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Abstract
Traumatic brain injury (TBI) and subsequent post-traumatic epilepsy (PTE) often impair daily activities
and mental health (MH), which contribute to long-term TBI-related disability. PTE also affects driving
capacity, which impacts functional independence, community participation, and satisfaction with life
(SWL). However, studies evaluating the collective impact of PTE on multidimensional outcomes are lack-
ing. Thus, we generated a model to investigate how PTE after moderate-to-severe (ms)TBI affects TBI-
associated impairments, limits activities and participation, and influences SWL. Of 5108 participants with
msTBI enrolled into the National Institute for Disability, Independent Living, and Rehabilitation Research
TBI Model Systems between 2010 and 2018 and with seizure-event data available at year-1 post-TBI, 1214
had complete outcome data and 1003 had complete covariate data used for analysis. We constructed a
conceptual framework illustrating hypothesized interrelationships between year-1 PTE, driving status, func-
tional independence measure (FIM), depression and anxiety, as well as year-2 participation, and SWL. We
performed univariate and multivariable linear and logistic regressions. A covariate-adjusted structural
equation model (SEM), using the lavaan package (R), assessed the conceptual framework’s suitability in
establishing PTE links with outcomes 1–2 years post-injury. Multiple parameters were evaluated to assess
SEM fit. Year-1 PTE was correlated with year-1 FIM motor (standardized coefficient, bstd = -0.112, p =
0.007) and showed a trend level association with year-1 FIM cognition (bstd = -0.070, p = 0.079).
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Individuals with year-1 PTE were less likely to drive independently at year 1 (bstd = -0.148, p < 0.001). In addi-
tion, FIM motor (bstd = 0.323, p < 0.001), FIM cognition (bstd = 0.181, p = 0.012), and anxiety (bstd = -0.135,
p = 0.024) influenced driving status. FIM cognition was associated with year-1 depression (bstd = 0.386, p <
0.001) and year-1 anxiety (bstd = 0.396, p < 0.001), whereas year-1 FIM motor (bstd = 0.186, p = 0.003), depres-
sion (bstd = -0.322, p = 0.011), and driving status (bstd = 0.233, p < 0.001) directly affected year-2 objective life
participation metrics. Moreover, year-1 depression (bstd = -0.382, p = 0.001) and year-2 participation (bstd =
0.160, p < 0.001) had direct effects on year-2 SWL. SWL was influenced indirectly by year-1 variables, including
functional impairment, anxiety, and driving status—factors that impacted year-2 participation directly or indi-
rectly, and consequently year-2 SWL, forming a complex relationship with year-1 PTE. A sensitivity analysis
SEM showed that the number of MH disorders was associated with participation and SWL (p < 0.001), and
this combined MH variable was directly related to driving status (p < 0.02). Developing PTE during year-1 after
msTBI affects multiple aspects of life. PTE effects extend to motor and cognitive abilities, driving capabilities,
and indirectly, to life participation and overall SWL. The implications underscore the crucial need for effective
PTE management strategies during the first year post-TBI to minimize the adverse impact on factors influenc-
ing multidimensional year-2 participation and SWL outcomes. Addressing transportation barriers is warranted
to enhance the well-being of those with PTE and msTBI, emphasizing a holistic approach. Further research is
recommended for SEM validation studies, including testing causal inference pathways that might inform
future prevention and treatment trials.

Keywords: structural equations model; functional impairment; international classification of function;
participation; post-traumatic epilepsy; post-traumatic seizure; quality of life; traumatic brain injury; driving

Introduction
Traumatic brain injuries (TBIs) are a prevalent condition
that significantly impacts individuals.1,2 In the United
States, TBI results in approximately 2.8 million visits to
emergency departments annually.3 Of these cases,
around 282,000 necessitate hospitalization, and about
56,000 individuals lose their lives due to TBI.3 Conse-
quently, the societal expense is estimated at $76.5 billion
per year.4 Post-traumatic epilepsy (PTE)—defined as
one or more unprovoked seizures occurring more than 1
week after TBI5—occurs commonly after moderate-to-
severe (ms)TBI. PTE constitutes *4% of focal epilepsy
cases in the overall population and is the primary cause
of epilepsy in young adults aged 15–24 years.6

The occurrence of PTE following TBI varies based on
injury severity, ranging from 4% for moderate injuries to
over 16% for severe injuries.7,8 Severe head trauma with
cortical damage and neurological complications, especially
if the dura mater is breached, significantly increases the
likelihood of PTE.9 Late seizures can be delayed but typi-
cally manifest within the first few years after the initial
injury.10,11 Approximately 40% of late seizures occur
within the first 6 months, 50–60% occur within the first
year, and 80% appear within 2 years. The risk of delayed
seizures decreases over time, returning to baseline risk after
10–15 years.7,12 About 86% of individuals having a late
post-traumatic seizure will experience a second seizure
within 2 years, emphasizing the importance of PTE preven-
tion as well as diagnosing PTE after a single late seizure.13

A seminal PTE study in the prospective, nationwide
observational TBI Model Systems (TBIMS) cohort

reported a 16.8% cumulative PTE incidence in the first
2 years post-injury,8 and additional studies demonstrate
PTE contributions to long-term mental health (MH)
problems and disability.5,14–16 Similar to findings in the
general population with epilepsy that psychiatric disor-
ders are the most common comorbid conditions,16–18

those with PTE can have more frequent and severe dis-
plays of emotional dysregulation (e.g., irritability, agita-
tion, aggression), more severe anxiety, and higher rates
of comorbid depression and anxiety than TBI survivors
without PTE.5,14,19 PTE may also exacerbate the delete-
rious effects of TBI on cognition (particularly mem-
ory).20 The impact of PTE extends beyond TBI survivors
to their caregivers, who in one study reported higher
caregiver burden associated with cognitive decline, apa-
thy, and disinhibition, versus caregivers of veterans with-
out PTE.21 The role of PTE in affecting cognitive skills
suggests the potential utility of the functional independ-
ence measure (FIM), although its specific relevance to
PTE remains underresearched.

The FIM was designed to evaluate functional independ-
ence across 2 primary dimensions as follows: FIM-motor
and FIM cognitive (FIM-Cog). The FIM-motor scale
assesses physical functions such as self-care, sphincter
control, mobility, and locomotion, whereas the FIM-Cog
scale assesses cognitive functions, including communica-
tion, social interaction, problem-solving, and memory.
FIM-motor and FIM-Cog scores are linked to other func-
tional domains such as participation, social integration,
and quality of life.22–24 Higher FIM-motor scores are asso-
ciated with greater independence in physical activities,
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and higher FIM-Cog scores correlate with better social
and cognitive engagement, which in turn positively
impact quality of life outcomes.22,25–28 Despite the well-
documented utility of FIM, there is a relative paucity of
data specifically examining associations within the con-
text of PTE. Existing literature primarily focuses on gen-
eral TBI populations,29–32 leaving a gap in understanding
the unique challenges and recovery trajectories faced by
those with PTE.

PTE both directly (as with driving ability) and indi-
rectly (through MH and cognitive changes) may affect
functional, participation, and quality of life (satisfaction
with life [SWL]) outcomes post-TBI. Those with seiz-
ures are less likely to return to driving post-TBI,33,34 a
highly patient-valued functional outcome. A TBIMS
study previously evaluated the independent contribution
of driving ability after injury to participation in
community-based activities (measured using the Partici-
pation Assessment with Recombined Tools, or PART).35

Even after controlling for age, sex, race, education, FIM,
depression, and living alone versus living with others,
ability to drive accounted for meaningful variance in par-
ticipation at 5 years post-TBI.36 PTE may also contribute
to MH conditions and participation restrictions that nega-
tively affect SWL following msTBI.37

Individuals with msTBI often face a significant
decline in life roles making them particularly vulnerable
to low or decreasing life satisfaction. However, limited
information is available evaluating the potential detri-
mental effects of PTE following msTBI. Studies suggest
that PTE is linked to diminished mental well-being fol-
lowing TBI.14,38–43 The onset of PTE is linked to worse
functional and psychosocial outcomes within the first
5 years post-TBI.38 In addition, those with epilepsy
report lower life satisfaction and self-rated health than
expected, indicating the importance of these factors for
their well-being.44 Adults with epilepsy also have greater
frustration versus those without epilepsy, particularly
with meaningful accomplishments, social relationships,
health, and energy levels.45,46

Thus, quantifying the impact of PTE on driving abil-
ity, and its cascading effects on life participation, is
essential. Limited research has examined the broader
impact of PTE on outcomes after msTBI, and assessing
long-term outcomes at 1 and 2 years following msTBI
while accounting for confounding factors impacting out-
come is crucial for a comprehensive understanding of
PTE. Furthermore, elucidating the interplay between
PTE and MH conditions may provide insights into their
combined influence on SWL post-TBI. Filling these gaps
may facilitate the development of targeted interventions
and improve patient care for those with PTE.

Thus, the objective of this study was to generate and
fit a conceptual model using structural equation model

(SEM) that evaluates the multidimensional and temporal
impacts that PTE has on 1- and 2-year outcomes after
msTBI. We hypothesized that multiple direct and indi-
rect negative associations between PTE and MH, physi-
cal and cognitive impairment, and driving status would
influence later participation and SWL outcomes.

Methods
Participants
Our study included 5108 individuals enrolled in the
National Institute for Disability, Independent Living, and
Rehabilitation Research (NIDILRR)-funded TBIMS
National Database injured between 2010 and 2018 with
seizure-event data available at year-1 post-TBI.
Participants, or legal proxies, provided written informed
consent to participate. Each center’s institutional review
board approved data collection and analyses protocols,
with data sharing overseen by the TBIMS National Data
and Statistical Center (TBIMS NDSC). Data were
gathered using standard TBIMS NDSC procedures.99

Among this cohort, there were N = 1003 subjects with
complete data on outcomes and covariates (Fig. 1). Vari-
ation in missingness was multifactorial, but largely
driven by limitations in when specific tests of depression
and anxiety were implemented. Covariate distribution is
presented in Supplementary Table S1 as a sensitivity
analysis of covariate missingness in the sample. There is
a significant difference between the included and not
included samples in year-2 participation and year-2
SWL. When evaluating the mean and median values,
they are similar between the samples; their standard
deviations are also similar. However, due to large class
imbalance (N = 1003 included and N = 211 not included),
the standard error for the mean differs considerably, indi-
cating that the differences observed are likely due to class
imbalance. Supplementary Table S2 presents the compar-
ison of the analytic SEM cohort with N = 1003 subjects
with the N = 5108 - 1003 = 4105 cohort that was not
included in the analytic SEM due to outcome and covari-
ate missingness. FIM scores, driving status, participation,
employability (using the Disability Rating Scale (DRS)
subscale), substance misuse, age, and residence had
somewhat different distributions between these cohorts.

Each TBIMS center is affiliated with one or more
Level 1 trauma centers and gathers data spanning acute
hospitalization through inpatient rehabilitation. The
TBIMS centers enroll individuals (‡16 years) with
msTBI—defined as post-traumatic amnesia (PTA) >24
h, positive computed tomography scan findings, or a
Glasgow Coma Scale (GCS) score <13—who present to
a TBIMS acute care hospital within 72 h of injury and
receive inpatient rehabilitation from a designated TBIMS
rehabilitation hospital. Participants are interviewed at
years 1, 2, and 5 and every subsequent 5 years post-TBI
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until death. Data for our main measures were collected
during the 1- and 2-year follow-up periods.

Data collection
Data were gathered using standard operating procedures
outlined by the TBIMS National Data and Statistical
Center.47,48 Self-reported measures were collected
directly from participants or from a designated proxy if
participants were unable to participate in an interview.
Baseline data (i.e., pre-injury history, injury characteris-
tics, acute care, and rehabilitation hospitalization) were
collected through medical record review and participant/
proxy interview. Follow-up data were collected via tele-
phone, in-person interview, or mailed questionnaires.

Baseline variables
The following demographic and clinical variables were
used as covariates: age, sex (self-reported male or
female), years of education, residence (private home vs.
health care setting or other), TBI severity (severe for
GCS scores <9, PTA >1 week, or inability to follow
verbal commands >1 day post-TBI vs. moderate),
employability (not restricted/competitive vs. noncompe-
titive/not employable) as defined by the DRS,49 and sub-
stance misuse (yes vs. no). When adjusting for follow-up
variables such as residence, employability, and substance
misuse in the SEM, we used the year-specific data as
confounders (i.e., year-1 variables while modeling year-
1 outcomes and year-2 variable while modeling year-2
outcomes).

Year-1 variables
Data collectors asked participants to self-report, or care-
givers to proxy report (as yes/no), whether they had
experienced a seizure over the year since rehabilitation
discharge. Driving status was categorized as driving
independently versus not (if participant had specialized
or personal transportation, took public transit, or had no
motorized transportation).

The FIM is a tool used in rehabilitation that assesses a
patient’s functional independence through the following
two components: FIM-motor and FIM-Cog. The FIM-
motor component evaluates physical and self-care activ-
ities, such as eating, dressing, and mobility, whereas the
FIM-Cog component assesses cognitive functions,
including communication, social interaction, and mem-
ory. The FIM score is derived by summing the scores
from the motor and cognitive subscales, yielding a total
score that ranges from 18 to 126, with higher scores indi-
cating greater functional independence.50,51 Together,
these scores offer a comprehensive view of a patient’s
rehabilitation needs and progress. Ratings were based on
the poorest performance over a 72-h assessment period.
The distribution of both FIM motor and cognition sub-
scales was left skewed, and Rasch adjustment was not
sufficient to meet statistical assumptions for normally
distributed data for use with linear regression.52–54

Hence, both subscales were categorized as independent
versus dependent. Participants were classified as being
independent if their FIM scores showed them, on aver-
age, to be either independent or modified independent
across all items for each subscale.22

FIG. 1. Structural equation model (SEM) cohort derivation diagram.
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Depression status was calculated using the Patient
Health Questionnaire-9 (PHQ-9)—derived from 9
Diagnostic and Statistical Manual-IV (DSM-IV) crite-
ria for major depressive disorder (MDD).55 The PHQ-9
was not introduced to the TBIMS data collection proto-
col until October 2017, and the instrument documents
multiple self-reported symptoms in the prior 2 weeks
as follows: anhedonia, depressed mood, sleep disturb-
ance, fatigue/low energy, appetite changes, worthless-
ness or guilt, concentration problems, psychomotor
changes, and suicide ideation. Each of these are scored
as 0 (not at all), 1 (several days), 2 (more than half the
days), or 3 (nearly every day). Consistent with DSM-
IV criteria for MDD and adapted for TBI participants
were considered to have post-traumatic depression if
they endorsed at least five symptoms “more than half
the days” (suicidal ideation could be “several days”),
with at least one endorsed symptom as either anhedonia
or depressed mood.56

Anxiety status was derived from the Generalized
Anxiety Disorder-7 (GAD-7) scale and was not intro-
duced to the TBIMS data collection protocol until
October 2017. The distribution of the scale was right
skewed and hence grouped into four categories in a
manner consistent with the literature: 0–4: minimal
anxiety, 5–9: mild anxiety, 10–14: moderate anxiety,
and 15–21: severe anxiety.57

The cumulative impact of multiple MH conditions
(i.e., depression and anxiety) was evaluated in a sensitiv-
ity analysis by creating an ordinal variable differentiating
between those with neither condition, those with one of
the conditions, or those with both conditions as outlined
previously by Juengst et al.14

Year-2 variables
Participation was measured using the summary statistic
of PART-Objective (PART-O), an averaged total score,
equating to the sum of the 3 PART subscale scores
divided by 3.58 The PART-O is a measure of societal-
level functioning. It is used to evaluate long-term out-
comes and assess intervention effectiveness in enhancing
social and societal functioning. SWL was quantified
using the satisfaction with life scale (SWLS)59—a 5-
item scale designed to measure the cognitive judgments
of the participants’ satisfaction about life. Participants
indicated agreement or disagreement with each of the 5
items using a 7-point scale ranging from 7 (strongly
agree) to 1 (strongly disagree).

Analysis methods
A temporal SEM was developed to evaluate PTE relation-
ships with long-term (year-2) participation and SWL
using year-1 FIM (motor, cognition), MH variables
(depression, anxiety), and driving status as possible

mediators, while adjusting for age, sex, years of educa-
tion, employability, residence, substance misuse, and TBI
severity using the following conceptual diagram gener-
ated by the author team prior to analyses (Fig. 2).

Univariate regressions were initially performed to
observe the cross-sectional relationships between each of
the variables, and pre-SEM multivariable regressions
(adjusting only for the main outcome variables of inter-
est) were completed to determine possible mediation
effects and the paths to be tested in the SEM. All pre-
SEM regressions utilized the full sample size, including
all complete observations for the variables involved, as it
is standard practice to test initial relationships using as
much data as possible to ensure that those tested in the
full-scale SEM are the most promising. Linear regres-
sions were conducted for continuous outcomes (e.g.,
SWL and PART-O) and binary logistic regression for
dichotomous outcomes (e.g., driving status, FIM-motor,
FIM-Cog, depression, and anxiety). The regressions pre-
sented tested associations for both the concurrent (year-1
outcomes vs. year-1 predictors) and temporal (year-2
SWL and PART-O vs. year-1 predictors) relationships
hypothesized.

SEM can simultaneously analyze multiple, temporally
dependent relationships while accounting for the residual
covariances among the variables of interest, which over-
comes the shortcoming of regular regression in the pres-
ence of complex correlational structure in the data.60 In
this study, we modeled multiple covariance structures to
obtain a more refined relationship of PTE with other

FIG. 2. Initial assessment plan conceptualiza-
tion (before analysis): Temporal relationships
with post-traumatic epilepsy (PTE) relevant
outcomes. Covariate adjusted: education, age,
residential status, injury severity, sex, sub-
stance abuse year 1/year 2, and employability.
Dotted lines represent indirect effects.
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outcome variables. As the goal of this study was to
understand the effect of PTE on these primary outcome
variables, we tested the PTE relationship to each of the
outcome variables in the SEM, irrespective of its signifi-
cance in the multivariable regressions. However, other
nonsignificant relationships in multivariate regression
were dropped to simplify the model.

Since we had a mix of continuous and categorical var-
iables included in the SEM, we used a diagonally
weighted least squares (DWLS) method of estimation
with a NLMINB optimizer (NLMINB: nonlinear mini-
mization subject to box constraints).61 The root mean

square error of approximation (RMSEA), standardized
root mean square residual (SRMR), comparative fit index
(CFI), and Tucker–Lewis index (TLI) were observed to
test the SEM fit. The recommended CFI and TLI values
are usually ‡0.95, and the suggested values for RMSEA
and SRMR are typically £0.05.62 Values of standardized
path coefficients (bstd) >0.50 indicate a large effect, 0.30
a medium effect, and 0.10 a small effect.63 We presented
standardized b’s (bstd) in the Results section to compare
effect sizes across the relationships tested. We conducted
the SEM analyses in R (version 3.2.5), using the lavaan
package (version 0.5-23.1097).64

Table 1. Univariate Regressions of the Main Variables of Interest

Predictor OR 95% CI p value

Outcome: Year-1 FIM (motor) (independent vs. dependent)
Year-1 seizure (yes vs. no) 0.501 [0.420, 0.597] <0.001
Year-1 FIM (cognition) (independent vs. dependent) 10.173 [8.907, 11.638] <0.001
Year-1 Driving Status (yes vs. no) 13.529 [11.147, 16.572] <0.001
Year-1 Depression Status (yes vs. no) 0.557 [0.414, 0.753] <0.001
Year-1 Anxiety Status (yes vs. no) 0.526 [0.399, 0.698] <0.001

Outcome: Year-1 FIM (cognition) (independent vs. dependent)
Year-1 Seizure (yes vs. no) 0.459 [0.386, 0.545] <0.001
Year-1 FIM (motor) (independent vs. dependent) 10.173 [8.907, 11.638] <0.001
Year-1 Driving status (yes vs. no) 7.771 [6.730, 9.003] <0.001
Year-1 Depression status (yes vs. no) 0.344 [0.261, 0.452] <0.001
Year-1 Anxiety status (yes vs. no) 0.319 [0.247, 0.414] <0.001

Outcome: Year-1 driving status (yes vs. no)
Year-1 Seizure (yes vs. no) 0.379 [0.308, 0.463] <0.001
Year-1 FIM (motor) (independent vs. dependent) 13.529 [11.147, 16.572] <0.001
Year-1 FIM (cognition) (independent vs. dependent) 7.771 [6.730, 9.003] <0.001
Year-1 Depression Status (yes vs. no) 0.464 [0.347, 0.614] <0.001
Year-1 Anxiety Status (yes vs. no) 0.393 [0.297, 0.515] <0.001

Outcome: Year-1 depression status (yes vs. no)
Year-1 Seizure (yes vs. no) 1.384 [0.880, 2.110] 0.143
Year-1 FIM (motor) (independent vs. dependent) 0.557 [0.414, 0.753] <0.001
Year-1 FIM (cognition) (independent vs. dependent) 0.344 [0.261, 0.452] <0.001
Year-1 Driving status (yes vs. no) 0.464 [0.347, 0.614] <0.001
Year-1 Anxiety status (yes vs. no) 32.101 [23.234, 44.792] <0.001

Outcome: Year-1 anxiety status (yes vs. no)
Year-1 Seizure (yes vs. no) 1.730 [1.152, 2.545] 0.007
Year-1 FIM (motor) (independent vs. dependent) 0.526 [0.399, 0.698] <0.001
Year-1 FIM (cognition) (independent vs. dependent) 0.319 [0.247, 0.414] <0.001
Year-1 Driving Status (yes vs. no) 0.393 [0.297, 0.515] <0.001
Year-1 Depression Status (yes vs. no) 32.101 [23.234, 44.792] <0.001

Predictor b SE p value

Outcome: Year-2 participation (PART-O, Rasch 0–100)
Year-1 Seizure (yes vs. no) -0.276 0.035 <0.001
Year-1 FIM (motor) (independent vs. dependent) 0.696 0.022 <0.001
Year-1 FIM (cognition) (independent vs. dependent) 0.636 0.021 <0.001
Year-1 Driving status (yes vs. no) 0.677 0.019 <0.001
Year-1 Depression status (yes vs. no) -0.371 0.048 <0.001
Year-1 Anxiety status (yes vs. no) -0.303 0.045 <0.001

Outcome: Year-2 quality of life (SWLS)
Year-1 Seizure (yes vs. no) -2.079 0.451 <0.001
Year-1 FIM (motor) (independent vs. dependent) 3.978 0.326 <0.001
Year-1 FIM (cognition) (independent vs. dependent) 4.042 0.292 <0.001
Year-1 Driving status (yes vs. no) 3.996 0.261 <0.001
Year-1 Depression status (yes vs. no) -7.661 0.590 <0.001
Year-1 Anxiety status (yes vs. no) -7.104 0.554 <0.001
Year-2 Participation (PART-O) 5.236 0.170 <0.001

FIM, functional independence measure; SWLS, satisfaction with life scale; PART-O, participation assessment with recombined tools-objective; OR,
odds ratio; CI, confidence interval; SE, standard error.
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Results
Univariate regression
The univariate regression results for the main outcome vari-
ables of interest (SWLS, PART-O, driving status, FIM-
motor, FIM-Cog, depression, anxiety), stratified by PTE,
are presented in Table 1. Building a full SEM with all paths
can result in unstable coefficients due to limitations stem-
ming from the available degrees of freedom per coefficient
and the complex error covariance structure. Univariate
regressions demonstrated that almost every variable of
interest is related to every other variable, either directly or
indirectly, indicating that a complex correlation structure
(covariance) is present in the data.

To address this correlational structure, and simplify
our SEM, we next used multivariate regression to account
for possible mediation effects to understand which paths
should be tested in the SEM and whether to model the
associations as covariances or regressions to appropriately
represent the relationships.

Multivariate regression
The multivariable regression results for both concurrent
(year-1 outcomes regressed on year-1 predictors) and
temporal (year-2 SWLS and PART-O regressed on year-
1 predictors) associations are presented in Table 2. This

Table 2. Multivariable Regressions of the Main Variables of Interest (pre-SEM Regressions)

Predictor OR 95% CI p value

Outcome: Year-1 FIM (motor) (independent vs. dependent)
Year-1 seizure (yes vs. no) 0.792 [0.541, 1.171] 0.236
Year-1 FIM (cognition) (independent vs. dependent) 3.251 [2.456, 4.311] <0.001
Year-1 Driving status (yes vs. no) 5.501 [3.893, 7.932] <0.001
Year-1 Depression status (yes vs. no) 0.913 [0.578, 1.452] 0.697
Year-1 Anxiety status (yes vs. no) 1.037 [0.674, 1.608] 0.870

Outcome: Year-1 FIM (cognition) (independent vs. dependent)
Year-1 Seizure (yes vs. no) 0.916 [0.633, 1.335] 0.645
Year-1 FIM (motor) (independent vs. dependent) 3.254 [2.46, 4.312] <0.001
Year-1 Driving status (yes vs. no) 3.620 [2.736, 4.823] <0.001
Year-1 Depression status (yes vs. no) 0.589 [0.387, 0.900] 0.014
Year-1 Anxiety status (yes vs. no) 0.589 [0.396, 0.876] 0.009

Outcome: Year-1 driving status (yes vs. no)
Year-1 Seizure (yes vs. no) 0.357 [0.236, 0.531] <0.001
Year-1 FIM (motor) (independent vs. dependent) 5.487 [3.879, 7.917] <0.001
Year-1 FIM (cognition) (independent vs. dependent) 3.589 [2.711, 4.785] <0.001
Year-1 Depression status (yes vs. no) 0.938 [0.596, 1.477] 0.783
Year-1 Anxiety status (yes vs. no) 0.574 [0.372, 0.876] 0.011

Outcome: Year-1 depression status (yes vs. no)
Year-1 Seizure (yes vs. no) 0.923 [0.516, 1.615] 0.782
Year-1 FIM (motor) (independent vs. dependent) 0.965 [0.608, 1.542] 0.880
Year-1 FIM (cognition) (independent vs. dependent) 0.594 [0.390, 0.908] 0.016
Year-1 Driving status (yes vs. no) 0.916 [0.595, 1.412] 0.689
Year-1 Anxiety status (yes vs. no) 31.864 [21.79, 47.256] <0.001

Outcome: Year-1 anxiety status (yes vs. no)
Year-1 Seizure (yes vs. no) 1.438 [0.843, 2.392] 0.782
Year-1 FIM (motor) (independent vs. dependent) 0.987 [0.641, 1.532] 0.880
Year-1 FIM (cognition) (independent vs. dependent) 0.580 [0.392, 0.858] 0.016
Year-1 Driving status (yes vs. no) 0.557 [0.370, 0.833] 0.689
Year-1 Depression status (yes vs. no) 31.788 [21.747, 47.122] <0.001

Predictor b SE p value

Outcome: Year-2 participation (PART-O, Rasch 0–100)
Year-1 Seizure (yes vs. no) -0.017 0.053 0.745
Year-1 FIM (motor) (independent vs. dependent) 0.268 0.045 <0.001
Year-1 FIM (cognition) (independent vs. dependent) 0.202 0.041 <0.001
Year-1 Driving status (yes vs. no) 0.392 0.037 <0.001
Year-1 Depression status (yes vs. no) -0.264 0.062 <0.001
Year-1 Anxiety status (yes vs. no) 0.048 0.059 0.41

Outcome: Year-2 quality of life (SWLS)
Year-1 Seizure (yes vs. no) -0.271 0.640 0.672
Year-1 FIM (motor) (independent vs. dependent) 1.797 0.560 0.001
Year-1 FIM (cognition) (independent vs. dependent) 0.308 0.505 0.543
Year-1 Driving status (yes vs. no) 1.498 0.466 0.001
Year-1 Depression status (yes vs. no) -4.179 0.767 <0.001
Year-1 Anxiety status (yes vs. no) -2.976 0.713 <0.001
Year-2 Participation (PART-O) 3.843 0.346 <0.001

SEM, structural equation model; FIM, functional independence measure; SWLS, satisfaction with life scale; PART-O, participation assessment with
recombined tools-objective; OR, odds ratio; CI, confidence interval; SE, standard error.
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table contains a regression coefficient for each endoge-
nous variable while adjusting for all other main variables
of interest (not adjusted for covariates such as age, sex,
race, education, and so on). These models are more
refined than the univariate models presented in Table 1.
The purpose of these models was to understand the paths
(indicating both regression and covariance paths) that
should be tested in the SEM, where each path of the
SEM would be adjusted for all covariates.

In Table 2, we show that unlike the unadjusted models
in Table 1, year-1 PTE is only a significant predictor of
year-1 driving status when adjusting for other variables.
From Table 2, we also observed that anxiety and depres-
sion have no significant relationship to FIM-motor
scores; the FIM-motor subscale, in contrast, was not a
significant predictor of depression or anxiety when mod-
eled with other variables of interest.

However, FIM scores, depression, and anxiety showed
strong relationships with each other, indicating that a
covariance should be modeled for each of these relation-
ships in the SEM. Depression and anxiety were signifi-
cant predictors of FIM-Cog, and FIM-Cog was also a
significant predictor of depression and anxiety, suggest-
ing that pairwise covariances exist among these three
variables and should be included in the SEM. Anxiety
was also associated with driving status independent of
other variables, but driving status was not associated
with concurrent anxiety status, indicating a unidirec-
tional regression path in the SEM. Conversely, depres-
sion was not associated with driving status, and driving

also did not explain concurrent depression status, sug-
gesting that these regression paths could be dropped
from the SEM.

Relationships to year-2 PART-O and SWLS are also
presented in Table 2. Anxiety at year 1 was not a signifi-
cant predictor of year-2 PART-O, and year-1 FIM-Cog
was not a significant predictor of year-2 SWLS. Thus,
we also dropped these paths from the planned SEM.
Considering the logical flow of these multivariable
regressions, we constructed and tested all the paths pre-
sented in Figure 3, which we refer to as the SEM path
diagram.

SEM development
The SEM formulated from the relationships observed in
Table 2 represents a highly complex system represented
by the conceptual path diagram (Fig. 3), and the SEM
generated with n = 1003 complete observations had over-
all satisfactory model fits (Fig 4). The CFI and TLI were
0.949 and 0.955, respectively. The RMSEA and SRMR
were 0.064 and 0.097, respectively.

The SEM (Fig. 3) was adjusted for age, sex, years of
education, residence, TBI severity, employability, and
substance misuse. The paths significant at 5% and 10%
levels are presented by solid and dotted lines, respec-
tively. Standardized b (bstd) coefficients are presented to
compare effect sizes across the various relationships
tested with the SEM. Year-1 PTE was associated with
year-1 FIM-motor (bstd = -0.112, p = 0.007) and margin-
ally associated with year-1 FIM-Cog (bstd = -0.070, p =

FIG. 3. Conceptual path diagram for the proposed structural equation model (SEM) is based on multivari-
able regressions (solid lines) and hypothesized covariance (dashed lines) relationships. The inclusion of paths
and their directional associations were informed by a series of multivariable regressions (Table 2).
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0.079). PTE associations with FIM subscales were more
prominent when tested in SEM compared with the multi-
variable regressions (Table 2), which may be due to
covariance adjustment when generating the SEM. Year-1
FIM-motor and -Cog had a highly significant covariance
(bstd = 0.406, p < 0.001). The covariance between year-1
depression and anxiety was even stronger (bstd = 0.844,
p < 0.001). Year-1 FIM-Cog also had strong covariances
with both year-1 depression (bstd = -0.386, p < 0.001)
and anxiety (bstd = -0.396, p < 0.001). Those with PTE
at year 1 were less likely to drive independently at 1 year
(bstd = -0.148, p < 0.001), as were those with higher anx-
iety levels at 1 year (bstd = -0.135, p = 0.024). Partici-
pants with independent or modified-independent motor
(bstd = 0.323, p < 0.001) and cognitive (bstd = 0.181, p =
0.012) FIM scores at 1 year were more likely to drive at
year 1. PTE was not independently related to year-1
depression, anxiety, PART-O, or SWLS; however, PTE
had an indirect link with these variables via its associa-
tions with FIM subscales.

The temporal relationships of year-2 PART-O and
SWLS with the year-1 variables, when adjusting for cova-
riates, showed that participants with depression at year 1
were also less likely to have higher scores in the year-2
PART-O scale (bstd = -0.322, p = 0.011) and SWLS
(bstd = -0.382, p = 0.001). However, participants with
independent or modified-independent motor function in
year 1 were more likely to have higher scores on the
year-2 PART-O scale (bstd = 0.186, p = 0.003) and
SWLS (bstd = 0.189, p = 0.003). Participants who drove
independently at year 1 had higher PART-O scores in
year 2 (bstd = 0.233, p < 0.001), and higher year-2 PART-O
scores were associated with higher year-2 SWLS (bstd =
0.160, p < 0.001). Although difficult to quantify given the
complexity of SEM, these results indicate that FIM and
driving status at year 1 may mediate PTE associations with
SWLS. All SEM path coefficients (covariances and regres-
sion paths) are presented in Table 3.

As a sensitivity analysis, we performed an additional
SEM analysis combining depression and anxiety into a
single variable to capture their shared symptomatology
and frequent comorbidity (Fig. 5). Among the SEM ana-
lytic cohort of N = 1003, 817 (81.5%) participants had
no depression or anxiety, whereas 36 (3.6%) had depres-
sion only, 61 (6.1%) had anxiety only, and 89 (8.9%)
had both depression and anxiety. The results showed that
the associations between this combined MH variable and
FIM-Cog had standardized b weights very similar to
those observed when depression and anxiety were mod-
eled separately. However, when modeling the associa-
tions of the combined MH variable with PART-O and
SWLS, the b weights of the combined variable (Fig. 5)
were modestly diminished for PART-O and SWLS com-
pared with those of depression alone (Fig. 4). In addition,

the distinct effect of anxiety on driving status observed
in Figure 4, was not distinguishable in the combined
model (Fig. 5), limiting the granularity of interpretation.
Notably, with this ordinal MH variable structure, there is
a direct relationship between increasing number of MH
conditions and reduced likelihood to drive, suggesting a
cumulative impact of MH conditions on driving status,
which then indirectly impacted participation and life sat-
isfaction. Direct associations between the number of MH
conditions and participation, as well as life satisfaction,
were also noted.

Discussion
This study explored the complex pathways by which
PTE development within the first year after TBI might
impact SWL and social participation while considering
motor and cognitive dysfunctions, driving status, and
MH disorders such as depression and anxiety. SEM
allowed us to analyze multiple relationships simultane-
ously, addressing the complex interdependencies and
temporal aspects in the data. Its suitability for handling
diverse variable types was validated using DWLS with a
NLMINB optimizer. Together, these findings underscore
an intricacy of relationships among injury-related factors,
functional abilities, MH, driving status, and subsequent
outcomes in participation and SWL over time following
msTBI. The CFI and TLI aligned with the typical guide-
lines regarding goodness of fit, whereas the RMSEA and
SRMR slightly exceeded the suggested thresholds. How-
ever, when taken together, the fit indices suggest that the
SEM constructed was satisfactory in modeling these
complex relationships, especially given the simultaneous
estimation of numerous paths/coefficients.

Year-1 PTE demonstrated a strong link with year-1
FIM-motor scores, while only demonstrating a marginal
association with FIM-Cog. This SEM demonstrated
more pronounced relationships between PTE and FIM
subscales than what were reported using preliminary
multivariable regressions, emphasizing the importance of
considering these complex interrelationships together
using SEM. Participants with PTE were less likely to
drive independently at year 1, whereas those with better
FIM scores were more likely to do so. Strong (bidirec-
tional) covariance relationships were evident between
FIM-motor and FIM-Cog, as well as between depression
and anxiety at year 1. Despite lacking direct links, PTE
indirectly influenced anxiety, participation, and SWL
through its associations with FIM subscales. Year-1
depression significantly contributed to lower participa-
tion and SWL scores in year 2, whereas better motor
function at year 1 directly contributed to higher year-2
participation and SWL scores. Furthermore, independent
driving at year 1 directly impacted year-2 SWL, as well
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Table 3. Coefficients of the SEM

Variables Estimate, b SE z-value p value
Standardized
estimate, bstd

Regression paths
FIM motor at year 1
Year-1 Seizure (yes vs. no) -0.376 0.140 -2.676 0.007 -0.112
Employability (not restricted/competitive vs.
others)

0.844 0.128 6.596 <0.001 0.258

Substance misuse (yes vs. no) 0.093 0.146 0.639 0.523 0.036
Age -0.010 0.003 -3.208 0.001 -0.170
Gender (male vs. female) 0.275 0.111 2.476 0.013 0.109
TBI severity (severe vs. moderate) -0.059 0.127 -0.461 0.644 -0.023
Years of education 0.017 0.019 0.854 0.393 0.044
Residence (private home vs. others) 0.264 0.271 0.976 0.329 0.035

FIM cognition at year 1
Year-1 Seizure (yes vs. no) -0.235 0.134 -1.754 0.079 -0.070
Employability (not restricted/competitive vs.
others)

1.065 0.137 7.798 <0.001 0.322

Substance misuse (yes vs. no) 0.183 0.135 1.354 0.176 0.071
Age ffi0 (negative) 0.003 -0.149 0.881 -0.008
Gender (male vs. female) 0.102 0.106 0.962 0.336 0.040
TBI severity (severe vs. moderate) -0.414 0.127 -3.250 0.001 -0.161
Years of education 0.027 0.017 1.651 0.099 0.073
Residence (private home vs. others) 0.146 0.324 0.450 0.653 0.019

Depression status at year 1
Year-1 Seizure (yes vs. no) 0.124 0.151 0.818 0.413 0.039
Employability (not restricted/competitive vs.
others)

-0.347 0.140 -2.470 0.014 -0.11

Substance misuse (yes vs. no) 0.269 0.125 2.147 0.032 0.110
Age -0.003 0.004 -0.859 0.390 -0.059
Gender (male vs. female) -0.129 0.127 -1.021 0.307 -0.054
TBI severity (severe vs. moderate) -0.227 0.134 -1.693 0.090 -0.093
Years of education -0.052 0.019 -2.681 0.007 -0.145
Residence (private home vs. others) -0.416 0.345 -1.207 0.227 -0.057

Anxiety status at year 1
Year-1 Seizure (yes vs. no) 0.134 0.148 0.906 0.365 0.042
Employability (not restricted/competitive vs.
others)

-0.306 0.138 -2.224 0.026 -0.097

Substance misuse (yes vs. no) 0.263 0.134 1.962 0.050 0.106
Age -0.008 0.004 -2.307 0.021 -0.148
Gender (male vs. female) -0.107 0.119 -0.899 0.369 -0.044
TBI severity (severe vs. moderate) -0.138 0.132 -1.047 0.295 -0.056
Years of education -0.053 0.019 -2.861 0.004 -0.147
Residence (private home vs. others) -0.148 0.370 -0.400 0.689 -0.020

Driving status at year 1
Year-1 Seizure (yes vs. no) -0.574 0.149 -3.858 <0.001 -0.148
Year-1 FIM (motor)
(independent vs. dependent)

0.380 0.073 5.214 <0.001 0.327

Year-1 FIM (cognition)
(independent vs. dependent)

0.205 0.082 2.499 0.012 0.178

Year-1 Anxiety status (yes vs. no) -0.169 0.071 -2.381 0.017 -0.140
Employability (not restricted/competitive vs.
others)

0.354 0.166 2.130 0.033 0.093

Substance misuse (yes vs. no) 0.200 0.136 1.476 0.140 0.067
Age 0.006 0.003 2.090 0.037 0.084
Gender (male vs. female) 0.077 0.103 0.748 0.454 0.026
TBI severity (severe vs. moderate) -0.294 0.115 -2.556 0.011 -0.099
Years of education 0.045 0.016 2.75 0.006 0.104
Residence (private home vs. others) 1.375 0.515 2.667 0.008 0.157

Participation at year 2
Year-1 Seizure (yes vs. no) 0.064 0.062 1.022 0.307 0.031
Year-1 FIM (motor) (independent vs.
dependent)

0.123 0.037 3.337 0.001 0.198

Year-1 FIM (cognition) (independent vs.
dependent)

0.020 0.035 0.582 0.561 0.033

Year-1 Driving status (yes vs. no) 0.121 0.027 4.496 <0.001 0.227
Year-1 Depression status (yes vs. no) -0.123 0.033 -3.782 <0.001 -0.189
Employability (not restricted/competitive vs.
others)

0.487 0.061 7.976 <0.001 0.241

Substance misuse (yes vs. no) 0.050 0.050 0.991 0.322 0.034

(continued)
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as indirectly contributed to higher year-2 SWL scores,
via associations with year-2 participation.

Findings were generally consistent with the literature
to date and suggest that PTE significantly impacts SWL
for persons with TBI. Functional deficits, psychological
health challenges, and overall diminished well-being is
highest among those with treatment-resistant PTE com-
pared with those with idiopathic epilepsy and/or is con-
trolled.5,14–16,65 Comorbid PTE following msTBI can be
broadly understood by examining its intersections within
the International Classification of Functioning, Disabil-
ity, and Health (ICF) framework.66,67 Mapping the pri-
mary relationships to the ICF framework highlights the
multidimensional impact that PTE exerts on an individu-
al’s overall functioning and well-being. The study find-
ings illustrate how PTE affects various components of
the ICF as follows: body functions and structures (motor
and cognitive abilities), activities (driving independ-
ence), participation (life engagement), environmental
factors (regulations and restrictions around driving), and
personal factors (MH status). Importantly, the correla-
tions between year-1 PTE and diminished functional
independence, alongside FIM associations with anxiety,
and restricted driving capabilities, demonstrate the inter-
dependence of these ICF domains. These interactions

illustrate how PTE permeates multiple layers of func-
tioning and disability to impact an individual’s engage-
ment in daily life and societal roles. After TBI,
individuals returning to their communities need to adapt
to substantial life alterations and reconstructing their
sense of self. PTE exacerbates the already challenging
impacts of msTBI and can further impede the process of
societal reintegration.68–71 PTE onset, often months or
years after the initial injury, frequently disrupts earlier
progress toward recovery, and PTE presents as a signifi-
cant obstacle that impacts autonomy, employment pros-
pects, leisure activities, mental well-being, and safety.
Thus, PTE management requires a multidimensional
approach that considers both medical interventions and
environmental modifications, MH support, and strategies
to facilitate societal participation, aligning with the holis-
tic tenets of the ICF framework.

In the complex landscape of maximizing clinical out-
come post-TBI, identifying effective PTE treatments
plays a key role in facilitating seizure management and
preventing/mitigating other PTE sequelae. This critical
goal affects the broader management goals of preventing
cognitive changes, enhancing life participation, and
improving overall SWL. PTE associations with patient
outcomes may be influenced by the PTE itself, the

Table 3. (Continued)

Variables Estimate, b SE z-value p value
Standardized
estimate, bstd

Age -0.007 0.001 -5.595 <0.001 -0.195
Gender (male vs. female) -0.048 0.044 -1.098 0.272 -0.031
TBI severity (severe vs. moderate) -0.007 0.052 -0.142 0.887 -0.005
Years of education 0.042 0.007 5.607 <0.001 0.179
Residence (private home vs. others) 0.631 0.172 3.659 <0.001 0.114

SWLS at year 2
Year-1 Seizure (yes vs. no) -0.038 0.110 -0.344 0.731 -0.010
Year-2 Participation (PART-O) 0.309 0.071 4.364 <0.001 0.172
Year-1 FIM (motor) (independent vs.

dependent)
0.153 0.057 2.659 0.008 0.136

Year-1 Driving status (yes vs. no) 0.052 0.043 1.227 0.220 0.054
Year-1 Depression status (yes vs. no) -0.489 0.139 -3.515 <0.001 -0.419
Year-1 Anxiety status (yes vs. no) 0.072 0.138 0.518 0.604 0.062
Employability (not restricted/competitive vs.

others)
0.466 0.100 4.660 <0.001 0.128

Substance misuse (yes vs. no) -0.214 0.084 -2.547 0.011 -0.081
Age 0.002 0.003 0.644 0.520 0.025
Gender (male vs. female) -0.099 0.090 -1.098 0.272 -0.035
TBI severity (severe vs. moderate) -0.093 0.095 -0.979 0.328 -0.033
Years of education -0.002 0.013 -0.140 0.889 -0.004
Residence (private home vs. others) -0.214 0.234 -0.912 0.362 -0.021

Pairs Estimate SE z-value p value Standardized Estimate

Covariances
FIM motor and cognition 0.406 0.054 7.510 <0.001 0.406
Depression and anxiety 0.844 0.029 29.087 <0.001 0.844
FIM cognition and depression -0.386 0.058 -6.630 <0.001 -0.386
FIM cognition and anxiety -0.396 0.056 -7.084 <0.001 -0.396

SEM, structural equation model; TBI, traumatic brain injury; FIM, functional independence measure; SWLS, satisfaction with life scale; PART-O,
participation assessment with recombined tools-objective; SE, standard error.
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medications required for its management, or a combina-
tion of both.72,73 Antiseizure medication (ASM) adminis-
tration for PTE may give rise to adverse effects on
cognitive functions, mood, and behavior that influence
these broader outcome constructs.74–76 Research by Ray-
mont et al. showed this correlation by emphasizing how
PTE serves as a predictor for overall cognitive capacity
with a decrease in intelligence quotient scores among
individuals affected by PTE.77 In addition, the duration,
frequency, and severity of PTE, including the shift from
focal unaware seizures to focal to bilateral tonic–clonic
seizures, also contributed to substantial cognitive deterio-
ration.77 In a prospective cohort study of 3044 partici-
pants with TBI, a 2.8% incidence of self-reported PTE
was independently associated with significantly lower
Glasgow Outcome Scale Extended scores, higher Brief
Symptom Inventory-18 scores, and elevated Rivermead
Cognitive Metric scores at 12 months post-injury.78 Yet,
Haltiner et al. demonstrated no significant differences in
12-month outcomes based on seizure presence when
controlling for injury severity. Taken together, these
findings may suggest that observed worse outcomes may
be attributed to the brain injury effects causing seizures
rather than the seizures themselves.79

PTE was correlated with lower FIM scores. The primary
cognitive consequences of ASM use include diminished
attention, vigilance, and psychomotor speed.74,76,80,81 Further,
changes in psychomotor speed and motor function82 can
affect FIM-motor scores, potentially impacting the abil-
ity to drive even when PTE is otherwise well-controlled.
Despite the challenges involved with ASM treatment,
effective seizure control can enhance cognitive function
and patients’ well-being.65 Assessing a patient’s cogni-
tive state and psychomotor status before and during
treatment initiation may aid in monitoring disease pro-
gression, as well as treatment effectiveness, medication
side effects,80,83,84 and effects on participation and
SWL.85–87

In addition, higher FIM-motor and -Cog scores
observed at year 1 were linked to independent driving,
fostering positive effects on participation and SWL at
year 2. Kolakowsky-Hayner et al. examined the long-
term effects of PTE in individuals 5–13 years post-
TBI.88 About half of 25 participants had suspended
licenses, or abstained from driving, whereas some with
licenses experienced seizures. Many faced limitations in
social activities, particularly with respect to occupation
and social integration.88 Driving restrictions and poor

FIG. 4. Summary results of the fitted structural equation model (SEM) with depression and anxiety
modeled separately. Bidirectional arrows indicate covariance paths (where both variables covary), and
unidirectional arrows indicate regression paths (where the outcome changes due to the change in the
predictor). Dashed lines indicate at least trend level associations (p < 0.1).
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seizure control are likely primary drivers for these find-
ings.88 Nonetheless, these challenges underscore the
importance of comprehensive care and support systems
for individuals navigating epilepsy after TBI and barriers
to their transportation/driving needs,89 including poten-
tial anxiety that may be keeping people from returning to
driving. Anxiety and depression were significantly
related to year-1 FIM-Cog, a factor impacting driving in
our main model. Our sensitivity analysis suggests a
cumulative direct impact of the number of MH condi-
tions on driving. However, the unique contribution of
anxiety to driving status was indistinguishable using this
combined MH construct.

Anxiety is a common comorbidity affecting individuals
with epilepsy, often exacerbating the challenges associated
with driving.90 Anxiety impairs cognitive functions and
reaction times, which are critical for safe driving.91 In
addition, the fear of having seizures can further heighten
anxiety levels, leading to avoidance behaviors and reduced
driving participation.92 The interplay between anxiety,
FIM-Cog, and PTE significantly affects driving ability,
thereby impacting overall functional independence, which

has downstream impacts on life role participation and
satisfaction.

Considering the distinct pathological dynamics between
PTE and msTBI and their potential impact on SWL, there is
a pressing need for future research priorities to delve into
the functional and SWL outcomes observed after PTE. The
literature highlights a noticeable correlation at 1-year post-
injury,78,79 indicating a complex interplay between seizure-
induced neuronal activity, ongoing damage, ASM side
effects, and initial injury burden, which likely exacerbates
cognitive and neuropsychological impairments. Thus, future
research priorities should investigate causal links between
PTE and cognitive decline using blood biomarkers and neu-
roimaging techniques. The impact of ASMs on cognitive
and neuropsychological function may complicate the identi-
fication of causal relationships between PTE and other
outcomes.93,94

However, this report increases our understanding of
the multidimensional pathways between msTBI and their
impact on both secondary conditions like PTE and func-
tional outcomes, which may facilitate the development
of effective treatment and prevention strategies. Biomarker-

FIG. 5. Summary results of the fitted structural equation model (SEM) combining depression and anxi-
ety. Bidirectional arrows indicate covariance paths (where both variables covary), and unidirectional
arrows indicate regression paths (where the outcome changes due to the change in the predictor).
Dashed lines indicate at least trend level associations (p < 0.1).
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based investigations may inform the interplay between
msTBI, PTE, and functional outcomes and may help
uncover the biological basis for specific mechanisms and
risk factors to support precision medicine treatment and
strategies that reduce comorbidity burden and improve func-
tion, participation, and life quality. Finally, SEM validation
against independent datasets will be important to mitigate
model misspecification and quantify causal effects that may
inform treatment trial design. Evaluating SEM performance
with new independent cohorts that include depression/anxi-
ety data will help refine and validate findings.

Limitations
While this study informs the complex connections
between msTBI, PTE, functional outcomes, and MH, we
also acknowledge several limitations. Our study focused
solely on individuals with msTBI admitted to acute reha-
bilitation. Although the TBIMS national cohort is report-
edly generalizable to the larger population admitted to
acute rehabilitation,95 the findings observed with the
cohort may still have restricted applicability to those
with PTE who do not meet the admission requirements
for inpatient rehabilitation. The temporal nature of the
study might not fully capture the dynamic changes in
these variables within our 2-year monitoring period and
over more extended periods. In addition, the limited sam-
ple with complete MH data limited power to detect
smaller effect sizes between MH variables and PTE.

Our study is significantly limited by the absence of
medication data, which hinders our understanding of
how ASMs impact MH, as well as cognitive and motor
function, which are key effectors of driving, participa-
tion, and SWL. While the SEM demonstrated favorable
fit statistics with CFI and TLI, generally meeting the sug-
gested criterion, the RMSEA and SRMR slightly
exceeded the recommended 0.05 threshold. These fit
indices indicate a generally acceptable model fit, but the
slight deviations from the ideal thresholds may highlight
potential limitations in the model’s precise representation
of the tested relationships. Despite these encouraging fit
indices, it is crucial to acknowledge limitations inherent
to using an SEM approach. SEM’s sensitivity to sample
size, particularly in complex models with mixed
continuous-categorical variables, warrants caution in
generalizing our findings. This is particularly pertinent
given the imbalanced nature of our dataset, with only
12% of the sample having PTE, and the use of binary
variables such as depression (yes/no). Binary variables
typically require larger sample sizes to achieve stable
estimates, adding another layer of complexity. However,
this concern is mitigated by the robustness of the model,
demonstrated through the analysis of fit indices derived
from 1003 complete observations. While our model
effectively captures multiple temporally dependent

relationships, model complexity, coupled with the sam-
ple imbalance of those with versus without PTE, raises
concerns about potential model misspecification and
emphasizes the need for model validation in future work.

Conclusions
PTE in the first year after msTBI is directly and/or indi-
rectly associated with many aspects of life, including
driving ability, MH, and cognitive and motor skills, all
influencing overall well-being. Managing PTE effec-
tively during the first year after TBI, but perhaps also if
seizures occur later, is crucial to prevent long-term nega-
tive effects. SEM revealed the temporal dynamics
between PTE, functional outcomes, and SWL, emphasiz-
ing the need for integrated treatment approaches target-
ing epilepsy management alongside rehabilitation
efforts. By integrating SEM results with biological data
(e.g., neuroimaging or genetic markers) associated with
epilepsy and TBI, personalized interventions may opti-
mize long-term outcomes for individuals with PTE. Fur-
ther research and validation studies are needed to explore
these relationships and develop evidence-based interven-
tions. A holistic approach to future work, one that consid-
ers medical, societal, and environmental factors that
affect function in the setting of PTE, is necessary to
improve the lives of individuals with PTE and msTBI.

Transparency, Rigor, and Reproducibility
Statement
Study registration
This study is a part of the NIDILRR funded TBI Model
Systems (TBIMS) Project and was not formally regis-
tered before implementation.

Analytic plan specification
While the analysis plan was not formally preregistered,
the team members (A.K.W. and N.A.) with primary
responsibility for the analysis certify that the analysis
plan was prespecified.

Statistical power and sample size
A sample size of 1003 subjects with complete data was
utilized for this study from the NIDILRR TBIMS data-
base. Although determining the required sample size for
a complex SEM is difficult, because of its relatedness to
mediation models, we based our power analysis on a sin-
gle mediator model for simplicity. The power of a single
mediator model depends on the effect of the independent
variable on the mediator (commonly denoted as a) and
the effect of the mediator on the dependent variable (b),
controlling for the independent variable. Based on pre-
liminary data, we expected a to be medium-to-large and
b to be small-to-medium, using Cohen’s criteria. Based
on the simulation study by Fritz et al., the minimum
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sample size needed to detect the mediation effect in this
case was 391.96 Hair et al. provide practical guidelines
for SEM, noting that as model complexity increases, the
sample size should also increase. They recommend that
for complex models a sample size of at least 300 is
advisable, with larger samples often needed for more
intricate models.97 Westland provides formulas for deter-
mining minimum sample sizes based on model complex-
ity. His work supports the need for larger samples (300–
500 or more) for complex SEMs to achieve adequate
power and model stability.98 Based on these criteria for
sample size estimation, we had adequate power to con-
duct these analyses.

Cohort derivation
Participants whose data were collected by the TBIMS
network were used for analysis if they: (1) had msTBI,
(2) had outcomes data collected between 2010 and 2018,
(3) had a seizure event recorded during that time frame,
and (4) had complete outcome and covariate data avail-
able. Using these inclusion criteria, a total of 5108
patients were screened. A total of 1215 subjects had com-
plete observations for all outcome variables. Subjects
totaling to 211 were missing at least one covariate, leav-
ing data for 1003 participants to be used in the cohort.

Investigator blinding
Data collection was performed by research staff who
were blinded to participant characteristics relevant to this
study. Data analyses were performed by investigators
who were aware of relevant participant characteristics;
however, data analyses were performed on data without
the use of patient identifiers.

Data acquisition, analysis, and assessment tools
The key inclusion criteria (e.g., primary diagnosis or
prognostic factor) are established standards in the field.
Data were collected using validated clinical tools as fol-
lows: FIM, PHQ-9, GAD-7, PART, and SWLS. Data
were analyzed using a covariate-adjusted SEM, using the
lavaan package (R). Four standard fit indices were used
to assess goodness of fit for the SEM generated. All
models are reported in the publication text. All equip-
ment and software used to perform acquisition and anal-
ysis are widely available from The R Project for
Statistical Computing.

Statistical assumptions, analysis,
and multiple comparisons
Statistical analyses and review were performed by
authors N.A., MS in Biostatistics, and R.G.K., PhD in
Neuroepidemiology and MPH in Chronic Disease Epide-
miology (respectively), with qualifications including
advanced studies in biostatistics, statistical computing,
and disease epidemiology. Correction for multiple

comparisons was not relevant since SEM accounts for all
relationships simultaneously when generating the param-
eter estimates and statistical significance of each individ-
ual relationship within the model.

Study replication/validation, data availability,
and analytic code
Study validation by the study group is planned as a
future analysis. Data from this study are available in pro-
tected repositories as follows: the TBIMS National Data
and Statistical Center and Federal Interagency Traumatic
Brain Injury Research Informatics System. Analytic
code used to conduct the analyses presented in this study
is not available in a public repository. However, code
may be available by emailing the first primary author
(N.A.) as of January 5, 2024.

Open access
The authors agree to provide the full content of the arti-
cle on request by contacting N.A. or A.K.W.
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