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avtorTa sayuradRebod!

redaqciaSi statiis warmodgenisas saWiroa davicvaT Semdegi wesebi:

 1. statia unda warmoadginoT 2 calad,  rusul an inglisur enebze, dabeWdili 
standartuli furclis 1 gverdze,  3 sm siganis marcxena velisa da striqonebs 
Soris 1,5 intervalis dacviT. gamoyenebuli kompiuteruli Srifti rusul da ing-
lisurenovan teqstebSi - Times New Roman (Кириллица), xolo qarTulenovan teqstSi 
saWiroa gamoviyenoT AcadNusx. Sriftis zoma – 12. statias Tan unda axldes CD 
statiiT. 
 2. statiis moculoba ar unda Seadgendes 10 gverdze naklebs da 20 gverdze mets 
literaturis siis da reziumeebis (inglisur, rusul da qarTul enebze) CaTvliT.
 3. statiaSi saWiroa gaSuqdes: sakiTxis aqtualoba; kvlevis mizani; sakvlevi 
masala da gamoyenebuli meTodebi; miRebuli Sedegebi da maTi gansja. eqsperimen-
tuli xasiaTis statiebis warmodgenisas avtorebma unda miuTiTon saeqsperimento 
cxovelebis saxeoba da raodenoba; gautkivarebisa da daZinebis meTodebi (mwvave 
cdebis pirobebSi).
 4. statias Tan unda axldes reziume inglisur, rusul da qarTul enebze 
aranakleb naxevari gverdis moculobisa (saTauris, avtorebis, dawesebulebis 
miTiTebiT da unda Seicavdes Semdeg ganyofilebebs: mizani, masala da meTodebi, 
Sedegebi da daskvnebi; teqstualuri nawili ar unda iyos 15 striqonze naklebi) 
da sakvanZo sityvebis CamonaTvali (key words).
 5. cxrilebi saWiroa warmoadginoT nabeWdi saxiT. yvela cifruli, Sema-
jamebeli da procentuli monacemebi unda Seesabamebodes teqstSi moyvanils. 
 6. fotosuraTebi unda iyos kontrastuli; suraTebi, naxazebi, diagramebi 
- dasaTaurebuli, danomrili da saTanado adgilas Casmuli. rentgenogramebis 
fotoaslebi warmoadgineT pozitiuri gamosaxulebiT tiff formatSi. mikrofoto-
suraTebis warwerebSi saWiroa miuTiToT okularis an obieqtivis saSualebiT 
gadidebis xarisxi, anaTalebis SeRebvis an impregnaciis meTodi da aRniSnoT su-
raTis zeda da qveda nawilebi.
 7. samamulo avtorebis gvarebi statiaSi aRiniSneba inicialebis TandarTviT, 
ucxourisa – ucxouri transkripciiT.
 8. statias Tan unda axldes avtoris mier gamoyenebuli samamulo da ucxo-
uri Sromebis bibliografiuli sia (bolo 5-8 wlis siRrmiT). anbanuri wyobiT 
warmodgenil bibliografiul siaSi miuTiTeT jer samamulo, Semdeg ucxoeli 
avtorebi (gvari, inicialebi, statiis saTauri, Jurnalis dasaxeleba, gamocemis 
adgili, weli, Jurnalis #, pirveli da bolo gverdebi). monografiis SemTxvevaSi 
miuTiTeT gamocemis weli, adgili da gverdebis saerTo raodenoba. teqstSi 
kvadratul fCxilebSi unda miuTiToT avtoris Sesabamisi N literaturis siis 
mixedviT. mizanSewonilia, rom citirebuli wyaroebis umetesi nawili iyos 5-6 
wlis siRrmis.
 9. statias Tan unda axldes: a) dawesebulebis an samecniero xelmZRvane-
lis wardgineba, damowmebuli xelmoweriTa da beWdiT; b) dargis specialistis 
damowmebuli recenzia, romelSic miTiTebuli iqneba sakiTxis aqtualoba, masalis 
sakmaoba, meTodis sandooba, Sedegebis samecniero-praqtikuli mniSvneloba.
 10. statiis bolos saWiroa yvela avtoris xelmowera, romelTa raodenoba 
ar unda aRematebodes 5-s.
 11. redaqcia itovebs uflebas Seasworos statia. teqstze muSaoba da Se-
jereba xdeba saavtoro originalis mixedviT.
 12. dauSvebelia redaqciaSi iseTi statiis wardgena, romelic dasabeWdad 
wardgenili iyo sxva redaqciaSi an gamoqveynebuli iyo sxva gamocemebSi.

aRniSnuli wesebis darRvevis SemTxvevaSi statiebi ar ganixileba.
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Abstract.
Background: Post-traumatic epilepsy (PTE) is a delayed 

complication of traumatic brain injury (TBI), but its biological 
predictors remain insufficiently defined. This study evaluated 
the dynamic profile of serum biomarkers of neuroinflammation, 
neuroimmune activation and neuronal injury after moderate 
TBI, as well as their predictive value for late post-traumatic 
seizures and PTE during 12 months of follow-up.

Materials and Methods: This prospective observational study 
included 126 patients with moderate TBI, who were classified 
at 12 months into patients without late post-traumatic seizures 
(n = 113) and patients with late post-traumatic seizures or PTE-
spectrum outcomes (n = 13). The biomarker panel included 
interleukin-6 (IL-6), tumor necrosis factor-alpha (TNF-alpha), 
interleukin-1beta (IL-1beta), glial fibrillary acidic protein 
(GFAP), neurofilament light chain (NfL) and high-mobility 
group box 1 (HMGB1), measured at 24-48 hours, 7-10 days, 
30 ± 7 days and 3 months after injury. ROC analysis was used 
to determine clinically informative thresholds, and a composite 
BioIndex was calculated from IL-6, HMGB1 and NfL. 

Results: Patients who developed late post-traumatic seizures 
or PTE-spectrum outcomes had significantly higher levels 
of inflammatory, neuroimmune and neuroinjury biomarkers 
throughout follow-up. IL-6, TNF-alpha and IL-1beta remained 
elevated from the acute phase to 3 months; GFAP and NfL 
indicated persistent astroglial and axonal injury; and HMGB1 
reflected sustained neuroimmune activation. Clinically 
significant thresholds were IL-6 ≥ 10 pg/mL, IL-1beta ≥ 2.0 pg/
mL, TNF-alpha ≥ 7.5 pg/mL, HMGB1 ≥ 6.0 ng/mL and NfL 
≥ 35 pg/mL. BioIndex ≥ 2 was associated with an increased 
12-month risk of late seizures or PTE-spectrum outcomes. 

Conclusion: Late post-traumatic seizures and PTE after 
moderate TBI are associated with a persistent biomarker 
signature of neuroinflammation, neuroimmune activation and 
glial-axonal injury. A simple BioIndex based on IL-6, HMGB1 
and NfL may serve as a practical laboratory tool for early risk 
stratification and individualized follow-up after moderate TBI.

Key words. Traumatic brain injury, post-traumatic epilepsy, 
neuroinflammation, biomarkers, IL-6, HMGB1, neurofilament 
light chain, risk stratification.
Introduction.

Post-traumatic epilepsy (PTE) is one of the most serious delayed 
consequences of traumatic brain injury (TBI), as confirmed 

by clinical reviews and meta-analyses of PTE risk factors. In 
contrast to early post-traumatic seizures, which occur in the 
acute phase, late post-traumatic seizures reflect the formation 
of a more stable epileptogenic state and are consistent with 
contemporary concepts of the clinical definition of epilepsy and 
seizure classification [1,2]. This process develops gradually and 
may remain clinically silent for several weeks or months [3,4]. 
Therefore, the absence of early biological indicators capable of 
identifying high-risk patients before recurrent seizures develop 
remains one of the key clinical problems [3,4].

The pathogenesis of post-traumatic epileptogenesis is not 
limited to mechanical damage. After TBI, the brain undergoes a 
cascade of secondary processes, including neuroinflammation, 
activation of innate immune signaling pathways, blood-brain 
barrier dysfunction, astroglial response, axonal injury and 
remodeling of neuronal networks [5-10]. These processes 
may lower the seizure threshold and support the formation of 
epileptogenic circuits [5-7]. In this context, blood biomarkers 
can provide clinically important information that is not fully 
captured by neurological examination, magnetic resonance 
imaging (MRI) or electroencephalography (EEG) alone [8-10].

Among inflammatory markers, interleukin-6 (IL-6) 
reflects systemic and neuroinflammatory activation, tumor 
necrosis factor-alpha (TNF-alpha) indicates activation of 
proinflammatory pathways, and interleukin-1beta (IL-1beta) is 
closely associated with inflammasome activity and increased 
neuronal excitability [5-7]. Glial fibrillary acidic protein (GFAP) 
is a marker of astrocyte injury and reactive gliosis, whereas 
neurofilament light chain (NfL) reflects axonal injury [9,10]. 
High-mobility group box 1 (HMGB1) is a damage-associated 
molecule involved in neuroimmune activation and may reflect 
blood-brain barrier disruption and persistent post-traumatic 
injury signaling [8].

However, isolated biomarkers are often difficult to use in 
routine clinical decision-making, especially when they are not 
integrated into an understandable prognostic model [11,12]. 
A practical approach is to combine several biologically 
meaningful markers into a simple index that links laboratory 
data with individualized risk stratification [11]. In the present 
study, we evaluated serial changes in IL-6, TNF-alpha, IL-1beta, 
GFAP, NfL and HMGB1 after moderate TBI and developed a 
composite BioIndex based on the most informative markers. 
The aim of the study was to determine whether a dynamic 
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biomarker profile can predict late post-traumatic seizures/PTE-
spectrum outcomes during 12 months of follow-up.
Materials and Methods.
Study design:

This was a prospective observational study with serial 
biomarker monitoring after moderate TBI. The study was 
designed to assess biological predictors of late post-traumatic 
seizures and PTE during 12 months of follow-up. The design, 
analysis and reporting of prognostic results were oriented 
toward the TRIPOD reporting requirements for individual 
prognosis models [11].

The primary endpoint was the development of late post-
traumatic seizures/PTE-spectrum outcomes, defined as at 
least one seizure occurring later than 7 days after TBI, which 
corresponds to the commonly accepted distinction between 
early and late post-traumatic seizures [1-4]. Clinically confirmed 
PTE, including recurrent late seizures and/or an established 
clinical diagnosis of PTE, was considered a more clinically 
expressed form of the same adverse outcome [1,2].
Study Population:

The study included 126 patients with moderate TBI. Moderate 
TBI was defined using clinical and neuroimaging criteria, 
including a Glasgow Coma Scale (GCS) score of 9-12 points 
within the first 24 hours, loss of consciousness, post-traumatic 
amnesia, focal neurological signs and structural evidence of 
brain injury; the choice of this patient category was based on 
the known association between TBI severity, structural injury 
and the risk of late post-traumatic seizures [3,4].

Patients were divided into two groups according to the 
12-month outcome: group 1 included patients without late post-
traumatic seizures (n = 113), and group 2 included patients with 
late post-traumatic seizures/PTE-spectrum outcomes (n = 13). 
Among patients in group 2, 4 had a single late post-traumatic 
seizure and 9 had clinically confirmed PTE.
Inclusion and Exclusion Criteria:

The inclusion criteria were age 23-40 years, confirmed 
moderate TBI, availability of serial biomarker assessment, 
ability to complete 12-month follow-up and written informed 
consent. The age range of 23-40 years was chosen as a 
methodological strategy to reduce the influence of age-related 
factors on baseline biomarker concentrations, primarily NfL, 
as well as GFAP and inflammatory/neuroimmune markers. 
This approach allowed us to form a more homogeneous adult 
cohort, reduce the likelihood of confounding between the effect 
of trauma and age-related changes in laboratory indicators, and 
improve the internal validity of the assessment of the association 
between biomarker dynamics and 12-month PTE risk [9,10]. At 
the same time, this decision was initially considered a limitation 
of external applicability, because the obtained thresholds require 
separate validation in patients younger than 23 years, older 
than 40 years, children and elderly individuals. Patients were 
excluded if they had epilepsy or unprovoked seizures before 
trauma, active neuroinfection, brain tumor, acute metabolic 
or toxic causes of seizures, severe somatic decompensation, 
inability to complete the protocol, loss to follow-up or refusal 
to participate.

Biomarker Panel:
The biomarker panel included six serum/plasma 

markers grouped according to their biological meaning: 
neuroinflammation markers - IL-6, TNF-alpha and IL-
1beta; glial and axonal injury markers - GFAP and NfL; and 
a neuroimmune activation marker - HMGB1. This marker 
selection was based on evidence on the role of inflammation, 
HMGB1-mediated neuroimmune activation, GFAP and NfL in 
brain injury and post-traumatic epileptogenesis [5-10].

IL-6, TNF-alpha, IL-1beta and HMGB1 were determined 
using enzyme-linked immunosorbent assay. GFAP and NfL were 
determined using high-sensitivity immunoassays. Biomarker 
concentrations were expressed in pg/mL for IL-6, TNF-alpha, 
IL-1beta and NfL, and in ng/mL for GFAP and HMGB1.
Timing of Biomarker Assessment:

Biomarkers were assessed at four standardized time points: T1 
- 24-48 hours after TBI; T2 - 7-10 days after TBI; T3 - 30 ± 7 
days after TBI; and T4 - 3 months after TBI. Subsequent visits 
at 6 and 12 months were used for clinical monitoring and final 
outcome registration.
BioIndex Calculation:

To improve clinical applicability, a composite BioIndex was 
created from three markers representing different pathogenetic 
pathways: IL-6 as a marker of persistent neuroinflammation, 
HMGB1 as a marker of neuroimmune activation and damage-
associated molecular signaling, and NfL as a marker of 
continuing axonal injury [5,8,9]. The creation of the index 
followed the logic of building an interpretable prognostic model 
recommended for clinical predictors of individual risk [11].

Each marker was converted into a binary variable according to 
ROC-derived thresholds: IL-6 ≥ 10 pg/mL = 1 point, HMGB1 
≥ 6.0 ng/mL = 1 point and NfL ≥ 35 pg/mL = 1 point. This 
approach made it possible to translate continuous laboratory 
indicators into clinically interpretable risk categories [11]. 
BioIndex was calculated as follows: BioIndex = IL-6 (bin) + 
HMGB1(bin) + NfL(bin)

The total score ranged from 0 to 3 points. BioIndex ≥ 2 
indicated simultaneous activation of at least two biological 
pathways and was considered clinically significant.
Statistical Analysis and Methodological Reporting:

Continuous variables were presented as mean ± standard 
error (SE) or median with interquartile range, depending on 
the distribution. Categorical variables were presented as n and 
percentage. Between-group comparisons were performed using 
appropriate parametric or non-parametric tests. ROC analysis 
was used to determine optimal thresholds and assess prognostic 
accuracy. Logistic regression was used to calculate odds ratios 
(ORs). Correlation analysis was used to evaluate associations 
between biomarkers and 12-month seizure outcome. Reporting 
of prognostic models, threshold values, odds ratios and AUC 
increments was performed in accordance with the TRIPOD 
recommendations for individual prognosis studies [11]. 
Methodological limitations, model applicability and the need 
for external validation were interpreted according to PROBAST 
principles [12]. A p value < 0.05 was considered statistically 
significant.



86

Results.
Frequency of Late Post-Traumatic Seizures and PTE:

During 12 months of follow-up, late post-traumatic seizures/
PTE-spectrum outcomes developed in 13 of 126 patients 
(10.3%). Clinically confirmed PTE was registered in 9 patients 
(7.1%). The remaining 113 patients did not develop late post-
traumatic seizures.
Dynamic Profile of Neuroinflammatory Biomarkers:

Patients with late post-traumatic seizures/PTE-spectrum 
outcomes had a more pronounced inflammatory response that 
began in the acute period and persisted throughout follow-up. 
IL-6, TNF-alpha and IL-1beta were significantly higher in the 
PTE-spectrum group at all time points. IL-6 showed an early 
peak followed by incomplete normalization. At T1, IL-6 was 
52.0 ± 6.10 pg/mL in the PTE-spectrum group versus 28.0 ± 
1.41 pg/mL in patients without PTE (p = 0.002). At T2, IL-6 
remained higher in the PTE-spectrum group: 34.0 ± 4.16 pg/mL 
versus 16.0 ± 0.85 pg/mL (p = 0.001). Differences persisted at 
T3 and T4. TNF-alpha also remained significantly elevated in 
patients with adverse outcomes. At T2, TNF-alpha was 10.8 ± 
1.00 pg/mL in the PTE-spectrum group versus 7.2 ± 0.26 pg/mL 
in the group without PTE (p = 0.004). IL-1beta demonstrated 
the most stable inflammatory profile, with higher values in the 
PTE-spectrum group at all observation points.

For a sequential assessment of the inflammatory block at 
different stages of follow-up, Table 1 presents IL-6, TNF-
alpha and IL-1beta levels in the groups without PTE and with 
PTE-spectrum outcomes. This comparison makes it possible to 
trace not only the intensity of the acute response, but also the 
persistence of inflammatory activity during the subacute and 
early recovery periods.

As shown in Table 1, all three inflammatory markers were 
significantly higher in patients with PTE-spectrum outcomes at 
all observation times. The most pronounced differences were 
noted at T1-T2, confirming a more intense and more prolonged 
neuroinflammatory response in patients who subsequently 
developed late seizures.
Threshold Values and Univariable Prognostic Characteristics 
of Biomarkers:

ROC analysis identified clinically meaningful thresholds not 
only for inflammatory cytokines but also for structural injury 
markers. Among the inflammatory markers, IL-1beta ≥ 2.0 pg/
mL had the highest OR. In the glial-axonal block, GFAP ≥ 0.35 
ng/mL at T1, GFAP ≥ 0.25 ng/mL at T2 and NfL ≥ 35 pg/mL at 
T3 were prognostically significant. The strongest effect among 
structural markers was demonstrated by NfL at T3: OR = 4.6; 
95% CI 1.5-14.1; p = 0.008; AUC = 0.82. These data support 
the inclusion of NfL in BioIndex as an independent marker of 
continuing axonal injury.

To assess the clinical significance of the identified differences, 
ROC analysis followed by univariable logistic modeling was 
performed. Table 2 summarizes biomarker thresholds, ORs, 
95% CIs, p values and AUCs, allowing comparison of the 
strength of the prognostic contribution of each indicator.

The data in Table 2 show that prognostic significance was 
observed not only for inflammatory cytokines but also for 

markers of glial-axonal injury. NfL at T3 was particularly 
important: the threshold NfL ≥ 35 pg/mL demonstrated the 
highest AUC among structural markers and statistically justified 
its inclusion in BioIndex.
GFAP and NfL as Markers of Glial and Axonal Injury:

GFAP and NfL were analyzed as markers of structural brain 
injury. GFAP reflected astrocyte injury and reactive gliosis, 
whereas NfL reflected axonal injury. Patients with PTE-
spectrum outcomes had higher GFAP and NfL levels throughout 
follow-up, indicating that the risk of late seizures was associated 
not only with inflammation but also with persistent glial-axonal 
injury.

GFAP was highest in the acute period and then gradually 
decreased, but its values remained higher in the PTE-spectrum 
group. At T1, GFAP was 0.46 ± 0.061 ng/mL in the PTE-
spectrum group versus 0.24 ± 0.013 ng/mL in the group without 
PTE (p = 0.001). At T2, GFAP was 0.30 ± 0.044 ng/mL versus 
0.16 ± 0.009 ng/mL (p = 0.002).

NfL had particular prognostic importance because it reflected 
continuing axonal injury in the subacute and later phases. In 
univariable logistic regression, the threshold NfL ≥ 35 pg/mL 
at T3 was associated with a 4.6-fold increase in the risk of late 
post-traumatic seizures/PTE-spectrum outcomes (95% CI 1.5-
14.1; p = 0.008), with an AUC of 0.82; therefore, this indicator 
was included in BioIndex. GFAP also demonstrated independent 
prognostic significance: GFAP ≥ 0.35 ng/mL at T1 (OR = 3.9; 
95% CI 1.3-12.0; p = 0.018; AUC = 0.79) and GFAP ≥ 0.25 ng/
mL at T2 (OR = 3.2; 95% CI 1.1-9.5; p = 0.038; AUC = 0.76).

Because structural and neuroimmune markers have independent 
value for understanding post-traumatic epileptogenesis, their 
dynamics are presented separately in Table 3. This format makes 
the changes in GFAP, NfL and HMGB1 visible at all follow-up 
stages from T1 to T4.

As shown in Table 3, differences between groups persisted for 
GFAP, NfL and HMGB1 at all observation stages. The T2-T3 
period was the most informative, when signs of neuroimmune 
activation and continuing axonal injury persisted, strengthening 
the pathogenetic interpretation of BioIndex.
HMGB1 as a Marker of Neuroimmune Activation:

HMGB1 was significantly higher in patients with late post-
traumatic seizures/PTE-spectrum outcomes at all observation 
points. The most clinically useful time point was the subacute 
period, because it allows early risk stratification before the 
12-month outcome becomes evident. HMGB1 ≥ 6.0 ng/mL was 
associated with increased risk at both T2 and T3.

To more precisely assess the role of HMGB1 as a marker of 
neuroimmune activation, Table 4 presents its main prognostic 
characteristics at the most informative time points, T2 and T3.

According to Table 4, HMGB1 ≥ 6.0 ng/mL retained prognostic 
significance at both T2 and T3, with AUCs of 0.83 and 0.80, 
respectively. This confirms that HMGB1 reflects not only 
the acute response to injury but also sustained neuroimmune 
activation associated with the formation of post-traumatic 
epileptogenesis.
BioIndex and 12-Month Risk of Late Seizures/PTE:

BioIndex was created to integrate three biologically 
complementary pathways: inflammation, neuroimmune 
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Biomarker Time point No PTE (n = 113)
Mean ± SE

PTE-spectrum (n = 13)
Mean ± SE p Interpretation

IL-6 (pg/mL)

T1 28.0 ± 1.41 52.0 ± 6.10 0.002 Early inflammatory peak
T2 16.0 ± 0.85 34.0 ± 4.16 0.001 Persistent subacute inflammation
T3 6.2 ± 0.29 10.4 ± 1.16 0.004 Incomplete normalization
T4 4.1 ± 0.21 7.0 ± 0.83 0.006 Residual inflammatory activity

TNF-alpha (pg/mL)

T1 9.0 ± 0.33 13.2 ± 1.14 0.006 More pronounced proinflammatory activation
T2 7.2 ± 0.26 10.8 ± 1.00 0.004 Sustained proinflammatory cascade
T3 5.4 ± 0.19 7.8 ± 0.72 0.012 Persistent activity
T4 4.6 ± 0.17 6.2 ± 0.58 0.032 Residual difference at 3 months

IL-1beta (pg/mL)

T1 2.1 ± 0.09 3.9 ± 0.39 0.001 Inflammasome-associated activation
T2 1.8 ± 0.08 3.1 ± 0.31 0.001 High subacute activity
T3 1.3 ± 0.06 2.2 ± 0.25 0.002 Persistent neuroinflammation
T4 1.1 ± 0.05 1.8 ± 0.22 0.004 Incomplete normalization

Table 1. Dynamic profile of neuroinflammatory biomarkers (values are presented as mean ± SE).

Predictor Threshold value OR 95% CI p value AUC
IL-6 ≥ 10 pg/mL 3.7 1.2-11.4 0.024 0.76
IL-1beta ≥ 2.0 pg/mL 4.2 1.3-13.5 0.016 0.78
TNF-alpha ≥ 7.5 pg/mL 2.9 1.0-8.8 0.049 0.70
GFAP (T1) ≥ 0.35 ng/mL 3.9 1.3-12.0 0.018 0.79
GFAP (T2) ≥ 0.25 ng/mL 3.2 1.1-9.5 0.038 0.76
NfL (T3) ≥ 35 pg/mL 4.6 1.5-14.1 0.008 0.82

Table 2. Threshold values and univariable prognostic characteristics of biomarkers for 12-month risk prediction.

Biomarker Time point No PTE (n = 113) Mean ± SE PTE-spectrum (n = 13) Mean ± SE p value

GFAP (ng/mL)

T1 0.24 ± 0.013 0.46 ± 0.061 0.001
T2 0.16 ± 0.009 0.30 ± 0.044 0.002
T3 0.10 ± 0.006 0.18 ± 0.026 0.006
T4 0.07 ± 0.004 0.12 ± 0.018 0.041

NfL (pg/mL)

T1 24.8 ± 1.10 38.5 ± 4.20 0.004
T2 28.6 ± 1.28 45.2 ± 5.10 0.003
T3 27.4 ± 1.20 49.0 ± 5.60 0.001
T4 21.2 ± 0.95 35.8 ± 4.40 0.006

HMGB1 (ng/mL)

T1 4.2 ± 0.21 6.8 ± 0.73 0.003
T2 4.7 ± 0.22 7.6 ± 0.78 0.001
T3 3.8 ± 0.18 6.4 ± 0.69 0.002
T4 3.1 ± 0.15 5.2 ± 0.58 0.011

Table 3. Dynamic profile of structural injury and neuroimmune activation markers (values are presented as mean ± SE).

Metric HMGB1 at T2 HMGB1 at T3
Cut-off ≥ 6.0 ng/mL ≥ 6.0 ng/mL
OR 4.1 3.6
95% CI 1.4-12.1 1.2-10.6
p value 0.011 0.021
AUC 0.83 0.80
Sensitivity/specificity 77%/78% 69%/78%

Table 4. Prognostic characteristics of HMGB1.

Component Time point Threshold value Pathogenetic meaning Score
IL-6 T2 ≥ 10 pg/mL Persistent neuroinflammation 1
HMGB1 T2 ≥ 6.0 ng/mL Neuroimmune activation/DAMP signaling 1
NfL T3 ≥ 35 pg/mL Continuing axonal injury 1
BioIndex Calculated ≥ 2 points Activation of at least two pathways Clinically significant

Table 5. BioIndex components.
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activation and axonal injury. The index included IL-6, HMGB1 
and NfL. BioIndex ≥ 2 indicated activity of at least two 
pathways.

The inclusion of NfL specifically at T3 was based on its 
marked between-group difference in the early recovery period 
(27.4 ± 1.20 pg/mL versus 49.0 ± 5.60 pg/mL; p = 0.001) and 
the independent prognostic significance of the threshold NfL ≥ 
35 pg/mL (OR = 4.6; 95% CI 1.5-14.1; p = 0.008; AUC = 0.82), 
reflecting continuing axonal injury in patients who subsequently 
developed PTE-spectrum outcomes.

The composition of BioIndex is presented in Table 5, because 
this score translates individual laboratory indicators into a 
simple clinical tool for risk stratification. The table shows which 
markers, time points and threshold values form the final score.

Table 5 shows that BioIndex combines three biologically 
different but complementary mechanisms - inflammation, 
neuroimmune activation and axonal injury. BioIndex ≥ 2 
significantly correlated with the 12-month outcome (r = 0.38; 
p < 0.001) and, in the logistic model, was associated with an 
increased risk of late post-traumatic seizures/PTE-spectrum 
outcomes (univariable OR 6.2; p < 0.001; adjusted OR 3.9; 95% 
CI 1.1-13.6; p = 0.031).
Incremental Predictive Value of BioIndex:

Adding BioIndex improved the prognostic performance of 
different clinical-instrumental models. When BioIndex was 
added to the clinical + MRI model, AUC increased from 0.82 to 
0.90. When added to the clinical + EEG model, AUC increased 
from 0.88 to 0.93. When added to the EEG-only model, AUC 
increased from 0.83 to 0.91.

To test the incremental value of the biomarker block, Table 6 
compares models before and after the addition of BioIndex. This 
approach shows how much laboratory information strengthens 
clinical, MRI and EEG data in predicting 12-month risk.

The results in Table 6 show that BioIndex does not duplicate 
clinical, MRI or EEG data, but adds an independent biological 
layer of prediction. The increase in AUC across all models 
confirms that accounting for the activity of the post-traumatic 
biological cascade improves the accuracy of 12-month risk 
stratification.
Discussion.

This study demonstrates that patients who develop late post-
traumatic seizures/PTE-spectrum outcomes after moderate TBI 
have a distinct biomarker profile characterized by persistent 
neuroinflammation, neuroimmune activation and glial-axonal 
injury. This biological pattern is consistent with current concepts 
regarding the role of inflammation, HMGB1-mediated immune 
signaling, GFAP and NfL in post-traumatic brain injury and 
epileptogenesis [5-10]. The most important feature was not a 

single isolated increase in the acute period, but the persistence 
of abnormal biomarker levels during the subacute phase and 
early recovery period.

The age range of the sample is of particular importance. 
Restricting the age to 23-40 years was a deliberate methodological 
decision aimed at reducing the influence of age-related changes 
in biomarker background, especially NfL, which may increase 
with age and thereby distort the interpretation of post-traumatic 
axonal injury [9,10]. Therefore, the narrow age range strengthens 
the internal validity of the study and makes group comparisons 
cleaner in terms of biomarker dynamics. At the same time, this 
strategy limits the transferability of the results to adolescents, 
young adults younger than 23 years, patients older than 40 years 
and elderly individuals; these categories require separate age-
specific thresholds and external validation.

The inflammatory block was closely associated with adverse 
seizure outcomes. IL-6 showed an early peak and remained 
elevated during follow-up, indicating prolonged inflammatory 
activation [5-7]. TNF-alpha reflected sustained proinflammatory 
signaling, whereas IL-1beta showed a particularly stable 
epileptogenic profile [5-7]. The high OR for IL-1beta ≥ 2.0 pg/
mL supports the role of inflammasome-associated mechanisms 
in post-traumatic epileptogenesis, as previously described in 
studies on inflammation and epilepsy [5-7].

The glial-axonal injury block provided additional information. 
GFAP reflected astrocyte injury and reactive gliosis, which may 
contribute to pathological remodeling of neuronal networks 
[10]. In the present study, GFAP thresholds at T1 and T2 had 
independent prognostic significance (OR = 3.9 and OR = 
3.2, respectively), emphasizing the role of the early astroglial 
response. NfL reflected axonal injury and was especially useful 
as a delayed marker: NfL ≥ 35 pg/mL at T3 showed OR = 4.6, 
p = 0.008 and AUC = 0.82. Therefore, the inclusion of NfL in 
BioIndex was biologically and statistically justified [9,10].

HMGB1 was another important marker because it links tissue 
damage with immune activation [8]. Its persistent increase in 
patients with PTE-spectrum outcomes suggests that damage-
associated molecular signaling may persist beyond the acute 
phase of TBI [8]. The prognostic performance of HMGB1 at 
T2 and T3 indicates that this marker may be clinically useful for 
identifying patients who require closer neurological and EEG 
monitoring [8].

The main practical result of this study was the development 
of BioIndex. In routine practice, clinicians need simple and 
interpretable tools, and transparency of structure, clinical 
applicability and the possibility of external validation are 
particularly important for prognostic models [11,12]. BioIndex 
transforms a complex biomarker panel into a 0–3-point scale. 
A value ≥ 2 identifies patients with simultaneous activation 

Model comparison AUC before BioIndex AUC after BioIndex Delta AUC p value Interpretation

Clinical + MRI -> + BioIndex 0.82 0.90 +0.08 0.03 Biomarkers improve 
structural-clinical prediction

Clinical + EEG -> + BioIndex 0.88 0.93 +0.05 0.04 BioIndex adds value even 
to a strong EEG model

EEG -> + BioIndex 0.83 0.91 +0.08 0.02 Strong gain from adding 
biological activity

Table 6. Incremental predictive value of BioIndex.
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of at least two pathobiological pathways. This is important 
because post-traumatic epileptogenesis is unlikely to be driven 
by only one mechanism. Instead, it appears to arise from the 
convergence of inflammation, immune activation and structural 
neural injury [5-10].

The incremental value analysis showed that BioIndex improves 
prediction when added to clinical, MRI and EEG models. 
This supports the concept that laboratory markers provide a 
separate layer of information that should be evaluated within 
a transparent prognostic framework [11]. MRI shows structural 
damage, EEG shows functional excitability, and biomarkers 
show whether an active pathological biological process persists 
[8-10]. This explains the increase in AUC after adding BioIndex 
to different models.
Clinical Implications.

The proposed biomarker approach can be used for early risk 
stratification after moderate TBI, taking into account known 
PTE risk factors and principles of clinical interpretation of 
prognostic models [3,4,11,12]. Patients with elevated IL-6, 
HMGB1 and NfL, especially those with BioIndex ≥ 2, should be 
considered as a group requiring closer follow-up, earlier repeat 
EEG, stronger counseling regarding seizure triggers and more 
careful monitoring for paroxysmal events. BioIndex should not 
be interpreted as an isolated diagnostic test for epilepsy. Rather, 
it should be used as a biological risk signal that complements 
clinical assessment, MRI and EEG [11,12].
Strengths and Limitations.

The strengths of this study include prospective follow-up, 
standardized biomarker assessment time points, analysis of 
several biologically distinct marker groups and creation of a 
simple composite index. The study also links biomarker dynamics 
with clinically relevant 12-month outcomes and presents the 
prognostic block in line with TRIPOD requirements [11].

The main limitation is the relatively small number of patients 
with late seizures/PTE-spectrum outcomes, which limits the 
number of variables that can be included in multivariable 
models. Biomarker thresholds require external validation in 
larger cohorts and across different laboratory platforms, in 
accordance with TRIPOD recommendations and PROBAST 
principles for assessing applicability of prognostic models 
[11,12]. In addition, the study included adults with moderate 
TBI aged 23-40 years; therefore, the results should be validated 
separately in children, elderly patients, and in mild and severe 
TBI [12].

Thus, the age range of 23-40 years should be regarded 
simultaneously as a strength and as a limitation of the study: it 
reduces age-related confounding in the assessment of NfL and 
other biomarkers, but does not allow automatic extrapolation 
of the proposed BioIndex thresholds to younger, elderly or 
pediatric populations without additional validation.
Conclusion.

Late post-traumatic seizures and PTE after moderate TBI 
are associated with a persistent biomarker signature involving 
neuroinflammation, neuroimmune activation and glial-axonal 

injury. IL-6, IL-1beta, TNF-alpha, GFAP, NfL and HMGB1 
were higher in patients who developed late seizure outcomes. 
A practical BioIndex based on IL-6, HMGB1 and NfL was 
significantly associated with 12-month risk and improved 
prediction when added to clinical-instrumental models, 
consistent with the logic of clinically interpretable prognostic 
models. This biomarker-based approach may help identify 
patients who require intensified monitoring and individualized 
follow-up after moderate TBI.
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