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Abstract

Purpose Despite evidence for macrostructural alteration in epilepsy patients later in life, little is known about the underlying
pathological or compensatory mechanisms at younger ages causing these alterations. The aim of this work was to investigate the
impact of pediatric epilepsy on the central nervous system, including gray matter volume, cerebral blood flow, and water
diffusion, compared with neurologically normal children.

Methods Inter-ictal magnetic resonance imaging data was obtained from 30 children with epilepsy ages 1-16 (73% F, 27% M).
An atlas-based approach was used to determine values for volume, cerebral blood flow, and apparent diffusion coefficient in the
cerebral cortex, hippocampus, thalamus, caudate, putamen, globus pallidus, amygdala, and nucleus accumbens. These values
were then compared with previously published values from 100 neurologically normal children using a MANCOVA analysis.
Results Most brain volumes of children with epilepsy followed a pattern similar to typically developing children, except for
significantly larger putamen and amygdala. Cerebral blood flow was also comparable between the groups, except for the
putamen, which demonstrated decreased blood flow in children with epilepsy. Diffusion (apparent diffusion coefficient) showed
a trend towards higher values in children with epilepsy, with significantly elevated diffusion within the thalamus in children with
epilepsy compared with neurologically normal children.

Conclusion Children with epilepsy show statistically significant differences in volume, diffusion, and cerebral blood flow within
their thalamus, putamen, and amygdala, suggesting that epilepsy is associated with structural changes of the central nervous
system influencing brain development and potentially leading to poorer neurocognitive outcomes.
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Introduction

Epilepsy is a chronic neurological disorder that affects ap-
proximately 1% of all children [1, 2]. The type and frequency
of seizures can range from mild to severe, with heterogeneous
impacts on a child’s life [1, 3]. Specifically, epilepsy can have
considerable impact on children across multiple domains, in-
cluding academic and social challenges [4—6]. Individuals
with childhood onset epilepsy have been observed to have
poorer functional outcomes as adults, including deficits in
learning and mental health, when compared with individuals
without epilepsy [7]. These findings also include children
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with uncomplicated epilepsy whose seizures are well con-
trolled on anti-epileptic medication [7].

Childhood is an essential period of significant brain
development, in particular the first year of life, during
which significant motor and cognitive milestones are
achieved and brain volume doubles [8]. As brain devel-
opment continues, initially synaptic connections are
formed at a rapid rate, reflected by an increase in gray
matter volume [9] followed by a subsequent increase in
white matter volume [10], which continues to increase
until approximately age 10. Eventually, unused connec-
tions are pruned, with gray matter volumes remaining sta-
ble or decreasing from age 10 onwards [11]. Despite the
prevalence and impact of epilepsy on pediatric patients,
little is known about the effects of epilepsy on the devel-
oping brain. However, it is understood from animal
models of epilepsy that seizure activity in the developing
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brain has negative consequences for neural connectivity
[12]. Additionally, epilepsy has been shown to affect
neurocognitive development, impacting cognitive perfor-
mance in children [13].

Neuroimaging of children with epilepsy has previously
revealed decreased gray and white matter volumes com-
pared with controls, the degree of which has been corre-
lated with cognitive outcomes [13, 14]. Reduced cortical
thickness has also been observed in epilepsy syndromes
considered to be relatively benign, such as rolandic epi-
lepsy, although the clinical significance is poorly under-
stood [15]. There are also age-specific differences in sei-
zure probability and seizure type based on the stage of
brain development, which may influence the long-term
consequences of seizures on neuronal structures and be-
havior in the developing brain [16]. In adults with genetic
generalized epilepsies, volume reductions have been not-
ed in the thalamus, putamen, caudate, pallidum, and sup-
plementary motor areas, as well as diffusely across the
whole brain [17]. Furthermore, epilepsy has been shown
to affect subcortical brain volumes in adults, specifically
in the thalamus and hippocampus, as well as reducing
cortical gray matter thickness [18]. Interestingly, these
changes were observed across multiple types of epilepsy,
suggesting that epilepsy may have a “neuroanatomical
signature” [18].

Despite the overwhelming evidence for macrostructur-
al alteration in epilepsy patients later in life, evidenced
by reduced regional volumes, little is known about the
underlying pathological or compensatory mechanisms at
younger ages causing these alterations. Previous research
investigating microstructural properties in the brain of
children with epilepsy is sparse with some evidence for
diffusion abnormalities in the hippocampus and thalamus
in children with temporal lobe epilepsy [19] as well as
diffusion changes in the frontal lobe and putamen in chil-
dren with juvenile myoclonic epilepsy [20]. Likewise,
previous research has not investigated inter-ictal cerebral
perfusion in children with epilepsy in detail so far, de-
spite some evidence for altered macrovascular blood flow
[21].

Microstructural and cerebral perfusion changes are typ-
ically considered to precede macrostructural effects [22,
23] and might, therefore, shed light on the effects of pe-
diatric epilepsy on neurodevelopment manifesting as mac-
rostructural changes later in life. Thus, the aim of this
study was to investigate the presence of macro- and mi-
crostructural alterations as well as cerebral perfusion
changes in the brain of children with epilepsy compared
with neurologically normal children. Additionally, we
sought to examine similar changes between localization-
related epilepsy and generalized epilepsy in subgroup
analyses.
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Material and methods
Patient identification

Patients treated for epilepsy at the Lucile Packard
Children’s Hospital (Stanford, CA) from May 2006 to
October 2017 were retrospectively reviewed after ap-
proval by the institutional review board (IRB protocol
28,674). All study protocols and procedures were con-
ducted in compliance with the Declaration of Helsinki.
As this was a retrospective review, the IRB waived the
requirement of informed consent.

Patients were retrospectively identified using ICD-9 and
ICD-10 codes containing the terms “epilepsy” or “seizure.”
Once identified, all patients had to meet the most recent
International League Against Epilepsy (ILAE) criteria for a
diagnosis of epilepsy [24]. For ease of evaluation, all patients
were classified according to “basic” ILAE criteria as having
focal onset epilepsy (with or without alterations in awareness),
generalized epilepsy, motor onset epilepsy, or unknown
epilepsy.

Following the classification of the epilepsy type, ad-
ditional inclusion criteria were applied and included:
acquisition of arterial spin labeling (ASL) perfusion
magnetic resonance imaging (MRI) and diffusion-
weighted MRI (DWI) at 3T (standard protocol), and
age less than 18 years at the time of neuroimaging.
Patients could be on anticonvulsant therapy at the time
of imaging although were not required to be. Exclusion
criteria included inadequate data or image registration
quality, history of prematurity (defined as gestational
age <36 weeks at birth), evidence for underlying cardi-
ac or pulmonary disease, hemorrhage, vascular lesions
(aneurysms, AVMs, fistulas, or steno occlusive disease),
or prior strokes given their potential impact on cerebral
blood flow (CBF) and diffusion. Patients with known
cortical malformations or cerebral dysgenesis were ex-
cluded from this study and the MRI was read as nega-
tive in all cases in the patient group, including any
hippocampal signal abnormality or morphologic changes
that would indicate the presence of hippocampal
sclerosis.

The control group consisted of children without known
neurological, neurocognitive, developmental, or behavior-
al deficits, and had normal-appearing brain on MRIL
Children that are part of the control group underwent MR
imaging as a standard of care for several reasons, such as
syncope, nausea, family history of aneurysm or cancers,
scalp nevus, isolated facial lesions, orbital strabismus,
cholesteatoma of the ear, isolated headaches, sinus disease
or inflammatory nasal obstruction, and familial short stat-
ure. This control group population has been previously
described in more detail [11].
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EEG

Once the patient cohort was identified, EEG findings
containing any of the following phrases were collected
for review: diffuse slowing, focal slowing, focal ampli-
tude decrease, epileptiform activity, electrographic sei-
zure, frequent seizure, periodic epileptiform discharge,
pseudo-periodic epileptiform discharge, stimulus-induced
rhythmic periodic ictal or interictal discharge, rhythmic
delta, evolving rhythmic discharge, or breach rhythm. All
EEGs were reviewed by board-certified pediatric neurol-
ogists with fellowship level experience in epilepsy or
neurophysiology and certified by the American Board
of Clinical Neurophysiology.

MR imaging

MR imaging was performed in all cases using a 3T Discovery
750 scanner (GE Healthcare, Milwaukee, Wisconsin) in all
subjects, including the inter-ictal epilepsy and control groups,
with an eight-channel head coil. Among others, an ASL MRI
and DWI dataset was acquired in all subjects using identical
scanning parameters.

Whole-brain ASL datasets were acquired in all cases using
the method described by Dai et al. [25] applying a pseudo-
continuous labeling period of 1525 ms, 1500 ms post-label
delay, 4632 ms repetition time (TR), 10.5 ms echo time
(TE), and 111° flip angle with an in-plane resolution of
3.0 3.0 mm? and slice thickness of 4.0 mm. Quantitative
CBF datasets were generated based on the acquired ASL
datasets using the microsphere methodology described by
Buxton et al. [26].

DWI datasets were acquired using TR =1500 ms, TE =
37 ms, flip angle 90°, FOV =24 x 24 c¢m, with an in-plane
resolution of 0.94 x 0.94 mm? and slice thickness of
4.0 mm. Two diffusion weightings of »=0 s/mm* and b=
1000 s/mm? were acquired, with diffusion gradients applied in
three directions averaged for the latter. The imaging parame-
ters are described in more detail in Li et al. [27].

Image processing

Extraction of quantitative volumetric, diffusion, and per-
fusion measurements was performed using an in-house
developed pipeline previously described in Forkert
et al. [11]. Briefly described, rigid registration was per-
formed to align the ASL cerebral blood flow and b=
1000 s/mm? DWI datasets with the corresponding T2-
weighted DWI dataset (h=0 s/mm?”). The registered
DWI datasets (to correct for potential patient motion)
were then used to calculate each individual apparent dif-
fusion coefficient (ADC) map making use of the
Stejskal-Tanner equation [28]. In the next step, non-

linear registration was used to align the MNI brain atlas
[29] with each T2-weighted DWI dataset, which was
then used to transform the Harvard-Oxford subcortical
atlas brain regions to the patient space according to the
non-linear transformation. Two experienced observers
(SM, NF) visually checked all registration results to en-
sure suitable data and registration quality. The registered
atlas brain regions were used for volumetric analysis as
well as extraction of median ADC and CBF values for
each subject within the whole cerebral cortex (gray mat-
ter), cerebral hippocampus, thalamus, caudate, putamen,
globus pallidus, amygdala, and nucleus accumbens.

Statistical analysis

Quantile local piecewise regression analysis (LOESS) de-
scribed by Sakov et al [30] was used to generate plots
with the age-related Sth, 10th, 25th, 50th, 75th, 90th, and
95th quantile curves extracted from the neurologically
normal control group individually for each brain struc-
ture and for the three parameters (volume, median ADC,
and median CBF) along with the corresponding data
points extracted from the children with epilepsy. The
plots were generated using the R statistical software
package of The R Foundation of Statistical Computing
(www.r-project.org, version 3.2.2).

Additionally, multivariate analysis of covariance
(MANCOVA) was used for group comparison of the neu-
rologically normal children and pediatric epilepsy patients
using the volumetric, median ADC, and median CBF
values as dependent variables, age and sex as covariates,
and the class (control vs. epilepsy) as the fixed factor.
Pairwise comparisons of the dependent variables with
Bonferroni correction (n=24 - volume, ADC, and CBF
for the eight structures: cerebral cortex, cerebral hippocam-
pus, thalamus, caudate, putamen, globus pallidus, amygda-
la, and nucleus accumbens) were performed post hoc to
identify significant parameters.

The same MANCOVA setup was used to compare
children with localized and generalized epilepsy as well
as for a comparison of children with focal EEG signal
vs. other epilepsy forms (negative EEG, generalized ep-
ilepsy, and multi-focal EEG signs). Pairwise comparisons
of the dependent variables with Bonferroni correction
(n =24 variables) were also applied in these cases. No
correction for multiple testing across the three models
(n=3) was applied because the second and third
MANCOVA analyses were conducted only as an explor-
atory analysis given the smaller sample sizes. IBM SPSS
Statistics (Version 22.0, IBM, Armonk, NY) was used
for MANCOVA statistical analyses. A p value <0.05
was considered significant.
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Results Table 1 Demographic, epilepsy, and neurophysiology data
. Demographics (n =30)
Cohort demographics Male 8 (27%)
Thirty-seven datasets of pediatric patients with epilepsy ij:;lzge at diagnosis ;27(12;72
matching the inclusion criteria were retrospectively identified. Seizure semiolo
. . gy
Seven patient datasets had to be excluded due to inadequate Generalized 8 (27%)
data or image registration quality. Thus, a total of 30 children Focal 12 (40%)
with epilepsy (mean age 7.7 years, range 1 to 16 years) and Focal with secondary generalization 10 (33%)
100 neurologically normal children without epilepsy (mean Multiple 1 3%)
age 8.2 years, range 0 to 17 years) were included in this study. Enil lassificati dsvnd
In the epilepsy group, 73% (n=22/30) were female and 27% PHepsy C s C,a 10 AE syRetomes
(n=8/30) were male, and in the control group, 61% (n=61/ SZ::;ZEZ?] izz:;y 282((2773(2)
100) were female and 39% (n=39/100) were male. Of the ;
children with epilepsy, 27% (n =8/30) were diagnosed with PanayIOtOpOUIOS. syndrome ) 1G%)
generalized epilepsy and 73% (n=22/30) were diagnosed Aut(.)somal dofmna_m frontal lobe epilepsy 13%)
with focal epilepsy based on EEG findings and clinical histo- Benign rolandic epilepsy 1 3%)
ry. No patients with motor or unknown types of epilepsy met Generalized febrile epilepsy with febrile seizures plus 1 3%)
inclusion criteria in this study. All patients in the epilepsy Landau-Kleffner syndrome 1 3%
group were on treatment at the time of imaging, and all pa-  Seizure frequency (at the time of imaging)
tients have been seizure free for >3 months at the time of <2 seizures per month 6 (20%)
imaging although many went on later to experience additional 2-4 seizures per month 14 (47%)
seizures. Further data on inter-ictal EEG, seizure semiology, 4-15 seizures per month 7(23%)
and neurologic status is compiled in Table 1. > 15 seizures per month 3 (10%)
Anti-epileptic regimens
Neuroimaging differences in children with epilepsy Levetiracetam > (17%)
VS. neurologica“y normal children Oxcarbazepine/carbamazepine 16 (53%)
Valproic acid 2 (7%)
Figure 1 shows the normal distribution plots for three selected Two medications 5(17%)
brain structures and all three parameters (volume, diffusion, Three or more medications 2 (7%)
perfusion) generated based on the data from the control group ~ Neurologic examination
as well as the corresponding data points extracted from the Normal 25 (84%)
children with epilepsy. A more detailed figure showing the Unilateral hemiparesis 2 (7%)
graphs for all parameters and brain regions can be found in Hypertonia (diffuse) 1 (3%)
the Electronic Supplementary Material. Hypotonia (diffuse) 1 3%)
Overall, the graphs suggest that children with epilepsy have Tremor (unilateral) 1 3%)
similar brain volumes compared with neurologically normal  Electroencephalogram findings
children. Likewise, the perfusion measurements are similar to Normal 7 (23%)
those found in the control group. However, the plots indicate Diffuse (generalized) slowing 6 (20%)
slightly reduced cerebral blood flow values in the putamen in Focal slowing 9 (30%)
children with epilepsy compared with the control children. In Diffuse (generalized) spikes/sharps 5 (17%)
contrast to these findings, median ADC values seem to be Focal spikes/sharps 17 (57%)

generally elevated in children with epilepsy in all brain struc-
tures analyzed, with the most pronounced differences in the
thalamus.

The results of the statistical analysis of the quantitative
parameters generally support the qualitative findings based
on the plots. More precisely, the MANCOVA analysis using
the volume and median ADC and CBF values in the different
brain structures analyzed as dependent variables, age and sex
as covariates, and the class as a fixed factor revealed a statis-
tically significant difference between children with epilepsy
and neurologically normal children (p =0.001). Pairwise
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comparisons revealed Bonferroni-corrected significant differ-
ences between the groups for the putamen volume (p = 0.037),
the amygdala volume (p =0.045), the median ADC in the
thalamus (p <0.001), and CBF in the putamen (p =0.027).
More precisely, children with epilepsy showed increased
sex- and age-adjusted (96.5 months) volumes of the putamen
(4.69+0.08 ml vs. 4.48+£0.05 ml) and amygdala (1.6 +
0.03 ml vs. 1.53 +£0.02 ml) compared with the neurologically
normal children. The age-adjusted (96.5 months) mean ADC
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Fig. 1 Visualization of the plots generated using local piecewise regression analysis for normal control children (black circles) with corresponding 5, 10,
25, 50, 75, 90, and 95% centile curves, and patients with epilepsy (black squares) for three selected brain regions

value in the thalamus with 830.0 x 10~ mm?%/s (standard error
+3.9 x 10"® mm?/s) in children with epilepsy was significant-
ly higher compared with 812.7 x 10°® mm?/s (£2.2 x
107 mm?/s) in the control cohort. With respect to the CBF
in the putamen, children with epilepsy were found to have a
significantly decreased blood flow compared with the control
group (50.0+ 1.7 vs. 54.3+£0.9 mL/100 g/min). None of the
other parameters investigated in this study was found to differ
significantly between the groups in pairwise comparisons
(p>0.05).

Subgroup analysis: localization-related vs.
generalized epilepsy

The MANCOVA analysis using the volume and median ADC
and CBF values of the different brain structures analyzed as
dependent variables, age and sex as covariates, and the epi-
lepsy type as a fixed factor revealed no statistically significant
difference between children with generalized and localized
epilepsy (p = 0.162). Despite the small sample size of children
with generalized epilepsy (n = 8), pairwise comparisons were
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performed, even though multivariate statistics did not reveal a
significant difference, in order to generate hypotheses for fu-
ture studies. This pairwise analysis revealed significantly de-
creased ADC values in the hippocampus (generalized: 915.4
+£12.6 x 10 mm?/s; localized: 956.2+7.6 x 10°® mm?/s;
p=0.012) in children with generalized epilepsy compared
with children with localized epilepsy. No significant differ-
ences were found for any other parameter tested.

The MANCOVA analysis using the volume and median
ADC and CBF values of the different brain structures ana-
lyzed as dependent variables, age and sex as covariates, and
the seizure type as a fixed factor also revealed no statistically
significant difference (p =0.053) between pediatric epilepsy
patients with focal EEG signal (n=17) and other epilepsy
forms (negative EEG, generalized epilepsy, and multi-focal
EEG signs; n=13). None of the parameters investigated
reached statistical significance in subsequent pairwise statisti-
cal analysis comparing the two groups.

Discussion

The results of this study suggest that children with epilepsy
exhibit inter-ictal macro- and microstructural and cerebral per-
fusion changes in the thalamus, putamen, and amygdala when
compared with children without epilepsy.

The most striking and highly significant finding in this
study is the elevated ADC values in the thalamus, which in-
dicates dramatic microstructural changes in this critical area of
the brain [31-35]. The thalamus is a central communication
hub for normal and abnormal electrical impulses within the
brain and is essential in cortical functioning and network relay,
and as such, is critical for seizure control [36, 37]. This brain
region has been described to be dysfunctional in generalized
epilepsy syndromes where generalized spike wave discharges
are started in synchrony and is commonly implicated as a
pathologic region in childhood absence epilepsies [38—40].
However, studies focusing on focal seizures and other types
of genetic epilepsies have also found that the thalamus is a key
player spreading seizure activity, leading to the secondary
generalization of seizures as well as alterations in conscious-
ness during seizure events [41, 42]. The multiple roles of the
thalamus in cortical networks and its interface with most areas
of the central nervous system might make it especially vulner-
able to microstructural changes from excessive activation/ex-
citability. Early and chronic injury to this region is hypothe-
sized to be the initial step in macrostructural changes later in
life, as previously described in volumetric studies in adult
epilepsy patients [18]. However, it should be noted that altered
imaging parameters found could also reflect compensatory
effects or an epiphenomenon rather than pathologic findings.
The significantly decreased ADC values in the hippocampus
in children with generalized epilepsy compared with children
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with localized epilepsy are also an interesting finding. The
hippocampus is known to be an epileptogenic focus, which
can become sclerotic with chronic and refractory epilepsy,
which further potentiates seizures from this region [18].
Furthermore, this may be interrelated to the patient’s long-
term neurocognitive issues later in life [43].

Furthermore, the putamen was not only found to be larger
in children with epilepsy compared with controls but also
associated with a significantly reduced perfusion. The clinical
significance of this finding is unclear although it could suggest
carly-stage macro- and microstructural changes to this area,
which has been noted by others, specifically in juvenile myo-
clonic epilepsy [20]. Similar to the thalamus, the putamen is a
highly interconnected structure involved in the regulation and
execution of movement and cognition [44]. This suggests that
the putamen may be particularly vulnerable in pediatric pa-
tients with epilepsy, and therefore is one of the first brain areas
affected by childhood seizures. This is supported by previous-
ly described evidence suggesting that the degree of damage in
the putamen is correlated with earlier age of onset and longer
duration of epilepsy in pediatric patients [20]. The enlarged
putamen volume is in agreement with previous research in
pediatric patients with new-onset benign epilepsy with
centrotemporal spikes [45], which suggested that this hyper-
trophy might be a result of an adaptive response whereas the
exact causality was not discussed. Based on the results of this
work, it might be argued that the putamen enlargement and
hypoperfusion are associated. However, further research is
needed to investigate this relation in more detail.

Interestingly, CBF and diffusion were not significantly dif-
ferent between children with epilepsy and neurologically nor-
mal children in other areas of the brain. Together, these data
suggest that the thalamus, putamen, and to some extent the
hippocampus are particularly affected by seizure activity in
the developing brain, potentially due to their diffuse intercon-
nectivity. Within this context, it is also interesting to highlight
that these three brain regions together with the precuneus,
superior frontal, and superior parietal cortex, which were not
analyzed in detail in this work, form the so-called rich club
[46]. These brain regions are highly connected and central
neocortical hub regions that integrate information from other
regions of the brain network and might, therefore, be especial-
ly relevant for spreading seizure activity in patients with
epilepsy.

Apart from these three “rich club” brain regions, the only
other brain region analyzed in this work with a significant
difference between children with epilepsy and neurologically
normal children was the amygdala, for which a significant
enlargement was found in children with epilepsy. The amyg-
dala is a central brain structure related to the experience and
perception of fear. Previous electrophysiological studies sug-
gest that the amygdala is also an important seizure source in
patients with temporal lobe epilepsy, which might be related to
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the larger amygdala volumes found [47]. Overall, the finding
of increased amygdala volumes is well in line with previous
research in adult patients with epilepsy [47, 48].

In contrast to other volumetric studies in adult and pediatric
patients with epilepsy, no regional volumetric differences
apart from the amygdala and putamen compared with healthy
children were found in this study. One potential explanation
for this conflicting result is that the pediatric epilepsy cohort
studied in this work is younger (average age of 7.7 years)
compared with the pediatric patient cohorts used in previous
studies (e.g., 10.5 in Lee et al.) [13]. This difference is espe-
cially important as the age-related normal data (see Fig. 1)
suggest that the brain regions investigated increase in volume
until the age of 10. Within this context, the finding of gener-
ally increased ADC values in children with epilepsy compared
with neurologically normal subjects throughout all brain re-
gions analyzed suggest increased microstructural impairment.
Although only hypothetical, children with epilepsy may be
accruing microstructural insults over time, which in turn
may contribute to the poorer long-term outcomes observed
within this population. Thus, it would be of interest to study
diffusion changes longitudinally in adults with epilepsy, to
investigate if diffusion changes progress with duration of ep-
ilepsy as pediatric patients’ age.

When comparing focal and generalized seizures, none of
the parameters investigated showed significant differences,
including CBF and diffusion. However, there was a trend
towards increased diffusion in focal epilepsy, specifically with
an increased ADC in the hippocampus, and a tendency to-
wards increased brain volumes and increased CBF measure-
ments in generalized epilepsy compared with children with
focal epilepsy. Nevertheless, the sample size for this group
comparison was small, preventing any specific conclusions.

There are several limitations to this study. The retrospec-
tive nature and relatively small sample size are notable lim-
itations, especially given the heterogeneity of the patient
population. As a result of this, there are also only a small
number of children with each subtype of epilepsy (focal
and generalized) so that the results of these subgroup com-
parisons should be considered purely exploratory. For this
reason, subgroup analysis of focal epilepsy with and without
alterations in awareness was not feasible. Additionally, no
patients with focal motor seizures or unknown types of epi-
lepsy met our strict inclusion criteria. The retrospective na-
ture of this study might also bias the imaging findings to-
wards patients with more complex genetic epilepsy, for ex-
ample, because patients selected for MRI might be less likely
to show well-characterized electro-clinical syndromes but
also less likely to exhibit good seizure control with drug
treatment. Patients with seizures related to lesions or other
severe pathologies such as arteriovenous malformations
were excluded because it would not be possible to differen-
tiate brain alterations related to the primary diseases or

associated seizures. It should also be noted that any epilepsy
patient group is rather heterogeneous with respect to disease
duration, onset age, medication response, epilepsy subtype,
etc. Seizure burden in this cohort was assessed subjectively
and retrospectively making exact quantifications difficult.
Furthermore, seizure burden can fluctuate on a frequent ba-
sis, making it less relevant at the time of imaging. The pa-
tients included in this study were treated with a variety of
anticonvulsant medications. Previous studies suggest that
at least some anti-epileptic drugs, such as valproate and
lamotrigine, lead to a cerebral blood flow reduction [49, 50]
while experiments using animal models have shown that an-
ticonvulsant medications can trigger neuronal apoptosis
[51]. Thus, it is possible that the regional brain alterations
found are also influenced by treatment with anticonvulsant
medication, but it remains speculative if and how the results
of the limited previous studies in adults are translatable to
children. All children were imaged with a standardized im-
aging protocol so that intravenous propofol sedation, with or
without mask induction using a halogenated anesthetic, was
generally used forall children aged 3 months to approximate-
ly 6 years. A previous statistical analysis of the children with
and without sedation in the overlapping age range of 6 to
9 years in this control group showed no significant differ-
ences [11]. Nevertheless, it is possible that anesthesia used
during imaging can affect the imaging parameters in children
with epilepsy, especially the cerebral blood flow measure-
ment. Given the sample size in this study, it is not possible to
correct for all potential covariates. However, the most impor-
tant findings and trends found in this pediatric epilepsy study
are well in line with adult epilepsy patient studies. Another
limitation of our study is that there are more girls than boys
represented in our experimental sample. The reason for this is
notknown, but may berelated in part to exclusion of children
with autism in our study, as autism has a higher prevalence in
boys. For this reason, we included sex as a covariate in the
statistical analyses and all reported group-wise average re-
sults were corrected for age and sex.

Finally, it should be highlighted the T2-weighted DWI
datasets (b =0 s/mm?) were used as the basis for the atlas-
based analysis. These datasets exhibit a lower spatial resolu-
tion compared with typical high-resolution T1-weighted
datasets. This was necessary as high-resolution T1-weighted
datasets were not available in all cases. A rigorous quality
assessment by two independent observers was performed to
ensure optimal registration results. More precisely, every seg-
mented brain region, with a special focus on deep gray matter
structures and areas in the frontal cortex, was visually
inspected and patients with insufficient results of the atlas-
based analysis were excluded from the analysis. As a result
of this, no patients younger than 1 year were included in the
final study cohort as the atlas-based analysis is more error-
prone in very young patients.
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Finally, it should be highlighted that due to the single time
point MRI analysis used in this cross-sectional study, the ob-
served differences may be pathologic, compensatory, or an
epiphenomenon, which will require further prospective stud-
ies to investigate in more detail.

Conclusions

Children with epilepsy demonstrate microstructural alter-
ations within their central nervous system, specifically in
highly interconnected regions of the brain such as the thala-
mus and putamen. These brain areas may be particularly af-
fected by seizure activity and are likely most susceptible as an
effect of their connectivity to multiple other brain regions. As
childhood is a significant time for brain development and
maturation, microstructural alterations to these areas may con-
tribute to the developmental challenges experienced by chil-
dren with epilepsy and play a role in poorer neuro-psycho-
social outcomes in adulthood.
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