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Two-year longitudinal and prospective electroencephalographic follow-up in patients with TBI: can early EEG and CT findings predict post-traumatic epilepsy?
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Introduction: Traumatic brain injury (TBI), caused by external force to the head, leads to anatomical or functional damage to cranial structures. It is a leading cause of morbidity and mortality in adults worldwide, with substantial economic burden. Post-traumatic epilepsy (PTE) is a significant complication of TBI, posing immense challenges to rehabilitation and exacerbating socioeconomic burdens. The incidence of PTE varies widely, underscoring the need for early detection and treatment.

Objective: Through prospective electroencephalography (EEG) evaluations over a two-year period, our study aims to identify electrographic patterns indicative of PTE development, offering crucial insights for timely intervention and improved patient outcomes.

Methods: Seventy-three adult participants with acute TBI, admitted to a reference hospital in Brazil between 2018 and 2020, were recruited based on eligibility criteria. EEG evaluations monitored seizure occurrence with follow-ups for up to 24 months post-TBI, though these were disrupted by the COVID-19 pandemic. Analyses included established EEG protocols, examining factors such as background activity and epileptiform paroxysms. Relative risk (RR), Multiple Correspondence Analysis (MCA), logistic regression, and Generalized Estimating Equations (GEE) were employed to predict variables associated with PTE development.

Results: Both PTE and NO-PTE (no post-traumatic epilepsy) patients showed improving background activity over 2 years. EEG recordings revealed that injuries in the temporal region, diffuse theta waves and abnormal bilateral sleep elements indicated a higher risk of PTE development. Additionally, multiple lesions were also associated with PTE.

Conclusion: This comprehensive approach provides valuable insights for clinical management and sheds light on the complex interplay of factors influencing TBI outcomes.
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Introduction

Traumatic brain injury (TBI) results from external force to the head, causing anatomical or functional impairment of cranial or brain structures. TBI is a leading cause of morbidity and mortality, particularly in adults under 45 (1). It significantly impacts functional capacity and quality of life (2). In the USA, TBI leads to 2.8 million emergency visits and 124,000 severe cases annually (3). In Europe, TBI accounts for 37% of injury-related deaths and costs an estimated 22.9 billion euros annually (4, 5). In Brazil, TBI hospitalizations cost approximately $70.96 million annually (6); however, estimates may not accurately reflect reality due to underreporting of cases and limited epidemiological studies in developing countries.

Epileptic seizures are a major challenge for TBI survivors (7). Post-traumatic epilepsy (PTE) complicates rehabilitation, impacting quality of life and incurring costs for tests, medical visits, medications, and lost workdays, alongside emotional and social impacts (8). After TBI, seizures can be classified as acute symptomatic seizures (ASS), which include both hyperacute post-traumatic seizures (within 24 h of TBI) and early post-traumatic seizures (within 7 days of TBI) (9–11). Seizures occurring beyond 7 days of TBI are classified as late post-traumatic seizures or PTE, indicating ongoing epileptogenesis (12). The incidence of PTE ranges from 0.4 to 26.7%, depending on the study population, TBI severity, and the presence, number, and location of injuries (13, 14). Late post-traumatic seizure (LPTS) or PTE requires early diagnosis and treatment. While no definitive biomarkers exist for predicting PTE, research is ongoing (15). Most cases develop within the first 2 years post-injury. Though an EEG cannot rule out epilepsy, it can identify interictal abnormalities and electrographic seizures (16). Few studies use EEG prospectively after TBI to evaluate epileptogenesis or identify PTE risk factors (15, 17–20). Additionally, longitudinal evaluations of EEG findings in TBI patients are scarce.

The objective of this study was to prospectively evaluate electroencephalographic data from patients who suffered moderate and severe TBI, from the initial acute phase for a two-year follow-up period. We aimed to assess electrographic evolution and identify potential electrographic findings that could predict the occurrence of PTE in these patients.



Methodology

This study was carried out at the Clinic Hospital of the Faculty of Medicine of the University of São Paulo, Brazil, with approval from the ethics and research committee (CAAEs: 08533513.6.2002.0068 and 08533513.6.1001.5505). Participants were recruited between February 2018 and March 2020.

Inclusion criteria were patients of both sexes, aged between 18 and 75 years, with signed informed consent (by patient or guardian), diagnosed with acute TBI, with acute intracranial hemorrhage and/or contusion confirmed by head computed tomography (CT), and/or with Glasgow Coma Scale (GCS) ≥ 6 and ≤ 12 on admission or GCS < 6 if sedated. Exclusion criteria included a history of epilepsy, use of antiseizure medication, perinatal injuries, meningitis, encephalitis, neoplasia, neurodegenerative diseases, stroke, cognitive dysfunction (dementia), and pregnancy.

Seizure occurrences were classified as hyperacute post-traumatic seizures (within 24 h of TBI), early post-traumatic seizures (within 7 days of TBI), and late post-traumatic seizures (beyond 7 days of TBI), also defined as PTE. Latency for PTE onset, clinical ictal manifestations, and seizure count were noted. Epileptic seizures were classified per International League Against Epilepsy guidelines (21).

Patients underwent an electroencephalogram (EEG) as early as possible during hospitalization, with recordings lasting 1 h each. Clinical conditions and procedures sometimes prevented early recordings in the acute phase. All EEGs were conducted using a 32-channel digital electroencephalograph (Nihon Kohden system, software EEG-1200), with electrodes placed according to the international 10–20 system and fixed with Elefix paste. The recordings used a 1,000 Hz sampling rate, a 0.3 s time constant, and a 70 Hz high-filter. Two experienced board-certified neurophysiologists analyzed the recordings. Cohen’s kappa coefficient was used to evaluate inter-rater agreement, and any discrepancies were resolved by a third board-certified examiner to reach a consensus.

Due to the COVID-19 pandemic starting March 2020, our TBI follow-up protocol, including clinical visits and EEG recordings at specified intervals (1, 3, 6, 12, 18, and 24 months post-injury), was disrupted. New patient recruitment ceased temporarily, and in-person visits and EEGs were suspended. From September 2020 onwards, follow-up activities partially resumed via teleconsultation, with EEG recordings gradually reintroduced under safety protocols. These interruptions caused delays of 1–3 months in data collection, resulting in EEG recordings being classified within pm 3 months of the scheduled intervals. Consequently, some patients were followed for up to 32 months to compensate for overlapping delays caused by the pandemic. For consistency, EEG recording intervals were grouped as follows: acute phase < 7 days (0–7 days); 1 month (7 days–1 month); 3 months (2–4 months); 6 months (5–8 months); 12 months (9–15 months); 18 months (16–22 months) and 24 months (23–32 months).

EEG analysis was performed by visual examination, and the frequencies that constituted the background activity were analyzed and semi-quantified (delta < 4 Hz; theta 4–7.9 Hz; alpha 8–13 Hz; and beta >13 Hz). Delta frequency presence was categorized as absent, rare (<1%), occasional (1–9%), frequent (10–49%), abundant (50–89%), or continuous (>90%). Other parameters included asymmetries, predominant background frequency when awake or after stimulation (beta, alpha, theta, and delta), occurrence of theta or delta in bursts, presence of posterior dominant rhythm and sleep spindle, epileptiform discharges, and electrographic or electroclinical seizures. Electrographic findings adhered to American Clinical Neurophysiology Society guidelines (22).

All patients underwent an initial head CT scan, which served as the primary imaging modality for correlation with other data. Intraparenchymal injuries (contusions and hematomas) were categorized as none, single, dual, or multiple. Lesions were classified by laterality (unilateral or bilateral) and location (frontal, parietal, temporal, occipital). Additional classifications included skull fractures, subdural hematoma (SDH), subarachnoid hemorrhage (SAH), epidural hematoma (EDH), and presence of midline shift (≥ 5 mm). We primarily utilized computed tomography (CT) for evaluations due to the emergency nature of brain trauma care; patients often present with hemodynamic instability or decreased consciousness, necessitating a rapid and readily accessible imaging modality. Thus, the use of magnetic resonance imaging (MRI) for these evaluations was not feasible due given these technical constraints.


Statistical analysis

Data were tested for normality and homogeneity. Continuous variables were presented as mean ± standard deviation, and categorical variables were described as distribution and frequency. Associations with PTE presence or absence were analyzed using Risk Ratio (RR) and Fisher’s exact test, with a 95% confidence interval (CI).

To estimate the risk of developing PTE from the first month post-injury, we analyzed EEG recordings and CT features obtained within this initial period. Given the predominance of categorical variables and limited sample size, Multiple Correspondence Analysis (MCA) was applied to explore associations among predictors and reduce dimensionality. Based on the MCA results, variables contributing minimally were excluded from further modeling. The retained MCA dimensions were then used as input in a logistic regression model. Included predictors were age, GCS score, number and lateralization of lesions, and EEG findings, classified as normal or abnormal, along with assessments of background activity and interhemispheric symmetry.

Afterward, to investigate the correlation of repeated EEG measurements over time, we performed another MCA with all EEG data (background activity, predominant frequency, sleep spindles, etc.) and variables contributing minimally were excluded from further modeling. Then, we employed a Generalized Estimating Equation (GEE) model with a Poisson distribution, suitable for modeling count or rate-based data. We opted for a Poisson GEE model with a log link and robust standard errors due to the small number of PTE cases (n = 9) compared to non-PTE cases (n = 57), which led to convergence issues when attempting a logistic GEE model. This quasi-likelihood approach allowed us to analyze longitudinal data robustly without strict distributional assumptions for the dependent variable. Our model used PTE as the dependent variable, with the following predictors:, age, EEG results, background activity, predominant frequency observed during wakefulness and post-stimulus, hemisphere, brain region, presence of theta and delta waves, posterior dominant rhythm, sleep spindles, time window of EEG, and seizure occurrence7 beyond 7 days.

All statistical analyses were performed using Prism software (version 8.0.2; GraphPad, United States) and JMP (version 17. SAS Institute Inc., Cary, NC). Statistical significance was set at p < 0.05.




Results


Demographic data, mechanism, and severity of TBI

During the recruitment period, 123 patients were included. Of this total, 30 (24.4%) patients were excluded for different reasons, such as not meeting the eligibility criteria (at a subsequent evaluation), being transferred to other services, withdrawing informed consent during the follow-up phase, being unable to perform any of the on-site EEG examinations, or being lost during the follow-up period. Twenty-seven (21.9%) patients died, and of those, 20 had no electroencephalographic recording and were, therefore, excluded.

Data from 73 (59.3%) patients (12 women and 61 men) were analyzed (Table 1). The mean age was 43.7 years (range: 18–80 years). The most common cause of TBI was traffic accident (44%), followed by falls (39%), aggression (6%), bicycle crash (6%), falling objects to the head (3%), and unknown mechanism (2%). Most TBIs were moderate and severe (62%), and 26 patients could be followed up for at least 24 months. Among these, 13 patients underwent EEG recordings during the first week, 38 patients at 1 month, 41 patients at 3 months, 27 patients at 6 months, 36 patients at 12 months, 36 patients at 18 months, and 26 patients beyond 24 months (Table 1 and Figure 1).


TABLE 1 Demographics data, TBI mechanisms and severity, ASS in PTE, No-PTE groups and in patients who evolved to death.


	Variables
	Total participants
 (n = 73)
	Death
 (n = 7)
	PTE
 (n = 9)
	NO-PTE
 (n = 57)

 

 	Sex 	 	 	 	


 	 Male, n (%) 	61 (84) 	7 (100) 	7 (78) 	47 (82)


 	 Female, n (%) 	12 (16) 	0 (0) 	2 (22) 	10 (18)


 	Age (mean ± SD) 	44 ± 17.6 	47 ± 20.18 	37 ± 13.8 	40 ± 15.53


 	TBI Mechanism, n (%) 	 	 	 	


 	 Traffic accident 	34 (44) 	3 (43) 	3 (33) 	28 (49)


 	 Height falling 	21 (29) 	1 (14) 	5 (56) 	15 (26)


 	 Own height falling 	7 (10) 	1 (14) 	0 (0) 	6 (11)


 	 Aggression 	4 (6) 	0 (0) 	0 (0) 	4 (7)


 	 Falling objects 	2 (3) 	1 (14) 	1 (11) 	0 (0)


 	 Bicycle crash 	4 (6) 	1 (14) 	0 (0) 	3 (5)


 	 Unknown mechanism 	1 (2) 	0 (0) 	0 (0) 	1 (2)


 	TBI Severity (GSC), n (%) 	 	 	 	


 	 Mild 	28 (38) 	4 (57) 	2 (22) 	22 (38)


 	 Moderate 	6 (8) 	1 (14) 	0 (0) 	5 (9)


 	 Severe 	39 (54) 	2 (29) 	7 (78) 	30 (53)


 	Acute symptomatic seizures (ASS), Yes n (%) 	 	 	 	


 	 (0–7 days) 	16 (22) 	2 (29) 	3 (33) 	11 (19)


 	Immediate ASS 	 	 	 	


 	 (<24 h) 	13 (18) 	2 (29) 	3 (33) 	8 (14)


 	Early ASS 	 	 	 	


 	 (>24 h–7 days) 	3 (4) 	0 (0) 	0 (0) 	3 (5)


 	PTE, Yes 	 	 	 	


 	Time to first PTE seizure (months) 	 	 	 	


 	 Average (min-max) 	– 	– 	10.9 (1–20.9)* 	–


 	Time to first PTE seizure 	 	 	 	


 	 < 12 months, n (%) 	 	– 	3 (33) 	–


 	 >12–24 months, n (%) 	 	– 	5 (55) 	–


 	 ≥24 months, n (%) 	 	– 	1 (11) 	–


 	**Number of EEGs at scheduled timepoints 	217 	8 	32 	177


 	 Acute phase (<7 days) 	13 (5.9) 	1 (7.7) 	5(38.5) 	7 (53.8)


 	 >7 days until 1st month 	38 (17.5) 	5 (13.2) 	3 (7.9) 	30 (78.9)


 	 3rd month 	41 (18.9) 	2 (4.9) 	8 (19.5) 	31 (75.6)


 	 6st month 	27 (12.4) 	0 (0) 	3 (11.1) 	24 (88.9)


 	 12nd month 	36 (16.6) 	0 (0) 	4 (11.1) 	32 (88.9)


 	 18th month 	36 (16.6) 	0 (0) 	5 (13.9) 	31 (86.1)


 	 ≥ 24th month 	26 (12.9) 	0 (0) 	4 (15.4) 	22 (84.6)


 	Seizure frequency 	 	 	 	


 	 1 remote symptomatic seizure 	– 	– 	3 	–


 	 1–2 seizure/month 	– 	– 	3 	–


 	 3–4 seizure/month 	– 	– 	2 	–


 	 ≥ 5 seizure/month 	– 	– 	1 	–





PTE occurrence and time for first seizure. Data for the total and subdivided population according to treatment with No-PTE or PTE for demographics, TBI mechanisms, and severity in patients. Continuous variables were described as mean ± standard deviation (SD), while categorical variables were described as distribution and frequency. *One patient presented a seizure after 25 months of follow-up. **Number of EEG exams performed in each period of time. Note that some patients underwent EEG exams in more than one time period, which is why the number of EEG exams differs from the number of patients.
 

[image: Flowchart A shows 123 patients selected: 30 excluded, 73 included and 27 died. Among the included, 61 are men and 12 are women. Among the 27 died, 20 were without EEG. Flowchart B involves 217 EEGs: 177 have no PTE, 32 have PTE and 8 from patients that died. Follow-up intervals include 1 month (51), 3 months (41), 6 months (27), 12 months (36), 18 months (36) and over 24 months (26). Icons represent the data visually.]

FIGURE 1
 Flowchart of selected patients and EEG. (A) *Inclusion criteria comprised patients of both sexes, aged between 18 and 75 years, who provided signed informed consent (either by the patient or a legal guardian), and had a diagnosis of acute TBI confirmed by head CT showing intracranial hemorrhage and/or cerebral contusion. Eligible patients had a GCS score between 6 and 12 upon admission, or a GCS < 6 if sedation was present at the time of evaluation. (B) EEG summary follow-ups.


The 7 patients who died but had at least one EEG at some point of follow-up were analyzed as a separate group. All 7 patients were male, with a mean age of 47.4 ± 20.18 years, with traffic accidents as the mechanism of TBI in 3 patients. Four (57%) of the patients who died had only mild TBI. In general, death occurred 4 months (median) after TBI, ranging from 6 to 383 days of follow-up (one patient who died after 383 days was in supportive care and could not return for follow-up EEGs but was clinically evaluated). Among these patients, 1 patient underwent EEG recordings during the first week, 5 patients at 1 month, and 2 patients at 3 months (Table 1). Despite the small sample size and the limitation of follow-up due to death, which precludes long-term assessment—including the potential development of post-traumatic epilepsy—this group was included to explore whether any electrographic markers could serve as predictors of unfavorable outcomes, such as mortality.



Acute symptomatic seizure and late onset seizures or PTE

Sixteen patients (22%) had acute symptomatic seizures (ASS): 13 (18%) had hyperacute post-traumatic seizures, and 3 (4%) had early post-traumatic seizures.

Fifty-seven (78%) patients did not develop PTE (NO-PTE group), while nine (12%) patients developed spontaneous seizures after TBI (late-onset post-traumatic seizures, herein after referred to as PTE) (Table 1).

Among patients in the NO-PTE group, 11 (19%) had ASS, 8 of them in the first 24 h after TBI (Table 1). For the PTE group, 3 (33%) also had ASS, all of them occurring within the first 24 h of TBI (Table 1). Similarly, two (28.5%) patients who died also presented immediate ASS (Table 1).

Related to PTE development, the earliest latency for the first spontaneous seizure was 2 months after the TBI, and the latest was 25 months after the TBI. On average, epilepsy started at 10.9 months after TBI (Table 1). Regarding the number of seizures for those who developed PTE, 3 patients (33%) had only 1 seizure, while the other 6 patients reported more than 2 seizures during the follow-up period. Eight patients were using anti-seizure medication by decision of the neurosurgery service; 5 were in the non-PTE group and 3 in the PTE group. No patients who died had developed PTE prior to their death.



Electroencephalographic recording

A total of 217 electroencephalographic recordings were analyzed for 73 patients: 32 recordings from the PTE group, 177 from the NO-PTE group, and 8 recordings from patients who died during the 2-year follow-up (Table 2). Inter-rater reliability demonstrated almost perfect agreement (κ = 0.82, p < 0.001).


TABLE 2 EEG findings in PTE, No-PTE groups and in patients who evolved to death during 2 years follow-up.


	EEG Findings (number of EEG exams)
	Summary of findings (n = 217)
	Death (n = 8)
	PTE group (n = 32)
	NO-PTE group (n = 177)

 

 	Abnormal EEG 	140/217 (64.5) 	8/8 (100) 	21/32 (65.6) 	111/177 (62.7)


 	 1st month 	47 	6 	7 	34


 	 3rd month 	28 	2 	7 	19


 	 6st month 	16 	0 	1 	15


 	 12nd month 	20 	0 	1 	19


 	 18th month 	16 	0 	3 	13


 	 ≥ 24th month 	13 	0 	2 	11


 	Abnormal EEG with delta 	27/217 (12.4) 	4/8 (50) 	7/32 (21.8) 	15/177 (8.5)


 	 1st month 	20 	3 	5 	12


 	 3rd month 	4 	1 	1 	2


 	 6st month 	0 	0 	0 	0


 	 12nd month 	0 	0 	0 	0


 	 18th month 	0 	0 	0 	0


 	 ≥ 24th month 	3 	0 	2 	1


 	Abnormal EEG with delta + theta 	24/217 (11) 	1/8 (12.5) 	9/32 (28.1) 	14/177 (7.9)


 	 1st month 	7 	1 	2 	4


 	 3rd month 	8 	0 	4 	4


 	 6st month 	2 	0 	1 	1


 	 12nd month 	2 	0 	0 	2


 	 18th month 	4 	0 	2 	2


 	 ≥ 24th month 	1 	0 	0 	1


 	Abnormal EEG with theta 	42/217 (19.3) 	2/8 (25) 	3/32 (6.2) 	37/177 (20.9)


 	 1st month 	8 	1 	0 	7


 	 3rd month 	9 	1 	2 	6


 	 6st month 	8 	0 	0 	8


 	 12nd month 	8 	0 	0 	8


 	 18th month 	6 	0 	1 	5


 	 ≥ 24th month 	3 	0 	0 	3


 	Burst-suppression pattern 	1/217 (0.46) 	1/8 (12.5) 	0/32 (0) 	0/177 (0)


 	 1st month 	1 	1 	0 	0


 	 3rd month 	0 	0 	0 	0


 	 6st month 	0 	0 	0 	0


 	 12nd month 	0 	0 	0 	0


 	 18th month 	0 	0 	0 	0


 	 ≥ 24th month 	0 	0 	0 	0


 	Presence of the posterior dominant rhythm (≥ 8 Hz) 	175/217 (80.6) 	1/8 (12.5) 	24/32 (75) 	150/177 (84.7)


 	 1st month 	25 	1 	2 	22


 	 3rd month 	33 	0 	7 	26


 	 6st month 	27 	0 	3 	24


 	 12nd month 	34 	0 	4 	30


 	 18th month 	33 	0 	4 	29


 	 ≥ 24th month 	23 	0 	4 	19


 	Asymmetry of background activity 	86/217 (39.6) 	4/8 (50) 	17/32 (53.1) 	65/177 (36.7)


 	 1st month 	30 	3 	7 	20


 	 3rd month 	14 	1 	4 	9


 	 6st month 	10 	0 	1 	9


 	 12nd month 	13 	0 	2 	11


 	 18th month 	10 	0 	1 	9


 	 ≥ 24th month 	9 	0 	2 	7


 	Bursts of slow waves 	42/217 (19.3) 	1/8 (12.5) 	1/32 (3.1) 	40/177 (22.6)


 	 1st month 	12 	1 	0 	11


 	 3rd month 	7 	0 	0 	7


 	 6st month 	5 	0 	0 	5


 	 12nd month 	7 	0 	1 	6


 	 18th month 	5 	0 	0 	5


 	 ≥ 24th month 	6 	0 	0 	6


 	Epileptiform discharges 	3/217 (1.3) 	0/8 (0) 	3/32 (9.3) 	0/177(0)


 	 1st month 	0 	0 	0 	0


 	 3rd month 	1 	0 	1 	0


 	 6st month 	0 	0 	0 	0


 	 12nd month 	0 	0 	0 	0


 	 18th month 	1 	0 	1 	0


 	 ≥ 24th month 	1 	0 	1 	0




 

Abnormalities in background activity were observed in 140 of all 217 (64.5%) EEG recordings: 21/32 (65.6%) in the PTE group, 111/177 (62.7%) in the NO-PTE group, and 8/8 (100%) for patients who died. Asymmetric background activity was the most common abnormality, occurring in 40% of all recordings, independent of the group (Table 2). The presence of slow waves (delta, delta mixed with theta) constituting the background activity was higher in the PTE group (Table 2).

Epileptiform abnormalities were found in only 3 EEG recordings from 2 patients in the PTE group.

To determine electrographic evolution, the predominant frequency observed during awake or stimulated states was evaluated in all records over 2 years. Up to the sixth month of evolution, in both groups, there was still a considerable number of recordings that exhibited a large number of slow waves. Over time, the number of slow waves dropped progressively, the dominant posterior physiological rhythm became more common, and EEG findings tended to improve over time. Figure 2 illustrates the predominant frequency observed during awake or stimulated states and its evolution over time in the PTE group. All patients showed improvement of background activity, except patient 8, who at 18 follow-up months showed an increase in the number of slow waves. This finding was very close to the occurrence of the first spontaneous seizure.

[image: Line graph showing brain wave pattern changes over time for nine patients, labeled Patient One to Patient Nine. Time intervals range from hospitalization to twenty-four months. Patterns include Beta, Alpha, Theta-Alpha, Theta, Delta-Theta, and Delta. Each patient is represented by a different symbol and color on the graph.]

FIGURE 2
 Predominant frequency observed during awake or stimulated and its evolution over 24 months of follow-up in PTE group.


The number of EEGs from patients who died was small, precluding statistical analysis for this group. However, 100% of the recordings in this group were abnormal, and the only recording with burst suppression was also in this group (Table 2).



Relationship between EEG, brain CT, and PTE

To explore the relationship between EEG and CT with the occurrence of PTE, we computed Relative Risks (RRs) (Table 3).


TABLE 3 Comparative analysis of EEG and CT findings, Early ASS, TBI severity, in PTE and No-PTE groups.


	Variables
	PTE
 (n = 9)
	NO-PTE (n = 57)
	RR
	95% CI
	Fisher’s exact test
 p-value

 

 	Normal EEG 	11/32 	68/177 	 	 	


 	Abnormal EEG 	21/32 	111/177 	0.87 	0.44–1.68 	0.84


 	Recordings with delta in background activity 	 	 	 	 	


 	 No 	14/32 	130/177 	0.35 	0.18–0.66 	0.0016**


 	 Yes 	18/32 	47/177


 	Incidence of delta waves 	 	 	 	 	


 	 Rare <1% 	4/32 	10/177 	 	 	


 	 Occasional (1–9%) 	5/32 	19/177 	1.37 	0.45–4.00 	0.69


 	 Frequent (10–49%) 	4/32 	12/177 	1.14 	0.36–3.56 	> 0.99


 	 Abundant (50–89%) 	5/32 	6/177 	0.91 	0.39–2.23 	> 0.99


 	Sleep spindles 	 	 	 	 	


 	 Normal 	9/32 	62/177 	1.31 	0.42–4.31 	>0.99


 	 Abnormal 	3/32 	28/177


 	Epileptiform discharges 	 	 	 	 	


 	 No 	29/32 	177/177 	0.14 	0.099–0.34 	0
.0033**


 	 Yes 	3/32 	0/177


 	Posterior dominant rhythm (≥ 8 Hz) 	 	 	 	 	


 	 Absence 	8/32 	27/177 	1.66 	0.80–3.22 	0.20


 	 Presence 	24/32 	150/177


 	Symmetry 	 	 	 	 	


 	 Asymmetric 	17/32 	65/177 	1.75 	0.93–3.28 	0.11


 	 Symmetric 	15/32 	112/177


 	CT findings


 	 Number of intraparenchymal lesions, n (%) 	 	 	 	 	


 	  One lesion 	4 (44.4) 	24 (43) 	 	 	


 	  Two lesions 	2 (22.2) 	8 (14) 	0.7 	0.18–3.11 	0.64


 	  Multiple lesions 	3 (33.3) 	17 (29) 	0.95 	0.26–3.53 	> 0.99


 	  Without lesions 	0 (0) 	8 (14) 	Infinity 	0.33- Infinity 	0.56


 	 Lateralization of lesions, n (%) 	 	 	 	 	


 	  Unilateral 	8 (88.8) 	33 (58) 	 	 	


 	  Bilateral 	1 (11.1) 	16 (28) 	3.31 	0.62–19.95 	0.25


 	  Without lesions 	0 (0) 	8 (14) 	Infinity 	0.54- Infinity 	0.32


 	 Location of lesions, n (%) 	 	 	 	 	


 	  Frontal 	5 (55.5) 	32 (56) 	 	 	


 	  Temporal 	7 (77.7) 	22 (38) 	0.56 	0.20–1.52 	0.34


 	  Parietal 	1 (11.1) 	5 (8) 	0.81 	0.17–5.03 	> 0.99


 	  Occipital 	1 (11.1) 	2 (3) 	0.40 	0.11–2.47 	0.39


 	 Fracture, n (%) 	 	 	 	 	


 	  Yes 	6 (66.6) 	18 (32) 	3.50 	1.04–11.89 	0.06


 	  No 	3 (33.3) 	39 (68) 	 	 	


 	 Other lesions n (%) 	 	 	 	 	


 	  Subdural hematoma (SDH) 	4 (44) 	27 (47) 	0.90 	0.28–2.86 	>0.99


 	  Subarachnoid hemorrhage (SAH) 	6 (66) 	32 (56) 	1.47 	0.44–5.08 	0.72


 	  Epidural hematoma (EDH) 	2 (22) 	18 (31) 	0.71 	0.16–2.45 	0.71


 	 Midline deviation, n (%) 	 	 	 	 	


 	  Yes 	3 (33.3) 	11 (19.2) 	1.73 	0.56–4.28 	0.39


 	  No 	6 (66.6) 	46 (80.7) 	 	 	


 	 Early acute symptomatic seizures (>24–7 days) 	 	 	 	 	


 	  Yes 	0 	3 	Infinity 	0.34- Infinity 	>0.999


 	 TBI severity (GSC) 	 	 	 	 	


 	  Mild 	2 	22 	 	 	


 	  Moderate 	0 	5 	Infinity 	0.14-Infinity 	>0.999


 	  Severe 	7 	30 	0.44 	0.11–1.66 	0.46


 	Seizure type


 	 Focal-to-bilateral tonic–clonic seizure 	6/9 	 	 	 	


 	  With Impaired consciousness seizure (Without observable manifestations) 	6/9 	– 	 	 	


 	 Unknown whether with impaired consciousness 	3/9 	– 	 	 	


 	  With observable manifestations (bilateral tonic–clonic seizure) 	2/9 	 	 	 	


 	  Without observable manifestations 	1/9 	 	 	 	





Seizure types in PTE group. **p < 0.005.
 

Recordings showing delta waves in background activity exhibited an RR of 0.35 (95% CI: 0.18–0.65, p < 0.01) for PTE compared to those without delta activity. Similarly, the presence of epileptiform discharges was associated with an RR of 0.14 (95% CI: 0.09–0.39, p < 0.001) for developing PTE compared to its absence. No significant associations were observed for sleep spindles, asymmetry, or posterior dominant rhythm (Table 3).

Brain CT findings were categorized based on the presence of lesions (single, two, multiple, or no lesion), location (frontal, temporal, parietal, occipital), and laterality (unilateral or bilateral). Additional features such as fracture, subdural hematoma (SDH), subarachnoid hemorrhage (SAH), and epidural hematoma (EDH) were also analyzed in the PTE and NO-PTE groups, but no statistically significant differences were identified (Table 3).



Seizure types

In the PTE group, focal onset seizures evolving to bilateral tonic–clonic seizures were the most common type, occurring in 6 out of 9 patients. Three patients experienced seizures with unknown onset, of which two presented motor features and one with non-motor features (Table 3).



Multiple correspondence analysis

Multiple Correspondence Analysis (MCA) was employed to examine the associations among categorical predictors and reduce dimensionality prior to logistic regression and GEE given the predominance of qualitative data and the small sample size.

The first MCA analysis regarding CT features and first month data included: PTE outcome, ASS, EEG features (overall result, background activity, symmetry), sex, GCS, and CT findings (number and lateralization of lesions, SAH, SDH, EDH, and midline shift). Data were visualized in Euclidean space.

A two-dimensional solution was selected (eigenvalues: 3.09 and 1.78; inertia: 0.34 and 0.26; Cronbach’s Alpha: 0.76 and 0.50). Variables with low contributions (mean < 0.1)—SAH, SDH, EDH, midline shift, skull fracture, ASS, location of lesion (parietal, occipital, and frontal), and sex—were excluded from further analysis. The two dimensions accounted for 41.3% of the total variance (Dimension 1: 23.4%; Dimension 2: 17.9%). The resulting two-dimensional plot revealed distinct clustering patterns.

MCA revealed two profiles: NO-PTE (blue), associated with normal EEG, symmetry, ASS use, mild/moderate GCS, fewer lesions, no polytrauma, and absence of temporal lesions; and PTE (red), linked to bilateral/multiple lesions, presence of temporal lesions, polytrauma, abnormal baseline EEG, and asymmetry (Figure 3A).

[image: Two plots depict CT and EEG analysis data. Plot A shows first-month CT features, with variables distributed along Dimensions 1 and 2. Plot B illustrates EEG changes over time, with data along different dimensions. Legends identify symbols and color coding for various medical and EEG factors.]

FIGURE 3
 Multiple Correspondence Analysis (MCA) of clinical and neuroimaging. Variables in relation to post-traumatic epilepsy. (A) Two-dimensional MCA plot illustrating the associations among categorical clinical, neuroimaging, and Electrophysiological variables in relation to the presence or absence of post-traumatic epilepsy (PTE) during the first month. The first two dimensions explain 41.3% of the total variance (Dimension 1: 23.4%, inertia 0.34; Dimension 2: 17.9%, inertia 0.26). The red circle represents the profile called PTE, and the blue circle represents the profile called No-PTE. (B) Two-dimensional MCA plot illustrating the associations among electrophysiological variables about the presence or absence of post-traumatic epilepsy (PTE) over time. The first two dimensions explain 22.75% of the total variance (Dimension 1: 14.8%, inertia 0.51; Dimension 2: 7.95%, inertia 0.27). The red circle represents the profile called PTE, and the blue circle represents the profile called No-PTE. For Background Activity meanings: Dis dif theta: Disorganized diffused theta waves, Dis dif theta/delta: Disorganized diffused theta/delta; Dis theta/delta: Disorganized theta/delta Dis dif pred theta; Disorganized diffused predominant theta. Dis dif: Disorganized and diffused. Dis dif pred theta and rare delta; Disorganized diffused predominant theta and rare delta. Dis theta ant right hemisphere: Disorganized theta in the anterior right temporal.


The second MCA analysis was performed regarding longitudinal EEG analysis included: PTE outcome, EEG features (overall result, background activity, symmetry), sex, GCS, and predominant or best frequency, delta and theta waves, sleep spindles, epileptiform paroxysm, occurrence of seizures within 24 h, with 7 days and with more than 7 days.

A two-dimensional solution was selected (eigenvalues: 5.63 and 3.02; inertia: 0.51 and 0.27; Cronbach’s Alpha: 0.90 and 0.74). Variables with low contributions (mean < 0.1)—sex, epileptiform paroxysm, seizures within 24 h, seizures occurrence with 7 days, and theta waves —were excluded from further analysis. The two dimensions accounted for 22.75% of the total variance (Dimension 1: 14.8%; Dimension 2: 7.95%). The resulting two-dimensional plot revealed distinct clustering patterns.

MCA revealed two profiles: NO-PTE (blue), associated with present and symmetric sleep spindles, presence of beta, beta-alpha, and alpha frequency with a dominant rhythm; and PTE (red), linked to presence of bilateral normal and abnormal sleep spindles, and disorganized and diffused predominant theta waves, as well as theta and delta frequencies (Figure 3B).



Logistic regression model

A binomial logistic regression analysis using the backward elimination method was conducted to assess the likelihood of PTE, incorporating various clinical and neuroimaging variables: age, GCS score at hospital admission, presence of ASS, CT features (number of brain lesions, presence of temporal lesions, lesion lateralization), EEG results, background activity, and interhemispheric symmetry in EEG recordings obtained within the first month after TBI.

The overall model demonstrated a good fit, as indicated by a significant likelihood ratio test [χ2(8) = 39.77, p < 0.0001] and a Cox and Snell R2 of 0.467, suggesting that approximately 46.7% of the variance in PTE outcomes was explained. The Bayesian Information Criterion (BIC) was 37.28, supporting a favorable balance between model fit and complexity. Several variables (EEG results, background activity, ASS, age, and interhemispheric symmetry) were excluded from the final model due to a lack of statistical contribution.

Key predictors retained in the model were GCS, lesion lateralization, presence of temporal lesions, polytrauma, and number of lesions. However, most of these variables did not show statistically significant odds ratios when analyzed individually, likely due to the small number of PTE cases and overlapping effects among predictors.

Significant findings were observed for lesion lateralization (e.g., right vs. left: OR = 10.23, 95% CI: 1.36–120, p = 0.043). For right hemisphere lesion vs. bilateral lesions, the Odds Ratio (OR) was 9.15 (95% CI: 1.20–108, p = 0.045).

These findings should be interpreted with caution, as the small number of PTE cases and potential overlap among predictors may affect the precision of individual estimates, despite their combined importance in the overall model.



Generalized estimating equations

We conducted a Generalized Estimating Equations (GEE) analysis with a log link function and a first-order autoregressive [AR(1)] correlation structure to assess factors influencing PTE over 2 years. Measurements were taken at 1, 3, 6, 12, 18, and 24-months post-injury. The model demonstrated a good fit with a quasi-likelihood under the Independence Model Criterion (QIC) score of 9.89. Significant predictors of PTE included background activity (χ2 Wald = 205.28, d.f. = 8, p < 0.0001), sleep spindles (χ2 Wald = 2312.75, d.f. = 7, p < 0.0001), and delta waves (χ2 Wald = 4.20, d.f. = 1, p = 0.04). Multiple comparisons were corrected by Bonferroni test.

Therefore, the model could be represented by the following equation:
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Where each beta coefficient represents the effect size of the corresponding predictor variable, and epsilon denotes the error term.

Univariate effects were compared by multiple analysis using the Bonferroni test.


	• Background activity: A one-unit increase in background activity is associated with the following increases in PTE likelihood: 84% for disorganized theta waves in the anterior right hemisphere (p = 0.001), 53% for diffuse predominant theta waves with rare delta waves (p = 0.006), and 55% for diffuse predominant theta waves (p = 0.001) (Figure 4A).

	• Sleep spindles: A one-unit increase in abnormal sleep elements is associated with an 80% increase in PTE likelihood with the presence of abnormal bilateral sleep elements (p < 0.001) (Figure 4B).

	• Delta waves: A one-unit increase in delta wave presence is associated with a 96% increase in the probability of developing PTE (p = 0.020) (Figure 4C).
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FIGURE 4
 Unimodal associations between EEG features and post-traumatic epilepsy (PTE) risk. Unimodal analysis of EEG predictors for PTE development. (A) Background activity. (B) Sleep spindle (C) Delta wave presence in PTE versus No-PTE cases. Data derived from a GEE model [log link, AR(1) correlation; QIC = 10.18] with Bonferroni-corrected significance. The graph is a histogram of the two variables with a shadowgram style. Stars denote statistical significance. The corrected Significance of every variable is in the text.





Discussion

This study aimed to prospectively evaluate the electroencephalographic data of patients with acute TBI to assess electrographic evolution and identify potential routine EEG findings that could predict PTE. Despite the SARS-CoV-19 pandemic interruptions, we initially recruited 123 patients and prospectively followed 73 of them. Both PTE and NO-PTE patients showed improved background activity over 2 years. EEG recordings revealing delta background indicated a higher risk of PTE development. Additionally, multiple and bilateral lesions are also indicative of a greater probability of developing PTE.

The findings align with existing literature on early seizure incidence and risk factors following severe TBI. The observed ASS incidence (21.9%) falls within the reported range (2–30%) for severe TBI patients (23–26). Notably, a substantial proportion of ASS occurred within the first 24 h post-TBI. Although no statistically significant correlation was found between ASS and PTE development, the higher ASS proportion in the PTE group suggests a potential association, consistent with literature indicating ASS as predictors of later epilepsy development (26, 27). This highlights the complex interplay of injury severity, neuronal circuit disruptions, and genetic predisposition in PTE pathogenesis, beyond the immediate occurrence of ASS.

The PTE incidence in our series was 12.4%, consistent with literature data but lower than expected. PTE represents 20% of all structural causes and 5% of all acquired epilepsies (28). Known risk factors include advanced age, injury severity, intracranial hemorrhage, focal contusion, multiple injuries, coma for over 24 h, loss of consciousness for over 24 h, and prolonged amnesia (7, 13, 29). The PTE incidence varies based on trauma severity and the number of injuries, with cumulative risk ranging from 2 to 50% depending on injury location and severity (7, 24, 25). Following a single late seizure post-TBI, the likelihood of subsequent seizures increases by 80%, typically occurring within 2 years of the first spontaneous late seizure (7). In this study, 22.2% of PTE cases were mild and 77.7% were severe TBI. Among the 9 PTE patients, 6 had more than 2 seizures, with all experiencing only one seizure type.

The mortality rate in TBI is variable, depending on age, trauma severity, and presence of polytrauma, with literature reporting rates from 3.5 to 38.5% (6, 30). In this study, focusing on a small sample of mostly young adults with severe TBI, and mild cases with intraparenchymal injury, the mortality rate was 22.5%. Notably, patients with a GCS ≤ 6 at the scene were not enrolled, potentially excluding those with an even higher likelihood of death.

Electrographic biomarkers may predict seizure onset and epileptogenesis, allowing for the development of targeted preventative therapies. Currently, no validated electrophysiological biomarkers for PTE exist. However, potential markers include pathological high-frequency oscillations (HFOs), reduced sleep spindle duration, changes in theta oscillations, and slower transition from slow wave N3 to REM (31, 32).

Our study aimed to identify electrographic patterns indicative of PTE development through prospective EEG evaluations over 2 years. Initially, many recordings showed delta slow waves, which progressively decreased, reflecting improved EEG frequencies and background activity over time. In the PTE group, one patient showed background activity slowing after 16 months, preceding their first epileptic seizure. Although not statistically significant, these findings suggest that slow waves may indicate dysfunction in epileptogenesis-related circuitry or result from frequent epileptiform discharges or unrecognized seizures. Overall, our EEG data reveal abnormal patterns characterized by background activity replaced by slow waves, loss of physiological sleep patterns, and loss of anteroposterior differentiation while awake.

In clinical practice, epileptiform activities are crucial in evaluating epilepsy or suspected epilepsy, while background rhythms analysis is often undervalued and not correlated with clinical aspects. For instance, a patient with frequent seizures may show slowing or attenuation of physiological rhythms, which can be lateralizing or localizing. Conversely, a patient with controlled seizures may show normal baseline rhythms more frequently. These findings highlight the potential utility of EEG abnormalities as predictors of PTE.

The data found in this study associate epileptiform paroxysms with the risk of progression to PTE. This finding is surprising, given that many patients with refractory epilepsy do not have epileptiform elements during their routine EEG recordings. Often during long-term video-EEG tentative recording of those seizures, several hours or even days may pass without showing any epileptiform elements. The location and depth of the epileptogenic and irritative zone may also not favor surface recordings, and finally, it may be that pathological action potentials are the last phase of the epileptogenic process, with the beginning of epileptic seizures being the completion of the installation of epileptogenesis, which may even continue to evolve after the onset of seizures.

Kim et al. (18) performed a retrospective case–control study of risk factors for post-traumatic epilepsy, in which 25 consecutive cases developed epilepsy within 1 year of a head trauma. They found that EEG epileptiform abnormalities during the acute period post-injury and sporadic epileptiform discharges were associated with PTE.

Regarding the presence of structural injuries, it is already known that the cumulative probability of PTE is higher according to the number of lesions, reaching 25% for multiple lesions (7). In our study, for each brain lesion, individuals are approximately 5.05 times more likely to develop PTE. Individuals with lesions predominantly located on one side of the brain are approximately 0.13 times (or 86% less likely) to develop PTE as compared to those with bilateral lesions.

The data found in this study reinforce the importance of performing routine EEG in the acute phase and in the follow-up of TBI patients. In addition to EEG being the best test for recording epileptic seizures, it is a low-cost test that can be carried out at the bedside without having to transport the patient, who is often unstable, immediately after severe TBI.

Unfortunately, our series was small due to the SARS-CoV-19 pandemic. We acknowledge that the small number of PTE cases (n = 9) constitutes a substantial limitation, which may reduce the power to detect true associations and limit the generalizability of our findings. Furthermore, given the number of predictors included in our model, there is an inherent risk of overfitting, which can result in unstable estimates and reduced applicability of the results to other populations. We are currently enrolling a new series of patients, with continuous EEG being performed in the acute phase of TBI. Several issues complicated the multi-visit prospective study of TBI patients. Patients often do not feel the need to return for visits, especially if they have no new complaints. The challenge is ongoing, with difficulties increasing proportionally to the number of recruited patients. Another factor is that brain injury patients need a family member to attend medical visits, particularly to report potential epileptic seizures, ideally someone who witnessed the seizure. Despite these challenges and visit delays of 2–3 months, the study was completed, providing important data on the epidemiology and incidence of PTE in a developing country.



Conclusion

PTE affects a significant proportion of TBI patients, with no efficient preventative treatments available. Developing predictive biomarkers is crucial to guide patients and families. Understanding epileptogenesis is key to prevention. Routine EEG, a low-cost, accessible, and non-invasive test, is valuable not only for detecting epileptiform elements but also for identifying abnormalities in underlying activity.
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