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Abstract

This study aims to investigate the prognostic value of serum S100B protein in patients with spontaneous subarachnoid
hemorrhage (sSAH), specifically in predicting mortality and functional outcomes. A prospective observational study was
conducted on 108 consecutive sSAH patients admitted between January 2022 and August 2024. Serum S100B levels were
measured at 24 h (T0O), 72 h (T1), and 7 days (T2) post-admission. Clinical outcomes, including the modified Rankin Scale
(mRS) at 14 days and 3 months, as well as complications such as delayed cerebral ischemia (DCI) and systemic adverse
events, were recorded. Associations were analyzed using logistic regression and explored using random forest with repeated
cross-validation. Higher early S100B levels were independently associated with worse functional outcome and higher
mortality. SI00B at T1 was associated with delayed cerebral ischemia (DCI) in univariate analysis, but this association
did not persist after multivariable adjustment for clinical severity. Random forest analyses supported the prognostic value
of early S100B measurements for functional outcome; S100B at TO and T1 emerged as the most influential predictors. No
significant association was found between S100B levels and systemic complications. S100B is a promising early biomarker
for predicting mortality and functional outcomes in SSAH, whereas its independent association with DCI and its predictive
value for systemic complications appear limited. Larger validation studies are warranted before biomarker-guided clinical
protocols can be considered.
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Introduction

Spontaneous subarachnoid hemorrhage (sSAH), most com-
monly caused by rupture of an intracranial aneurysm, is a
severe neurological condition associated with high mortality

Key Points

Question Does serum S100B predict mortality, functional
outcome, and complications in patients with spontaneous
subarachnoid hemorrhage?

Findings In this prospective observational study of 108 patients,
higher early serum S100B levels were significantly associated with
worse functional outcomes and increased mortality.

Meaning Early S100B measurement may improve prognostic
stratification and support individualized management in
spontaneous subarachnoid hemorrhage.
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and long-term disability [1]. The initial hemorrhagic insult
triggers a complex cascade of pathophysiological processes,
including early brain injury, inflammation, cerebral vasos-
pasm, delayed cerebral ischemia (DCI), brain edema, and
occasionally rebleeding, ultimately leading to neurological
deterioration and systemic multi-organ dysfunction. DCI,
occurring typically between days 4 and 14 after hemorrhage,
affects approximately 20-30% of patients and remains a
major contributor to morbidity and poor outcome [1].

Despite advances in surgical, endovascular, and intensive
care management, early identification of patients at higher
risk of poor outcome or complications remains challeng-
ing. Current prognostic assessment relies mainly on clini-
cal grading scales and neuroimaging findings, which may
incompletely capture the underlying extent of biochemical
and cellular brain injury, particularly in the early phase after
hemorrhage [2—6].
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In recent years, several circulating biomarkers have been
investigated as potential tools for outcome prediction in
sSAH [2, 4, 6]. Among them, S100-beta protein (S100B)
has emerged as a promising indicator of neuronal and glial
injury, with established prognostic value in traumatic brain
injury [7, 8]. S100B is a calcium-binding protein predomi-
nantly expressed in astrocytes and released into the blood-
stream following blood—brain barrier disruption and cerebral
injury, allowing early peripheral detection. While elevated
S100B levels have been reported in various forms of acute
brain injury, including ischemic and hemorrhagic stroke,
evidence in sSAH remains limited and heterogeneous, and
its role in predicting disease progression, complications, and
outcomes has not been clearly defined [7, 9—11].

The study aims to evaluate whether early serum S100B
levels reflect the severity of early brain injury and predict
functional outcomes, mortality, delayed cerebral ischemia
(DCI), and systemic complications, primarily as downstream
consequences of the initial hemorrhagic insult rather than as
markers of delayed ischemic mechanisms themselves.

Materials and Methods
Study Design

This prospective observational study included all adult
patients (> 18 years) admitted to the Emergency Depart-
ment of Fondazione Policlinico Universitario A. Gemelli
IRCCS (Rome) between January 2022 and August 2024
with a diagnosis of spontaneous subarachnoid hemorrhage
(sSAH) confirmed by neuroimaging. Both aneurysmal
sSAH and hemorrhage related to other vascular malforma-
tions were included [12, 13] while patients with traumatic
subarachnoid hemorrhage or other intracranial pathologies
were excluded. S100B reflects blood-induced brain injury
and neuroinflammatory responses triggered by subarachnoid
blood exposure, which may occur across a broad spectrum
of clinical presentations regardless of the underlying vascu-
lar source of subarachnoid hemorrhage [12—15]. Otherwise,
post-traumatic SAH represents a distinct biological entity
with a different neurological mechanism of brain damage.
The study aimed to evaluate the association between serum
S100B levels, their temporal trends, and clinical outcomes
and complications in sSSAH. Blood samples were collected at
predefined time points: 24 h (T0), 72 h (T1), and 7 days (T2)
upon admission. Because the exact time of ictus could not be
reliably established in all patients, admission time was used
as the reference point for sample collection. Analyses involv-
ing T1 were performed using a 72-h landmark approach
and included only patients alive at the scheduled sampling
time. Patients who died before 72 h were excluded from
T1-based models, and T1 values were not imputed because
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the biomarker was structurally unobservable after death.
All DCI events occurred between hospital days 4 and 14
and therefore after T1 sampling. Consequently, the T1-DCI
model evaluated the association between S100B measured
at 72 h and subsequent DCI.

Demographic, clinical, and radiological data were pro-
spectively collected from hospital records.

Study Endpoints
Primary Outcomes

e Association between S100B serum levels at different
intervals and functional outcome measured by mRS at
14 days and 3 months

e Association between S100B serum levels at different
intervals and mortality

e Association between S100B serum levels at different
intervals and delayed cerebral ischemia (DCI)

Secondary Outcomes

e Association between S100B levels and systemic compli-
cations (cardiac, renal, infectious, thromboembolic, and
pulmonary events)

Ethical Approval

The study was approved by the local Ethics Commit-
tee (ID FPG/6185) and registered at ClinicalTrials.gov
(NCT06218654, 2024-01—15). Written informed con-
sent was obtained from all participants or their legal
representatives.

Clinical and Radiological Data Collection

Baseline data included age, sex, Hunt and Hess scale, modi-
fied Fisher scale, blood volume on CT, vascular lesion type,
cardiovascular risk factors, and mRS at admission. The use
of external ventricular drainage, treatment modality (endo-
vascular or surgical), and nimodipine administration were
recorded [3, 16].

Length of hospital stay and mRS scores were assessed
during hospitalization and at 14 days and 3-month follow-up.

All patients underwent CT imaging at diagnosis. Volu-
metric analyses of subarachnoid and intraparenchymal
hemorrhage were independently performed by two blinded
neuroradiologists. Intracranial complications classified
as DCI, late hydrocephalus, rebleeding or cerebral edema
requiring decompressive craniectomy, and systemic compli-
cations were recorded. Late hydrocephalus was defined as
hydrocephalus developing after the acute phase of sSSAH and
requiring permanent cerebrospinal fluid diversion [1, 2, 4,
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6, 17, 18]. Rebleeding was defined as a new post-treatment
hemorrhagic event arising from the index vascular lesion,
confirmed by radiological evidence of increased hemorrhage
volume on follow-up imaging compared with baseline stud-
ies, with or without associated neurological deterioration
[19].

DCI was defined as new neurological deterioration last-
ing > 1 h, occurring between hospital days 4 and 14, after the
standardized T1 measurement at 72 h, confirmed by angi-
ography or CT angiography, and not attributable to other
causes [20].

Clinical Outcome and Intracranial Complications

Clinical outcomes were measured using the modified Rankin
Scale (mRS) at 14 days and 3 months of follow-up post-
sSAH. Median values of serum sampling were evaluated to
predict outcomes. Other median trends were evaluated for
intracranial and systemic complications.

Selection and Measurement of S100B Biomarker

Serum S100B levels were measured using an electrochemi-
luminescence immunoassay (Elecsys S100B, Roche Diag-
nostics) with a measuring range of 0.02-30.0 ug/L and a
cutoff of 0.10 pg/L [5, 21, 22]. Serum samples were assessed
at 24 h (T0), 72 h (T1) and at 7 days (T2).

Statistical Analysis

Continuous variables were reported as mean + SD or median
with interquartile range, as appropriate. Categorical varia-
bles were analyzed using Fisher’s exact test. Group compari-
sons were performed using Student’s #-test or Mann—Whit-
ney U test. Logistic regression models were used to assess
associations between S100B levels and outcomes, with
exclusion of models affected by overfitting. Rebleeding and
cerebral edema requiring decompressive craniectomy were
analyzed descriptively only (frequencies and median S100B
levels) and were not included as covariates or outcomes in
the univariate or multivariable regression models, owing
to the limited number of events (n=12). T1 analyses were
conducted using a 72-h landmark approach and included
the 101 patients alive at 72 h with an available T1 measure-
ment. Accordingly, the T1 models for 14-day and 3-month
mRS were conditional on survival to the 72-h landmark,
whereas the T1 mortality model evaluated deaths occurring
after 72 h.

A random forest model was trained using S100B levels
at TO, T1, and T2 to predict functional outcomes at 14 days
and 3 months. Model performance was assessed using clas-
sification accuracy and area under the receiver operating
characteristic curve, and feature importance was evaluated

using Gini impurity reduction. Stratified cross-validation
and sensitivity analyses excluding extreme values were per-
formed. Statistical significance was set at p < 0.05.

Results
Patients’ Baseline Characteristics

One hundred and eight patients were enrolled, with an aver-
age age of 59 years. Females represented 61% of the cohort.
The baseline characteristics and clinical course of the cohort
have been presented in Table 1.

Sixty-four percent had a Hunt&Hess (HH) score between
1 and 3, and 88% had a modified Fisher score between 3 and
4. The median total blood volume on CT was 19 cm?>, with
14.5 cm? for subarachnoid hemorrhage. Aneurysmal SAH
was found in 81%, while other non-aneurysmal malforma-
tions were 19%. At presentation, 33% of patients had mRS
(before resuscitation) 0-2, while 67% had mRS 3-5. Regard-
ing sSSAH management, 70% underwent endovascular treat-
ment and 30% underwent microsurgical treatment. Com-
plications occurred in 63% of patients, with DCI in 25%.
Late hydrocephalus affected 17%, and rebleeding or brain
edema requiring DC affected 11%. Rebleeding or cerebral
edema requiring decompressive craniectomy occurred in
12 patients (11%) and were analyzed descriptively only; no
regression models were fitted for these events because of the
limited number of cases. Systemic complications occurred in
31% of cases. At 14 days, functional outcome was dichoto-
mized according to mRS, with 50% of patients presenting
a favorable outcome (mRS 0-2). Three-month functional
outcome data were available for all 108 enrolled patients. At
3 months, 65 patients (60%) achieved a favorable outcome
(mRS 0-2), whereas 43 patients (40%) had an unfavorable
outcome (mRS 3-6), including 22 patients who died during
follow-up (mRS =6, Table 1).

S100B Levels and Functional Outcomes
and Complications

Median S100B levels of 0.45 pg/L (IQR 0.26-0.79, Suppl.
Table 1) at 24 h (TO) were associated with poor functional
outcomes (mRS 3-6) at 3 months. Among the 108 patients
with an available TO measurement, higher log-transformed
S100B levels at TO were associated with unfavorable func-
tional outcome at 14 days (OR 4.92, 95% CI 2.77-8.74,
p<0.001; Table 2, Fig. 1A) and at 3 months (OR 6.26, 95%
CI3.21-12.20, p<0.001; Table 2). After adjustment for age,
sex, and Hunt and Hess grade, S100B at TO remained inde-
pendently associated with unfavorable outcome at 14 days
(adjusted OR 3.40, 95% CI 1.80-6.43, p <0.001; Table 3,
Fig. 2) and at 3 months (adjusted OR 4.43, 95% CI 2.08-9.47,
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Table 1 Overall patients’ baseline characteristics and clinical out-
comes

Variables Values

No of patients 108
Age (mean + SD/median [IQR]) 59+ 14.55 y/60.4 (51.2-69.3)
Sex (M:F, n [%]) 42:66 (39%:61%)

Smoke

Yes 32 (30%)

No 76 (70%)
Hypertension

Yes 78 (72%)

No 30 (28%)
Hunt&Hess score

1-3 69 (64%)

4-5 39 (36%)
Modified Fisher score

1-2 13 (12%)

3-4 95 (88%)
SAH blood CT volumetry (median, IQR)

Total blood (ICH + SAH) 19 (11-30) cm®

SAH blood 14.5 (7-20) cm®

Type of vascular malformation

Aneurysmal 88 (81%)

Other spontaneous SAH 20 (19%)
mRS before resuscitation

0-2 36 (33%)

3-5 72 (67%)
Treatment

EVD placement 55 (51%)

Endovascular 75 (70%)

Microsurgical 33 (30%)
Overall complications

Yes 68 (63%)

No 40 (37%)
Clinical vasospasm (as DCI)

Yes 27 (25%)

No 81 (75%)
Other complications

Late hydrocephalus 18 (17%)

Rebleeding/brain edema 12 (11%)

Systemic 34 (31%)
Length of stay (mean + SD) 27.9+46.7d
mRS at 14 days

0-2 54 (50%)

3-6 54 (50%)
mRS at 3-month follow-up

0-2 65 (60.2%)

3-5 21 (19.4%)

6 22 (20.4%)

3-6 43 (39.8%)

cm® cubic centimeters, CT computed tomography, DCI delayed
cerebral ischemia, EVD external ventricular drainage, F female,
ICH intracranial hematoma, M male, mRS modified Rankin Scale,
No number, SAH subarachnoid hemorrhage, SD standard deviation,
y years old
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p<0.001; Table 3, Fig. 2). SI00B was not independently
associated with DCI in multivariable analysis (Table 3). T1
landmark analyses included 101 patients alive and evaluable
at 72 h. The seven patients without a T1 measurement died
before the scheduled 72-h sampling, and no patient alive at the
landmark had a missing T1 measurement. Higher log-trans-
formed S100B at T1 remained independently associated with
unfavorable functional outcome at 14 days (adjusted OR 3.08,
95% CI 1.59-5.95, p<0.001) and at 3 months (adjusted OR
4.28,95% CI12.00-9.17, p <0.001). These analyses were con-
ditional on survival to the 72-h landmark. All 27 DCI events
occurred between hospital days 4 and 14, after T1 sampling.
S100B at T1 was associated with subsequent DCI in univari-
able analysis (OR 1.60, 95% CI 1.06-2.41, p=0.026, Fig. 1B),
but the association did not persist after adjustment for age,
sex, and Hunt and Hess grade (adjusted OR 1.07, 95% CI
0.68-1.70, p=0.765; Tables 2 and 3, Fig. 2).

Higher log-transformed S100B was associated with
mortality at both time points. At TO, the univariable OR
was 5.28 (95% CI 2.55-10.94, p <0.001), and the adjusted
OR was 3.59 (95% CI 1.53-8.46, p=0.003). In the 72-h
landmark analysis, S100B at T1 was associated with sub-
sequent mortality in both univariable analysis (OR 6.71,
95% CI 2.67-16.85, p<0.001, Fig. 1C) and multivariable
analysis (adjusted OR 3.76, 95% CI 1.33-10.67, p=0.013;
Tables 2 and 3, Fig. 2). Nonparametric analysis using the
Mann—Whitney U test did not demonstrate a statistically sig-
nificant difference in S100B levels between patients with and
without systemic complications, including cardiac events,
infections, deep venous thrombosis, acute respiratory dis-
tress syndrome, and renal failure.

Random Forest Model and Outcomes

A random forest model including S100p levels at TO, T1,
and T2 showed moderate discrimination for poor outcome at
14 days (cross-validated AUC = 0.70-0.75) and at 3 months
(AUC = 0.68-0.73). Repeated stratified cross-validation
demonstrated stable performance, with overlapping AUC
distributions across folds (Fig. 3). Sensitivity analyses
excluding extreme biomarker values yielded comparable
results. The random forest model showed an accuracy of
approximately 80% for 14-day outcome prediction and
slightly lower performance for 3-month outcome (Fig. 3).
As in the mRS prediction, S100B at TO and T1 emerged as
the most relevant predictors.

Discussion

This study highlights the prognostic significance of serum
S100B levels in patients with sSAH, demonstrating strong
associations with functional outcomes and mortality. Our
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transformed S100B and clinical S100B (T0) 4.92 <0.001 277 8.74
outcomes 14-day mRS, T1 landmark (n=101) Odds ratio P>zl [95% conf. interval]
S100B (T1) 3.75 <0.001 2.23 6.30
3-month mRS, TO (n=108) Odds ratio P>zl [95% conf. interval]
S100B (TO) 6.26 <0.001 3.21 12.20
3-month mRS, T1 landmark (n=101) Odds ratio P>zl [95% conf. interval]
S100B (T1) 5.22 <0.001 2.78 9.79
Mortality, TO (n=108) Odds ratio P>zl [95% conf. interval]
S100B (TO) 5.28 <0.001 2.55 10.94
Post-72 h mortality, T1 landmark (n=101) Odds ratio P>zl [95% conf. interval]
S100B (T1) 6.71 <0.001 2.67 16.85
DCI, T1 landmark (n=101) Odds ratio P>zl [95% conf. interval]
S100B (T1) 1.60 0.026 1.06 241
Systemic complications, T1 landmark (n=101) Odds ratio P>zl [95% conf. interval]
S100B (T1) 1.16 0411 0.82 1.64

Mann-Withney exact test: p < 0.00005

$100B TO
4

o . —1— 2l

S100B values were log-transformed before analysis. Odds ratios refer to a one-unit increase in log-trans-
formed S100B. TO models were complete-case analyses and included 108 patients. T1 analyses used a 72-h
landmark approach and included 101 patients alive and evaluable at 72 h. The T1 models for 14-day and
3-month mRS were conditional on survival to the 72-h landmark. The T1 mortality model included deaths
occurring after 72 h, whereas the T1 DCI model evaluated subsequent DCI occurring between hospital
days 4 and 14. All prespecified univariable associations corresponding to the multivariable models are

reported irrespective of statistical significance

Bold entries indicate statistically significant results (p 0.05)

Mann-Whitney exact test: p = 0.0323

15
L

S100B T1
1

3

S100B T1

2

Mann-Whitney exact test: p < 0.00005

- -

A. 0-2mRS 14d

3-6 mRS 14 d

B. no DCI

C.

no death

death

Fig.1 A Association between S100B levels at 24 h and 14-day
dichotomized mRS. Boxplot with Mann—Whitney test. B Association
between S100B levels at 72 h and DCI. Boxplot with Mann—Whitney

findings support the role of S100B as a biomarker reflect-
ing the severity of early brain injury and its downstream
clinical consequences, particularly when measured at early
time points.

Expanding Current Literature About S100B and DCI

The role of S100B as a biomarker in neurological disorders
is well established, especially in traumatic brain injury
and hypoxic—ischemic injury, where elevated serum levels
reflect neuronal damage, blood—brain barrier disruption,
and neuroinflammatory activation [1, 4]. Additionally,
secondary increases in S100B have also been described

test. C Association between S100B levels at 72 h and death. Boxplot
with Mann—Whitney test

after other acute cerebrovascular events, such as rupture
of brain arteriovenous malformations, where higher levels
have been associated with cerebral infarction, further sup-
porting its role as a marker of ischemic brain injury across
different neurological conditions [10]. Although the etiol-
ogy of hemorrhage differed among patients, all included
conditions shared the presence of spontaneous blood
extravasation into the subarachnoid space, which is known
to trigger similar inflammatory and neurotoxic pathways
implicated in S100B release. However, the potential influ-
ence of sSSAH etiology on biomarker kinetics warrants
further investigation in larger homogeneous cohorts. In
sSAH, previous studies have reported associations between

@ Springer
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Table 3 Multivariable logistic
regression models for log-
transformed S100B and clinical
outcomes

S100B and DCI, although results have been heterogeneous
and often limited by small sample sizes and insufficient
adjustment for clinical severity (Suppl Table 2) [23]. In
the present prospective observational study, we focused

@ Springer

14-day mRS, TO (n=108)
S100B (T0)
Sex (female)
Age (years)
HH grade
14-day mRS, T1 landmark (n=101)
S100B (T1)
Sex (female)
Age (years)
HH grade
3-month mRS, TO (n=108)
S100B (T0)
Sex (female)
Age (years)
HH grade
3-month mRS, T1 landmark (n=101)
S100B (T1)
Sex (female)
Age (years)
HH grade
Mortality, TO (n=108)
S100B (T0)
Sex (female)
Age (years)
HH grade
Post-72 h mortality, T1 landmark (n=101)
S100B (T1)
Sex (female)
Age (years)
HH grade
DCI, T1 landmark (n=101)
S100B (T1)
Sex (female)
Age (years)
HH grade

Systemic complications, T1 landmark (n=101)

S100B (T1)

Sex (female)
Age (years)

HH grade

Odds ratio
3.40

0.98

1.04

2.02

Odds ratio
3.08

1.05

1.05

2.19

QOdds ratio
4.43

0.92

1.01

2.68

Odds ratio
4.28

0.84

1.02

2.83

QOdds ratio
3.59

1.80

1.03

6.58

Odds ratio
3.76

1.32

1.08

11.63
Odds ratio
1.07

1.26

0.99

1.59

Odds ratio
0.75

2.11

1.01

1.73

P>zl
<0.001
0.973
0.043
0.006
P>zl
<0.001
0.938
0.025
0.001
P>zl
<0.001
0.916
0.539
0.001
P>zl
<0.001
0.808
0.388
<0.001
P>zl
0.003
0.542
0.384
<0.001
P>zl
0.013
0.818
0.093
0.004
P>zl
0.765
0.659
0.657
0.024
P>zl
0.223
0.143
0.451
0.008

[95% conf. interval]
1.80
0.27
1.00
1.23
[95% conf. interval]
1.59
0.31
1.01
1.37
[95% conf. interval]
2.08
0.21
0.97
1.47
[95% conf. interval]
2.00
0.20
0.98
1.58
[95% conf. interval]
1.53
0.27
0.96
2.17
[95% conf. interval]
1.33
0.12
0.99
222
[95% conf. interval]
0.68
0.46
0.96
1.06
[95% conf. interval]
0.48
0.78
0.98
1.15

6.43
3.51
1.09
3.33

5.95
3.51
1.09
3.51

9.47
4.05
1.06
4.90

9.17
3.47
1.07
5.08

8.46
11.98
1.10
19.92

10.67
14.25
1.18

61.01

1.70
3.45
1.03
2.39

1.19
5.72
1.05
2.58

S100B values were natural-log-transformed before analysis. Odds ratios refer to a one-unit increase in log-
transformed S100B. All models were adjusted a priori for age, sex, and Hunt and Hess (HH) grade, TO
models were complete-case analyses (n=108). T1 landmark models included the 101 patients alive at 72 h
with an available T1 measurement. The T1 models for 14-day and 3-month mRS were conditional on sur-
vival to the 72-h landmark, and the T1 mortality model evaluated deaths occurring after 72 h. Deaths were

classified as mRS 6 in the 3-month functional outcome models

Bold entries indicate statistically significant results (p 0.05)

on the prognostic value of early S100B measurements
obtained during the acute phase after SSAH and extended
the analysis beyond DCI to encompass a broad spectrum
of complications. Our results demonstrate that S100B is
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Adjusted associations of log-transformed S100B

14-day mRS, TO -

14-day mRS, T1 landmark -

3-month mRS, T0

3-month mRS, T1 landmark

Mortality, TO

Post-72 h mortality, T1

DCI, T1 landmark k L

I
F

[

Systemic complications, T1 I & {

10°

Fig.2 Adjusted associations between log-transformed serum S100B
and clinical outcomes. Forest plot showing adjusted odds ratios and
95% CI from multivariable logistic regression models. All models
were adjusted a priori for age, sex, and HH grade. TO was measured
at 24 h after admission and T1 at 72 h. TO models were conducted as
complete-case analyses and included 108 patients. T1 landmark mod-
els included 101 patients alive at 72 h with an available T1 measure-

a strong predictor of functional outcome and mortality in
patients with sSAH, particularly when measured at early
time points (TO-T1). Although elevated S100B levels at
T1 were associated with DCI in univariable analysis, this
relationship did not persist after multivariable adjust-
ment for clinical severity, suggesting that early S100B
measurements may be more closely related to the severity
of the initial brain injury than to delayed ischemic pro-
cesses. Although Hunt and Hess grade was included in the
multivariable models, other objective neuroradiological
and clinical measures of early brain and vascular injury
were unavailable. Therefore, residual confounding by
unmeasured markers of cerebral edema and DCI cannot
be excluded.

Taken together, these findings support the interpreta-
tion of S100B as a quantitative marker of global cerebral
injury rather than a direct mediator or specific predictor of
vasospasm or DCI. While established prognostic models
based on clinical and radiological variables already pro-
vide robust risk stratification, the integration of biochemi-
cal biomarkers such as S100B may offer complementary
information by capturing the biochemical burden of brain
damage. Unlike clinical scales and imaging scores, which
are partly categorical and observer-dependent, S100B
provides a continuous and objective measure that may

10t

Adjusted odds ratio (log scale)

ment. The T1 models for 14-day and 3-month mRS were therefore
conditional on survival to the 72-h landmark. The T1 mortality model
evaluated deaths occurring after 72 h, and the T1 DCI model evalu-
ated subsequent DCI occurring during hospital days 4—14. The verti-
cal dashed line indicates an odds ratio of 1.0. DCI, delayed cerebral
ischemia; mRS, modified Rankin Scale

enhance prognostic discrimination among patients with
similar clinical and radiological profiles. Accordingly,
S100B should be considered not an alternative to estab-
lished prognostic tools, but a complementary biomarker
capable of refining prognostic assessment in sSSAH.

S100B as a Predictor of Functional Outcomes

The association between elevated S100B levels at TO
and unfavorable functional outcomes at both 14 days and
3 months supports its role as a marker of early brain injury
severity following sSAH. S100B is released in response to
astroglial injury, blood-brain barrier disruption, and neu-
ronal damage, processes that occur during the acute phase
after hemorrhage. Consequently, elevated S100B levels are
likely to reflect the overall burden of brain injury rather
than a specific pathological mechanism. This concept is
analogous to the use of neurological biomarkers following
cardiac arrest, where elevated biomarker levels reflect the
extent of hypoxic—ischemic encephalopathy and are strongly
associated with neurological outcome. Similarly, elevated
S100B levels in SAH may identify patients who have sus-
tained more severe early brain injury and are therefore at
increased risk of disability and death (Table 3). Notably,
S100B remained independently associated with unfavorable
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Fig.3 Random forest ROC curve and feature importance with
S100B levels as predictor variables for mRS at 14 days (left side) and
3 months (right side). ROC curves generated from one representa-

functional outcomes after adjustment for age, sex, and HH.
These findings are also consistent with our previous study
and further support the potential role of S100B as an adjunct
tool for early risk stratification. Nevertheless, external vali-
dation in larger independent cohorts is required before rou-
tine clinical implementation [6]. A consistent finding across
different studies is that an S100B level of approximately
0.20 pg/L predicts a poor functional outcome, as we also
demonstrated in our previous works [6, 9].

S100B and Mortality: A Biomarker for Severe Injury?

The association between S100B levels and mortality, particu-
larly the persistence of the association in the T1 landmark
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tive train—test split. The AUC values displayed represent split-specific
estimates and were not used as the primary measures of model per-
formance

model after multivariable adjustment (adjusted OR 3.76,95%
CI 1.33-10.67, p=0.013), suggests that sustained S100B
elevation may reflect severe neuronal injury, widespread
ischemia, or persistent neuroinflammatory processes associ-
ated with poor survival. Given that mortality in sSSAH is often
influenced by a combination of early brain injury, secondary
ischemic insults, and systemic complications, the extreme
effect size observed at T1 suggests that S100B may be particu-
larly relevant in identifying patients at imminent risk of neuro-
logical deterioration and death. Importantly, the high feature
importance of S100B in the random forest predictive model
further supports its potential role as a “prognostic biomarker.”
However, this result should be interpreted considering that
internal validation procedures were applied and the relatively
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limited sample size and the low number of events for some
outcomes may have reduced model stability and increased
the risk of overfitting. Therefore, these analyses should be
considered exploratory and hypothesis-generating rather than
directly applicable to clinical decision-making. Future studies
involving larger, independent cohorts are required to validate
the observed predictive patterns and determine their clinical
relevance. The incorporation of S100B into predictive algo-
rithms could enhance individualized risk stratification, poten-
tially informing treatment escalation, intensive monitoring
decisions, and even prognostic discussions with families.

Strengths and Limitations of S100B

Unlike its strong association with neurological outcomes,
S100B levels did not show a statistically significant relation-
ship with systemic complications, including cardiac events,
infections, deep venous thrombosis, acute respiratory distress
syndrome (ARDS), or renal failure. While this may suggest that
S100B remains predominantly a central nervous system-spe-
cific biomarker, although expressed at lower concentrations in
adipose tissue, muscle, and melanocytes, it is also possible that
systemic factors influencing its clearance and metabolism (e.g.,
renal and hepatic dysfunction) contribute to variability in its
predictive value. Our results suggest that S100B may serve as a
prognostic biomarker that, once validated in larger prospective
and multicenter cohorts, could be integrated with established
clinical and radiological parameters. Future identification and
validation of clinically meaningful S100B thresholds may sup-
port more refined risk stratification and potentially inform clini-
cal and therapeutic decision-making, particularly in patients
with comparable clinical presentation and radiographic severity.
The availability of a quantitative biomarker reflecting the extent
of biochemical brain injury may be especially useful in the early
phase after disease onset, when clinical assessment can be lim-
ited and radiological findings may not fully capture ongoing
cellular damage. Importantly, the use of S100B should be con-
sidered complementary to standard clinical and radiological
evaluation rather than a replacement. Further studies are war-
ranted to confirm these findings, to define clinically meaningful
cutoff values, and to assess whether the integration of S100B
into existing prognostic models can improve their predictive
performance and clinical utility before its implementation in
routine practice. The absence of a significant association with
systemic complications reinforces the specificity of S100B for
intracranial injury and neurological outcome prediction.

Limitations

This study has several limitations. The relatively lim-
ited sample size may reduce statistical power and restrict
generalizability, although the cohort reflects a real-world

sSAH population admitted to intensive care. The analy-
sis was limited to biomarker measurements within the
first 7 days, preventing evaluation of longer-term S100B
dynamics. The timing of biomarker assessment was ref-
erenced to hospital admission rather than the exact time
of hemorrhage, although patients were generally admitted
shortly after symptom onset. Nevertheless, variability in
the interval between ictus and admission may have intro-
duced temporal bias in S100B measurements. Additionally,
heterogeneity in clinical presentation, hemorrhage sever-
ity, and treatment strategies may have introduced residual
confounding. The present study focused on the prognostic
significance of early S100B measurements rather than lon-
gitudinal biomarker trajectories. Consequently, repeated-
measures analyses were not performed. Furthermore, we
recognize that the inclusion of the few non-aneurysmal
sSAH cases may represent a potential confounding factor.
Regarding the seven patients who died before the 72-h T1
sampling point, a descriptive comparison showed that they
had higher initial severity (median Hunt and Hess grade 5
vs 3) and markedly higher S100B at TO (median 1.58 vs
0.17 pg/L) than patients with an available T1 measure-
ment. The exclusion of these patients limits the generaliz-
ability of T1-based findings to patients surviving to 72 h.
Because the excluded patients had greater baseline sever-
ity, the observed associations may underestimate the prog-
nostic information carried by persistent SI00B elevation;
however, the direction and magnitude of survivor-selec-
tion bias cannot be determined with certainty. Due to the
unavailability of Subarachnoid Hemorrhage Early Brain
Edema Score (SEBES) and the limited number of cases
of rebleeding/brain edema, we could not assess whether
the prognostic value of S100B was independent of objec-
tive markers of cerebral edema, which was defined using
a clinically significant endpoint requiring decompressive
craniectomy rather than a standardized radiological grad-
ing system. Although this approach identified patients with
the most severe manifestations of edema, it may not have
captured the full spectrum of early brain injury. Finally, the
absence of long-term follow-up limited assessment of late
functional recovery and delayed complications.

Conclusion

This study supports the potential role of S100B as a prog-
nostic biomarker for functional outcomes and mortality in
patients with sSAH. The observed associations between
S100B levels and unfavorable functional outcomes and mor-
tality suggest that S100B may provide valuable information
for early risk stratification. However, given the single-center
design and the relatively limited sample size, these find-
ings should be considered preliminary. Further validation
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in larger, independent cohorts is required before S100B can
be incorporated into routine clinical practice or predictive
models. Future research should also investigate the biologi-
cal mechanisms underlying S100B elevation and assess its
incremental value when combined with established clinical
and radiological predictors.
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