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Objective: To evaluate the potential of targeted inflammatory proteins high
mobility group box 1 (HMGB1), matrix metalloproteinase 9 (MMP-9) and
interleukins (IL)-6, IL-8 and IL-10 as early biomarkers for post-traumatic epilepsy
(PTE) prediction.

Methods: In this prospective, international study, adult patients with traumatic
brain injury (TBI) and an anticipated high risk of PTE based on radiological and
clinical findings were recruited from Level 1 trauma centers in the USA and
Europe. Blood was collected on days 2 and 4 post-TBI. Patients were followed
clinically for 24 months for PTE development. Serum levels of the inflammatory
markers were assessed using commercially available ELISA and AlphaLISA kits
and compared between patients who did and did not develop PTE, and between
PTE and a subgroup of non-PTE patients matched for age, sex, and Glasgow
Coma Scale using non-parametric tests.

Results: We found no statistically significant differences in serum levels of the
inflammatory markers between PTE patients (n = 13) and non-PTE patients
(n = 73), neither at each timepoint nor in the change from day 2 to day 4.
Exploring temporal changes within each group, we found a significant decrease
in IL-6 level between the two timepoints in the total and matched non-PTE
groups, but not in the PTE group. MMP-9 level decreased in both the PTE and
the matched non-PTE groups, but not in the total non-PTE group.
Significance: Based on our findings, serum levels of HMGB1, MMP-9, IL-6, IL-8
and IL-10 measured at early time points after TBI may not serve as sensitive
biomarkers of PTE. However, a faster decline in IL-6 levels in the non-PTE
groups suggests a more rapid resolution of inflammation among patients who
do not develop PTE, supporting the role of neuroinflammatory mechanisms in
epileptogenesis. The potential of IL-6's temporal profile as a biomarker of PTE
warrants further exploration.
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1 Introduction

Epilepsy is a well-known complication of traumatic brain injury
(TBI), associated with increased mortality, poor functional outcome
and reduced quality of life (1-5). Post-traumatic epilepsy (PTE),
defined as unprovoked seizures occurring >7 days after TBI, causes
approximately 5% of all epilepsy (6).

The clinical manifestation of PTE is preceded by a latent period
following TBI, where cellular and molecular changes occur that
eventually result in increased seizure susceptibility and epilepsy (7).
Attempts to prevent PTE have so far been unsuccessful (8). However,
no phase 3 clinical trials of prevention have been initiated in the last
25 years, in spite of a large number of drugs that have shown to have
antiepileptogenic effects in animal models (9, 10). Biomarkers of PTE
prediction are essential for identifying patients at high risk of PTE
who could benefit from therapeutic interventions and enrich the
patient population in future preventive trials (10). Numerous animal
studies and retrospective human studies have identified potential
biomarkers of PTE prediction, but they have not been previously
evaluated in prospective human studies and their biological
significance and clinical utility are still not established (11, 12).

Neuroinflammation is considered one of the main candidate
mechanisms of epileptogenesis after acute brain injury (6, 13).
Inflammatory pathways may serve as targets for novel treatments to
stop the development and progression of epilepsy, and as potential
biomarkers for epileptogenesis (14).

Cytokines, including interleukins and high mobility group box 1
(HMGBI) are released rapidly by activated neurons and reactive glia
after brain injury, and drive the neuroinflammatory cascade, acting as
signaling molecules with neuromodulatory properties (15, 16). They
contribute to both repair mechanisms and pathophysiology after TBI
(17). TBI leads to disruption of the blood-brain barrier (BBB),
allowing inflammatory molecules to leak into the peripheral
circulation, potentially contributing to systemic inflammation which
in turn could exacerbate the pathogenesis of TBI (18). Cytokines have
been associated with development of seizures in patients and in
animal studies (14). In particular, HMGBI is a key mediator of
neuroinflammation involved in epileptogenesis in animal models of
acquired epilepsy (19, 20). Elevated blood levels of HMGBI1 have been
measured in patients with drug-resistant compared to drug-sensitive
epilepsy and healthy controls (21, 22). IL-6, together with IL-8, was
associated with MRI signal abnormalities in children with febrile
status epilepticus at higher risk of developing epilepsy (23). IL-10, an
anti-inflammatory cytokine crucially involved in the resolution of the
inflammatory response, may offer protective effects by preventing
prolonged inflammation and by enhancing inhibitory GABA,
receptor currents (24, 25).

Another
metalloproteinase 9 (MMP-9), a proteolytic enzyme involved in
BBB breakdown and
neuroinflammation after TBI (26). The involvement of MMP-9 in

inflammatory protein of interest is matrix

extracellular ~ matrix  remodeling,
epileptogenesis in patients and rodents has been previously
documented (27). In an animal model of TBI, mice overexpressing
MMP-9 had an increased risk of PTE, while the opposite was observed
in MMP-9 knockout mice, indicating a functional role of MMP-9 in
post-TBI epileptogenesis (28).

Based on this evidence, the primary objective of this study was to
evaluate the potential value of the inflammatory proteins HMGBI,
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MMP-9 and IL-6, IL-8 and the anti-inflammatory cytokine IL-10 as
early biomarkers of PTE. We hypothesized that serum levels of the
inflammatory proteins would be higher, whereas those of IL-10 would
be lower, in TBI patients who developed epilepsy compared to those
who did not, reflecting the development of an excessive inflammatory
response. Secondarily, we explored the relationship between the
inflammatory proteins and long-term mortality.

2 Materials and methods
2.1 Study design and participants

This study is part of the project “Genetic and protein biomarkers
of post-traumatic epilepsy to improve prediction of PTE: a prospective
study in an enriched patient population.” From July 2020 to December
2021, patients with TBI and an anticipated risk of PTE of
approximately 30%, based on data from prior epidemiological,
observational, and placebo-controlled studies (1, 29, 30), were
recruited at ten Level 1 trauma centers, seven in the USA and three in
Europe. Written informed consent was obtained from all patients or
legal representatives at enrollment.

Eligible patients were those aged 18-75 with acute TBI, Glasgow
Coma Scale (GCS) >3 and one or more of the following TBI
characteristics: (1) subdural hematoma (SDH) requiring acute surgery,
(2) combined SDH and cerebral hemorrhage or contusion, (3)
multiple cerebral contusions, (4) penetrating injury and (5) depressed
skull fracture. Exclusion criteria were GCS of 3, prior epilepsy or
seizures within 3 years of enrollment, use of an anti-seizure medication
(ASM) within 1 month prior to TBI, previous acute CNS insult within
2 years of enrollment, progressive CNS disorder, unstable medical
condition not related to the trauma, active drug or alcohol dependency
and moderate to severe intellectual disability.

The first clinical follow up visit occurred at 3 months after
TBI. Participants who died or were lost to follow-up before the first
clinical follow up visit were excluded, because it was not possible to
evaluate the presence of PTE.

All patients received standard TBI treatment according to
guidelines (31). At the US sites, this included seizure prophylaxis with
levetiracetam or phenytoin during the first week after TBIL. At the
European sites, ASM prophylaxis was used sporadically.

2.2 Data collection, evaluations, and
definitions

Data were collected and managed using the REDCap electronic
data capture tools hosted at Childrens National Medical Center,
Washington, DC (32). Demographics and clinical data were retrieved
from medical records at enrollment. CT brain scan findings were
recorded from reports by the study investigators. Information regarding
acute treatment including neurosurgical interventions, and occurrence
of clinical or electrographic seizures during hospital stay was registered.
Seizures occurring within the first week after TBI were classified as early
post-traumatic seizures (EPTS). TBI with any intracranial hemorrhage
was defined as severe TBI. GCS was divided into three categories: 4-8,
9-12 and 13-15. The GCS recorded was the lowest value registered
prior to enrollment, except when GCS 3 occurred transiently. The term
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multitrauma was applied if patients had concomitant non-CNS injury
other than contusions and skin lacerations.

Follow-up was done by telephone interviews or face-to-face visits
at 3, 6, 12, 18 and 24 months after TBI. Evaluations included an
interview with patients or their caregivers, assessment of intercurrent
illnesses and medications and a structured seizure questionnaire.
Patients with possible or suspected seizures were evaluated by the site’s
epileptologist, either by telephone or face to face. PTE was defined as
one unprovoked seizure occurring >7 days after TBI. If information
about seizures was inconsistent or seizures were judged to
be non-epileptic, the patient was classified as non-PTE. Long-term
mortality was defined as mortality >3 months after TBI.

2.3 Blood sampling and protein analysis

Blood was collected in serum tubes with clot activator on day 2
(24-48 h) and day 4 (72-96 h) after TBI. The clot was removed after
centrifugation (2,500 rpm for 10 min) at 4 °C. Serum was collected,
aliquoted and stored at —80 °C until assay. All sites followed the same
protocol for sample collection and handling.

2.3.1 HMGBL1 assay

Total HMGBI levels were determined by commercially available
ELISA for the human protein (#ST51011, IBL International) according
to the manufacturer’s guidelines, as described previously (33). Since
HMGBI can be released from damaged erythrocytes and haemoglobin
interferes with ELISA assay, samples that appeared visibly red were
classified as hemolytic and were not included in the measurements.

In brief, thawed samples were diluted in sample diluent (dilution
1:2). Then, 100 pL of diluted samples were pipetted into the wells of
the microtiter plate in duplicate and incubated overnight at 37 °C for
20 h. Plates were washed 6 times in washing buffer (300 pL/well).
Detection antibody solution was added (100 uL/well) for 2 h at
25 °C. Following washing steps, substrate solution was added (100 pL/
well) and incubated at room temperature protected from light with
foil seal for 30 min. After incubation, the sample plate was read at
450 nm. Data were fitted to the standard curve (0-10 ng/mL).

2.3.2 MMP-9, IL-6, IL-8, and IL-10 AlphaLISA assay

The levels of MMP-9, IL-6, IL-8, and IL-10 were quantified using
an AlphaLISA kit for the human protein (#AL3138, #AL223, #AL1224,
#AL218 Revvity, respectively), as previously described (34). In brief,
the thawed samples were diluted in accordance with the manufacturer’s
instructions using the provided sample diluent. Subsequently, 5 pL of
the diluted samples, anti-analyte acceptor beads, and biotinylated anti-
analyte antibody were added to the wells of the microtiter plate in
duplicate, and the mixture was incubated for 60 min. Streptavidin-
donor beads substrate solution was then added and incubated for
90 min. Finally, the AlphaLISA signal was quantified using the Ensight
Multimode Plate Reader (Revvity). Data were plotted against the
respective standard curves.

2.4 Statistical analysis

Categorical variables are presented as frequencies with
percentages, and continuous variables as medians with interquartile
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ranges (IQR). Differences between the PTE and non-PTE groups
were tested using Fischer’s exact test for categorical variables and
Mann-Whitney U test for continuous variables, including
biomarker levels. The Wilcoxon signed-rank test was used to
evaluate changes within groups over time by comparing day 2 and
4 levels for the PTE and non-PTE groups separately. To maintain the
integrity of the dataset, we included all values in the analyses. In the
figures, outliers were removed for improved visualization.
Differences were considered statistically significant at a p-value
of <0.05.

Due to the small number of PTE cases and the heterogeneous
nature of the cohort, we performed a secondary analysis comparing
the PTE group with a subcohort of non-PTE patients, matched 2:1 for
age, sex, and GCS. The subcohort was selected from those with at least
18 months of follow-up to reduce the risk of misclassifying PTE status
in those lost to follow-up. Analyses were performed using Stata
version 18.0.

3 Results
3.1 Characteristics of the study population

One hundred and ten patients were enrolled; the family of one
patient withdrew their consent immediately after consenting. Of the
remaining 109 patients, 23 (21%) died (n=11) or were lost to
follow-up (n =12) during the first 3 months, resulting in a study
cohort of n = 86. Of these, 56% were enrolled in USA and 44% in
Europe. There were no differences in sex (p = 1.00), age (p = 0.17) or
GCS (p = 0.48) between those who died or were lost to follow-up and
the final study cohort. Demographic and injury characteristics are
summarized in Table 1. Median (IQR) age was 48 (30, 62) years and
67 (78%) were male. Except for one patient with only depressed skull
fracture, all patients had intracranial hemorrhage evident on head CT
scan. Multitrauma was present in 28%, with extremity fracture(s)
being the most frequent additional injury. Forty-six patients (53%)
received early seizure prophylaxis with levetiracetam and four (4.7%)
with phenytoin. Neurosurgery (craniotomy, craniectomy or
cranioplasty) was performed in 33 (38%). Eight patients (9.3%) had
EPTS, all occurring between 0 and 5 days after TBI.

During follow-up, six patients (7.0%) died and 10 (12%) were lost
to follow-up before developing PTE or completing 24 months of
follow-up. Median (IQR) follow up was 24 (15, 24) months. A total of
13 patients (15%) developed PTE. Of these, 85% had their first late
seizure within 12 months following TBI. Two (15%) had EPTS,
compared to six (8.2%) of the non-PTE patients (p = 0.35). All patients
who developed PTE had frontal lobe injury. Ten patients (77%) had
additional temporal injury, five (38%) had parietal injury, and two
(15%) had occipital injury. The incidence of PTE was higher in
patients with penetrating injury compared to those without
penetrating injury (50% vs. 12.5%, p =0.04). Of the patients
undergoing neurosurgery (craniotomy, craniectomy or cranioplasty),
PTE incidence was 21% versus 11% in those who did not undergo
such treatments (p = 0.23). The median age at the time of TBI was
lower in the PTE group than in the non-PTE group, but the difference
was not statistically significant. In addition to penetrating injury,
multitrauma was more frequent in PTE than non-PTE patients
(p =0.04).

frontiersin.org


https://doi.org/10.3389/fneur.2025.1720112
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org

Sedal et al.

TABLE 1 Patient demographic and clinical characteristics.

Characteristic

All patients (n = 86)

PTE patients (n = 13)

10.3389/fneur.2025.1720112

Non-PTE patients (n = 73) p-value

Age, years (median, IQR) 48 (30, 62) 42 (24, 51) 51 (32, 63) 0.15
Sex, n (%) 0.72
Male 67 (78%) 11 (85%) 56 (78%)

Female 19 (22%) 2 (15%) 17 (23%)

Comorbidity, n (%) 0.37
0-1 47 (55%) 9 (69%) 38 (52%)

>2 39 (45%) 4 (31%) 35 (48%)

BMI*, n (%) 0.052
<25 kg/m? 28 (34%) 1(7.7%) 27 (39%)

>25 kg/m? 55 (66%) 12 (92%) 43 (61%)

GCS, n (%) 0.59
4-8 30 (35%) 6 (46%) 24 (33%)

9-12 19 (22%) 3 (23%) 16 (22%)

13-15 37 (43%) 4 (31%) 33 (45%)

Injury type**, n (%)

SDH requiring surgery 16 (22%) 5(38%) 14 (19%) 0.15
SDH + cerebral hemorrhage 55 (64%) 9 (69%) 46 (63%) 0.76
Multiple contusions 32 (37%) 6 (46%) 26 (36%) 0.54
Depressed skull fracture 11 (13%) 2 (15%) 9 (12%) 0.67
Penetrating injury 6 (7%) 3 (23%) 3(4.1%) 0.04
Multitrauma 24 (28%) 7 (54%) 17 (23%) 0.04

PTE, post-traumatic epilepsy; IQR, interquartile range; BMI, Body Mass Index; GCS, Glasgow Coma Scale; SDH, subdural hemorrhage; ICH, intracerebral hemorrhage. Significant values are
presented in bold; *3 missing; **Not mutually exclusive, several patients experienced more than one type of injury.

The matched non-PTE subgroup (n = 26) had a median (IQR) age
of 41 (23, 56) years and 85% were male. Median (IQR) GCS was 9 (7,
13) compared to 10 (7, 13) in the PTE group.

3.1.1 Serum samples

Eighty one (94%) of the patients had a complete set of blood
samples, the remaining had either day 2 (n = 2 PTE and 2 non-PTE)
or day 4 sample (n = 1, non-PTE). A small number of samples were
not usable due to hemolysis (HMGBI1 analysis; n =9, 2 PTE and 7
non-PTE) or insufficient volume (interleukin analyses; n =11,
non-PTE).

3.2 HMGB1, MMP-9 and interleukin analysis

Serum levels of HMGB1, MMP-9, IL-6 and IL-8 for the whole
cohort are presented in Table 2. IL-10 was not detectable in 94% of
the samples and was therefore excluded from further analysis. There
was a statistically significant decrease in median levels of MMP-9 and
IL-6 from day 2 to day 4 (p = 0.001 and p < 0.001, respectively). The
15% decrease in HMGBI and 9% increase in IL-8 were not

statistically significant.

3.2.1 HMGB1, MMP-9, IL-6 and IL-8 levels and
PTE

Comparing the PTE group (n=13) and the non-PTE group
(n=73), there were no statistically significant differences in the
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median levels of any of the proteins at the two time points (Table 3),
nor in the change in levels from day 2 to day 4.

Within group analyses revealed a statistically significant decrease in
IL-6 from day 2 to day 4 in the non-PTE group (p < 0.001), whereas
there was no decrease in the PTE group (Figure 1). MMP-9 decreased
over time similarly in both the PTE (p = 0.02) and non-PTE groups
(p =0.009). For both HMGB1 and IL-8, changes in serum levels between
the two time points were not statistically significant within either group.

3.2.2 Subgroup analysis, matched cohort

Comparison of the PTE group with the matched non-PTE group
(n = 26) showed similar results to those of the total cohort. There were
no statistically significant differences in median concentration of any
of the proteins at any of the time points, nor in the change from day 2
to day 4 between the PTE group and the matched non-PTE group. As
in the total non-PTE group, median IL-6 level decreased over time
within the matched non-PTE group (p = 0.006), while there was no
decrease in the PTE group (Figure 2). At variance with the findings in
the PTE and the total non-PTE group, there was no statistically
significant decrease in MMP-9 between the two time points in the
matched non-PTE group. Changes in HMGB1 and IL-8 levels were
not statistically significant within groups.

3.2.3 HMGB1, MMP-9, IL-6 and IL-8 and
long-term mortality

Median levels of IL-6 at day 2 and day 4 were higher in patients who
died during follow-up (1 = 6, non-PTE), as shown in Table 3. In particular,
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TABLE 2 Mean (SD) and median (IQR) serum levels of the inflammatory proteins at day 2 and day 4 after TBI for the whole cohort (PTE and non-PTE

patients).

Biomarker and time Samples (n) Mean (SD) Median (IQR)
HMGBI day 2 81 5.69 (6.03) 3.75 (1.92,6.83)
HMGBI day 4 77 431 (3.73) 3.18 (1.50, 5.98)
MMP-9 day 2 85 274.5 (131.3) 246.3 (172.1, 387.0)
MMP-9 day 4 82 237.3 (114.7) 216.8 (150.3, 318.9)
IL-6 day 2 77 16.0 (28.8) 6.77 (2.49, 12.6)
1L-6 day 4 79 7.69 (14.4) 2,57 (0,7.73)
IL-8 day 2 77 231 (3.0) 1.26 (0.54, 2.65)
IL-8 day 4 79 3.59 (10.5) 1.37 (0.67, 2.58)

HMGB1 and MMP-9 in ng/mL, IL-6 and IL-8 in pg/mL. Samples (1) refers to the available number of samples for each biomarker analysis. HMGB1, High Mobility Group Box 1; MMP-9,

Matrix metalloproteinase 9; IL-6, Interleukin-6; IL-8, Interleukin-8.

survivors exhibited significantly lower median level of IL-6 on day 4
(p = 0.03). The levels of the other proteins were not significantly different
between the groups at either timepoint (Table 3) or in the change from
day 2 to day 4. Those who died were older (70 vs. 47 years old, p = 0.01),
but we found no association between age and IL-6 levels when stratifying
the whole group by age (>65 vs. < 65 years of age, p = 0.84).

4 Discussion

In this prospective multicenter study, we did not find significant
differences in serum levels of the inflammatory mediators HMGBI,
MMP-9, IL-6 and IL-8 between TBI patients who developed PTE and
those who did not, implying that they may not serve as sensitive early
biomarkers of PTE prediction.

Notably, our findings show a significant decline in IL-6 levels over
time in TBI patients who did not develop PTE, whereas no similar
decline was observed in those who did, suggesting a prolonged
inflammatory state in patients who develop PTE. This evidence
supports the fact that, although inflammation is a homeostatic
response to brain injury triggered to promote tissue repair and
recovery, when excessive or prolonged it can be harmful and
contribute to complications after TBI, including epilepsy (13, 14).

At variance with our findings, a study in Indian patients with
moderate to severe TBI reported significantly higher serum levels of
IL-6 on admission in patients developing PTE, suggesting that IL-6
could serve as an early biomarker of PTE (35). The IL-6 levels reported
were notably higher than in our study, including in the non-PTE
group (median [IQR] 30.02 [9.22, 92.86] vs. 6.1 [0, 12.2]) in our study
(35). The discrepancy could relate to timing of sampling or to sample
collection and assay modality. Accurate detection of cytokines is
challenging due to their low concentrations, short half-life and
potential interference from factors present in blood (24). This could
possibly also explain the low IL-8 levels, which did not differ between
PTE and non-PTE groups, and undetectable IL-10 in our study. A
median level of both cytokines has previously been found to
be ~17 pg/mL in healthy controls (36).

Consistent with previous reports, we found that high levels of IL-6
are associated with long-term mortality after TBI, supporting that
serum IL-6 may be of value as a prognostic biomarker of long-term
mortality post-TBI (36, 37). However, the broad IQR in our results
indicates substantial variability in the measurements, which may
impact the clinical utility of this measure.
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A recent Malaysian study of patients with mild to severe TBI
reported that serum levels of HMGB1 were elevated 12 months
post-TBI in patients who developed PTE (38). Similar to our results,
that study found no difference in serum levels in the acute phase after
TBI between PTE and non-PTE patients, indicating that HMGBI may
not be a reliable early biomarker of epileptogenesis after TBI in
humans. Contrary to a previous study on patients with TBI, we did
not find any association between HMGBI levels and mortality (39).
In our analyses, only patients that survived the first 3 months were
included, suggesting that HMGB1 may be a better predictor of
mortality in the acute phase after TBI.

Our results show that serum MMP-9 is substantially elevated
during the first days after severe TBI compared to blood levels in
healthy controls [>200 ng/mL vs. 41.52 + 15.13 (40)]. We observed an
initial increase and a subsequent decrease in blood MMP-9 post-TBI
as described by other groups (41, 42). We did not find any difference
in MMP-9 levels between PTE and non-PTE groups. Increased
expression of MMP-9 has previously been found in epileptogenic
brain tissue of patients after status epilepticus, in patients with drug-
resistant epilepsy and in a post-SE rat model of epileptogenesis linking
MMP-9 to epileptogenesis (27). However, in an animal model of TBI,
changes in brain tissue levels of MMP-9 were not reflected in serum,
suggesting that blood MMP-9 may not be a reliable marker of
post-TBI epileptogenesis (28). In contrast to what we expected,
we observed a significant reduction of serum MMP-9 from day 2 to
day 4 in the PTE group, but not in the matched non-PTE group.
MMP-9 is expressed and released by various cell types, including
neurons. It could be hypothesized that massive and widespread
neuronal death, such as that observed in the most severe TBIs, could
lead to greater neuronal loss and consequently greater reduction in
MMP-9 production. This could explain the more pronounced decrease
in MMP-9 levels in the PTE patients who presumably have the most
severe brain damage. It is worth investigating whether a faster decline
in MMP-9 may correlate with increased markers of brain injury
severity such as glial fibrillary acidic protein (GFAP) and ubiquitin
C-terminal hydrolase L1 (UCH-LI).

5 Limitations and strength

A possible association between the levels of inflammatory
markers and PTE might have been missed due to the small sample
size, particularly the low number of PTE cases. The proportion of
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TABLE 3 Median (IQR) serum levels of the inflammatory proteins by PTE and death.

HMGBL1 MMP-9
day 4 day 2
PTE status
PTE (n=13) 3.90 3.29 269.5 163.4 7.00 5.60 1.16 1.56
(2.53, 4.26) (1.50, 4.45) (193.1, 385.7) (149.0,222.2) (6.72, 14.6) (1.74,12.7) (0.90, 4.46) (1.02,2.33)
Non-PTE (n = 73) 3.17 3.16 2422 231.2 6.07 2.57 1.37 1.33
(1.87, 7.40) (1.44,5.99) (168.2, 389.9) (150.3, 336.9) (0,12.2) (0, 6.68) (0.48, 2.42) (0.4, 2.59)
p-value 0.98 0.95 0.89 0.22 0.18 0.17 0.41 0.36
Death
Yes (1 = 6) 4.06 3.74 207.2 212.0 225 12.4 3.50 1.09
(1.45, 6.45) (1.71, 6.89) (81.9,393.4) (166.0, 266.7) (3.49, 51.9) (6.72,26.5) (1.38, 4.09) (0,5.31)
No (n = 80) 3.75 3.14 248.7 218.6 6.72 2.25 1.22 1.48
(1.92, 6.98) (1.39, 5.98) (172.1, 387.0) (149.6, 321.8) (0,12.1) (0, 6.59) (0.53, 2.36) (0.70, 2.58)
p-value 0.80 0.51 0.41 0.70 0.15 0.03 0.13 0.83

HMGBI and MMP-9 in ng/mL, IL-6 and IL-8 in pg/mL. Significant values are in bold. PTE, post-traumatic epilepsy; HMGB1, High Mobility Group Box 1; MMP-9, Matrix metalloproteinase

9; IL-6, Interleukin-6; IL-8, Interleukin-8.
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FIGURE 1
Serum levels of HMGB1, MMP-9, IL-6, and IL-8 in the PTE group (n = 13) and the non-PTE group (n = 73). To enhance visualization, outliers are not
displayed; they were included in all analyses. *Indicates a statistically significant change between day 2 and day 4 within the group. HMGB1 and MMP-
9in ng/mL, IL-6 and IL-8 in pg/mL. HMGBL, High Mobility Group Box 1; MMP-9, Matrix metalloproteinase 9; IL-6, Interleukin-6; IL-8, Interleukin-8.

patients who developed PTE was half of that expected based on
previous epidemiological, observational and placebo-controlled
interventional studies, although more in line with a recent registry-
based study from Norway (1, 8, 29, 43-45). Despite strict inclusion
criteria, the heterogeneity of the TBI population in terms of medical
history, injury severity, concomitant injuries, and acute treatments
may influence peripheral levels of inflammatory markers and
complicate the assessment of their utility as prognostic biomarkers

Frontiers in Neurology

(46). Notably, penetrating injury and multitrauma injury were more
prevalent in the PTE group in our study, which might have
introduced bias into our results. Due to the small size of the PTE
group (1 = 13) and large variability in biomarker levels, performing
a regression analysis to adjust for these characteristics would likely
yield unreliable results.

In spite of our study limitations, the prospective design and the
long-term clinical follow-up of the patients strengthen the study. The
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multicenter approach enhances the generalizability of the results,
although it opens up the possibility of variations in data collection
that may affect data quality. In the US, management of moderately
severe and severe TBI follows accepted guidelines (31). Clinical
management of TBI is broadly similar between US and European
trauma centers, but the study did not include standardization of
clinical management, and it is possible that there may have been
undocumented differences in the management between US and
European centers. The limitations of our study highlight the
challenges in the search for biomarkers of human epileptogenesis. The
processes involved in epileptogenesis after TBI are complex, and
larger studies with longitudinal and repeated blood sampling are
needed to better understand the dynamic changes in inflammatory
mediators and their reliability as prognostic biomarkers of PTE. The
risk of high early attrition in study populations with severe TBI and
the potential for a lower-than-expected rate of PTE must be accounted
for when planning future studies.

6 Conclusion

In this prospective study of patients with TBI and anticipated
high PTE risk, early post-injury measurements of the inflammatory
mediators HMGB1, MMP-9, IL-6, IL-8 and IL-10 did not predict
PTE. Our findings show a more rapid decline in IL-6 levels in the
non-PTE group, suggesting a faster resolution of inflammation in

Frontiers in Neurology

patients who do not develop PTE, supporting the role of
neuroinflammatory mechanisms in epileptogenesis. Further, serum
IL-6 can be of value as a prognostic biomarker of long-term mortality
post-TBI. The study highlights the need for collaborative efforts with
larger cohorts to facilitate biomarker discovery and validation and
ultimately improve management of PTE.
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