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Abstract

IMPORTANCE The use of hypertonic saline (HTS) vs mannitol in the control of elevated intracranial
pressure (ICP) secondary to neurotrauma is debated.

OBJECTIVE To compare mortality and functional outcomes of treatment with 3% HTS vs 20%
mannitol among children with moderate to severe traumatic brain injury (TBI) at risk of elevated ICP.
DESIGN, SETTING, AND PARTICIPANTS This prospective, multicenter cohort study was conducted
between June 1, 2018, and December 31, 2022, at 28 participating pediatric intensive care units in
the Pediatric Acute and Critical Care Medicine in Asia Network (PACCMAN) and the Red Colaborativa
Pediatrica de Latinoamérica (LARed) in Asia, Latin America, and Europe. The study included children
(aged <18 years) with moderate to severe TBI (Glasgow Coma Scale [GCS] score <13).

EXPOSURE Treatment with 3% HTS compared with 20% mannitol.

MAIN OUTCOMES AND MEASURES Multiple log-binomial regression analysis was performed for
mortality, and multiple linear regression analysis was performed for discharge Pediatric Cerebral
Performance Category (PCPC) scores and 3-month Glasgow Outcome Scale-Extended Pediatric
Version (GOS-E-Peds) scores. Inverse probability of treatment weighting was also performed using
the propensity score method to control for baseline imbalance between groups.

RESULTS This study included 445 children with a median age of 5.0 (IQR, 2.0-11.0) years. More than
half of the patients (279 [62.7%]) were boys, and 344 (77.3%) had severe TBI. Overall, 184 children
(41.3%) received 3% HTS, 82 (18.4%) received 20% mannitol, 69 (15.5%) received both agents, and
110 (24.7%) received neither agent. The mortality rate was 7.1% (13 of 184 patients) in the HTS group
and 11.0% (9 of 82 patients) in the mannitol group (P = .34). After adjusting for age, sex, presence of
child abuse, time between injury and hospital arrival, lowest GCS score in the first 24 hours, and
presence of extradural hemorrhage, no between-group differences in mortality, hospital discharge
PCPC scores, or 3-month GOS-E-Peds scores were observed.

CONCLUSIONS AND RELEVANCE In this cohort study of children with moderate to severe TBI, the
use of HTS was not associated with increased survival or improved functional outcomes compared
with mannitol. Future large multicenter randomized clinical trials are required to validate these
findings.
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Key Points

Question Among children with
moderate to severe traumatic brain
injury, is the use of 3% hypertonic saline
(HTS) associated with better survival
and functional outcomes compared with
20% mannitol?

Findings This cohort study included
445 children treated with 3% HTS, 20%
mannitol, both agents, or neither agent.
No between-group differences in
mortality, discharge Pediatric Cerebral
Performance Category Scale scores, or
3-month Glasgow Outcome Scale-
Extended Pediatric Version outcomes
were observed.

Meaning These findings suggest that
compared with mannitol, HTS was not
associated with increased survival or
improved functional outcomes.
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Introduction

Traumatic injuries, including traumatic brain injury (TBI), are the leading cause of death and disability
among children globally."? Children with TBI who develop elevated intracranial pressure (ICP) should
receive timely and effective interventions to prevent secondary brain damage.>

In the management of elevated ICP in severe TBI, the Brain Trauma Foundation (BTF)
recommends the use of 3% hypertonic saline (HTS) as the first-line hyperosmolar therapy.** In the
largest comparative effectiveness study to date among children with severe TBI and elevated ICP, a
bolus dose of 3% HTS outperformed mannitol in observed ICP reductions at ICP greater than 20, 25,
and 30 mm Hg.® An earlier randomized clinical trial (RCT) of 30 children given equimolar doses of 3%
HTS vs 20% mannitol showed that both were equally effective in the management of elevated ICP.”
A systematic review involving 11 studies showed that although both HTS and mannitol lower ICP and
improve outcomes in pediatric severe TBI, there were insufficient high-quality data to conclude
which of the 2 agents was superior.®

Although previous studies have focused on ICP control, there are insufficient data on clinical
outcomes comparing patients who receive 3% HTS with those who receive 20% mannitol.58
Therefore, we sought to compare mortality and functional outcomes among children with moderate
to severe TBI at risk of elevated ICP who received 3% HTS compared with those who received 20%
mannitol. We hypothesized that pediatric patients who received 3% HTS would have comparable
mortality and functional outcomes compared with those who received 20% mannitol.

Methods

We performed this prospective multicenter observational cohort study between June 1, 2018, and
December 31, 2022, at participating pediatric intensive care units (PICUs) in the Pediatric Acute and
Critical Care Medicine in Asia Network (PACCMAN)® and the Red Colaborativa Pediatrica de
Latinoamérica (LARed Network) in Asia, Latin America, and Europe.’® LARed sites joined the study in
January 2021. We excluded sites without a neurosurgical service. Ethics approval was first obtained
in the coordinating country (SingHealth Centralised Institutional Review Board, KK Women's and
Children’s Hospital, Singapore), which required documented informed consent. Subsequently, ethics
approval was sought by each individual participating center, and the need for informed consent was
determined by local prevailing practices and regulations. The study followed the Strengthening the
Reporting of Observational Studies in Epidemiology (STROBE) reporting guideline.

Participants

We recruited children (aged <18 years) with moderate to severe TBI (Glasgow Coma Scale [GCS]
score =13) who were admitted to a participating PICU. We excluded children who had a low GCS
score from other causes (eg, hypotension and central nervous system infections) that were not
related to TBI, as well as children with cardiac arrest after trauma. Children were screened for
eligibility upon admission to the PICU.

Variables
We obtained baseline characteristics, including age, sex, mechanism of injury, time between injury
and hospital arrival, presenting and lowest GCS scores in the first 24 hours, and presence of multiple
traumas (ie, intrathoracic injuries, intra-abdominal injuries, or long bone fractures). We recorded
blood test results on arrival in the PICU, including blood gas, hemoglobin, and sodium levels as well
as prothrombin time and international normalized ratio. We also recorded the initial brain computed
tomography (CT) findings.

Critical care interventions included mechanical ventilation, use of blood products, inotropes,
antiepileptic medications, and ICP and electroencephalogram (EEG) monitoring. Neurosurgical
interventions included evacuation of intracranial bleed, decompressive craniectomy, craniotomy, or
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elevation of depressed skull fracture. We also recorded the opening pressure, daily 6 AM pressure
values, maximum and minimum ICP, and cerebral perfusion pressure (CPP) values for those who
underwent ICP monitoring. We followed each patient's progress for the presence of seizures
(categorized as clinical seizures, subclinical seizures detected on EEG, and subclinical seizures
suspected based on vital signs), duration of hospital stay, and PICU length of stay. We also obtained
Pediatric Index of Mortality-3 scores to estimate probability of death™ on PICU admission.

Hyperosmolar Therapy

We recorded the use of 3% HTS and 20% mannitol. We included all children who were given both
bolus doses and infusions of these medications. We excluded the following outliers: (1) children who
received an HTS bolus of more than 10 mL/kg or at an infusion rate of more than 5 mL/kg/h and (2)
children who received a 20% mannitol bolus of more than 1.5 g/kg (or the equivalent 7.5 mL/kg).?
When describing our study population, we compared those who received 3% HTS alone, 20%
mannitol alone, both 3% HTS and 20% mannitol, or neither agent.

Outcome Variables
Our primary outcomes of interest were mortality and functional outcomes. Mortality was defined as
in-hospital mortality. Functional outcomes were measured using the Pediatric Cerebral Performance

Category (PCPC) scale at hospital discharge™ "

and the Glasgow Outcome Scale-Extended Pediatric
Version (GOS-E-Peds) score 3 months after injury. PCPC and GOS-E-Peds scores were documented
both as continuous and binary variables. We defined poor functional outcome as a PCPC score of
moderate disability, severe disability, vegetative state or coma, or death (PCPC score of 3-6).*'> We
defined a poor 3-month GOS-E-Peds score as moderate to severe disability, vegetative state, or death
(GOS-E-Peds score of 3-8)."® We also recorded secondary outcomes with the Functional Status Scale
(FSS) on hospital discharge, with domains including mental status, sensory functioning,
communication, motor functioning, feeding, and respiratory status, categorized from normal

(score of 1) to very severe dysfunction (score of 5)."" A change in FSS score was defined as a change
of 3 or greater.” The FSS has been used in previous pediatric trauma cohorts and is reported to be
associated with health-related quality of life among children with trauma.'®?'

Data Sources and Measurement

We obtained data from individual medical records. Site investigators uploaded deidentified data to a
common REDCap (research electronic data capture) platform (Vanderbilt University) that was hosted
by the Singapore Clinical Research Institute.?2 We did not blind site investigators from the
hypothesis. The same persons who reviewed the medical records documented the type of
hyperosmolar agent and the clinical outcomes. However, we did ensure that treatment and outcome
variables were established a priori with common understanding across sites.

Statistical Analysis

We describe categorical variables using frequencies and percentages. Continuous variables are
described using means (SDs) or medians (IQRs), depending on normality. When comparing between
groups, we used the Fisher exact test for categorical variables. Parametric and nonparametric
continuous variables were analyzed using the t test or the Mann-Whitney U for 2-group comparisons
and using T-way analysis of variance (ANOVA) or the Kruskal-Wallis test for multiple group
comparisons, respectively. We verified the assumption of equal variances when using 1-way ANOVA.
In the descriptive analysis, we present all 4 groups: children who received neither hyperosmolar
agent, those who received 3% HTS only, those who received 20% mannitol only, and those who
received both agents. Where there were missing data for outcome variables, we present the number
of children with complete data in the respective cells in each table (the numbers with complete data
were taken as the denominators). Individual and mean ICP and CPP values by day are plotted in
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scatterplots and line charts, respectively. Linear mixed models for repeated measurements were
used to estimate the statistical differences among the 4 groups.

In the analysis on outcomes, we first restricted the analysis to those who received either 3%
HTS or 20% mannitol (but not both). Subsequently, we also presented a comparison on clinical
outcomes of all 4 groups. We performed multiple log-binomial regression for mortality, adjusting for
age, sex, presence of child abuse, time between injury and hospital arrival, lowest GCS score in the
first 24 hours, and presence of extradural hemorrhage (EDH). We chose the lowest GCS score in the
first 24 hours and not the admission GCS score, given that time between injury and presentation
varied greatly between sites and countries due to heterogeneous prehospital trauma systems.
Variables that entered the multiple regression were chosen based on previous data, known literature,
and univariate significance.'*?> We present relative risks (RRs) with corresponding 95% Cls. We also
performed multiple linear regression to study the association of hyperosmolar agent with PCPC score
on discharge and with 3-month GOS-E-Peds scores. Multicollinearity was checked in multiple
regression models by calculating the variance inflation factors (VIFs). We present the adjusted
coefficient together with the SE. We considered P < .05 (2-tailed) statistically significant.

In addition to adjusting for covariates with multivariable regression, we performed inverse
probability of treatment weighting (IPTW) using the propensity score method to control for baseline
imbalance between the group who received only 3% HTS and the group who received only 20%
mannitol. Propensity scores were derived by fitting a generalized linear model with binomial
distribution and logit link with the following baseline characteristic variables: age (continuous),
lowest GCS score in the first 24 hours (continuous), blood sodium level (continuous), and presence
of child abuse (binary). In cases where the site principal investigators did not enter the lowest GCS
score, we imputed with the child's presenting GCS score. Stabilized IPTW weights were then
generated using the propensity score. Baseline covariate balance was assessed using the absolute
standardized mean difference (ASMD). An ASMD value of <0.15 indicates negligible imbalance.

We performed subgroup analyses for children with severe TBI (GCS score =8) and those who
received ICP monitoring. We did not perform multivariable analysis in the latter subgroup because of
small numbers. Statistical analysis was performed with R software, version 4.4.0 (R Project for
Statistical Computing).

Results

Twenty-eight PICUs participated in this study (14 in PACCMAN and 14 in LARed). Among the 470
children enrolled, 455 met the eligibility criteria. Ten children were excluded due to 3% HTS dosage
outliers, resulting in 445 children for inclusion in this analysis (Figure). A total of 344 patients (77.3%)
had severe TBI, and 106 (23.8%) underwent ICP monitoring. A total of 184 children (41.3%) received
only 3% HTS, 82 (18.4%) received only 20% mannitol, 69 (15.5%) received both agents, and 110
(24.7%) received neither agent (Figure). The overall median age of our cohort was 5.0 (IQR, 2.0-11.0)

Figure. Flow Chart of Patients Analyzed

470 Children enrolled

25 Excluded
15 With a GCS score >13
10 With outlier dosages of 3% HTS

445 Included in analysis

|
| | | |

184 Received 3% HTS 82 Received 20% mannitol 69 Received both 3% HTS 110 Did not receive 3% GCS indicates Glasgow Coma Scale; HTS,
and 20% mannitol HTS or 20% mannitol

hypertonic saline.
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years; 279 patients (62.7%) were boys and 166 (37.3%) were girls (Table 1). Abusive head trauma was
reported in 27 children (6.1%). Multiple traumas were present in patients who received both agents
(51 patients [73.9%]), followed by those who received 20% mannitol (41 [50.0%]), 3% HTS (82
[44.6%]), or neither agent (28 [25.5%]) (overall P < .001). The median (IQR) time between injury and
hospital arrival was 6.0 (4.0-12.0) hours, 6.0 (3.0-14.8) hours, 4.0 (1.1-9.0) hours, and 2.4 (1.0-9.2)
hours for children who received both agents, 20% mannitol, neither agent, and 3% HTS, respectively
(overall P < .001). The lowest GCS in the first 24 hours was comparable across groups (Table 1).

CT evidence of cerebral edema was present among patients who received both agents (45
[65.2%]), followed by those who received only 20% mannitol (32 [39.0%]), only 3% HTS (63

Table 1. Patient Demographics, Injury Characteristics, Blood Investigations, and Imaging®

Treatment received (N = 445)

3% HTS 20% Mannitol Both agents Neither agent
Characteristic (n=184) (n=82) (n =69) (n=110) P value
Age, median (IQR), y 6.0 (2.0-11.0) 7.0(3.0-11.8) 5.0 (3.0-9.0) 4.5(1.0-10.8) 44b
Sex
Male 123 (66.8) 52 (63.4) 40 (58.0) 64 (58.2) -
Female 61(33.2) 30(36.6) 29 (42.0) 46 (41.8) ’
Mechanism of injury
Road traffic injury 80 (43.5) 38(46.3) 37 (53.6) 48 (43.6)
Falls 69 (37.5) 40 (48.8) 25(36.2) 43 (39.1) -
Child abuse 18(9.8) 1(1.2) 2(2.9) 6(5.5)
Others 17(9.2) 3(3.7) 5(7.2) 13(11.8)
Time between injury and hospital arrival, 2.4(1.0-9.2) 6.0 (3.0-14.8) 6.0 (4.0-12.0) 4.0(1.1-9.0) <.001°
median (IQR), h
Lowest GCS score in first 24 h, median (IQR) 6.0 (4.0-8.0) 6.0 (3.0-8.0) 6.0 (5.0-7.0) 7.0 (3.0-10.8) 21°
Presence of multiple traumas 82 (44.6) 41 (50.0) 51(73.9) 28 (25.5) <.001¢
Temperature, mean (SD), °C 36.5(0.9) 36.5(1.1) 36.8(1.1) 36.4(1.0) 109
Heart rate, mean (SD), beats/min 117.2 (32.2) 115.4 (30.6) 133.2 (34.9) 113.1(35.6) .001¢
SBP, mean (SD), mm Hg 108.7 (19.2) 108.5 (20.5) 106.8 (18.0) 112.4(20.2) .28¢
Blood test results, median (IQR)
pH 7.3(7.2-7.4) 7.3(7.3-7.4) 7.4(7.3-7.4) 7.3(7.3-7.4) .006°
Paco, 37.1(32.9-45.0) 34.4(29.1-39.1) 33.8(30.0-39.9) 39.0(33.7-43.4) .001°
Pao, 116.9 (67.5-164.2) 132.0(86.0-171.0) 156.0 (108.8-193.0) 96.5 (60.2-172.8) .002°
Bicarbonate, mean (SD), mEq/L 19.9(3.9) 18.5(3.4) 20.6 (3.6) 19.4(3.78) .014
Base excess, mean (SD), mmol/L -5.6 (5.5) -7.1(4.2) -5.2(4.4) -5.9(5.0) .12¢
Hemoglobin, g/dL 10.9 (9.6-12.6) 11.1(9.1-12.6) 10.5 (8.9-11.8) 11.4(9.8-12.8) i7®
Sodium, mEq/L 139 (137-141) 140 (138-142) 137 (135-140) 139 (137-141) <.001°
Prothrombin time, s 13.0(12.1-15.9) 14.7 (13.0-15.9) 14.3 (13.1-15.7) 13.4 (12.8-15.7) .009°
INR 1.2(1.1-1.3) 1.2(1.1-1.4) 1.2(1.1-1.4) 1.1(1.1-1.2) .001°
CT imaging
Subarachnoid hemorrhage 43 (23.4) 22 (26.8) 21(30.4) 19 (17.3) 21¢
Subdural hemorrhage 63 (34.2) 19 (23.2) 20(29.0) 28 (25.5) .25¢
Extradural hemorrhage 41 (22.3) 12 (14.6) 18 (26.1) 28 (25.5) .23¢
Intraparenchymal or intraventricular bleed 40 (21.7) 30 (36.6) 33 (47.8) 20(18.2) <.001¢
Diffuse axonal injury 17 (9.2) 9(11.0) 32 (46.4) 6 (5.5) <.001¢
Cerebral edema 63 (34.2) 32(39.0) 45 (65.2) 13(11.8) <.001¢
Presence of midline shift 46 (25.1) 26 (31.7) 11 (15.9) 20(18.2) .07¢
PIM-3 estimated probability of death, median (IQR) 1.0 (1.0-1.0) 1.0(1.0- 1.0) 1.0(1.0- 1.0) 1.0 (1.0-1.0) .006°

Abbreviations: CT, computed tomography; GCS, Glasgow Coma Scale; HTS, hypertonic
saline; INR, international normalized ratio; Paco,, partial pressure of carbon dioxide;
Pao,, partial pressure of oxygen; PIM-3, Pediatric Index of Mortality-3; SBP,

systolic blood pressure.

2@ Unless indicated otherwise, values are presented as the No. (%) of patients.
® Nonparametric test (Kruskal-Wallis test).
¢ Fisher exact test.

d . . .
Parametric test (1-way analysis of variance).
Sl conversion factors: To convert bicarbonate to mmol/L, multiply by 1.0; to convert (1-way analy )

hemoglobin to g/L, multiply by 10.0; to convert sodium to mmol/L, multiply by 1.0.
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[34.2%]), or neither agent (13 [11.8%]) (overall P < .001) (Table 1). Similarly, among patients who
received both agents, nearly half had intraparenchymal or intraventricular bleeds and diffuse axonal
injury (33 [47.8%] and 32 [46.4%]), followed by those who received only mannitol (30 [36.6%] and
9 [11.0%]), only HTS (40 [21.7%] and 17 [9.2%]), or neither agent (20 [18.2%] and 6 [5.5%]),
respectively (both overall P < .001).

Overall, 200 of 445 patients (44.9%) required neurosurgical intervention, including more than
half (103 [56.0%]) of the HTS group, followed by those who received neither agent (45 [40.9%)]),
those who received mannitol (33 [40.2%]), and those who received both agents (19 [27.5%]) (overall
P <.001) (eTable 1in Supplement 1). Children who received only HTS had a continuous reduction in
daily 6 Am ICP values, unlike those who received only mannitol (eFigure 1and eTable 2 in
Supplement 1). Children who received only HTS had mean daily 6 AM CPP values on days 1to 3 that
were greater than those for the group who received only mannitol and those for the group who
received both agents, but this was not statistically significant (eFigure 2 and eTables 2 and 3 in
Supplement 1). Maximum ICP and maximum and minimum CPP readings are reported in eFigures 3
to 5in Supplement 1. The distribution of dosages for both HTS and mannitol are detailed in eFigures 6
to 8in Supplement 1.

There was no difference in duration of mechanical ventilation, PICU stay, hospital stay, and
occurrence of seizures between children who received HTS compared with those who received
mannitol (Table 2). Among 43 of 266 patients (16.2%) with seizures, the majority were detected
clinically. Mortality was comparable (13 [7.1%] for the HTS group and 9 [11.0%] for the mannitol
group; P = .34). Poor PCPC scores on discharge, changes in FSS scores, and poor GOS-E-Peds scores
at 3 months were similar between both groups (Table 2).

Table 2. Clinical Outcomes After Traumatic Brain Injury

Treatment received?®

3% HTS 20% Mannitol
Outcome (n=184) (n=282) Pvalue
Seizures 34/176 (19.3) 9/68 (13.2) .35°
Any seizure
Clinical seizure 33/34(97.1) 9/9 (100)
Subclinical seizure only detected on EEG 1/34(2.9) 0 >.99b
Subclinical seizure suspected based on vital signs 0 0
Mortality 13/184 (7.1) 9/82 (11.0) 340
Duration of mechanical ventilation, median (IQR), d 5.0 (2.5-8.0) 4.0 (3.0-6.8) .69¢
No. of patients 159 58 NA
Duration of hospital stay, median (IQR), d 16.0(8.0-29.0) 17.0(9.5-27.0) .78¢
No. of patients 166 71 NA
Duration of PICU stay, median (IQR), d 7.0 (4.0-13.0) 7.0 (4.0-10.0) 44¢
No. of patients 181 76 NA
14-d Mechanical ventilation-free days, median (IQR),d 9.0 (4.0-11.0) 9.0 (4.0-11.0) .81¢
No. of patients 165 65 NA
28-d Hospital-free days, median (IQR), d 11.0 (0-19.0) 9.0 (0-18.0) .51¢
No. of patients 179 30 NA Abbrelviations: EEG, electroencephalogram; FSS,
Functional Status Scale; GOS-E-Peds, Glasgow
14-d PICU-free days, median (IQR), d 6.0 (0-10.0) 6.0(2.0-10.0) 76°¢ Outcome Scale-Extended Pediatric Version; HTS,
No. of patients 184 80 NA hypertonic saline; NA, not applicable; PCPC, Pediatric
PCPC score at discharge, median (IQR) 2.0(1.0-3.0) 2.0 (1.0-2.0) .67°¢ Cerebral Performance Category; PICU, pediatric
3-6 (Poor) 57/181 (31.5) 20/81 (24.7) 31° intensive care unit.
Increased by >2 categories from baseline 42/168 (25.0) 14/75 (18.7) .32° ? Unless indicated otherwise, values are presented as
Final FSS score, median (IQR) 7.0(6.0-10.0) 7.0 (6.0-9.0) 37° No./total No. (%) of patients. In the presence of
missing data, the No. of patients with complete data
Change 23 (Postinjury score - Preinjury score) 51/181 (28.2) 22/77 (28.6) >.99b are presented in each cell
3-mo GOS-E-Peds score, median (IQR) 3.0 (1.0-6.0) 5.0 (1.0-6.0) 11¢ b Fisher exact test.
FORe) oD (Eefe) SeEEEL) 170 ¢ Nonparametric test (Mann-Whitney U test).
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In the comparison of all 4 groups (3% HTS only, 20% mannitol only, both agents, and neither
agent), children who received both agents had the greatest mortality. In addition, children who
received both agents had the longest duration of intubation, hospitalization, and PICU stay and the
greatest frequency of poor GOS-E-Peds outcomes compared with those in other groups (eTable 4 in
Supplement 1). On performing IPTW adjustment using the propensity score method, the group that
received 3% HTS was comparable to the group that received 20% mannitol (eTable 5 in
Supplement 1). After adjusting for age, sex, presence of child abuse, time between injury and hospital
arrival, lowest GCS score in the first 24 hours, and EDH, there was no difference in mortality between
those who received mannitol only compared with those who received HTS only in the multiple
log-binomial regression model (adjusted RR, 1.27 [95% Cl, 0.58-2.66]; P = .52) or the IPTW-adjusted
model (adjusted RR, 1.26 [95% Cl, 0.56-2.66]; P = .56) (Table 3). There was no between-group
difference in PCPC scores at discharge in the multiple linear regression model (adjusted coefficient
[SE], -0.02 [0.19]; P = .91) and the IPTW-adjusted model (adjusted coefficient [SE], -0.10 [0.19];

P = .62) (Table 4). For the 3-month GOS-E-Peds scores, we found a marginal (but not statistically
significant) increase in the use of mannitol (compared with the use of HTS) and poor outcomes in the
multiple linear regression model (adjusted coefficient [SE], 0.56 [0.33]; P = .09) and the IPTW-
adjusted model (adjusted coefficient [SE], 0.64 [0.33]; P = .05) (Table 4).

In the multivariable linear regression model comparing the 4 groups, children who received
both agents had increased mortality risk (adjusted RR, 5.86 [95% Cl, 2.40-19.00]; P = .001) and
poorer GOS-E-Peds scores (adjusted coefficient [SE], 2.14 [0.36]; P < .001), with marginal evidence
of increased risk for poor PCPC scores at discharge (eTables 6-8 in Supplement 1). In multiple
regression models, all VIFs for multicollinearity tests were close to 1, indicating low multicollinearity
among the involved variables.

We found consistent results in the subgroup analysis for children with GCS scores of 8 or less
(eTables 9-13 in Supplement 1) and those who received ICP monitoring (eTables 14-18 in
Supplement 1). There were no statistically significant differences in mortality, discharge PCPC scores,
and 3-month GOS-E-Peds scores between those who received HTS vs mannitol.

Discussion

In this multinational pediatric TBI study, we report the type and dosage of hyperosmolar agents used
to treat children with moderate to severe TBIin Asia, Latin America, and Europe. No differences were
observed in in-hospital mortality and functional outcomes (using PCPC and FSS scores) between
children receiving HTS and those receiving mannitol. Although we observed a marginal increase in

Table 3. Association of Mortality With Hyperosmolar Agent Type and Covariates in Univariate, Multivariable, and IPTW-Adjusted Log-Binomial Regression Analysis®

Univariate model Multivariable model IPTW-adjusted model
Variable RR (95% CI) Pvalue RR (95% CI) P value RR (95% Cl) Pvalue
Hyperosmolar therapy
3% HTS only 1 [Reference] NA 1 [Reference] NA 1 [Reference] NA
20% Mannitol only 1.61 (0.69-3.59) .25 1.27 (0.58-2.66) .52 1.26 (0.56-2.66) .56
Age 0.98 (0.91-1.04) 43 NA NA NA NA
Sex
Female 1 [Reference] NA 1 [Reference] NA 1 [Reference] NA
Male 0.66 (0.36-1.23) .18 NA NA NA NA
Child abuse 1.33(0.34-3.38) .62 NA NA NA NA
Time between injury and hospital arrival, h 0.98 (0.94-1.00) .19 NA NA NA NA
Lowest GCS score in first 24 h 0.56 (0.43-0.68) <.001 0.50(0.33-0.67) <.001 0.49 (0.32-0.67) <.001
Extradural hemorrhage 0.09 (0.01-0.43) .02 0.29 (0.02-1.26) 21 0.28(0.02-1.21) .20
Abbreviations: GCS, Glasgow Coma Scale; HTS, hypertonic saline; IPTW, inverse 2 Multivariable and IPTW-adjusted RRs (95% Cls) and P values are presented for
probability treatment weights; NA, not applicable; RR, relative risk. hyperosmolar agents and other variables with univariate significance of <.15.
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the association between use of mannitol (compared to HTS) and poor 3-month GOS-E-Peds scores
in the multiple linear regression and IPTW-adjusted models, this finding was not statistically
significant.

The BTF recommends ICP monitoring for children with severe TBI and the use of hyperosmolar
agents (3% HTS as the drug of choice) for control of elevated ICP.> Use of 3% HTS for elevated ICP
is one of the few interventions with a level 2 recommendation.® Prior pediatric studies reported both
HTS and mannitol to be useful in elevated ICP, with HTS demonstrating superiority in ICP
reductions.®"® Our study on moderate to severe TBI showed no difference in mortality, functional
outcomes at discharge, duration of mechanical ventilation, PICU stay, or hospital stay between
patients treated with 3% HTS and those treated with 20% mannitol. We observed that patients who
received HTS had marginally favorable GOS-E-Peds scores at 3 months, but this finding was not
statistically significant. The GOS-E-Peds has been reported to offer some advantage over the PCPC
scale through the use of a standardized, performance-based instrument that objectively measures
cognitive outcomes.'® In a systematic review and meta-analysis of 10 RCTs, among which only 1RCT
was conducted with children, there was no evidence that HTS resulted in favorable GOS outcomes
at 6 months after injury.?* The authors highlighted heterogeneity in GOS reporting and suggested
standardizing core TBI outcomes to align future research.?*

The Approaches and Decisions for Acute Pediatric TBI Trial (ADAPT) investigators reported that
HTS was associated with greater ICP reduction for ICP of more than 25 mm Hg after adjustment for
confounders, but not at other ICP thresholds, among children with severe TBI.® In our observational
study on moderate to severe TBI, we found a steady reduction in daily 6 Am ICP values in the group

Table 4. Association of Functional Scores With Hyperosmolar Agent Type and Covariates in Univariate, Multivariable,
and IPTW-Adjusted Linear Regression Analyses®

Univariate model Multivariable model IPTW-adjusted model

Variable Coefficient (SE) Pvalue Adjusted coefficient (SE) P value Adjusted coefficient (SE) P value
PCPC score on hospital discharge
Hyperosmolar therapy

3% HTS only 1 [Reference] NA 1 [Reference] NA 1 [Reference] NA

20% Mannitol only 0.001 (0.21) >.99 -0.02 (0.19) 91 -0.10(0.19) .62
Age 0.001 (0.01) .93 NA NA NA NA
Sex

Female 1 [Reference] NA 1 [Reference] NA 1 [Reference] NA

Male -0.002 (0.15) .99 NA NA NA NA
Child abuse 0.46 (0.31) .14 0.45 (0.35) .19 0.17 (0.36) .63
Time between injury and hospital arrival, h <-0.001 (0.004) .90 NA NA NA NA
Lowest GCS score in first 24 h -0.20(0.02) <.001 -0.20(0.03) <.001 -0.20(0.03) <.001
Extradural hemorrhage -0.64 (0.18) <.001 -0.39 (0.23) .09 -0.40(0.23) .08
GOS-E-Peds score at 3 mo
Hyperosmolar therapy

3% HTS only 1 [Reference] NA 1 [Reference] NA 1 [Reference] NA

20% Mannitol only 0.61(0.35) .09 0.56 (0.33) .09 0.64 (0.33) .05
Age -0.03 (0.03) .20 NA NA NA NA
Sex

Female 1 [Reference] NA 1 [Reference] NA 1 [Reference] NA

Male -0.21(0.26) 42 NA NA NA NA
Child abuse 1.25 (0.50) .01 0.93 (0.57) 11 1.02 (0.60) .09
Time between injury and hospital arrival, h 0.001 (0.009) .95 NA NA NA NA
Lowest GCS score in the first 24 h -0.27 (0.04) <.001 -0.23 (0.05) <.001 -0.23 (0.05) <.001
Extradural hemorrhage -1.32(0.29) <.001 -1.20(0.38) .002 -1.19(0.38) .002

Abbreviations: GCS, Glasgow Coma Scale; GOS-E-Peds, Glasgow Outcome Scale- 2 Multivariable and IPTW-adjusted coefficients (SEs) and P values are presented for
Extended Pediatric Version; HTS, hypertonic saline; IPTW, inverse probability hyperosmolar agents and other variables with univariate significance of <.15.

treatment weight; NA, not applicable; PCPC, Pediatric Cerebral Performance Category.
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that received HTS, which was not present in the other groups. Although our study population was
different from that of the ADAPT investigators and our measurement time points were limited, we
found that the use of HTS was associated with gains in ICP reduction compared with mannitol. Future
studies should correlate trends on ICP reductions with patient-centric outcomes.

In this study, we found that higher GCS scores were consistently associated with a lower
likelihood of mortality and poor functional outcomes. Using the lowest GCS score in the first 24 hours
(prior to intervention) and not the presenting GCS score, we recognized the need to allow for
evolution of clinical status, given that time between injury and hospital arrival varied between sites
and countries. We also observed that the presence of EDH was associated with a lower likelihood of
mortality and poor PCPC outcomes. This finding is in keeping with the available literature, in which
the outcome and prognosis of children with EDH tends to be excellent when surgical intervention is
performed early.?>2® We report here that children who received both 3% HTS and 20% mannitol
were more likely to experience cerebral edema and diffuse axonal injury. Children who received both
agents had an increased mortality risk and poorer GOS-E-Peds scores. These findings suggest that
children who received both agents were likely to have been the most severely injured. However,
future studies will need to investigate details on clinical severity, the specific dosages of each type of
drug, and other TBI management strategies, as well as their association with clinical outcomes.

We reported a child abuse prevalence of 6.1% (27 of 445 children) in this study. This prevalence
was lower than that reported by the ADAPT investigators, who described a prevalence of 6.2%,
6.6%, and 5.0% for definite, probable, and possible abuse, respectively.® We attribute the lower
prevalence in our study to a less severe TBI cohort and underreporting of child abuse, which has been
reported in low- and middle-income countries, especially in Asia.?”?® Among children who
experienced seizures, most were detected clinically. We recognize that differential resource
availability and physician practices could have accounted for the low number of nonclinical seizures
that were identified.

Limitations
This study has some limitations. We observed important differences between our study population
and those in other published research. First, important differences exist between the intended
patient population for which the BTF guidelines apply and our study cohort. We chose to include not
only children with severe TBI but also children with moderate TBI. We found in a previous study that
children with moderate TBI are not all similar in clinical phenotype and that children with a GCS score
of 9 to 10 had higher rates of neurocritical care utilization and worse functional outcomes compared
with those with a GCS score of 11to 13.2° Therefore, we were keen to study children with moderate to
severe TBI, not only severe TBI. Second, we found a lower rate of ICP monitoring in participating
sites. Unlike the ADAPT investigators who were able to report ICP and CPP data before and after
medication administration on all 518 children with severe TBI,® we were unable to do so because the
rate of ICP monitoring is much lower and varies widely in our regions, depending on physician
practices and resource limitations.2> Because treatment of our patient population differed
substantially from that described in the ADAPT study and other previous clinical TBI studies, we
recognize the need to avoid overgeneralizing our results. However, our findings do highlight how the
current recommendations may need to consider settings with different resource availability.
Because this study was observational, we were unable to standardize other treatment goals and
could not identify a causal association between the use of HTS (or mannitol) and clinical outcomes.
We were unable to investigate whether prehospital standards for TBI management were adhered
t0.3° We also recognize that opening pressure, daily 6 AM pressure values, maximum and minimum
ICP, and CPP datapoints provide a limited representation of the patients’ actual ICP and CPP. Values
were obtained outside of patient interventions (eg, suctioning of endotracheal tube, flushing of
arterial line), but could be confounded by patient status (eg, pain and coughing). Future studies
should carefully document cumulative doses of hyperosmolar agents because this would provide an
indicator of injury severity and PICU practices. Nevertheless, our observational study demonstrates
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that we were able to collect and synthesize clinical TBI tertiary data across 2 large pediatric intensive
care networks. We also obtained very valuable data from regions of the world where trauma disease
burden is high and published data on TBI are sparse.

Conclusions

In this prospective cohort study of pediatric patients with moderate to severe TBI, the use of 3% HTS
(compared with 20% mannitol) was not associated with greater survival, reduced hospital length of
stay, or better functional scores. Future large multicenter RCTs are required to validate our findings.
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