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INTRODUCTION

Background: Severe traumatic brain injury (sTBI) remains a major cause of
mortality and disability in children worldwide. Intracranial pressure monitoring
(ICPm) and decompressive craniectomy (DC) are commonly employed in the
management of pediatric sTBI, the clinical and radiological criteria guiding these
interventions remain heterogeneous.

Methods: A systematic review was conducted according to PRISMA 2020
guidelines. PubMed, Scopus, Web of Science, and LILACS were searched in
March 2026 for studies published within the last 10 years. Eligible studies
included pediatric patients (<18 years) with severe TBI (Glasgow Coma Scale
[GCS] <9) and reported quantitative clinical or tomographic criteria for
neurosurgical interventions.

Results: From 2,763 retrieved records, 21 studies met the inclusion criteria,
including 10 focused on ICPm and 11 on DC. ICPm was primarily indicated in
patients with GCS<8 and abnormal computed tomography findings, particularly
brain swelling and high Marshall scores. Intracranial hypertension thresholds
varied between 15 and 20 mmHg, with some age-adjusted approaches. For DC,
the most frequent radiological findings were acute subdural hematoma, midline
shift, diffuse cerebral edema, and signs of herniation. Lower GCS scores and
pupillary abnormalities were consistently associated with worse outcomes.
While ICP-guided management and DC were associated with improved
physiological control and, in some studies, better functional outcomes,
consistent reductions in mortality were not demonstrated.

Conclusions: Current evidence reveals substantial heterogeneity in the clinical
and tomographic criteria used for ICPm and DC in pediatric sTBI. Standardized
prospective multicenter studies are needed to define optimal indications and
improve outcome prediction.

Keywords: Brain injuries, Traumatic; Intracranial Pressure; Child;
Decompressive Craniectomy; Intracranial Hypertension

Approximately 69 million people worldwide sustain a traumatic brain injury (TBI) each year [1]. Severe
TBI in children is defined by a Glasgow Coma Scale (GCS) score below 9 on admission [2] and remains a
major cause of mortality and long-term disability. The leading
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causes include traffic accidents, falls, violence, and self-harm, with a higher incidence among males and
in children younger than 2 years and adolescents aged 15-18 years [1,3].

Preventing secondary brain injury caused by hypoxia, hypotension, anemia, and intracranial
hypertension is a cornerstone of management. Although several guidelines recommend standardized
approaches for pediatric severe TBI, many recommendations rely on low-quality evidence, limiting their
applicability, particularly in resource-constrained settings such as Brazil [2,4].

This systematic review summarizes the current clinical and radiological criteria guiding intracranial
pressure monitoring (ICPm) and decompressive craniectomy (DC) in pediatric severe TBI, focusing on
factors associated with improved functional and neurological outcomes.

MATERIALS AND METHODS
Study design, information sources, and search

This systematic review follows the 2020 Preferred Reporting Items for Systematic Reviews and Meta-
Analyses (PRISMA) guidelines.

The search strategy was constructed using Medical Subject Headings (MeSH) terms covering multiple
domains: severe TBI, pediatric population, and neurosurgical interventions, and decision criteria. Boolean
operators (AND, OR) were applied to combine search terms. The complete search strings adapted for each
database are detailed in the Supplementary Material.

The search was performed on March 12, 2026, across four major databases: PubMed, Scopus, Web of
Science, and LILACS. An automated filter for publication date over the last 10 years was applied.

Predefined Eligibility Criteria

Original research providing quantitative analysis into clinical and tomographic criteria for the surgical
treatment of pediatric population (until 18 years) victims of severe TBI (GCS less than 9) was eligible.
Prospective or retrospective design studies published in a peer-reviewed journal in English, Spanish, or
Portuguese were retrieved. We excluded case reports, qualitative studies, mixed population studies (such
as studies that did not perform analysis according to the different degrees of TBI (mild, moderate, and
severe).

Selection of studies

All retrieved records were exported to Rayyan. This application was utilized to automatically detect
and assist in the removal of duplicate records. Two authors independently screened titles and abstracts
against the eligibility criteria. Studies that met the inclusion criteria, or those whose abstracts did not
provide sufficient information, were selected for full-text evaluation. In the selection phase, the retrieved
articles were reviewed independently by two authors. Any disagreements regarding study inclusion were
addressed by consulting a third independent reviewer.

Data Extraction, Analysis, and Risk of Bias Assessment

Data extraction was independently performed by two authors using a standardized, pre-piloted data
collection spreadsheet. Any discrepancies during the extraction process were resolved through
discussion, and a third investigator cross-checked the data for accuracy and completeness. The extracted
information included: bibliometrics (first author, publication year, country, and study design), patient
demographics (sample size, age range, and gender distribution), clinical and tomographic presentation at
admission (including the GCS score), specific indications and criteria for neurosurgical approaches (such
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as ICPm, DC), and main outcomes (e.g., mortality, complications, and functional outcomes - Glasgow
Outcome Scale - GOS).

The methodological quality and risk of bias of the included studies were evaluated using tools tailored
to each study's design. For non-randomized studies of interventions, the Risk Of Bias In Non-randomized
Studies of Interventions (ROBINS-I) tool was applied. All bias assessments were performed independently
by two reviewers. Any disagreements regarding domain-level or overall judgments were addressed by
consulting a third independent reviewer.

The meta-analysis of the results was not possible due to the varied ways of analyzing outcomes and
inadequate patient categorization in most studies. Therefore, a qualitative synthesis of the most pertinent
and recurring discussions found in the studies was conducted to address the research questions.

RESULTS

The systematic search retrieved 2,763 records, of which 21 original studies met the inclusion
criteria, as presented in the flowchart (Figure 1). The main challenge during study selection was the lack
of stratification by TBI severity, which precluded interpretation of clinical or imaging criteria for the
proposed treatments. The included studies were distributed according to their main topic: ICPm (n=10)
and DC (n=11). References cited in the Introduction and Discussion that did not meet the eligibility criteria
were used solely for contextualization and interpretation and were not considered part of the systematic
evidence synthesis.
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Figure 1. PRISMA Flowchart
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Intracranial pressure monitoring

Analysis of the selected studies (Table 1) demonstrated a heterogeneous pediatric population
with severe TBI, with median ages ranging from 2.4 to 10 years [5,6]. Male patients predominated,
accounting for approximately 60-70% of the study populations [5-8]. Clinical severity at admission was
consistently high, reflecting the inclusion criterion of post-resuscitation GCS <9 [5,7,9,10]. Several studies
reported even lower median GCS values, including scores of 4 and 3, underscoring the severity of the
enrolled patients [7,8].

Initial management generally consisted of sedation, analgesia, optimization of oxygen delivery,
and hyperosmolar therapy [9,10]. Hypertonic saline was the most frequently reported osmotic agent in
recent protocols, whereas barbiturate coma and therapeutic hypothermia were reserved for refractory
intracranial hypertension [8,10,12].

Failure of medical management resulted in neurosurgical intervention in a substantial proportion
of patients. Decompressive craniectomy was performed in 31.9-66.7% of cases [6,11,12]. ICP monitoring
guided therapeutic escalation and surgical decision-making, allowing intervention before the
development of clinical signs of neurological deterioration [12].

Functional outcomes showed considerable variability across studies. Arunkumar et al. reported
unfavorable outcomes in 16.7% of monitored patients compared with 55% of controls [9], whereas Banik
et al. found no reduction in mortality or improvement in functional outcome at hospital discharge
associated with ICP monitoring [13]. Overall mortality ranged from 12% to 33.3% [6,8,9,13,14].

Abreu-Pérez et al. reported that maintaining ICP and cerebral perfusion pressure within age-
adjusted physiological ranges was associated with favorable neurological recovery, with 85% of patients
achieving GOS 5 [12]. Conversely, Miles et al. observed that 85% of monitored patients developed at least
one episode of intracranial hypertension and that refractory ICH was associated with a threefold higher
risk of death [7]. O'Lynnger et al. reported reduced mortality and improved discharge disposition following
implementation of a standardized multidisciplinary management protocol [10].

Decompressive craniectomy in children with severe TBI

Across all included studies (Table 3), male patients predominated in both the decompressive
craniectomy (DC) and control groups, accounting for more than 60% of the study populations from
Europe, South America, and Asia [15-18]. Most studies enrolled fewer than 100 patients; however,
multicenter investigations included substantially larger cohorts, reaching more than 2,000 patients in the
study by Bruns et al. [19].
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Table 1.

Bibliometric and clinical data of the selected studies for Intracranial pressure monitoring in children with severe TBI.

Author Countr Stu ! Male Age GCS Clinical Imaging Criteria Mortalit Prognosis
(Year) y dy (%) (years) Criteria y
Design
Abreu Pérez Cuba Prospect 33 NR 5-18 8 (48%); 7-6 GCS<8 Marshall CT score; midline 33.33% Direct relationship between normal ICP and better
(2015) ive (81.8%) (15%); 5-4 (18%); 3 shift > 5 mm for aggressive outcomes (85% favorable outcomes with controlled
points (18%) treatment
Arunkumar India Prospect 50 62% 8.5 7 (mean for both GCS<8 Marshall CT score on 16.7% ICP-guided therapy resulted in significantly better
(2016) ive groups) after admission (ICPm) vs. outcomes (16.7% unfavorable outcomes vs. 55% in the
resuscitation 55% (Control) non-monitored group).
Banik (2019) India Retrospe 61 68.8% 5 1 (GCS 3-5) and Il GCS<8 Marshall CT score; 35% Monitoring did not reduce mortality or ventilation
ctive (GCsS 6-8) hematomas or diffuse axonal injury (ICPm) vs. duration; age and GCS subgroup were the main
32% (Control) predictors.
Brensing German  Prospect 102 60.8%  3.3(ICP) 4 (median in ICPm) GCS<8 Brain swelling (68% of 32% Mortality was 32% in the monitored group versus
(2024) y ive /2.4 (No /5 (mean in no ICPm) monitored patients) or (ICPm) vs. 22% in the non-monitored group, reflecting greater
ICP)* subarachnoid hemorrhage 22% (No ICP) initial clinical severity.
Guerra Brazil Prospect 198 70.2% 9* Median 6; 35.9% GCS<8 Marshall 11l and IV (brain 22.2% Mortality was 22.2%,; patients with Marshall I11
(2020) ive with GCS 3-5 and swelling) and IV lesions had 14- and 24.9-fold higher odds of
64.1% with GCS 6-8 developing intracranial hypertension.
Kannan USA Retrospe 224 70% 13-17 All patients had GCS<8 Abnormal CT scan on 12% No difference in mortality or discharge GOS
(2017) ctive (39%) post-resuscitation GCS < or intubation > admission between early (ED) and delayed (ICU/CC) monitoring.
8 48 h
Laws (2023) USA Retrospe 33 54.5% 7.5-9 Median 4 (IQR 3— GCsS<8 NR 9.1% Survival rate was 91%; ketamine use was
ctive 6) before monitoring after associated with reduced ICP during crises without
resuscitation acute adverse effects.
Miles (2020) USA Retrospe 321 64.2%  7.5(ICP) 3 (IQR 3-5) in the GCs<8 Marshall or Rotterdam CT 23.3% Mortality was 23.3% in the intracranial
ctive /5.8 (No ICH group and 5 in the after score (ICP) vs. 4% hypertension group; pre-ICU hypoxia and higher 1SS
ICP)* non-ICH group resuscitation (No ICP) were risk predictors.
O’Lynnger USA Retrospe 128 53.1%  6.54 (Pre) 5.43 (mean pre) and GCS<8 Abnormal CT scan on 31% Implementation of a standardized protocol
(2016) ctive /5.89 5.28 (mean post) after admission (Pre) vs. 21% reduced mortality from 31% to 21% and improved
(Post) resuscitation (Post) discharge home rates (69% vs. 36%).
Rakkar USA Retrospe 138 65.2% 5* 4 (IQR 3-7) GCS<8 Abnormal CT scan on 18.1% Presence of a PbtO2 monitor was associated with
(2023) ctive admission survival; a PbtO: threshold < 30 mmHg predicted

mortality.

* median years. NR: not reported. ICPm: group of ICP monitored patients



Table 2. Risk of bias for included articles for Intracranial Pressure Monitoring

Study (Year) Confounding Selection Classification Deviations Missing Data Measurement Selective Overall
(D1) (D3) (D5) (D6) Reporting (D7)
(D2) (D4)
Abreu Pérez Critical Serious Low Low Low Moderate Low Critical
(2015)
Arunkumar Serious Moderate Low Low Low Moderate Low Serious
(2016)
Banik (2019) Serious Moderate Low Low Low Moderate Low Serious
Brensing (2024) Serious Low Low Low Low Low Low Serious
Guerra (2020) Critical Moderate Low Low Low Low Low Critical
Kannan (2017) Moderate Moderate Low Low Low Low Low Moderate
Laws (2023) Moderate Moderate Low Low Low Low Low Moderate
Miles (2020) Serious Moderate Low Low Moderate Moderate Low Serious
i M L L L M L i
O'Lynnger (2016) Serious oderate ow ow ow oderate ow Serious
Rakkar (2023) Serious Moderate Low Low Low Low Low Serious




Table 3. Articles included in this review for analysis of Decompressive craniectomy in children with severe TBI.

Author (Year) Country n Male (%) Type of study GCS / pupillary reaction CT data Mortality
Bruns et al. Germany 2507 I 65.3% I retrospective, 7.3+ 4.4(DC) SDH 45.5% (DC) x 29.7% DC (20.6%) vs 13,7%;
(2022) cohort 9.4+ 4.8(control) EDH 28.4% (DC) x 10.5% OR 1.2 (0.74-1.95)

Brain edema 31.3%(DC) 13.7%
Hubertus etal.  Germany 101 69%  retrospective, DC (3-3); No DC (3-8); p 0.0365 median MLS: DC: 3(0-9); no differences
(2022) cohort No DC: 1( 0-12) p 0,624
Ballestero et Brazil 16 58.5% retrospective average GCS 5.2; 75% P.A Skull fractures 62.5% 37,5% at 6 months
al. (2019) SDH 56.3%
Ahmed et al. USA 273 67%  retrospective, medianGCS 5( 3-7); No description Early DC 6 (13.6%) vs Late DC 5
(2026) cohort 63.4%( 173) both pupil reactivity (11.4%)
26.4%(72) No pupil reactivity
Manfiotto et France 150 67.7% retrospective medianGCS 6( 3-15); Group A Median Rotterdam score > 4 (p=0.01) 17%
al. (2019) GCS 7 (3-15); Group B Median GCS 4 (3-15) Absence of cisterns( p=0.0003)
p=0,03 MLS > 5mm( p=0.019)
P.A 31.4% 26 anisocoria
Hojeij et al. Germany 598 67.5% retrospective, No description No description Early DC
(2026) cohort OR 2.89(1.43-5.85)
Xu et al. (2025) China 53 63.2 % retrospective, DC GCS 7( 4.5-8) SDH DC 23 Did not differ
matched Non DC GCS 6 (4.5-7) Non DC 12P 0,023 17% vs 28.4% (p=0.239)
p=0.075
Jaradat et al. Jordan 45 75.6% retrospective P.A and bad outcome (p=0.004) 42% SDH ;48.9% MLS> 15mm
(2025) GCS < 7 32(82%) 34% diffuse brain edema
GCS of 8, 8(18%) 15% uncal herniation
Semenova et Russia 64 retrospective GCS6+2 Marshall 3( 52.5%) 18.7% (12)
al. (2025)
Ocasio- Puerto Rico 20 65% retrospective DC group GCS 4 (IQR 3-5); Control GCS 6 Brain herniation 10% (2/20)
Rodriguez et al. (IQR 3-7.5) p=0.33 DC 11 (73%)
(2023)
Yew et al. Singapore 232 (18DC) 72.2% retrospective, No description DC SDH (61.1% vs 25.1%, p<0.001), uncal 16.7% no differences (DCand  no
(2025) cohort herniation (44.4% vs 9.5%, p<0.001) MLS DC)

(61.1% vs 11.6%, p<0.001)

DC (decompressive craniectomy); GCS (Glasgow Coma Scale); P.A (pupillary abnormalities); SDH (subdural hematoma); EDH (epidural hematoma); MLS (midline shift).
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Initial neurological status was generally more severe among patients undergoing DC than among
controls. Lower admission GCS scores were consistently reported in the surgical groups, although
statistical significance was not observed in all studies. Hubertus et al. demonstrated significantly lower
GCS scores in children treated with DC (p = 0.003), whereas Xu et al. found no significant difference
between groups [18,20].

Pupillary abnormalities were frequently associated with worse outcomes. Jaradat et al. reported
a significant association between abnormal pupillary findings and poor prognosis (p = 0.004) [16].
Similarly, Manfiotto et al. observed lower functional outcomes among patients presenting with mydriasis
at admission [15].

Acute subdural hematoma (SDH) was the most frequently reported tomographic finding among
patients undergoing DC, followed by midline shift, diffuse cerebral edema, and brain herniation. Bruns et
al. reported SDH in 45.5% of surgically treated patients compared with 29.7% of controls [19]. Xu et al.
also observed a significantly higher prevalence of SDH in the DC group (p = 0.023) [20], while Yew et al.
reported SDH in 61.1% of operated patients versus 25.1% of controls (p < 0.001) [21].

Midline shift and signs of herniation were consistently more frequent in children undergoing DC.
Among studies using standardized radiological classifications, Manfiotto et al. associated Rotterdam
scores 24, absent basal cisterns, and midline shift >5 mm with poorer functional outcomes [15]. Likewise,
Semenova et al. reported that 52.5% of patients with unfavorable outcomes presented Marshall grade I
lesions [22]. Ocasio-Rodriguez et al. reported brain herniation in 73% of children undergoing DC [23].

Mortality and functional outcomes varied considerably across studies. Ahmed et al. and Hojeij et
al. reported similar mortality rates between early and delayed DC, although early surgery was associated
with shorter intensive care unit stay and reduced duration of mechanical ventilation [24,25]. Ballestero et
al. observed favorable functional recovery (GOS 4-5) in 70% of operated patients at 6 months [17],
whereas several comparative studies found no significant improvement in mortality or functional
outcome following DC [18-20].

Risk-of-bias assessment (Table 4) demonstrated baseline imbalance across all studies due to
confounding by indication. Although four investigations achieved an overall moderate risk of bias through
propensity score matching or multivariable adjustment [20,21,24,25], residual confounding remained
unavoidable because of the observational design. Additional limitations included heterogeneous
definitions of surgical timing, inconsistent comparator groups, and variable reporting of long-term
functional outcomes.
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Table 4. Risk of bias for included articles for Decompressive craniectomy in children with severe TBI.

Study (Year) Confounding Selection Classification Deviations Missing Data (D5) Measurement Selective Overall
(D1) (D3) (D6) Reporting (D7)
(D2) (D4)
Ahmed (2026) Moderate Low Low Low Low Low Low Moderate
Ballestero (2019) Critical Serious Low Low Low Moderate Low Critical
Bruns (2022) Serious Low Low Low Low Moderate Low Serious
Hojeij (2026) Moderate Low Low Low Low Moderate Low Moderate
Hubertus (2022) Serious Serious Low Low Low Low Low Serious
Jaradat (2025) Serious Moderate Low Low Moderate Moderate Low Serious
Manfiotto (2019) Critical Serious Low Low Low Moderate Low Critical
Ocasio-Rodriguez Serious Serious Low Low Moderate Moderate Low Serious
(2023)
Semenova (2025) Serious Serious Low Low Low Moderate Low Serious
Xu (2025) Moderate Low Low Low Low Low Low Moderate

Yew (2025) Moderate Low Low Low Low Low Low Moderate
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DISCUSSION
Intracranial pressure monitoring

The present review demonstrates that the application of ICP monitoring in pediatric severe TBI
remains highly heterogeneous, reflecting important differences in patient selection, monitoring
thresholds, and institutional practices. Age appears to be a key determinant of intracranial physiology. In
infants, open fontanelles and cranial sutures increase intracranial compliance, potentially delaying the
clinical manifestations of intracranial hypertension despite ongoing cerebral injury [9,14]. Consequently,
reliance on neurological examination alone may underestimate disease severity in this age group [9].
Nevertheless, infants remain the least frequently monitored population, probably because of technical
challenges and the perception that invasive monitoring provides limited therapeutic benefit following
severe trauma [5,14]. In older children, whose cranial compliance resembles that of adults, intracranial
hypertension tends to develop more rapidly after space-occupying lesions [12,13].

Considerable variability was also observed in monitoring practices. Adherence to Brain Trauma
Foundation recommendations remains inconsistent across healthcare systems. For example, the
nationwide German surveillance study reported ICP monitoring in only 36% of eligible patients [2,5].
Moreover, important methodological details—including monitor insertion timing and device-related
infectious complications—were inconsistently reported, limiting comparisons among studies [5,7,14].

Interpretation of the available evidence must also consider the methodological limitations of the
included studies. Most investigations were retrospective or observational, introducing substantial
selection bias because patients with greater neurological severity were more likely to undergo invasive
monitoring [5,10]. This imbalance may partially explain why several studies failed to demonstrate
improvements in mortality despite better physiological control of intracranial pressure. Although most
ROBINS-I domains showed low risk of bias, only two studies achieved an overall moderate risk of bias
[11,14]. Additional heterogeneity in age-specific ICP thresholds, treatment-escalation protocols, and long-
term functional outcome assessment further limits direct comparison across studies.

Overall, the available evidence suggests that ICP monitoring should be considered an adjunct to
structured neurocritical care rather than an isolated therapeutic intervention. Future prospective
multicenter studies using standardized age-adjusted ICP thresholds, uniform treatment algorithms, and
long-term neurological follow-up are needed to better define its role in pediatric severe TBI.

Decompressive craniectomy

Although decompressive craniectomy is an established treatment for refractory intracranial
hypertension, its role in pediatric severe TBI remains incompletely defined [19,20]. The current evidence
is derived predominantly from retrospective observational studies with heterogeneous inclusion criteria,
limited sample sizes, and variable definitions of clinical outcomes. These methodological differences
substantially reduce comparability across studies and preclude robust conclusions regarding treatment
effectiveness.

One of the major sources of heterogeneity concerns outcome assessment. While the Glasgow
Outcome Scale remains the most frequently used instrument, several studies adopted pediatric-specific
scales, including the King's Outcome Scale for Childhood Head Injury (KOSCHI) and the Pediatric Cerebral
Performance Category (PCPC) [15,21]. This variability complicates comparisons between studies and limits
the feasibility of quantitative synthesis.

Surgical timing also remains poorly standardized. Primary decompressive craniectomy is
generally performed during initial hematoma evacuation in the presence of marked cerebral swelling,
whereas secondary decompressive craniectomy is reserved for refractory intracranial hypertension
despite maximal medical treatment. However, the definition of “early” surgery varied considerably among
the included studies, ranging from within 2 hours to within 24 hours after admission [16,24,25]. Such
variability probably contributes to the inconsistent findings regarding mortality and functional outcomes.
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Another important limitation is the inconsistent characterization of maximal medical therapy
before surgery. Escalation strategies differed substantially among institutions, and only a few studies
explicitly described the use of therapies such as barbiturate coma or therapeutic hypothermia before
proceeding to decompressive craniectomy [22]. Differences in available technological resources across
healthcare systems may also have influenced surgical decision-making.

Collectively, these findings indicate that current evidence supports decompressive craniectomy
as a potentially valuable option for carefully selected pediatric patients with refractory intracranial
hypertension. Importantly, previous literature outside the eligibility window has also shown that
meaningful recovery may occur even in children presenting with unilateral or bilateral mydriasis [26].
However, the absence of standardized treatment algorithms and the predominance of retrospective
studies prevent definitive conclusions regarding optimal timing, patient selection, and long-term
functional benefit.

CONCLUSION

This review demonstrated substantial heterogeneity in the clinical and radiological criteria used
to indicate ICPm and DC in children with severe TBI. Current evidence does not consistently demonstrate
that ICPm alone improves mortality or functional outcomes, while clinical status, age, and computed
tomography findings remain the main determinants of prognosis.

Although DC appears to be a valuable option for selected patients with refractory intracranial
hypertension, the available evidence is based predominantly on retrospective studies with heterogeneous
methodologies, limited sample sizes, and variable outcome measures. Poor neurological status, pupillary
abnormalities, subdural hematoma, midline shift, and herniation are frequently associated with worse
outcomes, although meaningful recovery remains possible in selected cases.

Overall, patient selection, injury severity, and institutional resources strongly influence outcomes.
Well-designed prospective multicenter studies with standardized protocols and long-term follow-up are
needed to define the optimal indications, timing, and effectiveness of ICPm and DC in pediatric severe
TBI.
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