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Highlights

What are the main findings?

• EDH-predominant injuries showed more frequent 90-day good recovery than
SDH/contusion-associated injuries, although the effect estimate was imprecise.

• The SDH/contusion-associated group had greater neurological, radiological, and treat-
ment burden, and adjustment for admission GCS attenuated the observed association.

What are the implications of the main findings?

• CT injury pattern provides useful clinical context but should not be used alone to
predict outcome after operative pediatric TBI.

• Functional status at discharge may not reflect subsequent recovery; standardized
fixed-time follow-up provides a more informative short-term assessment.

Abstract

Background/Objectives: Children who require surgery after traumatic brain injury (TBI)
represent a heterogeneous population. We compared 90-day functional status between
epidural hematoma (EDH)-predominant injuries and injuries containing acute subdu-
ral hematoma (SDH) and/or cerebral contusion, and examined whether quantitative CT
measures added useful context. Methods: We retrospectively studied 53 patients aged
1–18 years who underwent cranial surgery for acute TBI between June 2020 and June
2026. The primary comparison included 41 patients aged ≤ 16 years; 40 (97.6%) had
assigned 90-day Glasgow Outcome Scale—Extended Pediatric Revision (GOS-E Peds)
status. Preoperative CT scans were reviewed using a predefined protocol. Results:
SDH/contusion-associated patients had lower admission GCS (median 10 vs. 15) and
higher Rotterdam CT scores (3 vs. 1). Good recovery (GOS-E Peds 1–2) at 90 days occurred
in 9/13 (69.2%) SDH/contusion-associated patients and 25/27 (92.6%) EDH-predominant
patients. The corresponding exact odds ratio for absence of good recovery was 5.28 (95%
CI 0.63–68.02; p = 0.075), with an absolute risk difference of +23.4 percentage points (95%
CI −0.8 to 50.8). Adjustment for admission GCS attenuated the association (OR 2.57,
95% CI 0.37–19.09). Continuous midline shift was similar between the CT-pattern groups
and was not associated with 90-day status. Conclusions: CT-defined injury patterns
identified children with different initial injury burdens, but the 90-day association was
imprecise and partly tracked admission neurological severity. CT anatomy should therefore
be interpreted together with the clinical examination rather than used as a stand-alone
prognostic classifier.
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1. Introduction
Traumatic brain injury (TBI) remains an important cause of death and acquired dis-

ability in children and adolescents. Epidemiology, injury mechanisms, severity, and access
to definitive treatment vary across regions [1,2]. Pediatric TBI also differs from adult
TBI in cranial anatomy, cerebral physiology, mechanisms of injury, and developmental
consequences [3]. Current severe-TBI guidelines therefore emphasize combined neurolog-
ical, physiological, and radiological assessment rather than reliance on a single severity
marker [4].

Only a minority of children with head injury require cranial surgery, and this operative
population is not uniform. A neurologically preserved child undergoing evacuation of
a focal EDH differs substantially from a child requiring decompression for acute SDH,
contusional swelling, diffuse edema, or a complex cranial injury. Previous operative series
have described clinical predictors, age-related outcomes, or lesion-specific results [5–7], but
direct comparison of predefined CT injury patterns at a fixed pediatric functional endpoint
is limited.

CT-based classifications, including the Rotterdam score, are associated with mortality
and functional outcome in pediatric TBI [8–11]. MRI studies have also linked diffuse axonal
injury, lesion location, diffusion abnormalities, and lesion burden with outcome [12–16].
In contrast, pediatric EDH is often a focal and surgically remediable lesion, and favorable
outcomes are common in appropriately selected operative cohorts [17–20]. These obser-
vations suggest that the need for surgery does not by itself define the severity of primary
brain injury.

Outcome assessment is also important. GOS-E Peds provides a developmentally
adapted measure of global function [21], while recovery after pediatric TBI may continue
beyond hospital discharge [22–26]. Global function can also be influenced by extracranial
trauma [27]. Discharge status is therefore clinically useful, but it is not a standardized
postinjury time point and may not represent short-term recovery.

We therefore examined a consecutive operative pediatric TBI cohort using two clini-
cally recognizable CT patterns: EDH-predominant injury without acute SDH or cerebral
contusion, and injury containing acute SDH and/or cerebral contusion. The primary objec-
tive was to compare functional status at 90 days in the age range for which GOS-E Peds
was originally validated. Secondary objectives were to describe discharge and 180-day
status, quantify midline shift and focal lesion volumes, and examine treatment timing. The
study was intended to describe heterogeneity within an operative cohort, not to derive a
prognostic score or estimate the causal effect of surgery.

2. Materials and Methods
2.1. Study Design, Setting, and Cohort Identification

This retrospective observational cohort study was conducted at Başakşehir Çam and
Sakura City Hospital, a tertiary neurosurgical referral center in Istanbul, Türkiye. The
institutional operative database identified 68 patients aged 0–18 years who underwent
cranial surgery for suspected traumatic cranial injury between June 2020 and June 2026.
Fifteen patients operated for non-acute traumatic cranial conditions were excluded. The
remaining 53 patients constituted the acute operative TBI cohort. No eligible patient was
younger than 1 year.
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Qualifying procedures included craniotomy for evacuation of an acute traumatic
hematoma, decompressive craniectomy with or without hematoma evacuation, and opera-
tive elevation or reconstruction of a depressed skull fracture. Placement of an intracranial
pressure monitor or external ventricular drain alone was not considered a qualifying
operation. An analyzable preoperative head CT showing an acute traumatic cranial or
intracranial abnormality was required.

None of the included patients had documented preinjury neurological or functional
impairment expected to alter age-appropriate independence or GOS-E Peds classifica-
tion. Because the original GOS-E Peds validation included children through 16 years of
age [21], patients aged ≤ 16 years formed the primary functional-outcome population.
Patients aged 17–18 years remained in the full institutional cohort and were included in
sensitivity analysis.

The study was conducted in accordance with the Declaration of Helsinki and was
approved by the Başakşehir Çam and Sakura City Hospital Ethics Committee (approval
No. 415, 27 August 2026). The final research database was locked on 30 August 2026. Re-
porting followed the Strengthening the Reporting of Observational Studies in Epidemiology
(STROBE) recommendations [28].

2.2. Clinical, Neurological, and Treatment Variables

Clinical information was obtained from electronic medical records, emergency-
department records, transfer documents, anesthesia and operative records, intensive-care
and ward records, discharge summaries, radiology records, and outpatient follow-up.
Variables included age, sex, injury mechanism, clinically significant extracranial trauma,
transfer status, intubation before assessment in our emergency department, admission GCS
and its components, pupillary reactivity, procedure type, decompressive craniectomy, ICU
and ventilation duration, hospital length of stay, and mortality.

Polytrauma was defined as acute TBI with at least one clinically significant extracra-
nial injury requiring specialist assessment or treatment and with the potential to affect
mobility or age-appropriate independence. Minor superficial injuries without functional
consequence were not classified as polytrauma.

Admission GCS was the first reliable neurological examination documented by a
neurosurgeon before surgery. Patients intubated before assessment in our emergency
department were identified separately because sedation, neuromuscular blockade, and
airway intervention could affect GCS interpretation. Pupillary reactivity was recorded from
the first reliable examination. Routine invasive intracranial-pressure monitoring was not
used as a standardized institutional protocol, so cohort-level ICP data were unavailable.

Treatment timing was derived from trauma, emergency-department, and operating-
room timestamps. Injury-to-operation time was categorized as <3 h, 3–6 h, 6–12 h, or
>12 h, and emergency-department-to-incision time was analyzed continuously. Operative
decisions were individualized. The on-call attending neurosurgeon integrated neurological
status and change in GCS, pupillary findings, lesion morphology and mass effect, midline
shift, basal-cistern compression, serial CT progression when available, and surgically
relevant skull-fracture features. Borderline cases were discussed at departmental rounds
and managed by consensus. No single numerical threshold determined surgery across the
entire study period.

2.3. Admission CT Review and Injury-Pattern Classification

The index examination was the noncontrast head CT used for operative decision-
making. For transferred patients, an outside-hospital CT was accepted when image quality
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was adequate and the examination informed the operative decision; otherwise, the first
analyzable preoperative CT obtained at our institution was used.

Two neurosurgeons reviewed all CT examinations using a predefined protocol while
blinded to discharge, 90-day, and 180-day functional outcomes. Findings were assigned by
consensus. Independent pre-consensus classifications were not retained, so formal imaging
interobserver reliability could not be calculated. Recorded features included EDH, acute
SDH, cerebral contusion, traumatic subarachnoid hemorrhage (tSAH), intraventricular
hemorrhage (IVH), skull-fracture morphology, basal-cistern status, Rotterdam CT score,
continuous midline shift, and lesion volume.

EDH was defined as an acute traumatic extra-axial collection between the inner ta-
ble and dura, typically with a lentiform configuration. Acute SDH was defined as an
unequivocal traumatic collection between the dura and arachnoid, typically crescentic
along the convexity, falx, or tentorium. Cerebral contusion was defined on CT as a focal
traumatic cortical or subcortical parenchymal lesion with hemorrhagic foci or a focal trau-
matic intraparenchymal hematoma, typically accompanied by mixed attenuation and/or
surrounding edema and occurring in a distribution compatible with direct, coup, or con-
trecoup injury. For study classification, traumatic intraparenchymal hemorrhagic lesions
meeting these criteria were included within the contusion-associated category. Shearing
injury/diffuse axonal injury was not a defining component of the CT-pattern classification.
Isolated lesions considered suggestive of traumatic axonal injury did not qualify a patient
as contusion-associated unless the preoperative CT independently demonstrated a focal
lesion meeting the above definition of cerebral contusion. MRI-only evidence of traumatic
axonal injury was therefore not used for group assignment. Injury-pattern assignment was
based exclusively on the preoperative CT used for surgical decision-making; MRI findings
were not used to assign or modify the CT-pattern group. Equivocal trace hyperdensity was
not sufficient to define SDH. tSAH and IVH were defined by acute traumatic blood in the
subarachnoid spaces and ventricular system, respectively.

Basal cisterns were categorized as normal, compressed, or absent using the Rotterdam
framework. The Rotterdam CT score was calculated from cisternal status, midline shift
> 5 mm, epidural mass lesion, and tSAH and/or IVH. Continuous midline shift was
measured in millimeters as the maximal displacement of the septum pellucidum from the
expected midline on axial CT. EDH, acute SDH, and contusion volumes were recorded
in milliliters during the quantitative retrospective CT review. Because these lesion types
differ anatomically and biologically, lesion-specific volumes were described separately.
Exploratory analyses also considered total extra-axial hematoma volume (EDH + SDH)
and aggregate focal lesion volume (EDH + SDH + contusion).

Patients were assigned to mutually exclusive CT patterns by a hierarchical rule defined
independently of outcome: (1) EDH-predominant, defined by EDH without acute SDH or
cerebral contusion; (2) SDH/contusion-associated, defined by acute SDH and/or cerebral
contusion irrespective of concomitant EDH; (3) fracture-dominant, defined by a surgically
treated skull fracture without EDH, acute SDH, or cerebral contusion; and (4) other opera-
tive injury. The principal comparison involved the first two patterns. A patient with EDH
plus unequivocal SDH or contusion was classified as SDH/contusion-associated, avoiding
subjective retrospective assignment of a dominant lesion.

2.4. Operative-Target Adjudication and Surgical Treatment

CT injury pattern and operative indication were not treated as synonymous. Opera-
tive reports and perioperative documentation for SDH/contusion-associated injuries were
reviewed to identify the main surgical target. Targets were categorized as EDH evacua-
tion, SDH evacuation with or without decompression, contusion-related decompression,
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depressed-fracture elevation/reconstruction, or combined treatment. SDH or contusional
pathology was considered directly addressed when it was the primary target or a substan-
tive component of a combined operation. Unclear targets were retained as indeterminate
rather than inferred from lesion size.

Craniotomy was defined as creation of a bone flap that was replaced at the end of
the operation. Decompressive craniectomy was defined as removal of a bone flap that
was intentionally not replaced to provide additional intracranial volume. In this study,
decompressive craniectomy was treated as a marker of injury and treatment burden rather
than as an independent baseline exposure.

2.5. GOS-E Peds Ascertainment and Follow-Up

Functional status was evaluated with GOS-E Peds, ranging from 1 (upper good
recovery) to 8 (death) [21]. When an explicit GOS-E Peds score was documented within
the relevant assessment window, that score was used. When no score was recorded
but contemporaneous documentation contained sufficient functional information, two
neurosurgeons independently reconstructed the category. Disagreements were resolved
by consensus. If the record did not support a confident category, the assessment was left
missing rather than inferred from another time point.

For reconstructed 90-day assessments, exact ordinal agreement and agreement for the
prespecified GOS-E Peds 1–2 versus ≥3 classification were recorded. Chance-corrected
coefficients were not estimated because the reconstruction subset was small. Outcome
provenance and reconstruction agreement are summarized in Supplementary Table S1.

Discharge status represented function at the end of the index hospitalization. Follow-
up assessments were centered at 90 and 180 days after injury, with encounters within
±21 days accepted. If more than one assessment occurred within a window, the encounter
closest to the target date was used. Patients whose follow-up window had not matured by
database lock were classified as not yet assessable rather than lost to follow-up.

All deaths occurred during the index hospitalization. Death was retained as GOS-E
Peds 8 at subsequent nominal time points. Survivors without adequate documentation
after a mature follow-up window remained missing; no outcome was imputed.

GOS-E Peds 1–2 was defined as good recovery because these categories correspond to
upper and lower good recovery in the instrument. Scores ≥ 3 were described as absence of
good recovery rather than “unfavorable outcome,” because this range includes moderate
disability. GOS-E Peds was treated as a global functional measure; disability was not
retrospectively reassigned according to presumed cerebral or extracranial cause.

2.6. Outcome Hierarchy and Sensitivity Analyses

The primary endpoint was absence of good recovery (GOS-E Peds ≥ 3) at 90 days
among patients aged ≤ 16 years in the two principal CT-pattern groups. Discharge GOS-E
Peds was a secondary transitional endpoint. The 180-day assessment was exploratory
because follow-up maturity was lower. Secondary descriptive outcomes included the
ordinal GOS-E Peds distribution and patient-level transitions.

Longitudinal analyses were descriptive. The marked discharge ceiling effect in the
EDH-predominant group precluded interpretation of ordinal change as a linear recovery
rate, and available-case denominators differed across time points.

Prespecified sensitivity analyses repeated the 90-day comparison in the complete
0–18-year cohort and after excluding patients intubated before assessment at our emergency
department, patients with polytrauma, and patients with depressed/displaced fractures;
an alternative GOS-E Peds 5–8 endpoint was also examined. A single exploratory Firth
logistic model included CT pattern and admission GCS. Exploratory analyses examined
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continuous midline shift, lesion volumes, and emergency-department-to-incision time in
relation to 90-day status.

2.7. Statistical Analysis

Continuous variables are presented as median and interquartile range (IQR), and
categorical variables as n/N (%). Continuous or ordinal variables were compared with the
Wilcoxon rank-sum test and categorical variables with Fisher’s exact test. Spearman corre-
lation was used for continuous imaging or timing variables versus ordinal GOS-E Peds.

For binary functional outcomes, the SDH/contusion-associated pattern was treated
as the exposed group. Conditional exact odds ratios (ORs) and 95% confidence intervals
(CIs) were calculated, with absolute risk differences estimated using Newcombe-type CIs.
Penalized profile-likelihood CIs and likelihood-ratio p-values were used for the exploratory
Firth model. Lesion-specific volume analyses were primarily descriptive because of sparse
lesion-positive outcome subgroups.

No formal sample-size calculation was performed because all eligible operations
during the study interval were included. Missing outcomes were not imputed. The
90-day CT-pattern comparison was the single prespecified primary inferential analysis;
no multiplicity adjustment was applied to that test. Other analyses were secondary or
exploratory and were interpreted using effect estimates, confidence intervals, and clinical
context rather than isolated p-value thresholds. A Holm adjustment was additionally
examined as a sensitivity check across the exploratory quantitative CT tests and did not
change their interpretation. Analyses were performed in R version 4.5.2 (R Foundation for
Statistical Computing, Vienna, Austria).

3. Results
3.1. Cohort Identification and CT Injury Patterns

Sixty-eight operative cases were screened. Fifteen non-acute traumatic cranial condi-
tions were excluded, leaving 53 patients in the acute operative TBI cohort (Figure 1). Median
age was 9 years (IQR 5–16), and 36/53 patients (67.9%) were male. Traffic-related trauma
accounted for 32/53 injuries (60.4%) and falls for 19/53 (35.8%). Nineteen patients (35.8%)
had clinically significant polytrauma, 17 (32.1%) were transferred from another institution,
and eight (15.1%) had been intubated before assessment in our emergency department.

EDH was present in 35/53 patients (66.0%), acute SDH in 4/53 (7.5%), cerebral contu-
sion in 10/53 (18.9%), tSAH in 17/53 (32.1%), IVH in 1/53 (1.9%), and skull fracture in 46/53
(86.8%). Forty-three patients underwent craniotomy and 10 underwent decompressive
craniectomy. Three patients died during the index hospitalization (5.7%).

Across the complete 0–18-year cohort, 31 injuries were EDH-predominant, 14 were
SDH/contusion-associated, six were fracture-dominant, and two were other operative
injuries. Forty-seven patients were aged ≤ 16 years. Within this age group, 28 had EDH-
predominant injury and 13 had SDH/contusion-associated injury, forming the 41-patient
principal comparison cohort.

3.2. Initial Clinical, Radiological, and Treatment Burden

The two principal CT-pattern groups differed in initial neurological and radiological
severity (Table 1; additional detail in Supplementary Table S2). Median admission GCS
was 15 (IQR 13.75–15) in EDH-predominant patients and 10 (IQR 5–14) in SDH/contusion-
associated patients (p = 0.004). Median Rotterdam CT scores were 1 (IQR 1–2) and 3
(IQR 2–4), respectively (p < 0.001).
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Figure 1. Cohort identification, CT injury-pattern classification, and representative CT imaging.
(A) Screening and study flow. (B) Representative EDH-predominant injury. (C) Representative
acute SDH-associated injury. (D) Representative hemorrhagic contusion/intraparenchymal traumatic
hemorrhage classified within the contusion-associated pattern according to the prespecified CT
definition. In the patient shown in panel (D), surgery was prompted by neurological deterioration in
GCS together with radiographic progression; the CT-pattern label does not imply that every contusion
in the cohort was itself the operative target. CT patterns were assigned independently of functional
outcome. CT, computed tomography; EDH, epidural hematoma; GOS-E Peds, Glasgow Outcome
Scale—Extended Pediatric Revision; SDH, subdural hematoma; TBI, traumatic brain injury.

Table 1. Clinical, radiological, and treatment characteristics of the principal operative injury groups
in patients aged ≤ 16 years.

Characteristic EDH-Predominant (n = 28) SDH/Contusion-Associated (n = 13) p-Value

Age, years 7.0 (4.5–14.0) 8.0 (5.0–12.0) 0.933
Male sex 19 (67.9%) 7 (53.8%) 0.492
Traffic-related mechanism 13 (46.4%) 9 (69.2%) 0.200
Polytrauma 8 (28.6%) 6 (46.2%) 0.307
Transfer from another institution 12 (42.9%) 4 (30.8%) 0.513
Intubated before ED assessment 1 (3.6%) 4 (30.8%) 0.028
Admission GCS 15 (13.75–15) 10 (5–14) 0.004
Abnormal pupillary reactivity * 3 (10.7%) 2 (15.4%) 0.645
Rotterdam CT score 1 (1–2) 3 (2–4) <0.001
Midline shift, mm 0 (0–4) 0 (0–4) 0.638
Traumatic SAH 2 (7.1%) 9 (69.2%) <0.001
IVH 0 1 (7.7%) 0.317
Compressed/absent basal cisterns 8 (28.6%) 8 (61.5%) 0.084
Skull fracture 24 (85.7%) 11 (84.6%) 1.000
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Table 1. Cont.

Characteristic EDH-Predominant (n = 28) SDH/Contusion-Associated (n = 13) p-Value

Depressed/displaced fracture 4 (14.3%) 8 (61.5%) 0.004
Decompressive craniectomy 1/28 (3.6%) 6/13 (46.2%) 0.002
ED-to-incision time, min 127 (82–220) 140 (73–300) 0.845
ICU stay, days 1.5 (1–4) 5 (2–11) 0.048
Ventilation, days 0 (0–0) 3 (0–5) 0.008
Hospital stay, days 5 (4–7) 9 (5–14) 0.023

Values are median (IQR) or n/N (%). Continuous variables were compared using the Wilcoxon
rank-sum test and categorical variables using Fisher’s exact test. Table 1 p-values are descriptive
and were not multiplicity-adjusted. * One or both pupils nonreactive. ED, emergency department;
EDH, epidural hematoma; GCS, Glasgow Coma Scale; ICU, intensive care unit; IVH, intraventricular
hemorrhage; SAH, subarachnoid hemorrhage.

tSAH was present in 2/28 EDH-predominant patients (7.1%) and 9/13 SDH/contusion-
associated patients (69.2%; p < 0.001). Depressed or displaced skull fractures were also
more frequent in the SDH/contusion-associated group (61.5% vs. 14.3%; p = 0.004), as was
decompressive craniectomy (46.2% vs. 3.6%; p = 0.002).

Median emergency-department-to-incision time was similar between groups (127 min
[IQR 82–220] vs. 140 min [IQR 73–300]; p = 0.845). Ventilation duration, ICU stay, and
hospital length of stay were greater in the SDH/contusion-associated group. These findings
describe different acute clinical states and treatment burdens rather than an independent
effect of CT pattern.

3.3. Quantitative CT Measures and Treatment Timing

Continuous midline shift did not differ between the principal CT-pattern groups: the
median was 0 mm (IQR 0–4) in both EDH-predominant and SDH/contusion-associated
patients (p = 0.638). At 90 days, median midline shift was also 0 mm in patients with
good recovery (IQR 0–4) and in those without good recovery (IQR 0–9.3; p = 0.933). The
correlation between continuous midline shift and ordinal 90-day GOS-E Peds was weak
(Spearman ρ= 0.073; p = 0.656). Midline shift > 5 mm was present in 8/40 patients and
was not clearly associated with absence of good recovery (OR 2.28, 95% CI 0.17–20.84;
p = 0.580).

Among lesion-positive patients in the primary 90-day cohort, median recorded vol-
umes were 12.0 mL (IQR 4.87–24.66) for EDH, 37.7 mL (IQR 11.03–70.85) for acute SDH,
and 0.7 mL (IQR 0.30–1.70) for contusion. Lesion-specific outcome groups were too small
for stable inferential testing. Exploratory extra-axial hematoma volume and aggregate focal
lesion volume showed no clear association with 90-day status (both Wilcoxon p ≈ 0.21;
Spearman ρ = −0.166 and −0.153, respectively). Holm adjustment across these exploratory
quantitative CT tests did not change the interpretation.

Treatment timing also did not show a simple delay–outcome relationship. Median
emergency-department-to-incision time was 142 min (IQR 80.75–266) in patients with
90-day good recovery and 91.5 min (IQR 33.5–114.25) in those without good recovery
(p = 0.096). The correlation with ordinal 90-day GOS-E Peds was ρ = −0.263 (p = 0.101). The
numerically shorter interval among children with worse outcomes is consistent with more
urgent treatment of more severe injuries and does not permit causal inference about timing.

3.4. Operative Target Within the SDH/Contusion-Associated Pattern

The 13 SDH/contusion-associated patients included nine with cerebral contusion and
four with acute SDH; four also had concomitant EDH. Because the associated SDH or
contusion was not necessarily the lesion that prompted surgery, operative targets were
adjudicated separately from CT pattern (Supplementary Table S3).
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A principal operative target was assigned in all 13 patients. Three operations primarily
addressed acute SDH, one primarily addressed contusional swelling, and three were
combined procedures in which SDH or contusional swelling was a substantive component.
Two operations were primarily EDH evacuations despite the associated SDH/contusion
pattern, and four primarily treated depressed fractures or required cranial reconstruction.
Thus, seven of 13 operations directly addressed SDH or contusional pathology. The subsets
were too small for stable comparative modeling.

3.5. 90-Day Outcome Ascertainment and Primary Functional Outcome

90-day status was assigned in 40/41 patients (97.6%) in the principal ≤ 16-year cohort:
27/28 EDH-predominant patients and all 13 SDH/contusion-associated patients. Among
the 38 survivors with assigned 90-day status, 30 (78.9%) had a directly documented GOS-E
Peds score and eight (21.1%) required reconstruction from contemporaneous clinical docu-
mentation. Exact ordinal agreement for reconstructed assessments was 7/8 (87.5%), and
agreement for the prespecified GOS-E Peds 1–2 versus ≥3 classification was 8/8 (100%)
(Supplementary Table S1).

Good recovery at 90 days was present in 25/27 EDH-predominant patients (92.6%)
and 9/13 SDH/contusion-associated patients (69.2%). For the prespecified endpoint of
GOS-E Peds ≥3, the exact OR was 5.28 (95% CI 0.63–68.02; p = 0.075), and the absolute risk
difference was +23.4 percentage points (95% CI −0.8 to 50.8). The point estimate suggested
clinically relevant separation, but the confidence interval was wide and included the null.

The ordinal distributions were also different descriptively. In the EDH-predominant
group, 24 patients had GOS-E Peds 1, one had category 2, one category 3, and one category
8. In the SDH/contusion-associated group, seven had category 1, two category 2, two
category 3, one category 6, and one category 8. Only six patients in the primary analysis
were outside the good-recovery range, limiting multivariable precision.

3.6. Discharge State, Exploratory 180-Day Outcome, and Individual Transitions

At discharge, 26/28 EDH-predominant patients (92.9%) had GOS-E Peds 1–2 com-
pared with 7/13 SDH/contusion-associated patients (53.8%). For GOS-E Peds ≥ 3, the
exact OR was 10.32 (95% CI 1.46–126.49; p = 0.007), with an absolute risk difference of
+39.0 percentage points (95% CI 11.3–64.2). Because discharge occurred after different
lengths of hospitalization, this comparison represents an early transitional state rather than
a fixed-time outcome.

Between discharge and 90 days, four EDH-predominant patients improved and 23
remained unchanged among those with paired observations. In the SDH/contusion-
associated group, three improved, eight remained unchanged, and two moved to a numeri-
cally higher GOS-E Peds category. Two patients who were outside the good-recovery range
at discharge entered GOS-E Peds 1–2 by 90 days. The EDH-predominant group showed
a marked ceiling effect from discharge onward. Individual patient-level transitions are
shown in Figure 2.

At database lock, 36/41 patients in the principal cohort had completed the 180-day
ascertainment window. Functional status was assigned in 33/36 (91.7%), including two
known in-hospital deaths retained as GOS-E Peds 8. Five additional patients had not yet
completed the accepted assessment window and were considered administratively not
yet assessable.

At 180 days, good recovery was present in 20/22 EDH-predominant patients (90.9%)
and 7/11 SDH/contusion-associated patients (63.6%). For GOS-E Peds ≥ 3, the exact OR
was 5.37 (95% CI 0.62–71.97; p = 0.146). Functional outcomes across the three assessment
points are summarized in Table 2. Among patients with both 90- and 180-day assessments,
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one EDH-predominant patient and two SDH/contusion-associated patients improved by
at least one ordinal category; no patient worsened. Detailed distributions and transitions
are provided in Supplementary Table S4.

Figure 2. Individual GOS-E Peds transitions in the principal ≤ 16-year operative injury groups.
Alluvial diagrams show patient-level transitions across discharge, 90 days, and 180 days for
(A) EDH-predominant and (B) SDH/contusion-associated injuries. Lower GOS-E Peds scores repre-
sent better global function and category 8 represents death; known deaths remain in category 8 at
subsequent nominal time points. M denotes missing outcome documentation after a mature follow-
up window. p denotes pending/not yet assessable because the follow-up window had not matured
or remained open at database lock. Ribbon color denotes the discharge GOS-E Peds category. The
figure is descriptive because of the discharge ceiling effect and changing available-case denominators
over time.
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Table 2. Functional status in the principal ≤ 16-year operative injury groups.

Outcome EDH-Predominant SDH/Contusion-Associated Effect

90 days (PRIMARY)

Patients with assigned status * 27 13 —

GOS-E Peds, median (IQR) 1 (1–1) 1 (1–3) —

Good recovery, GOS-E Peds 1–2 25/27 (92.6%) 9/13 (69.2%) —

GOS-E Peds ≥ 3 2/27 (7.4%) 4/13 (30.8%) OR 5.28 (0.63–68.02);
p = 0.075

Absolute risk difference, GOS-E Peds ≥ 3 — +23.4 percentage points 95% CI −0.8 to 50.8

Discharge (secondary transitional
endpoint)

Patients assessed 28 13 —

GOS-E Peds, median (IQR) 1 (1–1) 1 (1–5) —

Good recovery, GOS-E Peds 1–2 26/28 (92.9%) 7/13 (53.8%) —

GOS-E Peds ≥ 3 2/28 (7.1%) 6/13 (46.2%) OR 10.32 (1.46–126.49);
p = 0.007

Absolute risk difference, GOS-E Peds ≥ 3 — +39.0 percentage points 95% CI 11.3–64.2

180 days (exploratory, available-case)

Patients with assigned status * 22 11 —

GOS-E Peds, median (IQR) 1 (1–1) 1 (1–3) —

Good recovery, GOS-E Peds 1–2 20/22 (90.9%) 7/11 (63.6%) —

GOS-E Peds ≥ 3 2/22 (9.1%) 4/11 (36.4%) OR 5.37 (0.62–71.97);
p = 0.146

* Known in-hospital deaths remained classified as GOS-E Peds 8 at subsequent nominal time points.
Patients whose follow-up window had not yet matured were excluded from the corresponding
denominator and were not classified as missing. CI, confidence interval; EDH, epidural hematoma;
GOS-E Peds, Glasgow Outcome Scale—Extended Pediatric Revision; OR, odds ratio. Bold text and
gray shading identify the prespecified endpoints.

3.7. Sensitivity and Severity-Adjusted Analyses

Prespecified sensitivity analyses remained directionally consistent with the primary
comparison, but all estimates were imprecise (Supplementary Table S5 and Figure 3B). This
was true when the analysis was extended to patients aged 17–18 years, after exclusion
of patients intubated before assessment in our emergency department, after exclusion
of polytrauma, when GOS-E Peds 5–8 was used as a more stringent endpoint, and after
exclusion of depressed/displaced fractures.

In the exploratory Firth model, adjustment for admission GCS attenuated the CT-
pattern estimate from an OR of 5.28 to 2.57 (95% profile-likelihood CI 0.37–19.09; p = 0.331).
Each one-point higher admission GCS was associated with an OR of 0.84 for absence
of good recovery (95% profile-likelihood CI 0.68–1.04; p = 0.107). These estimates were
imprecise. The attenuation indicates that part of the crude CT-pattern association tracked
neurological severity at presentation.

3.8. Follow-Up Completeness and Administrative Censoring

At 90 days, 40/41 patients in the principal cohort had assigned status (97.6%); one eli-
gible survivor lacked adequate documentation. At 180 days, 33/36 patients whose accepted
follow-up window had matured had assigned status (91.7%). Administratively immature
observations were not classified as missing and were excluded from the corresponding
available-case denominator (Supplementary Table S6).
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Figure 3. Functional status at serial assessments and sensitivity analyses. (A) Proportion of patients
achieving good recovery (GOS-E Peds 1–2) at discharge, 90 days, and 180 days in the principal
≤ 16-year CT-pattern groups, with exact binomial 95% confidence intervals and observed n/N labels.
The 90-day assessment is the prespecified primary fixed-time endpoint. Points are not connected
because available-case denominators differ. (B) Forest plot of the primary 90-day association, the
exploratory estimate adjusted for admission GCS, prespecified sensitivity analyses, and secondary
discharge and 180-day estimates. Odds ratios > 1 indicate greater odds of GOS-E Peds ≥ 3 in the
SDH/contusion-associated group. Secondary and sensitivity estimates are exploratory and are shown
to indicate precision and direction, not as separate confirmatory tests.
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4. Discussion
In this single-center operative cohort, EDH-predominant and SDH/contusion-

associated injuries represented different clinical states. 90-day good recovery was observed
more often after EDH-predominant injury, but the estimate was imprecise. The groups also
differed substantially in admission GCS, Rotterdam CT score, tSAH, fracture morphology,
decompressive-craniectomy use, ventilation, and hospital course. Adjustment for admis-
sion GCS reduced the CT-pattern association. The main interpretation is therefore that CT
pattern provides context for injury burden; it is not a stand-alone prognostic classifier.

This interpretation is consistent with prior operative and imaging literature. Previous
pediatric surgical series have focused on clinical predictors, age-stratified outcomes, or
lesion-specific cohorts [5–7], while CT and MRI studies have shown that neurological
status and global imaging burden are important for outcome [8–16]. Pediatric EDH can
nevertheless be a focal, surgically remediable lesion with favorable recovery [17–20]. Our
findings extend these observations by comparing predefined CT patterns within one
consecutive operative cohort at a fixed 90-day pediatric functional assessment.

Quantitative CT analyses did not identify a single CT measurement that explained
outcome. Continuous midline shift was similar between injury-pattern groups and showed
little association with 90-day GOS-E Peds. Lesion volumes were highly heterogeneous,
and lesion-specific outcome samples were too small for stable modeling. Exploratory
aggregate volume measures also showed no clear association with 90-day status. These
negative exploratory results should not be interpreted as evidence that mass effect or lesion
volume is unimportant; the cohort was small and selected for surgery. They instead support
integrated interpretation of imaging and neurological examination.

Treatment timing showed a similar limitation. Children without 90-day good recovery
underwent surgery sooner numerically, not later. This likely reflects triage of more severe
injuries to more urgent surgery and illustrates confounding by indication. Because the
study contains only operated patients and no comparable nonoperative cohort, it cannot
estimate the causal effect of time to surgery, the benefit of surgery, or a threshold at which
surgery should be performed.

The longitudinal findings also distinguish discharge status from fixed-time out-
come. The between-group difference was larger at discharge than at 90 days, and two
SDH/contusion-associated patients entered the good-recovery range during this interval.
Discharge therefore reflects an early transitional state rather than a definitive short-term
outcome. The 180-day findings were directionally similar but exploratory because fewer pa-
tients had mature follow-up. Broader cognitive, behavioral, educational, and participation
outcomes may continue to evolve beyond the GOS-E Peds categories [22–26].

CT pattern should also not be confused with operative indication. Only seven of
13 SDH/contusion-associated operations directly treated SDH or contusional pathology;
other operations primarily addressed EDH or skull-fracture pathology. Operative decisions
in routine practice were made by the on-call attending neurosurgeon after integrating the
neurological examination, clinical course, and CT findings; borderline cases were discussed
by the department and approached by consensus. Figure 1D illustrates this distinction:
surgery followed GCS deterioration and radiographic progression rather than the mere
presence of a small contusion.

Decompressive craniectomy was more frequent in the SDH/contusion-associated
group and is best viewed here as a marker of physiological and treatment burden. The
pediatric evidence for decompressive craniectomy remains heterogeneous [29–31], and our
small retrospective cohort cannot estimate its independent treatment effect.

Outcome ascertainment was a strength. 90-day status was available for 97.6% of the
principal cohort, most surviving patients had a directly documented GOS-E Peds score,
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and reconstructed assessments showed complete agreement for the prespecified binary
endpoint. Missing scores were not imputed or carried across time points. GOS-E Peds
nevertheless remains a global measure and can be affected by extracranial injury; this was
addressed through a prespecified polytrauma sensitivity analysis rather than retrospective
attribution of disability [27].

Additional strengths include a consecutive operative cohort, outcome-blinded CT
review, an explicit injury-pattern rule, operative-target adjudication for mixed lesions,
quantitative CT measures, a fixed 90-day primary endpoint, and transparent handling
of follow-up maturity. The statistical analysis was deliberately limited because only six
patients in the primary cohort were outside the good-recovery range.

Several limitations are important. This was a retrospective single-center study with
53 acute operative TBI patients, 40 in the primary 90-day analysis, and only six primary
endpoint events. Confidence intervals were therefore wide. The CT-pattern groups were
constructed for this study and are not externally validated; acute SDH and cerebral contu-
sion are biologically distinct and were grouped only to identify injuries containing subdural
or parenchymal components. CT review was consensus-based, so imaging interobserver
reliability cannot be reported. Because injury-pattern assignment was based on CT, the
classification was not designed to capture the full burden of traumatic axonal/shearing
injury, which is more sensitively characterized by MRI. Lesion-volume measurements were
exploratory and are vulnerable to measurement error, particularly for irregular lesions.
Surgical indications reflected attending judgment and departmental consensus rather than
a single protocol, and the absence of a nonoperative comparison group prevents inference
about surgical benefit or optimal timing. Admission GCS could be affected by pre-referral
airway management. ICP data were not routinely available. Retrospective GOS-E Peds
reconstruction is not equivalent to prospective structured administration, and the 180-day
analysis had a smaller available-case denominator. Finally, GOS-E Peds does not fully
capture cognition, behavior, emotional health, school reintegration, or participation.

5. Conclusions
Among children undergoing cranial surgery for acute TBI, EDH-predominant and

SDH/contusion-associated CT patterns identified groups with different initial neurological,
radiological, and treatment burdens. 90-day good recovery was more frequent in the EDH-
predominant group, but the association was imprecise and attenuated after adjustment for
admission GCS. Continuous midline shift and exploratory lesion-volume measures did not
show clear independent associations with 90-day status in this small cohort.

The larger disparity at discharge narrowed by 90 days, emphasizing that discharge
function is transitional. CT anatomy should therefore be interpreted together with neuro-
logical status, serial clinical change, and other measures of injury burden rather than used
alone for outcome prediction. Larger multicenter studies with prospective standardized
functional and neurocognitive assessment are needed.

Supplementary Materials: The following supporting information can be downloaded at https://
www.mdpi.com/article/10.3390/children13111512/s1: Table S1. 90-day GOS-E Peds ascertainment
and agreement for reconstructed assessments; Table S2. Detailed injury mechanism, admission GCS
components, pupillary findings, treatment timing, and operative characteristics by CT injury pattern
in the principal ≤16-year cohort; Table S3. Detailed CT composition and adjudicated operative-target
distribution within the SDH/contusion-associated injury pattern in the principal ≤16-year cohort
(n = 13); Table S4. Exact GOS-E Peds distributions and transition matrices in the principal ≤16-year
operative injury groups; Table S5. Sensitivity analyses for absence of good recovery at 90 days;
Table S6. Follow-up eligibility, administrative censoring, and outcome availability at 90 and 180 days.
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