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K CBEAEHHUIO ABTOPOB!
[Ipu HampaBIEeHUY CTAaTbH B PEAAKITUIO HEOOXOIUMO COOIONATh CISAYIONINE TIPABHIIIA;

1. CraTps nomkHa OBITH IPEJCTaBICHA B IBYX SK3EMIUIIPAX, HA PYCCKOM HMJIM aHTITUHACKOM SI3bI-
Kax, HaTrleyaTaHHas yepe3 MoJITopa HHTepBaJjia Ha OIHOI CTOPOHE CTAHIAPTHOIO JIUCTA € INMPHHOI
JIEBOTO NOJIsI B TPHM caHTHMeTpa. Mcnonb3yemblil KOMIIBIOTEPHBII WPUQT U1 TEKCTa Ha PYCCKOM U
aHnuickoM s3bikax - Times New Roman (Kupuiuna), 115 TeKcTa Ha TPy3UHCKOM S3BIKE CIIEAYeT
ucnoip3oBath AcadNusx. Pasmep mpudra - 12. K pykonrcu, HaneyaTaHHOW Ha KOMITBIOTEPE, JTODKEH
o5ITh IprtoskeH CD co crarbeit.

2. Pa3Mep craTbu TOTKEH OBITH HE MEHEe NeCsTH 1 He OoJiee 1BaALATH CTPAHUI] MAITHOIINCH,
BKJIIOYAsl yKa3areJlb JINTepaTypsl U Pe3loMe Ha aHIJIMIICKOM, PYCCKOM U IPYy3HHCKOM SI3bIKaX.

3. B crarbe 10KHBI OBITH OCBEIICHBI AKTyaIbHOCTh JAHHOTO MaTepHalla, METOIBI U PE3YIIbTaThI
UCCIIeIOBaHUs U X 00CYyKACHHE.

[Ipu npencTaBiIeHNHN B IIeYaTh HAYYHBIX SKCIIEPUMEHTAIBHBIX PA0OT aBTOPHI JOJIKHBI YKa3bIBATH
BHUJl U KOJMYECTBO SKCIIEPUMEHTANBHBIX KUBOTHBIX, IPUMEHSBIINECS METOABl 00e300MMBaHUS U
YCBHIJICHHUS (B XOJI€ OCTPBIX OIIBITOB).

4. K crarbe JOIKHBI OBITH MIPUIIOMKEHBI KpaTKoe (Ha MOJICTPAaHUIIBI) Pe3OMe Ha aHIIIUICKOM,
PYCCKOM M IT'PY3HHCKOM $I3bIKax (BK/IIOYAIOLIEE CIELYOLINE pa3aesbl: Liedb UCCIeI0BaHNs, MaTepHual U
METOJIBI, PE3YJILTATHI M 3aKIIFOUSHHE) U CIIUCOK KITtoueBBIX cioB (key words).

5. Tabnunp! HEOOXOIUMO NPENCTABIATE B Ie4aTHOH hopme. DoTokonuu He npuHUMaroTcs. Bee
nu¢poBbie, HTOTOBbIE H NPOLIEHTHbIE JaHHbIE B Ta0JIMIaX J0JIKHbI COOTBETCTBOBATH TAKOBBIM B
TeKcTe cTaThbU. Tabiuibl U rpaduKu TOJKHBI OBITH 03aryIaBIICHBI.

6. dotorpadun AOIKHBI OBITH KOHTPACTHBIMHU, (POTOKOIHHU C PEHTTEHOTPAMM - B IO3UTUBHOM
n300paxeHuH. PUCYyHKH, yepTeXu U IuarpaMmbl clIeoyeT 03ariaBUTh, IPOHYMEPOBATh U BCTABUTH B
COOTBeTCTBYIOIIEe MecTo TekcTa B tiff opmare.

B noanucsix k MukpogotorpadgusaM cieayeT yKa3plBaTh CTEICHb yBEIMUCHUS Yepe3 OKYISP HITH
00BEKTUB U METOJ] OKPACKU WJIM UMIIPETHALIMH CPE30B.

7. ®aMUIUU OTEYECTBEHHBIX aBTOPOB MIPUBOJAATCS B OPUTHHAIBHON TPAHCKPUIILIUH.

8. I[Ipu opopmnennu u HampaBneHun crared B xypHanm MHI mpocum aBTOpOB cobmronars
NpaBUIIa, U3JI0KEHHBIE B « EMUHBIX TpeOOBaHUSIX K PYKOMHUCSM, IPEACTABISIEMBIM B OMOMEIUIIMHCKHUE
JKypHAJIbD», TPUHATHIX MeXIyHapOAHBIM KOMHUTETOM PEIAaKTOPOB MEAMLMHCKUX KYpHAJIOB -
http://www.spinesurgery.ru/files/publish.pdf u http://www.nlm.nih.gov/bsd/uniform_requirements.html
B koHIIe Kax 101 OPUTHHATIBHOM CTaThU MPUBOAUTCA OnOIHOrpadguyeckuii cnucok. B cnmncok nurepa-
TYPBI BKJIFOYAIOTCSl BCE MaTepHalibl, HA KOTOPBbIE UMEIOTCS CCBUIKU B TeKcTe. CIHUCOK COCTaBIAETCs B
andaBUTHOM MOpsAKe U HymMepyeTcs. JIutepaTypHblii HCTOYHMK NPUBOAUTCS Ha sI3bIKE OpUrMHaia. B
CIMCKE JINTEPATyPhl CHavYajia IPUBOIATCS PabOThI, HAMCAHHBIE 3HAKaMU TPY3MHCKOTO andaBuTa, 3aTeM
Kupwuien u naruHuneidl. CChUIKM Ha IUTHUPYEMble pabOThl B TEKCTE CTAaTbH JAIOTCS B KBaIpPaTHBIX
CKOOKax B BUJI€ HOMEPA, COOTBETCTBYIOLIETO HOMEPY JaHHOH pabOoThI B CIIMCKE TUTEPaTypbl. bonbmmH-
CTBO IIUTHPOBAHHBIX UCTOYHUKOB JOJKHBI OBITH 3a IMOCTIEAHNUE S5-7 JIET.

9. ns momydeHus MpaBa Ha MyONMKAIMIO CTaThs OJDKHA MMETh OT PYKOBOIUTENSI pabOTHI
WIN YUPEXKJCHUS BU3Y U CONPOBOIUTEIHHOE OTHOLLICHNUE, HAIMCAHHBIC WJIM HAlledaTaHHbIE Ha OJIaHKe
Y 3aBEPEHHBIE MOJIHCHIO U NIEYATHIO.

10. B koHIe cTaThU NOJKHBI OBITH MOAMHCH BCEX aBTOPOB, MOJHOCTBHIO MPUBEAEHBI UX
(amMuInM, UIMEHa U OTYECTBA, YKa3aHbl CIIy>KeOHBIN M AOMAIIHUI HOMEpa TeJIe(OHOB U agpeca MM
uHble koopAuHaThl. KomuuecTBo aBTOPOB (COABTOPOB) HE NOHKHO MPEBBIMIATH IISATH YEJIOBEK.

11. Penakuus ocraBisiet 3a cO00i MpaBo COKpaIaTh ¥ HCIPaBIATh cTarhi. Koppekrypa aBropam
HE BBICBUIAETCS, BCS paboTa U CBEpKa IPOBOAUTCS 110 aBTOPCKOMY OPHTHHAILY.

12. HemomycTuMoO HampaBiieHHE B pelaklMIo padoT, MpeICTaBICHHBIX K MeYaTH B MHBIX
M3/1aTeNbCTBAX WIIM OMYOJIMKOBAHHBIX B APYTHX U3JAHUSX.

Hpﬂ HApYHNIEHUH YKa3aHHBIX IPABUJI CTATbU HE PAaCCMAaTPUBAIOTCH.




REQUIREMENTS

Please note, materials submitted to the Editorial Office Staff are supposed to meet the following requirements:

1. Articles must be provided with a double copy, in English or Russian languages and typed or
compu-ter-printed on a single side of standard typing paper, with the left margin of 3 centimeters width,
and 1.5 spacing between the lines, typeface - Times New Roman (Cyrillic), print size - 12 (referring to
Georgian and Russian materials). With computer-printed texts please enclose a CD carrying the same file titled
with Latin symbols.

2. Size of the article, including index and resume in English, Russian and Georgian languages must
be at least 10 pages and not exceed the limit of 20 pages of typed or computer-printed text.

3. Submitted material must include a coverage of a topical subject, research methods, results,
and review.

Authors of the scientific-research works must indicate the number of experimental biological spe-
cies drawn in, list the employed methods of anesthetization and soporific means used during acute tests.

4. Articles must have a short (half page) abstract in English, Russian and Georgian (including the
following sections: aim of study, material and methods, results and conclusions) and a list of key words.

5. Tables must be presented in an original typed or computer-printed form, instead of a photocopied
version. Numbers, totals, percentile data on the tables must coincide with those in the texts of the
articles. Tables and graphs must be headed.

6. Photographs are required to be contrasted and must be submitted with doubles. Please number
each photograph with a pencil on its back, indicate author’s name, title of the article (short version), and
mark out its top and bottom parts. Drawings must be accurate, drafts and diagrams drawn in Indian ink
(or black ink). Photocopies of the X-ray photographs must be presented in a positive image in tiff format.

Accurately numbered subtitles for each illustration must be listed on a separate sheet of paper. In
the subtitles for the microphotographs please indicate the ocular and objective lens magnification power,
method of coloring or impregnation of the microscopic sections (preparations).

7. Please indicate last names, first and middle initials of the native authors, present names and initials
of the foreign authors in the transcription of the original language, enclose in parenthesis corresponding
number under which the author is listed in the reference materials.

8. Please follow guidance offered to authors by The International Committee of Medical Journal
Editors guidance in its Uniform Requirements for Manuscripts Submitted to Biomedical Journals publica-
tion available online at: http://www.nlm.nih.gov/bsd/uniform_requirements.html
http://www.icmje.org/urm_full.pdf
In GMN style for each work cited in the text, a bibliographic reference is given, and this is located at the end
of the article under the title “References”. All references cited in the text must be listed. The list of refer-
ences should be arranged alphabetically and then numbered. References are numbered in the text [numbers
in square brackets] and in the reference list and numbers are repeated throughout the text as needed. The
bibliographic description is given in the language of publication (citations in Georgian script are followed
by Cyrillic and Latin).

9. To obtain the rights of publication articles must be accompanied by a visa from the project in-
structor or the establishment, where the work has been performed, and a reference letter, both written or
typed on a special signed form, certified by a stamp or a seal.

10. Articles must be signed by all of the authors at the end, and they must be provided with a list of full
names, office and home phone numbers and addresses or other non-office locations where the authors could be
reached. The number of the authors (co-authors) must not exceed the limit of 5 people.

11. Editorial Staff reserves the rights to cut down in size and correct the articles. Proof-sheets are
not sent out to the authors. The entire editorial and collation work is performed according to the author’s
original text.

12. Sending in the works that have already been assigned to the press by other Editorial Staffs or
have been printed by other publishers is not permissible.

Articles that Fail to Meet the Aforementioned
Requirements are not Assigned to be Reviewed.
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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
Biolndex 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, HMGBI1 > 6.0 ng/mL and NfL
> 35 pg/mL. Biolndex > 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 Biolndex based on IL-6, HMGBI1
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, HMGBI1, 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
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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 (HMGBI) 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 HMGBI1 after moderate TBI and developed a
composite Biolndex 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.
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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 - HMGBI1. 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 HMGBI.

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 Biolndex was
created from three markers representing different pathogenetic
pathways: IL-6 as a marker of persistent neuroinflammation,
HMGBI 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].
Biolndex was calculated as follows: Biolndex = IL-6 (bin) +
HMGBI1(bin) + NfL(bin)

The total score ranged from 0 to 3 points. Biolndex > 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.



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 Biolndex 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% Cls, 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
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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 Biolndex.

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 Biolndex. 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 HMGBI visible at all follow-up
stages from T1 to T4.

As shown in Table 3, differences between groups persisted for
GFAP, NfL and HMGBI1 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 Biolndex.

HMGBI1 as a Marker of Neuroimmune Activation:

HMGBI1 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 HMGBI1 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 HMGBI1 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:

Biolndex was created to
complementary  pathways:

integrate three biologically
inflammation, neuroimmune



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

Biomarker Time point g/[(:::f S(rl::= 113) K/Els;szegg um (n =13) P Interpretation
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
IL-6 (pg/mL) o
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
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
TNF-alpha (pg/mL) ., 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
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
IL-Ibeta (pg/mL) T3 1.3+ 0.06 22+0.25 0.002  Persistent neuroinflammation
T4 1.1+0.05 1.8+0.22 0.004  Incomplete normalization

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

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 39 1.3-12.0 0.018 0.79
GFAP (T2) >0.25 ng/mL 32 1.1-9.5 0.038 0.76
NfL (T3) >35 pg/mL 4.6 1.5-14.1 0.008 0.82

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

Biomarker Time point No PTE (n =113) Mean £+ SE PTE-spectrum (n = 13) Mean + SE p value
T1 0.24+0.013 0.46 + 0.061 0.001
T2 0.16 +0.009 0.30 +0.044 0.002

GFAP (ng/mL) T3 0.10 + 0.006 0.18 + 0.026 0.006
T4 0.07 +0.004 0.12+0.018 0.041
Tl 24.8+1.10 38.5+4.20 0.004
T2 28.6 +1.28 452 +5.10 0.003

NIL (pg/mL) T3 27.4+120 49.0 +5.60 0.001
T4 21.2+0.95 35.8+4.40 0.006
T1 42+0.21 6.8+0.73 0.003
T2 4.7+0.22 7.6+0.78 0.001

HMGBI (ng/mL) & 38+0.18 6.4+ 0.69 0.002
T4 3.1+0.15 5.2+0.58 0.011

Table 4. Prognostic characteristics of HUGBI.

Metric HMGBI1 at T2 HMGBI1 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 5. Biolndex components.

Component Time point Threshold value Pathogenetic meaning Score

IL-6 T2 > 10 pg/mL Persistent neuroinflammation 1

HMGBI1 T2 > 6.0 ng/mL Neuroimmune activation/DAMP signaling 1

NfL T3 > 35 pg/mL Continuing axonal injury 1

Biolndex Calculated > 2 points Activation of at least two pathways Clinically significant
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Table 6. Incremental predictive value of Biolndex.

Model comparison AUC before Biolndex

Clinical + MRI -> + Biolndex 0.82 0.90
Clinical + EEG -> + Biolndex 0.88 0.93
EEG -> + Biolndex 0.83 0.91

activation and axonal injury. The index included IL-6, HMGB1
and NfL. Biolndex > 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 Biolndex 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 Biolndex combines three biologically
different but complementary mechanisms - inflammation,
neuroimmune activation and axonal injury. Biolndex > 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 Biolndex:

Adding Biolndex improved the prognostic performance of
different clinical-instrumental models. When Biolndex 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 Biolndex. 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 Biolndex 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
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AUC after Biolndex

Delta AUC p value Interpretation
+0.08 0.03 Biomarkers improve
structural-clinical prediction
Biolndex adds value even
+
0.05 0.04 to a strong EEG model
+0.08 0.02 Strong gain from adding

biological activity

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 adeliberate 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-lbeta 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: NfLL > 35 pg/mL at T3 showed OR = 4.6,
p = 0.008 and AUC = 0.82. Therefore, the inclusion of NfL in
Biolndex was biologically and statistically justified [9,10].

HMGBI 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 HMGBI1 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 Biolndex. 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]. Biolndex
transforms a complex biomarker panel into a 0-3-point scale.
A value > 2 identifies patients with simultaneous activation



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 Biolndex 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 Biolndex
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,
HMGBI and NfL, especially those with Biolndex > 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. Biolndex 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 Biolndex 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
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injury. IL-6, IL-1beta, TNF-alpha, GFAP, NfL and HMGBI1
were higher in patients who developed late seizure outcomes.
A practical Biolndex based on IL-6, HMGBI1 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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