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Abstract

Seizures are a frequent symptom of unruptured brain arteriovenous malformations
(bAVMs). However, the brain regions responsible for these seizures remain unclear. To
identify the brain regions causally involved in bAVM-related seizures, we retrospectively
reviewed 220 patients with unruptured bAVMs. Using voxel-based lesion-symptom
mapping (VLSM) analyses, we tested whether individual brain regions were associated
with unruptured bAVM-related seizures. The result revealed that unruptured bAVMs
causing seizures are anatomically heterogeneous at the voxel level. Subsequently, lesion
network mapping (LNM) analyses was performed to determine whether bAVMs causing
seizures belonged to a distributed brain network. LNM analyses indicated that these
lesions were located in a functional network characterized by connectivity to the left
caudate and precuneus. Moreover, the discrimination performance of the identified sei-
zure network was evaluated in discovery set by calculating the individualized network
damage score and was tested in validation set. Based on the calculated network dam-
age scores, patients were divided into low-, medium-, and high-risk groups. The preva-
lence of seizures significantly differed among the three risk categories in both discovery
(p =.003) and validation set (p = .004). Finally, we calculated the percentage of voxels in
the canonical resting-state networks that overlapped with the seizure-susceptible brain
regions to investigate the involvement of resting-state networks. With an involvement
percentage over 50%, the frontoparietal control (82.9%), limbic function (76.7%), and
default mode network (69.3%) were considered to be impacted in bAVM-related sei-
zures. Our study identified the seizure-susceptible brain regions for unruptured bAVMs,

which could be a plausible neuroimaging biomarker in predicting possible seizures.
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1 | INTRODUCTION

Brain arteriovenous malformations (bAVMs) are tangles of mal-
formed vessels without capillary networks, and seizures are a fre-
quent presenting symptom in patients with unruptured bAVMs
(Hartmann & Mohr, 2015; Lawton et al., 2015). These seizures
and the side effects of the antiepileptic drugs used to treat them
profoundly impact patient quality of life. However, the underly-
ing etiology of bAVM-induced seizures is not fully understood
(Schramm, 2017). Previous studies implicated various characteris-
tics, including lesion location, nidus size, venous congestion, and
vascular steal phenomenon, as risk factors (Benson et al., 2020;
Hoh et al., 2002; Schramm, 2017). Since seizures are considered
a significant factor in the management of unruptured bAVMs to
achieve a fully satisfactory outcome (Soldozy et al., 2020), a reli-
able risk prediction method for bAVM-related seizures is needed
for clinical decision-making.

For unruptured bAVMs, previous studies have demon-
strated that brain regions harbor differential seizure risks (Benson
etal., 2020; Sun et al., 2016; Zhang et al., 2019). Meanwhile, seizures
are considered a network disorder involving widespread structural
alterations (Whelan et al., 2018). Although the brain regions associ-
ated with bAVM-related seizures have been anatomically identified
at the brain region and subregion levels (Benson et al., 2020; Sun
et al.,, 2016; Zhang et al., 2019), to date, neuronal dysfunction re-
mote from the lesions has not been demonstrated in patients with
unruptured bAVMs. In our study, we hypothesized that unruptured
bAVMs causing seizures might anatomically map to individual brain
regions and/or be located in the brain regions of a distributed brain
network, which might be a potential neuroimaging biomarker for the
prediction of bAVM-related seizures.

Recently, voxel-based lesion-symptom mapping (VLSM) and
lesion network mapping (LNM) have been increasingly used to de-
termine the relationships between brain lesions and clinical manifes-
tations (Campanella et al., 2014; Corp et al., 2019; Darby et al., 2018;
Wang et al., 2014). VLSM analyses can statistically assess the
symptom-related brain regions on a voxel-by-voxel basis by overlap-
ping lesion locations across patients with the same symptom (Bates
et al., 2003). Using LNM analysis, lesions causing a variety of differ-
ent neuropsychiatric symptoms can be mapped to functional brain
networks by combining lesion locations with resting-state functional
connectivity maps derived from healthy nonsymptomatic partici-
pants (Fox, 2018). With VLSM and LNM analyses, we can identify
the neuroanatomical substrates associated with seizures and the
seizure-susceptible brain regions within functional networks in pa-
tients with unruptured bAVMs.

In this study, we investigated the location of brain lesions in pa-
tients with unruptured bAVMs to identify the brain regions causally
involved in seizure generation. Quantitative VLSM analysis was per-
formed to assess the individual brain regions associated with bAVM-
related seizures. Subsequently, we used LNM to test whether the
lesions causing seizures were located within the brain regions of a

functional network. The individualized network damage score was
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calculated to evaluate the performance of the identified seizure net-
work in the prediction of bAVM-related seizures, and an external
cohort was reviewed for validation. Finally, the percentage of the
voxels in each of the seven canonical resting-state networks that
overlapped with the brain regions for seizures was calculated to
identify the canonical resting-state networks contributing to seizure
generation in patients with unruptured bAVMs.

2 | METHODS
2.1 | Patients

A total of 220 patients with unruptured bAVMs were retrospectively
reviewed from Beijing Tiantan Hospital between May 2012 and June
2022. Patients included in this study met the following criteria: (1)
patients with bAVMs were clinically diagnosed by neuroradiologi-
cal data and unruptured bAVMs were defined based on the com-
bination of medical history and radiological findings as previously
reported (Fu et al., 2020); (2) patients underwent presurgical MRI; (3)
detailed clinical records were available for the evaluation of seizures.
Patients were ineligible if they met one or more of the following ex-
clusion criteria: (1) patients with a history of surgical, endovascular,
or stereotactic radiosurgical treatment for bAVMs; (2) patients with
a history of other intracranial space-occupying lesions; and (3) avail-
able presurgical MRI with poor quality. Patients were divided into
discovery and validation sets based on the available MRI data. One
hundred and sixty-three patients with presurgical high-resolution
structural images performed on a 3T magnetic resonance (MR) sys-
tem (Siemens) with the same parameters were identified as a discov-
ery set. Fifty-seven external patients whose presurgical structural
images were acquired on 3T platforms (Siemens or GE) with various
parameters were included in the validation set. This study was ap-
proved by the ethics committee of Beijing Tiantan Hospital, Capital
Medical University, and written informed consent was obtained
from all patients.
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2.2 | Evaluation of bAVM-related seizures involvement in each patient (1 indicated that the voxel overlapped

The diagnosis of the seizure(s) was made according to the classifica-
tion and terminology of the International League Against Epilepsy
based on the patients' observed behavior (Fisher et al., 2017).
Moreover, a patient was defined to have suffered from bAVM-
related seizures when a history of at least one seizure in the pres-
ence of an enduring alteration in the brain (i.e., bAVM) was reported
(Fisher et al., 2005).

2.3 | Brainimaging and lesion masking

High-resolution structural images of the discovery set (n = 163)
were obtained on a 3.0-T MR system (Siemens). The acquired T1
anatomical image was a gradient-echo sequence: repetition time
(TR) = 2300ms, echo time (TE) = 2.98ms, flip angle (FA) = 9°,
field of view (FOV) = 256x256mm?, matrix = 64x64, voxel
size = 1x1x1mm?® and slices = 176 (Jiao et al., 2019). T1 brain
structure images in the validation set (n = 57) were acquired on
GE or Siemens 3T platforms. The main protocol parameters were
as follows: TR = 1750-2459ms, TE = 8.6-19.9 ms, FA = 90-
150°, FOV = 240x240mm?, matrix = 512x432-512x512, and
slices = 23-24. The areas that produced abnormal hypointensive
signals on T1 images were identified as lesion areas. Masks of lesions
were drawn on each patient's T1-weighted image using ITK-SNAP
software (v. 3.6.0, http://www.itksnap.org) by two neurosurgeons
(Y.M.J. and H.L.) who were blinded to the patients' clinical infor-
mation. Our inhouse python script based on the Python package
nilearn (https://nilearn.github.io/stable/index.html) was applied to
overlap the individual masks identified by the two neurosurgeons
following lesion masking. We then calculated the percentage of the
voxels in each lesion mask that did not overlap with the lesion mask
identified by another neurosurgeon. If the percentage was less than
5%, the overlapped region was considered as the bAVM lesion and
used for subsequent analyses. When the individual masks from the
two neurosurgeons were inconsistent (>5%), the lesion mask we
used was determined by a senior neurosurgeon (Y.C.). The T1 image
and lesion mask for each patient were registered to the Montreal
Neurological Institute (MNI) template using the standard nonlinear
spatial normalization algorithm provided by FSL (https://fsl.fmrib.
ox.ac.uk/).

2.4 | Voxel-based lesion-symptom mapping

To identify any brain voxels anatomically associated with seizures,
VLSM analyses was applied in the discovery set (n = 163). VLSM is
based on applying the general linear model (GLM) to each voxel in-
dependently (Bates et al., 2003). Specifically, the form of the gener-
alized linear model is Y = X +¢. The model parameter X represented
the symptoms of the patients (1 indicated patients with seizures,
and O indicated those without). For each voxel, Y represented lesion

with the lesion, and O indicated that the voxel was outside the le-
sion). The model parameter 3 was estimated, and e was the estimated
residual. Finally, the p-value (voxelwise FDR-corrected p <.05) of the
t-test for p indicated the sensitivity of the voxel to the seizure.

2.5 | Processing of normal resting-state functional
MR imaging (rs-fMRI) dataset

To identify a common lesion network using the LNM method, we
included a normal resting-state functional imaging dataset that
included 358 healthy young Chinese subjects (183 males; mean
age = 19.39+1.09years; age range = 17.00-24.00years; mean
education years = 12.34+0.81years). The dataset was acquired
with a 3.0 T MR750 GE Scanner using a gradient-echo echo-
planar imaging (GRE-EPI) sequence: TR = 2000ms, TE = 30ms,
FA = 90° FOV = 240x240mm? matrix = 64x64, voxel
size = 3.75x3.75x4mm°, and slices = 39. All the subjects were
told to stay awake, close their eyes, and avoid movement during the
scanning. More detailed data acquisition and preprocessing details
can be found in our previous study (Liu et al., 2020).

Briefly, the following steps were applied: (1) removal of the first
10 timepoints and head motion correction; (2) rigid-body registra-
tion of the T1 image to the EPI mean image; (3) normalization of the
EPI images to MNI standard space using the T1 image and subse-
quent resampling to 3x3x3mm?; (4) removal of noise, including the
whole brain signals, head motions, and linear trends; (5) temporal
filter (01-.08 Hz); and (6) spatial smoothing using a 6-mm full-width
at half-maximum (FWHM) isotropic Gaussian kernel.

2.6 | Lesion network mapping

To investigate the brain regions functionally connected to each le-
sion location in patients with bAVM-related seizures, we applied the
validated technique termed lesion network mapping in the discovery
set (Figure 1a). First, for patients with bAVM-related seizures, the
registered lesions on the MNI template were used as a seed region to
calculate the functional connectivity using resting-state fMRI data
obtained from the 358 normal subjects mentioned above. The time
series of all voxels within the lesions were averaged and correlated
with the time series from all other brain voxels using Pearson's cor-
relation coefficients. Fisher Z transform was used to ensure that
the correlation coefficients were normally distributed. Second, for
each patient, we derived network maps using a single sample t-test
to combine across the 358 z-scores. Each network map was bina-
rized at a T value of O (voxelwise FDR-corrected p <.05). Finally, to
guarantee the consistence for the prevalence of the brain regions
positively (0%-58.9%) and negatively (0%-81.1%) connected to the
lesions in the healthy cohort, 50% was selected as the threshold
to determine the brain regions sensitively connected with the le-
sion locations, which is consistent with the previous study on the
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FIGURE 1 The workflow for identifying the bAVM-related seizure network. (a) Functional connectivity between each lesion location
and the rest of the brain was computed using resting-state functional magnetic resonance imaging data from 358 healthy control subjects.
Individual lesion network maps were thresholded, binarized, and overlapped to identify common connections across the lesion locations. (b)
Specificity analyses was used to identify connections specific to patients with lesions causing seizures versus those without. (c) Conjunction
analyses identified the regions of interest (ROIs) whose connectivity was both sensitive and specific to lesions causing seizures. (d) The
overlap between the positive and negative connectivity patterns to the ROIls defining the set of brain regions in the seizure network.

brain network impaction of epileptogenic mass lesions (Mansouri
et al., 2020). Specifically, the binarized lesion network maps were
overlaid to identify voxels connected to more than 50% of the lesion
locations associated with seizures. Moreover, we also conducted
concordant analyses with the 40% threshold and found similar re-
sults (Figure S1).

2.7 | Specificity analyses

To evaluate the specificity of our findings, lesion network maps
(average Fisher z values) were compared between patients with
(n = 90) and without (n = 73) seizures (Figure 1b). Voxelwise two-
sample t-tests were used to identify voxels significantly connected
to lesions of the patients with seizures compared to those without
using a voxelwise FDR-corrected p <.05.

2.8 | Conjunction analyses and seizure
network definition

Conjunction analyses were performed to identify the brain regions
both sensitively (voxels connected to >50% of lesion locations caus-
ing seizures) and specifically (voxels surviving specificity analyses)
connected to the lesion locations in patients with bAVM-related
seizures (Figure 1c). Conjunction analyses identified two regions of
interest (ROIs): a positively correlated ROI in the left caudate and
a negatively correlated ROI in the precuneus. By definition, con-
nectivity with these two ROIs defines a distributed brain network
that encompasses our lesion locations causing seizures (Figure 1d).
To visualize this network, we identified voxels positively correlated
with the left caudate ROI and voxels negatively correlated with the
precuneus ROI. These two maps were then binarized and overlaid to
identify the voxels meeting both criteria.
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2.9 | Discrimination performance evaluation of the test was applied. Chi-square tests were used for categorical vari-

seizure network

To evaluate the performance of the seizure network in the predic-
tion of bAVM-related seizures, we assigned each patient a “network
damage score” by summing the intensity (t values) of the lesioned
voxels that overlapped with the brain regions of the seizure net-
work. Then, the mean network damage score among patients with
lesions located in the seizure network was calculated and consid-
ered as the threshold for case classification. All subjects were then
divided into three risk categories: the low-risk group (patients with
lesions that did not overlap with the seizure network), the medium-
risk group (patients with lesions that overlapped with the seizure
network, but the network damage score did not exceed the thresh-
old), and the high-risk group (patients with lesions that overlapped
with the seizure network, and the network damage score exceeded
the threshold). A Chi-square test was applied to evaluate whether
the prevalence of seizures differed among the three risk categories.
Moreover, an external cohort was reviewed to validate the discrimi-

nation performance of the seizure network.

2.10 | Overlap with canonical resting-
state networks

The identified seizure-susceptible brain regions were overlapped
with the seven canonical resting-state network atlas defined by
Yeo et al. to assess the impact on resting-state networks in patients
with bAVM-related seizures (Buckner et al., 2011). The percentage
of voxels in each of the seven canonical resting-state networks that
overlapped with the brain regions for seizures was calculated. When
the percentage was over the threshold of 50%, abnormalities in the
canonical resting-state network were considered to be associated
with epileptogenesis in bAVM patients. Moreover, leveraging the
spin-test MATLAB toolbox (Alexander-Bloch et al., 2018), we evalu-
ated the significance of the overlap for each canonical resting-state

network.

211 | Statistical analyses
2.11.1 | Demographic and clinical data

Statistical analyses of patients' demographic and clinical data were
performed between patients with and without seizures and between
patients in the discovery and validation sets. SPSS v22.0.0 (IBM,
Armonk, New York) was used for statistical analyses in this part.
Continuous variables are presented as means+SD, and categorical
variables are presented as numbers and percentages. Shapiro-Wilk
test was applied to evaluate the normality of the continuous vari-
ables. For the data normally distributed, comparisons between two

groups were performed by t-tests; otherwise, the Mann-Whitney

ables. Statistical tests were considered significant at p <.05.

2.11.2 | Image data

The statistical analyses regarding the neuroimaging maps were con-
ducted at the voxel-wise level using t-tests by the python package
scipy (Virtanen et al., 2020), with the following multiple comparison
correction implemented by python package statsmodels (Seabold &
Perktold, 2010). Statistical tests were considered significant at vox-
elwise FDR-corrected p<.05.

2.11.3 | Evaluation of the identified seizure network

The difference in seizure prevalence was compared among the
low-, medium- and high-risk groups in the discovery and the valida-
tion sets, respectively. A Chi-square test was performed via SPSS
v22.0.0 (IBM, Armonk, New York) and was considered significant
at p<.05.

3 | RESULTS
3.1 | Clinical characteristics

Between May 2012 and June 2022, a total of 220 patients with
unruptured bAVMs were included in this study. Based on the col-
lected neuroradiological data, patients were divided into a dis-
covery set (n = 163) and a validation set (n = 57), with seizure
prevalence rates of 55.2% and 47.4%, respectively. The clini-
cal characteristics of patients with seizures, patients without
seizures, the discovery set, and the validation set are listed in
Table 1. Additionally, we listed the detailed demographics of the
patients in Table S1. The ages of patients with (n = 117) or without
(n = 103) seizures were 27.1 + 12.5years and 31.3+12.6years, re-
spectively (Z = -2.991, p = .003). The lesion size of patients with
seizures was 45.6+ 12.5mm and that of patients without seizures
was 41.2+11.7mm (t = -2.686, p = .008). The clinical character-
istics of the patients between the discovery set and the validation
set were not significantly different.

3.2 | Locations of bAVMs causing seizures are
heterogeneous

For patients in the discovery set, we generated lesion overlap maps
to present an overview of the lesion distribution (Figure 2a-c). The
maps display all voxels that were eligible for inclusion in the VLSM
analyses, and the proportion of lesions overlapping on a single voxel

was less than 12%. Comparing patients with (n = 90) and without
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TABLE 1 Demographic and clinical characteristics of patients
Seizures No seizures Discovery set Validation
Characteristics n=117 n =103 Statistic pValue n=163 setn =57 Statistic p Value
Age, (mean+SD, years) 271+12.5 31.3+126  -2991t 003" 2841120 31.0+14.4  -1.067" 286"
Male, no. (%) 79 (67.5) 65 (63.1) 472 492! 106 (65.0) 38(66.7) 050% 823l
Size (mean +SD, mm) 456 +12.5  41.2+117 -2.686°  .008" 4431126 41.3+11.1 1.567° 119%
Left side, no. (%) 58 (49.6) 58(56.3) 998t 318l 87 (53.4) 29 (50.9) 106+ 745
Deep venous drainage, no. (%) 13 (11.1) 15 (14.6) .588% 443l 24 (14.7) 4(7.0) 2.258% 133!
S-M Grading, no. (%) 3.457F 494 6.882F 123
[ 10 (8.5) 13 (12.6) 20 (12.3) 3(5.3)
1 47 (40.2) 46 (44.7) 62 (38.0) 31 (54.4)
1] 46(39.3) 37(35.9) 62 (38.0) 21 (36.8)
Y 12 (10.3) 5(4.9) 15(9.2) 2(3.5)
Y 2(1.7) 2(1.9) 4(2.5) 0(.0)

Abbreviation: S-M Grading, Spetzler-Martin Grading.
Statistical value: 17 value; *){2 value; ST value.

Statistical test: '”Mann—Whitney test; “Chi—square test; #t-test.
*p<.05.
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FIGURE 2 Lesion locations were not associated with seizures.
(a) Lesion overlay map showing the percentage of patients among
the three groups that overlapped in a particular voxel. Lighter
colors indicate voxels where a larger proportion of patients had
bAVMs. (b) Voxel lesion-symptom mapping (VLSM) identified no
voxels significantly associated with seizures (FDR-adjusted p <.05).

(n =73) seizures, the VLSM analyses failed to identify any voxels sig-
nificantly associated with seizures in the patients with unruptured
bAVMs (Figure 2d).

3.3 | BAVM-causing seizures map to a common
brain network

Despite the heterogeneity in lesion location, over 50% of lesion
locations causing seizures exhibited positive connectivity with the
superior frontal gyrus, middle frontal gyrus, inferior parietal lobule,
inferior temporal gyrus, basal ganglia, etc., and negative functional
connectivity with the medioventral occipital cortex, postcentral
gyrus, lateral occipital cortex, precentral gyrus, and superior frontal
gyrus, etc. (Figure 3a). Based on the specificity analyses, the pat-
tern of lesion locations positively connected to the bilateral caudate
and negatively connected to the precuneus was specific to bAVMs
causing seizures compared to those without (Figure 3b). Finally, the
conjunction analyses identified that connectivity to the left caudate
and the precuneus was both sensitive and specific for bAVM-related
seizures (Figure 3c). By definition, positive connectivity with the left
caudate and negative connectivity with the precuneus defined the
brain regions of the seizure network that tended to be epileptogenic
(Figure 3d).

3.4 | Discrimination performance of the
seizure network

The threshold utilized to divide the patients with lesions located
in the seizure network into medium-risk and high-risk groups was
2779. In the discovery set, the percentages of patients with seizures
in the low-, medium-, and high-risk groups were 31.8% (7/22), 51.1%
(46/90), and 72.5% (37/51), respectively (Figure 4a). There was a sig-
nificant difference in the prevalence of seizures among these three
groups (;(2 = 11.680, p = .003). In the validation set, there were
10, 39, and 8 patients in the low-, medium-, and high-risk groups,
respectively (Figure 4b). Moreover, a significant difference in the

QSUAIT suowwo)) danear) djqesijdde oy) Aq pauroaos dre Sa[ONIER () $9SN JO SO[NI 10) AIeIqI duIUQ AJ[IA UO (SUOHIPUOI-PUB-SULIA)/ WO K9[1m’ A1eiqijoul[uo//:sdiy) SUONIPUOD) pue SWIS, 91 39S *[£707/1 1/L0] uo Areiqry auruQ L9[Ip ‘Auewon suerydo)) £q g1z 1ul/z001 01/10p/wod Kaim: Kreiqijaurjuo//:sdny woij papeojumod ‘g ‘€70T ‘LySHL601



ZHAO ET AL.

JOURNALOF ,

(a)

LNM analyses

5 L L S A

(b) 50% 100%
Specificity analyses
¥ Y Y J ¥ ¥
J' g e ) * ':,/ Ui II"I
P ) P f ) 7o 755 7N
A ix o S ) ——r
C— ]
-6 0 6
(c)
Conjunction analyses
Y I X ) ¥ ¥
e N N N N "
=) P ~f1 :‘:‘v r“'(, Tl
i et -l - o -

(d)

The common network for seizures

‘;ﬂ‘ &JW 'M\ 'R‘ o M

ey § ¥ N/

FIGURE 3 BAVMs causing seizures mapped to a common

brain network. (a) LNM analyses indicated that lesion locations
causing seizures were positively (red) correlated with the superior
frontal gyrus, middle frontal gyrus, inferior parietal lobule, inferior
temporal gyrus, basal ganglia, etc., and negatively (blue) correlated
with the medioventral occipital cortex, postcentral gyrus, lateral
occipital cortex, precentral gyrus, superior frontal gyrus, etc.
Lighter colors indicate voxels where a larger proportion of
individual lesion networks overlapped. (b) Positive connectivity to
the bilateral caudate and negative connectivity to the precuneus
were specific to patients with bAVM-related seizures compared to
patients without seizures. (c) The conjunction analyses indicated
that connectivity (positive in red and negative in blue) to the left
caudate and the precuneus was both sensitive and specific for
lesions causing seizures. (d) The overlap in brain regions negatively
connected to the precuneus and positively connected to the left
caudate defined the brain regions of the seizure network.

prevalence of seizures was identified among these three groups
(10.0% vs. 48.7% vs. 87.5%, y* = 10.783, p = .004). Overlap between
the regions of the seizure network and the lesions selected from the
validation set is shown in Figure 4c, and we found that lesions in the
patients with seizures were mostly located in the seizure network

we defined.

3.5 | Canonical resting-state networks impacted in
patients with unruptured bAVM-related seizures

The percentage of the voxels in each of the seven canonical resting-
state networks that overlapped with the seizure network identified
in patients with unruptured bAVMs is listed in Table 2. The canonical
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unruptured bAVM-related seizures, determined by the overlap per-
centage that was over the threshold of 50%, were the frontopari-
etal control network (FPN) (82.9%), limbic network (LN) (76.7%),
and default mode network (DMN) (69.3%). Moreover, leveraging the
permutation test implemented in the spin-test toolbox (Alexander-
Bloch et al., 2018), we also evaluated the significance of the overlap
for each canonical resting-state network. The result (Table 2) indi-
cated that the seizure network was significantly overlapped with the
frontoparietal control network (p <.001) and default mode network
(p = .008), and tended to be significantly overlapped with the limbic
network (p = .076).

4 | DISCUSSION

In this study, we demonstrated that unruptured bAVMs causing sei-
zures, despite being heterogeneous in their anatomical localization,
were located in brain regions of a functional network. Specifically,
these seizure-susceptible brain regions were functionally connected
to the precuneus and the left caudate. This finding has potential im-
plications for understanding the pathophysiology of bAVM-related
seizures and assisting clinicians with personalized therapeutic
decisions.

In the present study, we failed to find significant associations
between bAVM locations and seizures using VLSM. We attribute
this result to the heterogeneity in lesion location at the voxel level
(Snider et al., 2020). Among the patients with and without seizures,
the maximal proportion of lesions that overlapped on a single voxel
was only 7% and 11%, respectively. Different from VLSM, which
looks for associations with individual brain regions, LNM looks for
associations with a distributed brain network (Fox, 2018). Using
LNM, we identified that the unruptured bAVMs causing seizures
were located in a functional network, which is consistent with the
concept that seizures are network disorders involving widespread
structural alterations.

In the current study, we identified that bAVMs causing seizures
were connected to specific brain structures, including the left
caudate and the precuneus. Abnormalities in these brain regions
have been identified by other studies in connection to seizures.
Structural changes in the caudate nucleus, including the loss of
volume and increase in water diffusion, have been reported in sei-
zures, suggesting the critical role of this structure within a broader
epilepsy network (Luo et al., 2011; Riley et al., 2011). As a key hub
of the DMN, the precuneus showed decreased cerebral blood
flow in patients with seizures (Danielson et al., 2011; Nelissen
et al., 2006).

The brain regions that functionally connect to the left cau-
date and the precuneus define a distributed functional brain net-
work that encompasses lesions most likely to cause bAVM-related
seizures. The overlap between these regions and the canonical
resting-state networks revealed that the LN, the DMN, and the
FPN were impacted in patients with unruptured bAVM-related
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FIGURE 4 Validation of the seizure network. (a) In the discovery set, the percentages of patients with seizures in the low-, medium-, and
high-risk groups were 31.8% (7/22), 51.1% (46/90), and 72.5% (37/51), respectively. A significant difference was identified among the three
groups based on the Chi-square test (;(2 =11.680, p =.003). (b) In the validation set, the percentages of patients with seizures in the low-,
medium-, and high-risk groups were 10.0% (1/10), 48.7% (19/39), and 87.5% (7/8), respectively. A significant difference was validated among
the three groups (42 = 10.783, p = .004). (c) Overlap (yellow) between the regions in the seizure network (blue) and the lesions selected from
the validation set (red). The patients with and without seizures were sorted by lesion size. The four patients with the smallest lesions and the
four with the largest lesions among the patients with and without seizures were selected for illustrative purposes.

TABLE 2 Overlap percentage between the common network for
seizures and seven canonical resting-state networks

Overlap p
Network percentage (%) Value
Frontoparietal control 82.9 <.001*
Limbic 76.7 .076
Default model 69.3 .008*
Salience / ventral attention 42.8 462
Dorsal attention 38.4 .580
Visual 6.6 961
Somatomotor 1.7 1.000
*p<.05.

seizures, suggesting that the FPN, LN, and DMN might be epi-
leptogenic in patients with unruptured bAVMs. Previous stud-
ies have indicated the significance of LN, DMN, and FPN in

epileptogenesis. The areas within the LN play a key role in epi-
lepsy relying on their ability to produce and propagate synchro-
nized physiological activity (He et al., 2017; Jo et al., 2019; Jobst
& Cascino, 2017; Whelan et al., 2018). Additionally, the intercon-
nection of LN structures through thalamic nuclei (part of the LN)
has been a target for stimulation in the management of epilepsy
(Khambhati et al., 2015). The DMN, representing a baseline state
of the human brain that is associated with spontaneous activi-
ties such as mind wandering and consciousness maintenance, has
been extensively explored in different neuropsychiatric patients
(Brown et al., 2018; Mohan et al., 2016). Previous studies identi-
fied consistent cerebral blood flow changes in the structures of
the DMN during seizures (Blumenfeld et al., 2004, 2009). Serving
as a global functional hub, the FPN has broad connections with
various brain networks (Elias et al., 2020). Altered intranetwork
functional connectivity of the FPN has been demonstrated in pa-
tients with seizures (Wei et al., 2015).
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In this study, patients were divided into low-, medium-, and high-
risk groups based on the calculated network damage scores. The
prevalence of seizures was significantly different among the three
risk categories in both the discovery and validation sets, indicating
favorable predictive efficacy of the seizure network with regard to
bAVM-related seizures, which could be considered as a potential
neuroimaging biomarker for the prediction of bAVM-related sei-
zures. For patients with a low risk of seizures, conservative manage-
ment with routine and periodic follow-up is recommended. However,
intensive surveillance should be performed for those harboring
bAVMs with a high probability of causing seizures. Additionally, con-
sidering that seizures are often unpredictable (Thurman et al., 2011),
it is necessary for clinicians to remind patients with a high risk of
seizures to strike a balance between their own quality of life and per-
sonal and public safety, including restricting driving, participating in
sports with selection and direct supervision, and avoiding being sol-
itary (Capovilla et al., 2016; Chen et al., 2014; Howard et al., 2004;
Kang & Mintzer, 2016). This study is of great clinical significance
considering that the identified seizure-susceptible brain regions
within this seizure network might be a neuroimaging biomarker
for the prediction of bAVM-related seizures. Based on the seizure-
susceptible brain regions identified by LNM, a seizure risk evaluation
software could be developed and attached to the hospital system in
the future, with which clinicians can conveniently assess the risk of
seizures by tracing the bAVMs on patients' neuroimaging data.

There are several limitations in the current study. First, the di-
agnosis of bAVM-related seizures was based on clinical presenta-
tion because the electroencephalographic data were unavailable.
Second, its retrospective nature may make it difficult to avoid se-
lection bias, information bias, and confounding factors. Third, given
that the current study focused only on lesion location and connec-
tivity to explain bAVM-related seizures, the dynamic compensatory
mechanisms that unfold after a lesion occurs and the differences in
patient age and lesion size between patients with and without sei-
zures were not taken into consideration. Fourth, the separation be-
tween patients with and without seizures was based on whether the
patients had a history of seizures, which has been widely used in pre-
vious studies (Liu et al., 2018; Wang et al., 2015; Zhang et al., 2019).
Although some patients without seizures might suffer from seizures
over time, we thought that the majority of those patients could be
identified by the corresponding changes in neuroradiological data
(i.e., enlargement or hemorrhage of lesions). Fifth, in our present
study, the age ranges of patients were not limited. There may be dif-
ferences in the brain regions between children and adults. Although
the MNI template was applied to mitigate the impact of the differ-
ence in patient brain regions, future studies in patient groups of
specific age range are warranted. Sixth, we divided patients into
discovery and validation sets based on the available MRI data rather
than randomly, which may influence the evaluation of the identified
seizure network. Finally, the study only identified the brain regions
associated with seizures in patients with unruptured bAVMs, and
further work is needed to determine the difference among different
seizure subtypes.
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5 | CONCLUSION

Despite the absence of significant anatomical overlap among lesions
causing seizures, unruptured bAVMs causing seizures were located
within a functional network characterized by positive connectiv-
ity to the left caudate and negative connectivity to the precuneus,
which may be a potential neuroimaging biomarker for the prediction

of possible seizures in patients with unruptured bAVMs.
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