01 ; 10 100

Test for overall effect Z=1.98 P = 0.05)

Figure 6. Forest plot of favorable outcome of hypertonic saline compared to mannitol when used for management of elevated intracranial pres-

sure in traumatic brain injury.

Hypertonic saline Mannitol Mean Difference Mean Difference
Study or Subgroup Mean SD Total Mean SD Tota Weight IV, Random, 95% Cl Yea IV, Randoimm, 95% CI
Francony, 2008 17 14 10 7 6 10 13.0% 10.00 [0.56,19.44] 2008
Oddo, 2009 13 2 14 5 2 28 30.7% 8.00[6.72 9.29) 2009 =
Cottenceau, 2011 743 131 72 747 133 93 24.9% -0.40[-4.46, 3.66] 2011 .
Huang, 2014 83 07 236 63 05 2M 31.5% 2.00([1.88 2.11] 2014 a
Total (95% CI) 332 352 100.0% 4.28 [-0.16, 8.72] o
Heterogeneity: Tau®=16.31; Chi®= 87.50, df = 3 (P < 0.00001); 1*=97% > + t + +

Test for averall effect: Z=1.89 (P = 0.06)

Figure 7. Forest plot of effect of hypertonic saline compared to mannitol on cerebral perfusion pressure 90-120 minutes after infusion termina-

tion when used for management of elevated intracranial pressure in traumatic brain injury.

Hypertonic saline Mannitol Mean Difference Mean Difference
Study or Subgroup  Mean SD Totad Mean SD Tota Weight IV, Random, 95% Cl Year IV, Random, 95% CI
Francony, 2008 -6.2 2.7 10 -89 37 10 14.5% 3.70[0.86, 6.54] 2008 =
Ichai, 2009 -1.93 225 30 -456 24 28 17.7%  -337[4.53-221] 2009 =
Oddo, 2009 -12 3 14 -5 1 28 17.0%  -7.00[-8.61, -539] 2009 -
Cottenceau, 2011 -139 7.8 72 -136 75 93 155% -0.30 [-2.66, 2.06] 2011 —
QinD, 28 -132 328 24 1673 245 24 16.9% 353189517 2018 —
Huang, 2020 -1.7 08 236 -66 03 221 185% -1.10[-1.21,-0.99] 2020 .
Total (95% CI) 386 404 100.0% -0.90 [-3.21, 1.41] —-*—

Heterogeneity: Tau®=7.53; Chi*= 108.13, df = 5 (P < 0.00001); I*= 95% t
Test for overall effect: Z=0.76 P = 0.45)

Figure 8. Forest plot of effect of hypertonic saline compared to mannitol on intracranial pressure decrease 90-120 minutes after infusion termi-

nation when used for management of elevated intracranial pressure in traumatic brain injury.

Hypertonic saline Mannitol Mean Difference Mean Difference
Study or Subgroup  Mean SD  Total Mean SD Total Weight IV, Random, 95% Cl Year IV, Random, 95% CI
Vialet, 2003 1.03 1.24 10 1.58 1.53 10 16.7% -0.55[-1.77, 0.67] 2003 b
Cottenceau, 2011 1279 248 22 817 215 25 16.6% 4.62([3.28 5.96 2011 -
Sakellaridis, 2011 428 083 32 35 052 32 17.0% 0.73[0.39,1.07] 201 o
Jagannatha, 2016 6.48 14 18 1.68 14 20 75% 4.80([-4.11,13.71] 2016 1T
Du, 2017 366 214 B5 878 5 B7 16.6%  -513[6.44, -3.82] 2017 -
Patil, 2019 16 2033 40 23 3433 40 49% -7.00[-19.36 536 2019 —
Huang, 2020 216 6.1 236 297 81 221 165% -8.10[9.53 -6.67] 2020 -
Mangat, 2020 1.2 1411 25 30.56 31.89 25 42% -19.36[-33.03 -5.69] 2020 s
Total (95% CI) 448 440 100.0% -2.20 [-5.44, 1.05] q

Heterogeneity: Tau®= 16.04; Chi*= 256.14, df =7 (P < 0.00001); F= 97% t H
Test for overall effect Z=1.33 P =0.18)

Figure 9. Forest plot of duration of elevated intracranial pressure per day of hypertonic saline compared to mannitol when used for management

of elevated intracranial pressure in traumatic brain injury.
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Stratified analyses of selected studies that accounted for age, gender, and ethnicity were not conducted, as no research reported
or adjusted for these variables.

The visual examination of the funnel plot, along with quantitative analysis via the Egger regression test, revealed no indication
of publication bias (p=0.87). Nevertheless, the majority of included studies were evaluated as having low methodological quality owing
to their limited sample size. All studies exhibited no selective reporting bias, and no articles had incomplete outcome data or selective
reporting.

Discussion

This meta-analysis, comprising 18 studies, included 1,828 participants with TBI at baseline (Vialet, et al. 2003, Harutjunyan,
et al. 2005, Mao, et al. 2007, Francony, et al. 2008, Oddo, et al. 2009, Kerwin, et al. 2009, Ichai, et al. 2009, Cottenceau, et al. 2011, Sa-
kellaridis, et al. 2011, Hendoui, et al. 2013, Huang, et al. 2014, Jagannatha, et al. 2016, Du, et al. 2017, Qin, et al. 2018, Patil, et al. 2019,
Huang, et al. 2020, Mangat, et al. 2020, Van Veen, et al. 2023). In acute analyses (30-60 minutes post-infusion), Hypertonic Saline (HS)
showed lower treatment failure, higher CPP, and modestly lower ICP than mannitol. However, by 90-120 minutes post-infusion, these
effects attenuated and no consistent between-group differences were observed across mortality, favorable Functional Outcomes (FOs),
CPP, ICP, or the daily duration of ICP elevation. Accordingly, the question of whether HS confers durable neuroprotective superiority
over mannitol remains unresolved. Potential contributors to this uncertainty include study-level biases (e.g., selection bias, incomplete
blinding in early trials such as Vialet 2003) and variability in dosing protocols, co-interventions, and monitoring windows (Vialet, et
al. 2003). Interpretation should be cautious, particularly for outcomes reported by few studies (FOs, death, CPP at 90-120 minutes).

The meta-analysis was further constrained by the predominance of studies with limited participant cohorts, notably 14 trials
enrolling fewer than 100 individuals each. This restricted sample size raises concerns about statistical power and generalizability of
the aggregated findings, underscoring necessity for extra studies to validate these findings and possibly improve reliability of effect
assessments, particularly concerning FOs, death, and CPP, which exhibited very low p-values (p=0.05, 0.06, and 0.06). Intracranial
hypertension resulting from TBI may lead to several complications, including cerebral ischemia, Cushing’s response, brain displace-
ment, and neurogenic pulmonary edema (Maas, et al. 2017). Elevated Intracranial Pressure (ICP), traditionally classified as exceeding
20 mmHg, has long served as a clinically established threshold for initiating targeted therapies in neurocritical care. Monitoring ICP
remains a critical prognostic indicator of neurological decline among Traumatic Brain Injury (TBI) patients, as sustained elevations
correlate strongly with adverse functional outcomes (Juul, et al. 2001). Research indicates that when CPP is critically low (<50 mm Hg),
ICP serves as an indicator of unFOs, whereas maintaining ICP between 18 and 23 mmHg ensures prolonged stability of CPP (Ran-
gel-Castillo, et al. 2008).

Mannitol has been a long-standing therapeutic agent employed to mitigate raised Intracranial Pressure (ICP), a critical inter-
vention in neurocritical care. Contemporary clinical guidelines suggest its superior efficacy over barbiturates for ICP reduction in TBI
patients, reinforcing its role as a first-line osmotherapeutic option (Carney, et al. 2017). Mannitol, however, has side effects such as
pulmonary edema, abrupt renal failure, rebound cerebral edema, exacerbation, and arterial hypotension, which leads to a decrease
in CPP due to its diuretic properties. Optimal treatment agent for managing ICP should decrease it while maintaining cerebral per-
fusion (Schwimmbeck, et al. 2021). While Hypertonic Saline (HS) is generally regarded as safe, prolonged infusions targeting serum
sodium concentrations of 170 mmol/L have been linked to infrequent but severe complications, including hematological disturbances
(neutropenia, thrombocytopenia, anemia), acute kidney injury, and Acute Respiratory Distress Syndrome (ARDS) (Gonda, et al. 2013).
HS exerts its therapeutic effects by elevating serum sodium and plasma osmolality; however, supraphysiological levels may induce
systemic complications. Excessive sodium accumulation can provoke fluid shifts, contributing to cardiopulmonary compromise (e.g.,
pulmonary edema, cardiac strain) or metabolic derangements such as hyperchloremic acidosis and coagulopathies (Treib, et al. 1997,
Moon and Kramer, 1995). Consequently, hypertonic solutions administered to individuals with impaired cardiac function must be
approached with carefulness and accompanied by vigilant cardiac monitoring. Consistent with our findings, intravenous administra-
tion of HS enhanced cerebral perfusion, induced a shift in oxygen dissociation curve, so augmenting oxygen delivery, improving brain
compliance, and decreasing cerebral edema and ICP (Kempski, et al. 1996). Nevertheless, evidence regarding efficacy of HS in severe
TBI is insufficient in demonstrating its benefits in reducing ICP and death rates (Rangel-Castillo, et al. 2008).

The observed time dependence (benefit at 30-60 minutes, dissipation by 90-120 minutes) highlights the importance of infusion
kinetics and repeat-dosing strategies. Prior observations that rapid boluses may yield shorter-lived effects, whereas slower infusions
(e.g., over 20-30 minutes) could mitigate rebound, suggest protocolized dosing and re-dosing intervals should be standardized in
trials (Battison, et al. 2005). Future multicenter RCTs should pre-specify dosing rate, cuamulative exposure, re-dosing criteria, rescue
thresholds, and uniform timepoints for ICP/CPP assessment, and should stratify by injury severity, lesion phenotype, and multimodal
neuromonitoring context. They should also be powered for patient-centered endpoints (mortality and functional outcomes), not just
surrogate ICP metrics. Because most included studies did not adjust for age, sex, or ethnicity, future work should prespecify these
covariates and explore effect modification.

Mannitol is a plant-derived polyol and compatible osmolyte; plants synthesize mannitol via the mannose-6-phosphate pathway
(M6PR » mannitol-1-phosphate » mannitol), while industrial production often employs chemical reduction or catalytic hydrogena-
tion of mannose. This phytochemical clinical nexus aligns with the special issue “Digital Innovations in Plant-based Pharmaceutical
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Research and Phytomedicine.” Our clinical synthesis provides endpoint benchmarks that can inform digital pipelines, e.g., cheminfor-
matic optimization of plant-derived mannitol production, systems biology models of osmolyte transport, and Al-assisted dosing al-
gorithms that reconcile pharmacokinetics with neuromonitoring signals, thereby translating plant biochemistry into evidence-based
neurocritical protocols.

In summary, HS shows short-term physiological advantages over mannitol, but durable clinical superiority is unproven; rig-
orous, adequately powered trials with standardized dosing and patient-centered endpoints are needed. Given mannitol’s botanical
origin and dual identity as a phytochemical and therapeutic, integrating digital phytomedicine frameworks with clinical trial design
represents a timely direction for this field.

Conclusion

Hypertonic Saline (HS) demonstrated a substantially reduced treatment failure rate, increased Cerebral Perfusion Pressure
(CPP), and decreased Intracranial Pressure (ICP) within 30-60 minutes after infusion cessation compared to mannitol in patients
with Traumatic Brain Injury (TBI). However, beyond 90-120 minutes, HS showed no significant difference from mannitol in terms of
mortality, Functional Outcomes (FOs), CPP, ICP, or duration of ICP elevation per day. These findings should be interpreted cautiously,
as most included studies were limited by small sample sizes and insufficient data for certain parameters. Further large-scale, well-de-
signed trials are essential to validate these observations and enhance confidence in the effect estimates. Importantly, given that man-
nitol is a naturally occurring sugar alcohol derived from plants, this study underscores how phytochemicals can transition into critical
clinical applications, thereby reinforcing the bridge between plant-based pharmaceutical research and neurocritical care.
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