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Abstract

Traumatic brain injury (TBI) can produce heterogeneous injury patterns including a variety of 

hemorrhagic and non-hemorrhagic lesions. The impact of lesion size, location, and interaction 

between total number and location of contusions may influence the occurrence of seizures 

after TBI. We report our methodologic approach to this question in this preliminary report of 

the Epilepsy Bioinformatics Study for Antiepileptogenic Therapy (EpiBioS4Rx). We describe 

lesion identification and segmentation of hemorrhagic contusions by early posttraumatic magnetic 

resonance imaging (MRI). We describe the preliminary methods of manual lesion segmentation in 

an initial cohort of 32 TBI patients from the EpiBioS4Rx cohort and the preliminary association of 

hemorrhagic contusion and edema location and volume to seizure incidence.

Keywords

Traumatic brain injury; lesion segmentation; posttraumatic late seizures; lesion volume analysis

Introduction

Posttraumatic epilepsy (PTE) is a lifelong complication of traumatic brain injury (TBI). Risk 

factors for PTE include early posttraumatic seizure (PTS) occurrence (within 1 week post-

injury) and high injury severity (Garner et al., 2019). Injury severity can be determined by 

Glasgow Coma Score (GCS) and a variety of brain lesion types including acute intracerebral 

hematoma, acute subdural hematoma, brain contusion, skull fracture and penetrating injury 

(Agrawal et al., 2006). Some studies have found an association between bilateral parietal 

lesions and later-onset PTE, and between frontal and temporal traumatic contusions and 

PTE (Mukherjee et al., 2020). Tubi et al. (2019) found that early seizure development 

was more likely in patients with temporal lobe injuries. These studies generally have 

limited impact since they use categorical presence or absence of brain contusions rather 

than using specific location and volume characteristics to predict PTE. To date, there have 

been few studies addressing the influence of contusion volume, with contradictory findings 

related to the influence of lesion volume and incidence of PTE (Raymont et al., 2010 

Tomkins et al., 2008). While, rodent models suggest that larger lesions may be associated 

with epileptogenesis (Kendirli et al., 2014), the influence of contusion location, contusion 

volume, total lesion volume and the interaction of these three parameters and PTE have not 

heretofore been addressed in human subjects. In this work, we provide an initial exploratory 

methodological study of contusion volume, edema volume, their total volume and location 

in a prospective multicenter human cohort from the Epilepsy Bioinformatics Study for 

Antiepileptogenic Therapy (EpiBioS4Rx1) (Vespa et al., 2019). We describe and explore 

the preliminary methods determining the impact of the location and volume of hemorrhagic 

contusions and edema upon the incidence of late seizures.

1 https://epibios.loni.usc.edu 
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Methods

Subjects and Data Acquisition

This is a prospective multicenter observational biomarker study of moderate-severe TBI 

patients and was approved by the UCLA Institutional Review Board and the local review 

boards at each EpiBioS4Rx Study Group institution. All patients have consented for data to 

be deidentified and then analyzed. Enrollment criteria for EpiBioS4Rx include age between 

6–100, acute moderate to severe TBI with evidence of hemorrhagic contusion to frontal 

and/or temporal lobes on computed tomography (CT) imaging without continuous sedation 

at time of enrollment. Exclusion criteria included diffuse axonal injury in the absence of 

hemorrhagic contusions, skull fracture, isolated epidural hemorrhage that improved after 

evacuation, isolated anoxic brain injury, devastating cervical spine injury, and pre-existing 

neurological disorders, seizures, and dementia. Subjects were enrolled within 72 hours of 

TBI and were extensively monitored in the intensive care unit using clinical examination and 

continuous electroencephalography (EEG). MRI imaging was obtained within 33 days of 

TBI using a structured protocol at each center. MRI and clinical data were deidentified and 

uploaded to a central repository at USC (LONI Image Data Archive or IDA). The patients 

were followed clinically for up to two years after TBI and screened at designated time 

intervals for the incidence of PTS using a structured questionnaire (Ottman et al., 2010). At 

the time of this writing, patients were pending a formal determination of the diagnosis of 

PTE.

In this work, we focused on TBI patients consecutively enrolled who, at the time of this 

writing, completed two-year follow-up. The dataset used in this study includes 32 TBI 

patients: 11 patients with late seizures (patients who had at least a single seizure one 

week after the TBI) and 21 seizure-free patients (subjects who did not develop seizures 

within 2 years post-injury). For these subjects, a summary of clinical and demographic 

data including age, gender, group size, GCS, Glasgow Outcome Score Extended (GOSE) 

(Weir et al., 2012) is reported in the Table 1. Among late seizure-affected patients, only 

5 had also had an acute seizure during the first week post-injury (Beghi et al, 2010). The 

brain injury mechanism for these TBI subjects included motor vehicle accidents, pedestrian 

versus automobile accidents, motorcycle accidents, cycling accidents, skateboard accidents, 

ground level falls, falls from height, gunshot and knife wounds, blow to head and head 

against object. Further clinical and demographic details broken-down by subject are reported 

in Figure S1 and Table S1 of the Supplementary Material. All the patients included in 

this study were placed on seizure prophylaxis in the acute phase of TBI for 7 days, and 

the prophylactic treatment included Levetiracetam in the majority of cases (Table S1). 

Additionally, 21 patients underwent a neurosurgical procedure in acute setting (Table S1), 

and 8 of them developed late seizures; 11 patients did not undergo any neurosurgical 

procedure (Table S1), and 3 of them developed late seizures.

In this study, we used high-resolution MRI scans acquired on 3T scanners and performed 

within 33 post-injury. MRI sequences used include 3D T1-weighted magnetization prepared 

rapid acquisition gradient echo (MPRAGE), 3D gradient echo / susceptibility weighted 

imaging (GRE/SWI) and 3D T2-weighted fluid attenuated inversion recovery (FLAIR). MRI 
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acquisition parameters were optimized across sites and scanner types to reduce inter-scanner 

variability. Additional information on the protocol used to acquire each MRI sequence 

is reported in Table S2 of the Supplementary Material. Each image used in this study 

passed through protocol compliance and quality control (QC) using the Laboratory of Neuro 

Imaging (LONI) QC System (Kim et al., 2019) in order to avoid using poor quality images 

with morphometric and signal alterations that could notably affect the normalization.

Lesion Segmentation

Parenchymal contusions and brain edema regions were manually segmented with ITK-

SNAP (Yushkevich et al., 2006) from 3D T2-weighted FLAIR images acquired within 33 

days after TBI. When edema and hemorrhagic contusion characterization were uncertain, the 

corresponding MPRAGE and SWI sequences were used to facilitate the identification of the 

two components on T2-FLAIR images. In accordance with research performed by Chang et 

al. (2006) and Iaccarino et al. (2014), brain contusion was defined as a lesion with abnormal 

signal intensity and hemorrhagic volume > 1 ml ; the perilesional edema was defined as an 

area surrounding or in the proximity of the contusion with hyperintense signal compared 

with the white matter signal on T2-FLAIR images. All segmentations were performed by 

a physician with 5 years of research experience in neuroradiology. In most cases, it was 

possible to clearly distinguish the contusion volume from the surrounding edema: in these 

cases, two different segmentation masks were obtained, one for each component (edema 

and hemorrhagic contusion). Segmentation validation was performed manually by a team 

of three neurologists familiar with characterizing hemorrhagic contusions versus edema. An 

example of segmentation is reported in Figure S2 of the Supplementary Material.

Statistical Analysis

Hemorrhagic contusion volumes, edema volumes and their total volume were expressed 

in cubic millimeters or voxels. Since the volumetric data are not normally distributed, 

the Wilcoxon rank-sum test was used to assess whether hemorrhagic contusion volume, 

edema volume and total volume were statistically different for seizure-free versus late 

seizure-affected patients. Then, we used the Kruskal-Wallis test to assess the statistical 

association between the lesion volumes and the first post-resuscitation GCS obtained when 

the patient was hospitalized. Statistical testing was carried out using R version 3.6.3 (R Core 

Team, 2013). An examination on how

Finally, for both clinical group (seizure-free and seizure-affected subjects), we investigated 

the anatomical brain regions most affected by contusions and edemas. For each subject, we 

mapped the total contusion and edema volume, from now on referred as lesion volume, in 

the same reference space (MNI 152 template) (Evans et al., 2012). Lesion volumes were 

affinely registered to the MNI template with the Linear Registration Tool (FLIRT) of the 

Oxford FMRIB Software Library (FSL) (Jenkinson et al., 2012) using the default parameter 

configuration. The anatomical regions affected by the lesions were identified using the 

Talairach atlas registered to the MNI template. Each label of this atlas provides information 

about hemisphere, lobe, gyrus, brain tissue type, and cell type (Talairach et al., 1988). We 

defined a region “affected” if more than 30% of its volume was occupied by contusions 

and/or edema. For each subject the lesion mask normalization was checked by a physician 
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with 5 years of research experience in neuroradiology to ensure that lesion locations in the 

MNI space and in the native space were consistent.

Results

Statistical inference for lesion volumes

We found that contusion volumes, edema volumes and total lesion volumes (including 

contusions and edemas) are statistically different for the seizure-free and late seizure-

affected subjects with p-values equal to, 0.041, 0.009 and 0.015, respectively (with a 

statistical power greater than 0.8 and a Cohen’s effect size greater than 1). Figure 1 shows 

the distributions of the total lesion volumes, contusion volumes and edema volumes for the 

seizure-free and the seizure affected groups. We did not find any significant association 

between the lesion volumes and the first post-resuscitation GCS when the patient was 

hospitalized.

Lesion location

Figure 2 shows, for each group, an overview of the regions affected by lesions with an 

occurrence greater than the 98th quantile of the occurrence distribution. In the seizure-

affected group the brain area that is most frequently affected by lesions is the right sub-lobar 

extra-nuclear white matter (WM): the lesion occurrence in this region is 91%. In the 

seizure-free group, the region that is most often affected by lesions, with an occurrence 

of 68%, is the left sub-lobar Extra-Nuclear WM. These findings suggest that the seizure-free 

group has a more heterogeneous distribution of the lesions in the brain compared with late 

seizure-affected subjects. Indeed, the percentage of seizure-free patients that have lesions in 

the same regions does not exceed 68% and is lower than in seizure-affected patients (p < 

0.01 obtained with the Wilcoxon rank-sum test). Moreover, in most of the seizure-affected 

subjects, the lesions are located in the right hemisphere, whereas in most of the seizure-free 

subjects the lesions are in the left hemisphere. We tested with Fisher’s statistical test the 

dependence of the subjects’ clinical status from the hemisphere in which the lesions are 

located and we found a 1% significance (p= 0.002).

Lesion overlap

For the seizure-affected group, the highest percentage of subjects who have lesions in the 

same voxels is 46% (5 subjects out of 11) whereas in the seizure-free group it is 29% 

(6 subjects out of 21). In Figure 3, for each clinical group, the map of the anatomical 

areas in which most of the subjects have lesions is reported. In Table 2, a list of the brain 

areas showing maximum lesion overlap across subjects is reported for each clinical class. 

For both groups, there is maximum lesion overlap in the temporal and frontal sub-gyral 

WM, the inferior, middle and medial frontal gyrus in the frontal lobe, and the anterior 

cingulate gyrus in the limbic lobe. For the seizure-free group the maximum lesion overlap 

is in the left hemisphere, whereas for the seizure-affected group, the maximum overlap is 

in the right hemisphere and only occurs in the right superior frontal gyrus and in the right 

parahippocampal gyrus. Two 3D renderings of the brain areas in which different percentages 

of seizure-free subjects and seizure-affected subjects have lesions are respectively reported 

in Video S1 and Video S2 of the Supplementary Material.
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Discussion

In this paper, we manually segmented and automatically processed lesions seen on MRI in 

patients with TBI enrolled into the EpiBioS4Rx study to explore the link between lesion 

volume and site to late PTS onset. We found that, in TBI patients with late seizures, total 

lesion volume, contusion volume, and edema volume are significantly greater (p< 0.05) 

than in TBI seizure-free patients. Therefore, these severity factors could be potentially used 

to identify patients with increased seizure susceptibility and potentially increased risk of 

developing epilepsy after TBI. This finding is in agreement with Raymont et al. (2010) 

stating that larger lesions resulted in a higher seizure frequency. Temporal lobe volume 

reduction, which may be attributed to greater lesion volumes, has also been reported as a 

possible risk factor for PTE (Tubi et al., 2019). Raymont et al. (2010) found a relationship 

between late PTS and total brain volume loss as well. Similar to lesion volume, increased 

edema volumes have also been related to injury severity and, therefore, to late PTS (Shear et 

al., 2011; Garner et al., 2019). Increased edema volume has been studied as a risk factor in 

other seizure disorders (Herrick et al., 2018), but has not yet been identified as a risk factor 

for PTE. Our results suggest that peri-contusional edema may play a role in late seizure 

formation after TBI.

The fact that we did not find an association between lesion volume and GCS suggests that 

GCS, although useful to assess the state of a person’s consciousness for initial treatment, 

does not provide an exhaustive description of injury severity, and might not be a predictor 

of epilepsy after TBI. A similar conclusion was also reported by the Centers for Disease 

Control and Prevention (Centers for Disease Control and Prevention, 2015). In our cohort, 

we found that lesion location is right lateralized in seizure-affected patients and left 

lateralized in seizure-free subjects with a 1% statistical significance (p<0.01). This lesion 

lateralization in epilepsy after TBI is not reported in the literature, thus it necessitates 

further investigation. In accordance with the inclusion criteria, most of the lesions in 

this sample were found in the temporal and frontal lobes. Analysis of the occurrence of 

the regions affected by the lesions in each clinical group showed that seizure-affected 

patients have lesions concentrated in specific brain regions whereas seizure-free subjects 

have lesions distributed more heterogeneously along various regions of the temporal, limbic, 

and frontal lobes. In seizure-affected patients, the region affected by the lesions with the 

highest occurrence is sub-lobar extra-nuclear WM. Analysis of lesion overlap in this sample 

highlighted that seizure-affected subjects have a higher percentage (46%) of subjects with 

the lesions in the same area compared with seizure-free subjects (29%). In particular, only 

the seizure-affected group has maximum lesion overlap in the right superior frontal gyrus 

and in the parahippocampal gyrus.

These findings are consistent with those reported by Gupta et al. (2014) who suggested 

that PTE can be categorized into multiple subtypes based on lesion location and who found 

that the majority of patients had focal epilepsy in the frontal or temporal lobe. Further, 

a comparison of lesion location between patients with and without PTE showed that the 

PTE group was less likely to have diffuse axonal injury (Tubi et al., 2019). This supports 

our findings that seizure-free subjects have heterogeneously distributed lesions throughout 

different parts of the brain as opposed to the seizure-affected patients. Our results further the 
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idea proposed by Tubi et al., (2019) that seizure onset may be attributed to disruptions of 

specific neural networks. Lesion location and the consequential disruptions to these neural 

networks should be further studied.

The lesion occurrences found in the right superior frontal gyrus are also supported by several 

studies that describe a correlation between late PTS and lesions in the frontal or temporal 

lobe (Angeleri et al., 1999; Gupta et al., 2014). While lesions in the sub-lobar regions 

are common after TBI (Schönberger et al., 2009), these lesions have not been carefully 

studied in patients with late PTS. Our results suggest that further studies should investigate 

sub-lobar extra-nuclear WM lesions as a risk factor for late PTS. In fact, changes in WM 

volumes, functional connectivity, and structural connectivity have been found in patients 

with epilepsy in similar locations to those we identified as having the most involvement in 

seizure-affected cases (Rodríguez-Cruces, 2015; Pell et al., 2008; Peng, 2017; Riazi et al., 

2012). This suggests a possible relationship between these regions and seizure onset after 

TBI. Reductions in sub-lobar extranuclear WM have been linked to patients with childhood 

absence epilepsy (Chan et al., 2006). Interestingly, WM abnormalities have been associated 

with temporal lobe epilepsy (Rodríguez-Cruces & Concha, 2015). Both WM and T2 signal 

abnormalities in the right superior frontal gyrus are often connected to temporal lobe 

epilepsy (Pell et al., 2008). Further, functional connectivity changes in extra-nuclear WM 

have been found in patients with seizures originating near the mesial temporal lobe region 

(Peng, 2017). Similarly, significant connectivity changes in WM tracts have been reported in 

the sub-lobar extra-nuclear regions in patients with medial temporal lobe epilepsy (Riazi et 

al., 2012). This suggests that lesions, and consequently, functional connectivity differences 

in the extra-nuclear WM are important for epileptogenesis, which is consistent with our 

findings. In medial temporal lobe epilepsy patients, functional and structural connectivity 

differences were also found in WM tracts of the parahippocampal and superior frontal 

gyrus (Riazi et al., 2012). In the seizure-affected patients, we found these regions were also 

affected by lesions. It has also been stated that PTE often arises from mesial structures in 

the temporal lobe, which includes the parahippocampal gyrus (Gupta et al., 2014). There is 

also other evidence of parahippocampal involvement in temporal lobe epilepsy (Bernasconi 

et al., 2003). PTE has been indicated as a heterogeneous condition (Gupta et al., 2014), 

therefore, specific lesion location studies may have important implications in determining 

distinct subtypes of PTE, which could facilitate more targeted treatment.

Although this work demonstrates the potential value of manual segmentation for relating 

lesion characteristics to seizures after TBI, it is important to note that patients who are 

seizure-free after two years still have an approximately 20% chance of developing seizures 

later (Ding et al., 2016) and that at the time of this writing, patients were pending a formal 

determination for the diagnosis of PTE. Therefore, in the future, it will be interesting 

to perform these analyses including PTE patients who have received a formal diagnosis. 

Moreover, despite in this study similar types of medical and neurosurgical treatments are 

performed both in the seizure-free and in the seizure-affected groups during the first week 

after TBI, we cannot completely exclude that the type of anti-epileptic prophylaxis and the 

neurosurgical intervention might at least partially influence the results of our analysis.

La Rocca et al. Page 7

Brain Imaging Behav. Author manuscript; available in PMC 2023 January 05.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Conclusion

Manual segmentation of brain lesions in TBI patients can be very promising in the 

elucidation of mechanisms underlying epileptogenesis. We found that total lesion volume, 

contusion volume and edema volume are significantly higher in TBI patients with late 

seizures compared with seizure-free patients. Furthermore, lesion location evaluation for 

each clinical class suggests that limbic parahippocampal gyrus, sub-lobar extra-nuclear and 

sub-lobar insula may be critical to the formation of late PTS.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Boxplots of the distributions of the total lesion volumes, contusion volumes, and edema 

volumes for the late seizure-affected subjects (salmon boxplot) and the seizure-free subjects 

(cyan boxplot). Seizure-affected group includes TBI subjects who had at least a single 

seizure one week after the TBI.
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Figure 2. 
Histograms indicating occurrence percentage of the anatomical brain regions that are 

affected by lesions in most TBI subjects (occurrence greater than the 98th quantile of 

the occurrence distribution). Region occurrences are reported for two clinical groups: late 

seizure-affected subjects (blue histogram and seizure-free subjects (gold histogram). L and 

R indicate left and right, WM and GM indicate white matter and gray matter, BA indicate 

Brodmann area, Temp, Front, Sup, Lat and Ant stand for temporal, frontal, superior, lateral 

and anterior, respectively.
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Figure 3. 
Axial, coronal, and sagittal view of the brain areas in which the highest percentage of TBI 

subjects with late seizures (top row) and without seizures (bottom row) have lesions. Each 

colormap represents the percentage of subjects in each TBI group who have lesions in 

that area according to the color code reported in the figure. This figure was obtained with 

BrainNet Viewer (Xia et al., 2013).
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Table 1

Group size, gender, age, initial GCS and GOSE at the time of the paper are reported by group. Age and 

GCS are given as mean and standard deviations. No statistically significant differences between the two 

classes were found with respect to age, GCS, GOSE and gender. Statistical evaluations were performed with a 

Wilcoxon rank-sum statistic test except for the gender, for which a Chi-square test was used.

Groups Sample Size Age GCS GOSE Male/Female

Seizure-free 21 37.86 ± 22.43 10.24 ± 3.83 5.71 ± 1.55 18/3

Late seizure affected 11 42.73 ± 19.27 7.82 ± 4.31 4.46 ± 2.38 6/5
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Table 2

Within each clinical group, the lesion areas shared by the highest percentage of subjects is reported. For the 

seizure-free group the highest percentage of subjects who have lesions in the same brain areas is 29%, for 

the seizure-affected group 46%. L and R stand for left and right, WM and GM stand for white matter and 

gray matter, BA stands for Brodmann area, Temp, Front, Sup and Ant stand for temporal, frontal, superior and 

anterior. In this table, each label is composed of five levels: hemisphere, lobe, gyrus, tissue type, and cell type.

Seizure-free group Seizure-affected group

L, Temp, Sub-Gyral, WM
L, Front, Inf Front Gyrus, WM
L, Front, Sub-Gyral, WM
L, Front, Mid Front Gyrus, WM
L, Front, Med Front Gyrus
L, Front, Med Front Gyrus, WM
L, Limbic, Ant Cingulate, WM
L, Limbic, Ant Cingulate
L, Limbic, Ant Cingulate, GM, BA32
L, Front, Med Front Gyrus, GM, BA10

R, Temp, Sub-Gyral, WM
R, Front, Sup Front Gyrus, WM
R, Front, Inf Front Gyrus, WM
R, Front, Sub-Gyral, WM
R, Front, Mid Front Gyrus, WM
R, Front, Med Front Gyrus, WM
R, Limbic, Ant Cingulate, WM
R, Front, Inf Front Gyrus, GM, BA46
R, Limbic, Parahippocampal Gyrus, WM
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