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Abstract
Objective: Blood–brain barrier dysfunction (BBBD) has been linked to various 
neurological disorders, including epilepsy. This study aims to utilize dynamic 
contrast-enhanced magnetic resonance imaging (DCE-MRI) to identify and 
compare brain regions with BBBD in patients with epilepsy (PWE) and healthy 
individuals.
Methods: We scanned 50 drug-resistant epilepsy (DRE) patients and 58 control 
participants from four global specialized epilepsy centers using DCE-MRI. The 
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1   |   INTRODUCTION

Blood–brain barrier dysfunction (BBBD) has been ob-
served in patients with various neurological disorders, 
including epilepsy.1 The impact of BBBD on neural ac-
tivity is not fully understood, but studies in rodents have 
shown that disrupting the BBB or exposure of brain cells 
to serum proteins (e.g., albumin) leads to activation of 
the pro-inflammatory transforming growth factor β 
(TGFβ) signaling pathway in astrocytes.2 This activa-
tion leads to changes in astrocytes that compromise 
their ability to regulate the extracellular environment, 
including the maintenance of physiological concentra-
tions of potassium and glutamate.3,4 In addition, trans-
formed astrocytes release inflammatory cytokines and 
mediate alterations in the extracellular matrix5 and ex-
citatory synaptogenesis,6 thereby promoting pathologi-
cal plasticity7 and delayed neurodegeneration.8 These 
cascading effects ultimately lead to dysfunction of the 
local neural network and the occurrence of spontaneous 
seizures,9 and they are suggested to underlie antiepilep-
tic drug resistance.7

Animal studies on the role of BBBD in epilepto-
genesis and drug-resistant epilepsy (DRE) have been 
supported by neuropathological studies using resected 
tissue from patients with DRE, providing evidence for 
the presence of iron-related neuropathology and antiox-
idant processes in brain tissues, albumin, astrocytic TGF 
signaling, and neuroinflammation.10–14 In addition, 
seizure-induced BBBD has been shown in patients with 
epilepsy (PWE) when scanned up to 180 min following 

a seizure.15 In recent years, dynamic contrast-enhanced 
magnetic resonance imaging (DCE-MRI) has become 
the standard approach for quantifying the extent and 
localization of BBBD in humans.16 We have recently 
established and implemented the Veksler linear model, 
which allows for the detection of a slow and more subtle 
BBB leakage (measured ~6–20 min after contrast injec-
tion).17–20 Pre-clinical and clinical studies confirmed that 
slow BBBD is quantifiable in various brain pathologies, 
suggesting a mechanistic association with an increase 
in trans-cellular leakage through the compromised bar-
rier.21–26 In epilepsy, the role of fast paracellular leakage 
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presence and extent of BBBD were analyzed and compared between PWE and 
healthy controls.
Results: Both greater brain volume and higher number of brain regions with 
BBBD were significantly present in PWE compared to healthy controls (p < 10−7). 
No differences in total brain volume with BBBD were observed in patients diag-
nosed with either focal seizures or generalized epilepsy, despite variations in the 
affected regions. Overall brain volume with BBBD did not differ in PWE with 
MRI-visible lesions compared with non-lesional cases. BBBD was observed in 
brain regions suspected to be related to the onset of seizures in 82% of patients 
(n = 39) and was typically identified in, adjacent to, and/or in the same hemi-
sphere as the suspected epileptogenic lesion (n = 10).
Significance: These findings are consistent with pre-clinical studies that high-
light the role of BBBD in the development of DRE and identify microvascular 
stabilization as a potential therapeutic strategy.

K E Y W O R D S

biomarkers, blood–brain barrier, drug resistance, epilepsy, magnetic resonance imaging

Key points

•	 Blood–brain barrier dysfunction (BBBD) was 
observed in more regions and greater total 
brain volume in epilepsy patients compared to 
controls.

•	 BBBD was most often observed in brain regions 
suspected to be related to the onset of seizures.

•	 No significant difference in BBBD-related total 
brain volume among focal seizures, general-
ized epilepsy, or magnetic resonance imaging 
(MRI)–visible lesions in patients with epilepsy 
(PWE).

•	 Clobazam was significantly more prevalent in 
the low-BBBD group compared to the high-
BBBD group.
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(via tight junctions) has also been suggested to underlie 
BBBD due to downregulation of claudin-5.19 Studies in 
canines with idiopathic epilepsy further showed prom-
inent BBBD, especially in temporal brain regions, com-
pared with healthy dogs.27 A recent study in PWE used 
comparison between post– and pre–contrast-enhanced 
MRI to quantify BBBD, suggesting it is associated with 
the presumed seizure-onset zone.28 Our objective was to 
rigorously assess the utility and efficacy of DCE-MRI in 
identifying brain regions with BBBD in PWE. This was 
achieved by implementing a uniform study protocol and 
centralized blinded analysis across four independent ep-
ilepsy centers.

2   |   MATERIALS AND METHODS

2.1  |  Human subjects

The study was approved by the Ethics Committee of 
Soroka Medical Center, Beer Sheva, Israel (SUMC); St 
James' Hospital, Dublin, Ireland (SJH); University College 
London Institute of Neurology and University College 
London Hospitals, UK (UCLH); and Nova Scotia Health 
Authority and Dalhousie University, Halifax, Canada 
(DAL). Written informed consent was obtained from all 
participants. The study was performed in accordance with 
the Helsinki Declaration and did not include patients 
younger than 18 years of age.

2.2  |  Healthy participants

We recruited 58 healthy volunteers (mean age ± stand-
ard deviation [SD] = 28.9 ± 5.0, range 19–40; 48.2% male). 
Forty-three of them were scanned at SUMC, eight were 
scanned at DAL, and seven were scanned at UCLH. 
Inclusion criteria were: (1) age of 18–90 years; and (2) no 
known history of a neurological, neurosurgical, or psychi-
atric disorder, and normal kidney functions. We excluded 
individuals with contraindications for an MRI scan.

2.3  |  Patients with epilepsy

Of 50 PWE (mean age ± SD = 33.6 ± 13.5, range 19–63; 
58.0% male) who were recruited to the study, 27 were 
scanned in SUMC, 11 at DAL, 6 at the SJH, and at 6 at 
UCLH. Patients were recruited randomly as part of fol-
low-up in each respective epilepsy clinic. Inclusion cri-
teria were: (1) age of 18–90 years; (2) clinically diagnosed 
epilepsy according to the International League of Epilepsy 
(ILAE) 2017 classification29; (3) routine laboratory and 

clinical follow-ups; (4) at least one electroencephalogra-
phy (EEG) study interpreted by an epileptologist; (5) clas-
sified as DRE, as they continued to have seizures despite 
appropriate pharmacological treatment with two or more 
anti-seizure medications (ASMs; Table 2).

2.4  |  Magnetic resonance imaging

All participants underwent MRI scans utilizing a 3T MRI 
machine. Scanning was done at least 72 h after the last 
reported seizure. Initially, unenhanced sequences were 
acquired (SUMC: T1, fluid-attenuated inversion recovery 
[FLAIR] LongTR, T2-Weighted [T2W] FLAIR, and Driven 
Equilibrium Single Pulse Observation of T1 [DESPOT1]. 
SJH: T1, T2, and FLAIR. DAL: T1 and T1W. UCLH: 3Plane 
Localizer Single Shot Fast Spin Echo [SSFSE], Coronal 
Magnetization Prepared Rapid Gradient Echo [MPRAGE], 
Sagittal Cube FLAIR, B1 Field Mapping, and Fast Spoiled 
Gradient Recalled Echo [FSPGR]. Afterwards, partici-
pants underwent a similar DCE-MRI protocol as previ-
ously reported (see Table 1 for more details).17

2.5  |  BBB permeability analysis

Images were registered and normalized to Montreal 
Neurological Institute (MNI) coordinates using Statistical 
Parametric Mapping (SPM) 12.30 Assessment of BBBD was 
done using in-house MATLAB scripts, as reported previ-
ously.16,17,21,23 Briefly, BBB permeability maps were created 
for all subjects by fitting a linear model and calculating the 
slope of contrast agent concentration in each voxel from 
6 min after injection of the gadolinium-based contrast 
agent until the last volume in the DCE-MRI (Table 1). The 
analysis script was modified slightly to account for differ-
ences in inter-facility scan protocol in order to ensure an 
eligible comparison between the facilities (e.g., flip angles, 
contrast agent relaxivity rate, acquisition duration etc.; 
Table 1). In addition, to account for inter-individual vari-
ability in intracranial contrast flow, for each region, an 
individual slope was normalized to the slope measured in 
the superior sagittal sinus. BBBD was defined as slope val-
ues higher than the 95th percentile of all slopes calculated 
in healthy controls. The percentage of brain volume with 
supra-threshold voxels was used as a measure of overall 
brain volume with BBBD. Region-specific BBBD analysis 
was conducted using brain segmentation into 124 regions 
based on the MNI brain atlas.31 The percentage of voxels 
with supra-threshold normalized slope was measured for 
each region. Regions with a median absolute deviation 
>2 (MAD; modified z-score) compared to controls were 
marked as regions with BBBD.
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2.6  |  Statistical analysis

Continuous variables are expressed as median ± MAD. 
Mann–Whitney and Kruskal–Wallis tests were applied 
for comparison of unpaired nonparametric data sets, ac-
counting for non-normal distributions. Wilcoxon signed-
rank test was used for paired nonparametric data sets. 
Categorical variables are reported as frequencies and 
percentages and were tested by χ2 test or Fisher's exact 
test. Statistical significance was determined when two-
sided p ≤ .05. Linear regressions were used to calculate 
the effect of age and gender on permeability. A one-
way analysis of variance (ANOVA) was used to assess 

for interactions between age, gender, and permeability. 
Corrections for multiple comparisons were performed 
using the Benjamini and Hochberg False Discovery Rate 
(FDR) method. Effect sizes were calculated using Cohen's 
d. Disease severity was estimated using principal com-
ponent analysis (PCA) for seizure frequency, number of 
medications, and years with epilepsy, and was correlated 
with BBBD using Pearson correlation coefficient.32 To test 
whether BBBD is affected by a specific variable, patients 
were grouped into high and low BBBD based on % volume 
with BBBD above/below median. This grouping method, 
based on the median value, ensures a balanced compari-
son between the groups, providing a more representative 

SUMC DAL UCLH SJH

3T MRI machine Philips 
ingenia

General 
electric

General 
electric

Philips 
achieva

Δt, s 18 20 7.2 22.2

Acquisition duration, 
min

20 20 20 22

Voxel size, mm .9 × .9 × 6 1.25 × 1.25 × 6 1.0 × 1.3 ×2.0 .86 ×.86 ×6

Acq. matrix, pixel 192 × 187 ×27 192 × 192 × 34 160 ×160 × 25 256 × 256 × 22

FOV1, cm 20 24 25.6 22

DCE: TE/TR,2 msec, 
flip angle (FA), °

FFE,3 2/4, 60 LAVA4, 2/4, 
15

FSPGR5, 
5/6.17, 12

FFE, 
2.78/5.73, 60

Variable FA, °, TE/TR, 
msec

5–15–20-25, 
2/10

5–10-30, 2/10 2–6-12, 
2/6.15

10–15–20-25-
30, 2.78/5.67

Contrast agent, 
relaxivity rate, 1/mM·s

Dotarem, 
3.89

MultiHance, 
6.3

Prohance, 
3.09

Dotarem, 
3.89

No. of PWE 27 11 6 6

No. of controls 43 8 7 0

Abbreviations: DAL, Nova Scotia Health Authority and Dalhousie University, Halifax, Canada; DCE, 
dynamic contrast-enhanced; FFE, fast field echo; FOV, field of view; FSPGR, fast spoiled gradient echo; 
LAVA, liver acquisition with volume acceleration; PWE, patients with epilepsy; SJH, St James’ Hospital, 
Dublin, Ireland; SUMC, Soroka Medical Center, Beer Sheva, Israel; TE, echo time; TR, repetition time; 
UCLH, University College London Institute of Neurology and University College London Hospitals, UK.
1Field of View.
2Echo Time/ Repetition Time.
3Fast Field Echo.
4Liver Acquisition with Volume Acceleration.
5Fast Spoiled Gradient Recalled Echo.

T A B L E  1   DCE-MRI acquisition 
protocols for each institution and the 
number of scans made.

T A B L E  2   Demographics and clinical data.

Controls N = 58 Epilepsy N = 50 Focal n = 40 Generalized n = 10 Temporal n = 24

Gender, female % 51.72 40 32.5 70 31.82

Age, years (SD) 28.94 (5.08) 33.64 (13.51) 34.35 (13.25) 30.80 (14.87) 31.95 (12.70)

Age at onset, median, 
years (range)

16.50 (1.5–63) 17.00 (1.5–63) 13.00 (3–23) 17.00 (2–31)

Epilepsy duration, 
median, years (range)

15.00 (0–55) 14.50 (0–44) 17.00 (0–55) 13.00 (0–44)

Polytherapy % 66 75 30 81.81

Lesional % 46.29 45 30 59.09
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analysis of the ASM's effect on BBBD in the patient 
population.33

3   |   RESULTS

3.1  |  BBBD is more prevalent in PWE

No significant differences were observed in age (p = .39) or 
gender (p = .29) between PWE and controls. Of 50 PWE, 
40 had a clinical diagnosis of focal-onset seizures (mean 
age ± SD 34.3 ± 13.2 years, 65% male; Table  2), and 10 
were clinically diagnosed with generalized seizures (mean 
age ± SD 30.8 ± 14.8 years, 30% male). Based on semiology 
and/or long-term EEG monitoring findings, the seizure-
onset zone was suspected to be in the temporal lobe for 24 
PWE (mean age ± SD 32.5 ± 12.3 years, 66.7% male), in the 
frontal lobe for 14 PWE (mean age ± SD 38.2 ± 15.7 years, 
50% male), one in the parietal lobe and one undetermined.

Permeability maps generated for each subject were su-
perimposed on T1 images to reveal BBBD as voxels with 
a MAD >2 compared with control data (Figure 1A). PWE 
had a higher average percentage of brain voxels with 
BBBD compared with controls (11.7 ± 7.2% vs 4.8 ± 2.6%, 
p < 10−7; Figure 1E) and higher average number of regions 
with BBBD (57.1 ± 35.2 vs 15.3 ± 14, p < 10−8; Figure 1F).

3.2  |  Regional analysis reveals brain 
regions more susceptible to BBBD

Regional analysis for BBBD localization identified dis-
tinctly permeable brain regions after applying FDR cor-
rection (see Section 2 and Figure 1A–D). In 6 of 50 PWE 
(12%) and in 15 of 58 controls (25.9%, p = .4), no brain 
regions with BBBD were identified. We noted substan-
tial variability among PWE in terms of the degree and 
location of BBBD. A per-group comparison showed an 
average MAD >2 in 15 brain regions (mostly cortical gray 
matter), of which 9 were within the frontal and tempo-
ral lobes (Figure 1C). These regions included the left su-
pramarginal gyrus (MAD = 4.02), left orbital part of the 
inferior frontal gyrus (3.6), left postcentral gyrus medial 
segment (3.54), left superior temporal gyrus (3.48), right 
orbital part of the inferior frontal gyrus (3.46), left frontal 
pole (3.4), left opercular part of the inferior frontal gyrus 
(3.35), right superior parietal lobule (3.29), and the right 
accumbens area (3.28). Except for the right occipital pole, 
an FDR-corrected group comparison showed significantly 
higher permeability in 123 of 124 brain regions in PWE 
compared with controls (Figure 1D).

No significant differences were found in the average 
number of brain regions with BBBD between patients with 

focal vs generalized epilepsy (59.0 ± 35.9 vs 71.3 ± 29.0, re-
spectively, p = .2; Figure  2E). Notably, compared to con-
trols, regional analysis revealed 19 regions with BBBD 
in patients with focal epilepsy, whereas the generalized 
epilepsy group 43 regions showed BBBD (Figure  2A,B; 
Table S2). Left–right hemispheres average MAD asymme-
try comparison found significant differences in general-
ized PWE (2.6 ± .7 vs 3.7 ± 1.1, p < 10−7, d = 1.1; Figure 2A) 
and in frontal PWE (3.2 ± 1.1 vs 3.6 ± .9, p = .02, d = .43; 
Figure 2C).

Suspected frontal and temporal PWE average number 
of regions with BBBD comparison did not show signifi-
cant differences (70.2 ± 41.8 vs 54.6 ± 30.3 respectively, 
p = .1). Noteworthy, regions showing the highest BBBD are 
the left supramarginal gyrus (frontal MAD = 5.7, temporal 
MAD = 4.4) and the left postcentral gyrus medial segment 
(5.4, 4.2; Figure  2C,D). In addition, a higher degree of 
BBBD (>2 MAD of controls) group comparison found a 
significant difference between generalized and temporal 
PWE (3.1 ± 1.4 vs 2.1 ± 1.6, p = .04; Figure 2E).

3.3  |  BBBD in patients with MR-positive 
lesions

In 21 PWE, neuroradiological assessment of structural 
MRI revealed a visible pathology, including temporal 
(n = 11), frontal (n = 4), parietal (n = 4), and occipital 
(n = 2). BBBD was most often found ipsilateral and adja-
cent to the lesion (n = 10, Figure 3A). However, in seven 
patients, BBBD was found in both the ipsilateral and 
contralateral hemispheres (Figure  3B). In one patient, 
BBBD was ipsilateral to the lesion (seemingly unrelated, 
Figure 3C), or in the contralateral hemisphere (Figure 3D, 
n = 2). In one patient with mesial temporal sclerosis, no 
BBBD could be detected (Figure 3D). No significant dif-
ference was found in the number of regions with BBBD 
between patients with lesions and those without visible 
pathology (62.7 ± 37.6 vs 53.4 ± 33.6, p = .4), and no sig-
nificant difference was observed in the average MAD 
(2.7 ± 2.2 vs 2.2 ± 1.7, p = .4; Figure 3E,F).

3.4  |  Medications

All patients in this cohort were treated with ASMs 
(Table  S3). No significant differences were found in 
the extent (brain volume with BBBD or averaged modi-
fied Z score) or the number of regions with BBBD in 
patients who were prescribed one (n = 21), two (n = 14), 
or more (n = 19) different ASMs (42.6 ± 28.6, 22.9 ± 25.3, 
and 41.4 ± 34.6, respectively, p = .08; modified Z score 
1.6 ± 1.3,  .7 ± 1.0, and 1.5 ± 1.3, p = .1). To test whether the 
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BBBD is affected by a specific ASM, patients were grouped 
into high and low BBBD (10.4% threshold; high BBBD: 
n = 25, 17.5 ± 5.4%; low BBBD: n = 25, 6.0 ± 3.1%). No dif-
ferences were found between the groups in the number 
of prescribed ASMs or any single drug, except in patients 
treated with clobazam—who were more frequent in the 
low-BBBD group (p = .01 Figure S2, n = 10).

Furthermore, we did not identify a significant cor-
relation between BBBD and tonic-clonic seizures (n = 28) 
compared to other types of seizures (e.g., absence, focal 
seizures, and unknown; n = 22; p = .8), age (p = .8), age at 
epilepsy onset (p = .2), year with epilepsy (p = .1), or seizure 
frequency (p = .3). The correlation with gender was nearly 
significant (p = .07; Figure  S1). We further used PCA to 
estimate epilepsy severity as reported (see Methods).32 A 
moderate positive Spearman correlation of .22 (p = .1) was 
found between PC1 (explained variance 63.9%) and the 
number of regions with BBBD, and a slight negative cor-
relation of −.19 with PC2 (explain variance 35.4%; p = .1) 
and the number of regions with BBBD, with no significant 
correlation with % brain volume with BBBD.

4   |   DISCUSSION

In this multicenter prospective study, we present evidence 
of interictal BBBD in patients with DRE. Our findings ex-
tend the insights gained from prior imaging studies in ca-
nine models of epilepsy and are consistent with findings in 
rodent models.27 Although BBBD has been shown previ-
ously in DCE-MRI studies in various neurological condi-
tions, its impact on disease presentation and progression 
remains unknown. We demonstrated previously that 
patients with transient ischemic attack or minor stroke 
who have a compromised BBB are at a greater risk of de-
veloping recurrent stroke21 and post-traumatic epilepsy.8 
Patients with bipolar disorder and extensive BBBD were 
more likely to exhibit disease progression,22 and patients 
with systemic lupus erythematosus and BBBD were more 
likely to demonstrate cognitive deficits.23

Our method was developed to delineate the extent 
and spatial distribution of BBBD in individual PWE, with 
the goal of proposing a new diagnostic and prognostic 
biomarker in epilepsy. Although statistical comparison 

between PWE and controls show increased distribution 
of BBBD extent in 123 of 124 regions, a higher degree 
of BBBD (>2 MAD of controls) was seen particularly in 
frontal and temporal cortical gray matter (Table S2). This 
aligns with findings in rodent models of temporal lobe 
epilepsy and spontaneous canine epilepsy,26,27 potentially 
supporting a link between BBBD and epileptogenesis, 
particularly in regions with a lower seizure threshold. 
Evidence of BBBD adjacent to MR-detected epileptogenic 
lesions (e.g., hippocampal sclerosis; Figure 3) further sup-
ports this association.

For some patients, BBBD could be detected inde-
pendently in multiple brain regions, an entire hemisphere, 
or both hemispheres (Figure 1A). Although these findings 
do not exclude an epileptogenic process in regions out-
side the clinically suspected seizure-onset zone, a com-
promised BBB in brain regions outside the seizures-onset 
zone may highlight potential propagation pathways and/
or dual intracranial pathology and/or mechanism under-
lying comorbidities. In addition, we cannot rule out that a 
more widespread BBBD was due to recent subclinical or 
unreported seizures,15 metabolic aberrancies,22 or a small 
vessel disease.21 Studies including larger cohorts should 
explore the impact of BBBD on epilepsy comorbidities, 
such as mood-related disorders, and the coexistence of 
metabolic or hormonal disorders. Future studies on the 
association between BBBD extent and spatial distribution, 
intracranial EEG recordings, and postoperative seizure 
freedom are expected to shed light on the role of DCE-
MRI in the pre-surgical assessment.

Of interest, we did not find differences in the extent 
of BBBD between patients diagnosed with focal or gen-
eralized epilepsy, which may be attributed to different 
etiologies (e.g., inflammatory, genetic, or structural) and 
the proximity to a seizure. Notably, higher BBBD (aver-
age MAD) was found in patients with generalized epilepsy 
compared to those with temporal epilepsy. Despite find-
ing no difference in the number of regions with BBBD be-
tween these groups, the higher MAD suggests a greater 
degree of leakage. This increased leakage may contrib-
ute to a faster propagation of epileptic discharges in pa-
tients with generalized epilepsy. In addition, the left–right 
hemispheres comparison showed a significant difference 
in sides for generalized epilepsy and suspected frontal 

F I G U R E  1   Epilepsy vs controls. DCE-MRI reveals persistent BBBD in patients with epilepsy. (A) Examples of patients’ BBBD analysis 
results. 1, Healthy control. 2, Left temporal lobe epilepsy. 3, Left frontal lobe epilepsy. 4, Generalized epilepsy. (B) Examples of MAD 124 
regions BBBD maps. The MAD between 0 and 2 is transparent. (C) Average MAD above controls in regional maps of 124 areas. Left–right 
lobe comparison was found to be insignificant (p = .13). (D) Significant regions of patients with epilepsy compared to controls with FDR 
applied (p < .001). (E) Statistics of BBB% between controls and patients with epilepsy (p < 10−7). (F) Statistics of percentage of regions 
with BBBD between controls and patients with epilepsy (p < 10−8). Error bars indicate standard deviation (SD). BBBD, blood brain barrier 
dysfunction; DCE-MRI, dynamic contrast enhanced magnetic resonance imaging; FDR, false discovery rate; MAD, mean absolute deviation; 
SD, standard deviation.
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F I G U R E  2   Regional analysis. Imaging patients with epilepsy reveals blood–brain barrier dysfunction. (A–D). Upper images: Example of 
a T1 image (left image) and a regional analysis (right) in a representative patient with: (A) generalized epilepsy (left–right lobe comparison, 
p < 10−7), (B) focal epilepsy (p = .68), (C) suspected frontal epilepsy (p = .02), and (D) suspected temporal epilepsy (p = .13). Lower images: 
Average MAD maps per region in PWE, categorized into the same groups as the upper images. (E) Average MAD scores across all patients in 
each group for all regions (*p = .04). MAD, mean absolute deviation; PWE, patients with epilepsy.

F I G U R E  3   Lesion and BBBD. Lesions in MR are associated with blood–brain barrier dysfunction (BBBD). BBBD in patients with a 
“lesional MRI”: (A) A 35-year-old man with left hippocampal sclerosis. (B) A 33-year-old man with left frontal cortical dysplasia. (C) A 
20-year-old woman with right occipital cavernoma. Upper row: Representative anatomic images showing the lesion (red circle). Lower row: 
Regional analysis of BBB leakage. (D) Location of region(s) with highest BBBD in relation to lesion site (p = .49) (see Table S1). (E) Number 
of brain regions with BBBD (MAD >2) in patients with and without MRI-positive lesion. (F) Average MAD in patients with and without 
MRI-positive lesion (p = .41). BBBD, blood brain barrier dysfunction; MAD, mean absolute deviation; MR, magnetic resonance.
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epilepsy, which might be attributed to the low sample 
sizes (n = 10 and n = 14, respectively; Figure 2A,B). These 
findings warrant further investigation in future studies 
with larger sample sizes.

The high prevalence of BBBD in our cohort could be 
influenced by a sampling bias of patients who experienced 
frequent seizures despite treatment with multiple ASMs. 
If such confounding exists in our cohort, the high BBBD 
occurrence could be related to high seizure frequency, ef-
fect of drugs, or related to DRE. However, in our analysis, 
no significant correlation was found between BBBD ex-
tent (brain volume) and seizure frequency. Future studies 
should investigate BBBD in patients who are seizure-free 
or prior to starting ASMs. In addition, we found no cor-
relation between the number of regions with BBBD or 
spatial distribution and seizure frequency or the number 
of prescribed ASMs.

Of interest, a small group of patients (n = 10) who were 
treated with the benzodiazepine, clobazam, were predom-
inantly present in the low BBBD group (<50% of brain vol-
ume with BBBD, n = 8). Whether benzodiazepines have a 
direct effect on BBB integrity is not known34,35 and may be 
a subject for future studies.

BBBD in experimental animals and surgically resected 
PWE tissue  has been shown previously to be associated 
with the presence of serum albumin within the brain neu-
ropil. Of interest, exposing brain tissue to serum albumin 
in rodents was shown to acutely reduce seizure thresh-
old,36 induce epileptogenesis,6,26,37 and underlie resistance 
to anti-seizure medications in brain slices exposed to 
4-aminopyridine (4-AP).38 Although the mechanisms of 
BBBD in drug resistance are not known, they could be as-
sociated with reduced levels of free ASMs due to binding 
to albumin and/or other vascular pathologies underlying 
enhanced drug transport.39 Our study does support, how-
ever, the notion that therapeutics targeting BBBD may be-
come a novel approach for treating DRE.

Our findings confirm the utility of DCE-MRI in assess-
ing BBBD, aligning with the results reported previously.28 
In addition to corroborating their observations, our study 
provides a more nuanced analysis of individual variability, 
regional differences, and comparative data with healthy 
controls.17 This detailed approach enhances the under-
standing of the underlying mechanisms driving BBBD, 
offering a broader perspective on how permeability alter-
ations manifest in PWE. The findings that age, gender, age 
of onset of  epilepsy, years with epilepsy, and seizure fre-
quency measurements were insignificant suggest that these 
factors do not significantly impact the BBBD. Although an 
effort was made to avoid imaging in the first 48 h after sei-
zure, we cannot rule out a transient effect of seizures on the 
BBBD in our cohort.15 Disparities were found between cer-
tain facilities, whereas no notable differences were observed 

in control site comparisons. However, the small sample size 
and patient variability warrant caution when interpreting 
these results, especially between subgroups. In addition, 
BBBD was classified as permeable or non-permeable, which 
may oversimplify a complex condition, suggesting the need 
for a detailed analysis on the extent and nature of permea-
bility changes in future studies as well as larger cohorts and 
patients who undergo resection surgery.

In conclusion, our quantitative assessment of the ex-
tent and spatial distribution of BBBD in PWE has con-
firmed a high prevalence of compromised BBB integrity. 
These findings endorse DCE-MRI as an additional tool 
for identifying and potentially localizing the seizure-onset 
zone in pre-surgical assessments. Larger studies are nec-
essary to uncover the role of BBB imaging in diagnosing, 
prognosticating, evaluating pharmacological responsive-
ness, and determining surgical outcomes in PWE.
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