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ARTICLE INFO ABSTRACT

Keywords: Post-stroke seizure (PSS) can have a strong negative impact on functional recovery after stroke. Researchers have
Post-stroke epilepsy identified numerous risk factors of PSS; however, the relationship between infarction location and PSS remains
Epileptogenesis

unclear. We recruited patients who presented with an acute cerebral infarction between 2012 and 2017 and
suffered from seizures within 1 year after stroke (PSS group). PSS group was subgrouped into early-PSS and late-
PSS groups based on the interval between seizure and stroke. We also recruited an equal number of acute ce-
rebral infarction patients without post-stroke seizures during the follow-up period (Non-PSS group). All brain
MRIs from the two groups were processed, whereupon normalized infarct maps from the PSS and Non-PSS
groups were compared via voxel- and volumetric-based analyses. A total of 132 subjects were enrolled in the
study, including PSS (n = 66, consisting of 31 early-PSS and 35 late-PSS) and Non-PSS (n = 66) patients. No
significant differences were observed between the two groups in terms of stroke lateralization or severity. Image
analysis revealed that the volume of infarction was larger in the PSS group than in the Non-PSS group; however,
the difference did not reach the level of significance. Unlike the Non-PSS group, the PSS group presented hot
spots over the left central region, left superior parietal lobule, and right frontal operculum. We observed dif-
ferences between the distribution of hot spots among patients with early-PSS and those with late-PSS. We found
that some brain regions were significantly associated with the development of PSS after ischemic stroke, and
these regions differed between cases of early and late PSS. It appears that the location of infarction could help
clinicians assess the risk of PSS in specific post-stroke stages.

Risk factors
Cerebral infarction
Ischemic stroke

1. Introduction

Post-stroke seizure (PSS) is an important complication in cases of
stroke. Researchers have identified risk factors for PSS, including age,
severity of stroke, stroke location, and whether the stroke is hemor-
rhagic or cortical. Evidence suggests that younger patients and patients
who suffered a hemorrhagic stroke face a higher risk of PSS (Chi et al.,
2018; Slapg et al., 2006). In addition, multivariate analysis showed that
cortical stroke was associated with an elevated risk of PSS (Bladin et al.,
2000).

The brain regions that are prone to epileptic seizures vary in

accordance with the underlying disease. For example, patients with
cavernous malformation in the temporal lobe also face a higher risk of
epilepsy than those with cavernous malformations in other brain regions
(Rosenow et al., 2013). Only a small number of studies on PSS have
explored the relationship between stroke location and the likelihood of
epileptic seizures. One pediatric study reported that stroke location was
unrelated to the occurrence of seizures (Lopez-Espejo et al., 2018).
Another study provided evidence that PSS was more likely in cases
where stroke occurred in the frontal lobe (Yamada et al., 2020). Overall,
the link between stroke location and the occurrence of PSS remains
unclear. In the current study, we investigated this issue by comparing
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the location of acute infarction in brain MRIs from patients with and
without PSS.

2. Methods
2.1. Subjects

This retrospective study was exempted from a full review by the
Institutional Research Ethics Committee of Taipei Veterans General
Hospital, Taipei, Taiwan. Analysis was based on a review of the stroke
registration database at Taipei Veterans General Hospital. Patients who
experienced acute cerebral infarction between January 1, 2012 and
December 31, 2017 were enrolled. Exclusion criteria included the
following: (1) patients younger than 20 years of age; (2) diagnosis of
epilepsy before stroke; (3) history of brain disease, including intracra-
nial hemorrhage, brain tumor, traumatic brain injury, or encephalitis;
(4) history of brain surgery; (5) lack of brain magnetic resonance im-
aging (MRI) within 30 days after stroke; (6) acute infarct only present in
the infratentorial region, including the brainstem and cerebellum; (7)
acute infarct with hemorrhagic transformation.

Patients who experienced epileptic seizures within 1 year after stroke
were assigned to the Post-stroke Seizure (PSS) group and further divided
into early-PSS and late-PSS groups according to the interval between
seizure and stroke (i.e., <7 and > 7 days, respectively). We selected an
equal number of patients as control, called Non-PSS group, with match
of infarct side and stroke severity to minimize their effects. The patients
in Non-PSS group did not experience seizures after stroke during the
follow-up period (mean 62.1 months, range from 32 to 145 months). We
recorded the basic data (including age, gender, habit of smoke and
alcohol), past medical history (including diabetes, hypertension, dysli-
pidemia), follow-up duration (from the date of acute stroke to the most
recent clinical visit), medication (thrombolytic treatment, antiplatelets,
anticoagulants, statin) and factors related to stroke, including laterali-
zation of infarct, National Institute of Health Stroke Scale (NIHSS) score,
and modified ranking scale (mRS) score.

2.2. Image acquisition protocol

All brain MRIs were acquired using a Signa HDxt 1.5 T, Optima
edition (GE Healthcare, Waukesha, WI). Images included DWI data (TR/
TE/Flip angle = 4000-8200 ms/64.8-75.8 ms/90°, FOV = 100 x 100
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mm?, matrix = 256 x 256, in-plane resolution = 0.9375 x 0.9375 mm,
30 axial slices, 5 mm slice thickness); TIWI data (TR/TE/Flip angle =
250-683.332 ms/8-13.048 ms/90°, FOV =75 x 75 mmz, matrix = 512
% 512, in-plane resolution = 0.4688 x 0.4688 mm, 30 axial slices, 5 mm
slice thickness); and an ADC map with 1000 s/mm>.

2.3. Processing of MR images

The preprocessing of the MR images was implemented in MATLAB
(MathWorks, Inc., Natick, MA, USA) using the Statistical Parametric
Mapping program SPM12 (Functional Imaging Laboratory, Institute of
Neurology, University College London, London, UK). As shown in Fig. 1,
the processing of MR Images was implemented in multiple steps, as
described below.

Step 1. DICOM to NIfTI conversion.

The original DICOM file format of the TIWI and DWI was converted
into the three-dimensional NIfTI-1 (Neuroimaging Informatics Tech-
nology Initiative) file format to enable the use of SPM12.

Step 2. Resetting the MR image orientation.

After Step 1, the origin of the TIWI and DWI were shifted to align
roughly with the anterior commissure of the individual brain space in
order to facilitate the normalization of TIWI and DWI to the standard
brain space via SPM12 in a subsequent step.

Step 3. Registration.

To correct for differences due to patient head movement, the TIWI
was registered to the DWI via rigid registration based on normalized
mutual information (Maes et al., 1997).

Step 4. Infarct region segmentation.

Segmentation of infarct regions in the DWI was conducted by three
experienced neurologists (CC Chou, YC Shih, and HH Chiu) to obtain
precise information pertaining to the infarct location and volume.

Step 5. Segmentation of cortical infarct regions.

The unified segmentation module of SPM12 was applied to the
registered T1WI in order to create a probabilistic map of gray matter
(GM) (Ashburner and Friston, 2005). A binary GM mask was then
generated by assigning a threshold of 0.5 to the GM probability map.
The cortical infarct map was obtained using a multiply operation
involving the binary GM mask and the infarct map, and the cortical
infarct volume was calculated from this map.

Step 6. Spatial normalization to MNI space.

Registered T1WI images were spatially aligned to the MNI152
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Fig. 1. Flowchart illustrating DWI and TIWI image processing employed to obtain normalized infarct maps and cortical infarct maps. The steps shown include co-
registration, infarct labeling, GM segmentation, GM mask creation, and spatial normalization.
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template of the MNI (Montreal Neurological Institute) space using the
SPM12 normalization tool. The infarct map was also normalized to a
standard MNI space based on a transformation matrix. During this step,
the dimensions of the infarct maps changed from the original 256 x 256
x 30 voxels to 61 x 73 x 61 voxels.

Step 7. Spatial smoothing of normalized infarct maps.

The normalized infarct maps underwent spatial smoothing using a
spatially stationary Gaussian filter. To facilitate between-group statis-
tical analysis, we increased the signal-to-noise ratio by selecting a
Gaussian smooth kernel with 4-mm FWHM (Full-Width at Half-
Maximum). In the event that a patient with PSS had experienced mul-
tiple strokes within one year, all normalized infarct maps were added
together.

2.4. Statistical analysis

The AlphaSim provides a way of estimating the probability of a false
detection within the whole brain mask and is performed using Monte
Carlo simulation (Ledberg et al., 1998). The probability of a false posi-
tive detection is identified from the frequency count of cluster sizes
based on the combination of individual voxel probability thresholding
and minimum cluster size thresholding. A random-effect analysis was
applied to normalized infarct maps from the PSS and Non-PSS groups
using a one-tailed one-sample t-test with a combined height threshold of
p < 0.05 and a minimum cluster size of 154 voxels, as determined via
AlphaSim correction using REST software (Song et al., 2011). Differ-
ences in normalized infarct maps between (1) PSS and Non-PSS, (2)
early-PSS and Non-PSS, and (3) late-PSS and Non-PSS groups were
identified by performing two-sample t-test group comparisons using
data from the two groups of interest (covariates: infarct volume and
lateralization of infarction). In so doing, a double statistical threshold
was used (a combined height threshold of p < 0.05 and a minimum
cluster size of 154 voxels, as determined via AlphaSim correction).

Statistical analysis for clinical variables in the PSS and non-PSS
groups was conducted using univariate and multivariate logistic
regression analysis, as well as Mann-Whitney U tests. For these, the level
of statistical significance was set at p < 0.05. The IBM Statistical Package
for the Social Sciences (SPSS, version 25.0) was employed for all data
analysis.

3. Results
3.1. Demographic information

Table 1 lists the demographic data of the 132 subjects in this study,
including PSS (n = 66) and Non-PSS (n = 66) patients. The PSS group
included 31 patients with early-PSS and 35 patients with late-PSS.
Recurrent stroke was more frequent in the Non-PSS group, which is
the only factor with significant difference in univariate analysis (p =
0.03). From the results of multivariate logistic regression analysis, male
gender and recurrent stroke had lower risk having post-stroke seizures
(please see the Table S1). The mean age at the time of the 1st stroke was
as follows: PSS group (74.5 years; range 34-94) and Non-PSS group
(76.7 years; range 43-93). The prevalence of infarcts over bilateral
hemispheres among patients was 28.8% in the PSS group and 31.8% in
the Non-PSS group. Most of the patients underwent MRI within 3 days
after stroke: PSS group (81.8%; n = 54) and Non-PSS group (71.2%; n =
47).

3.2. Infarct location in PSS and Non-PSS groups

Total infarct maps from PSS and Non-PSS groups are shown in Fig. 2.
In PSS patients, locations of infarcts were widely distributed over both
cerebral hemispheres, and particularly common in the territory of the
middle cerebral artery (Fig. 2A). In the Non-PSS group, infarcts tended
to be located in both cerebral hemispheres; however, their distribution
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Table 1
. Patient demographics.

PSS group Non-PSS group
(n = 66) (n = 66)
Age
Mean =+ SD (y)Range 74.5 +13.7 76.7 + 11.6
(62} 34-94 4393
Gender
Male: Female 39: 27 49:17
Past history
DM 25 27
HTN 48 50
Dyslipidemia 32 40
Personal history
Smoke 22 21
Alcohol 17 13
Management
Thrombolytic 3 3
Antiplatelet 62 60
Anticoagulant 28 19
Statin 37 45
NIHSS score
Mean =+ SD 15.9 + 10.6 13.4 £ 9.6
Range 0-38 1-34
mRS score
Mean =+ SD 4.4+ 0.8 43+0.8
Range 1-5 1-5
Infarct side
L:R:B 24:23:19 24:21: 21
Cortical involvement 58 50
Recurrent stroke 7 17
Days between stroke and MRI
Mean =+ SD (d) 2.2+32 2.6 4.0
Range 0-15 0-28

SD: standard deviation; DM: diabetes mellitus; HTN: hypertension; NIHSS: NIH
stroke scale; mRS: modified ranking scale; L: left; R: right; B: bilateral; MRI:
magnetic resonance imaging.

was more asymmetric, as well as more in the deep grey matter or
subcortical region. Infarcts over the left hemisphere were more
distributed in the frontal region, whereas those over the right hemi-
sphere were more distributed in the temporal region (Fig. 2B).

3.3. Infarct volume in PSS and Non-PSS groups

The median volume of infarcts was as follows: PSS group (26.38 cm®;
IQR = 91.10) and Non-PSS group (16.38 cm®; IQR = 41.25) (p=0.139).
The median volume of cortical infarcts was as follows: PSS group (15.45
em?; IQR = 60.18) and Non-PSS group (8.39 cm?; IQR = 31.14) (p =
0.261). We observed no differences between the two groups in terms of
total infarct volume or cortical infarct volume.

3.4. Hot spots of post-stroke seizure

Compared to the Non-PSS group, the infarcts in the PSS group were
more frequently localized over the left central region (surrounding the
central sulcus), the left superior parietal lobule, and the right frontal
operculum (Fig. 3A). After dividing PSS patients into early-PSS and late-
PSS groups, the distribution of hot spots was found to be different. Most
hot spots in the early-PSS group were located over the left central region,
left superior parietal lobule, left lateral temporal cortex, and right
medial occipital cortex (Fig. 3B), whereas hot spots in the late-PSS group
were located over the right superior frontal cortex and right frontal
operculum (Fig. 3C).

4. Discussion
This is the first study to use a quantitative analysis of infarction in

brain MRIs to investigate the relationship between the location of acute
infarction and post-stroke seizure. We identified hot spots associated
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Fig. 2. Total infarct maps in the (A) PSS and (B) Non-PSS groups. The significance threshold was set at 0.05 (via AlphaSim correction) for multiple comparisons. The
left side of the MRI corresponds to the right hemisphere of the brain. The color bar indicated the T-score.

PSS vs Non-PSS

with an elevated risk of PSS. The location of these hot spots differed
according to the timing of post-stroke seizures (early or late). These
results could potentially be used to inform clinicians about the risk of
PSS in patients after ischemic stroke.

In this study, the hot spots of PSS were distributed around the central
region of cerebral cortex. We posited that the distribution of PSS hot
spots in this study was related to two factors: First, the semiology of
epileptic seizures in the central region mostly comprised simple,
elementary motor symptoms (e.g. myoclonus of limbs or face) (Luders,
2008). These motor symptoms are more easily identifiable with epileptic
seizures, compared to non-motor seizures (e.g. staring, behavior arrest,
déja vu, visual hallucinations) originate in temporal and occipital re-
gions of the brain. Second, we defined the PSS in this study that it
occurred within 1 year after stroke because the greatest risk for PSS was
during the first follow-up year. Insults far away from central cortex
might need longer period to generate epileptogenic networks and
develop PSS (Pitkanen et al., 2016).

Epileptic seizures caused by acute brain insult can be classified as
early- or late-onset. Early PSS is one kind of acute symptomatic seizures,
while late PSS can be considered as post-stroke epilepsy by new diag-
nostic criteria of epilepsy in ILAE. Early and late post-stroke seizures
differ in terms of epileptogenesis. Cellular biochemical dysfunction
during acute ischemic cell injuries play an important role in early post-
stroke seizures (Slapg¢ et al., 2006). Conversely, development of late
poststroke seizure requires both cellular dysfunction and the formation
of an epileptogenic network (de Palma et al., 2020). The location of the

)&
®® @

Fig. 3. Differences in distribution of infarct between the Non-PSS group and the (A) PSS, (B) early-PSS, and (C) late-PSS groups. A two-sample t-test group com-
parison with infarct volume and lateralization of infarction as covariates was performed between the Non-PSS group and each other group. For this, a double
statistical threshold (a height threshold of p < 0.05 and a minimum cluster size of 154 voxels, as determined using AlphaSim correction) was used. The color bar
indicated the T-score.
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brain insult is crucial to epileptogenesis, due to its influence on the
duration over which epileptic symptoms develop (Loscher et al., 2015).
Therefore, it is reasonable that the hot spots of early PSS are different
from those of late PSS. In the study from Yamada et al, late PSS was
significantly related to acute stroke in frontal lobe (Yamada et al., 2020).
The hot spots of late PSS were more specifically localized in fronto-
operculum-insula in our study. Stroke located in the posterior cerebral
artery territory associated with a higher risk of early post-stroke seizures
was found in a multicenter Study (Ferreira-Atuesta et al., 2021). In our
study, the hot spots of early PSS were not only in the posterior cerebral
artery territory but also in the middle cerebral artery territory. However,
we found that temporal and occipital cortex were only related to early
PSS but not late PSS.

Nearly 90% (58/66) patients in the PSS group had infarction with
cortical involvement in this study. Epilepsy is generally considered as a
disease of cerebral cortex with hyperexcitability. We supposed two
possible factors to explain why not all patients having cortical infarc-
tion. First, we didn’t review their brain images when the patients had
PSS. Therefore, we didn’t know if there is new cortical lesion occurring
between the stroke we recorded and PSS. Second, subcortical ischemia
(so called leukoaraiosis) might play a role in epileptogenesis. In the
Gasparini’s study, the patients with only leukoaraiosis suffered from
temporal lobe epilepsy (Gasparini et al., 2015). It suggested that leu-
koaraiosis might damage the temporal lobe networks and further
develop epilepsy.

This study was subject to limitations that should be considered in the
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interpretation of our results. First, our analysis was based on a relatively
small number of cases due to our focus on the issue of epilepsy after
cerebral infarction. We also excluded patients with intracranial hem-
orrhage and infarction with hemorrhagic transformation, both of which
are associated with an elevated risk for post-stroke epilepsy. Second, the
patients in this study were elderly, and the onset of seizure was
restricted to within one year after stroke. Note that both patient age and
the latent period of post-stroke epilepsy may have had a profound
impact on our results. Thus, the distribution of hot spots we observed in
the PSS group is not necessarily applicable to younger patients or in
cases where PSS onset occurs more than one year after cerebral infarc-
tion. Third, there is a potential selection bias because we excluded the
subjects who lack of brain MRI within 30 days after stroke as well as
selected the control group with match of infarct side and stroke severity.
Match of the stroke severity might explain paradoxically higher per-
centage of recurrent stroke in the Non-PSS group.

In conclusion, some specific regions of the brain are significantly
associated with the development of PSS after cerebral infarction. In
combination with other well-known risk factors for PSS, this knowledge
could enhance the accuracy of PSS-related predications and could alter
treatment strategies after stroke.
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