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Objective: Since the introduction of diffusion tensor imaging, white matter abnormalities in epilepsy have been
studied extensively. However, the affected areas reported, the extent of abnormalities and the association with
relevant clinical parameters are highly variable. We aimed to obtain a more consistent estimate of white matter
abnormalities and their association with clinical parameters in different epilepsy types.

Methods: We systematically searched for differences in white matter fractional anisotropy and mean diffusivity,
at regional and voxel level, between people with epilepsy and healthy controls. Meta-analyses were used to
quantify the directionality and extent of these differences. Correlations between white matter differences and
age of epilepsy onset, duration of epilepsy and sex were assessed with meta-regressions.

Results: Forty-two studies, with 1027 people with epilepsy and 1122 controls, were included with regional data.
Sixteen voxel-based studies were also included. People with temporal or frontal lobe epilepsy had significantly
decreased fractional anisotropy (A-0.021, 95% confidence interval -0.026 to -0.016) and increased mean diffu-
sivity (A0.026 x 10> mm?/s, 0.012 to 0.039) in the commissural, association and projection white matter fibers.
White matter was much less affected in generalized epilepsy. White matter changes in people with focal epilepsy
correlated with age at onset, epilepsy duration and sex.

Significance: This study provides a better estimation of white matter changes in different epilepsies. Effects are
particularly found in people with focal epilepsy. Correlations with the duration of focal epilepsy support the hy-
pothesis that these changes are, at least partly, a consequence of seizures and may warrant early surgery. Future
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studies need to guarantee adequate group sizes, as white matter differences in epilepsy are small.
© 2016 The Authors. Published by Elsevier Inc. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Epilepsy has long been considered a grey-matter only disease. With
the introduction of diffusion tensor imaging, allowing the non-invasive
quantification of white matter integrity throughout the brain, region-
specific as well as global white matter integrity changes were also
found in people with epilepsy (Arfanakis et al., 2002; Concha et al.,
2005; Concha et al., 2007; Gross et al., 2006). Decreased fractional an-
isotropy (FA) and increased mean diffusivity (MD) was shown for a
wide variety of white matter fiber bundles in focal epilepsy (Concha
et al,, 2005; Meng et al., 2010a) but also in generalized epilepsy syn-
dromes, particularly juvenile myoclonic epilepsy (Deppe et al., 2008;
Keller et al,, 2011; Liu et al,, 2011).

Fractional anisotropy quantifies the preferred direction, and MD
the average extent, of water diffusion in white matter. Both measures
are proxies for underlying tissue integrity. The pathophysiologic
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mechanism of FA and MD changes in epilepsy remains unknown, but
changes could be explained by i) the initial epileptogenic lesion that un-
derlies and precedes the seizure onset, ii) the direct effect of axonal
damage in ipsilateral white matter, iii) repetitive seizure spread and dis-
tal effects of frequent interictal spikes propagating through white mat-
ter parts of the epileptic network (Otte et al., 2012b), and iv) altered
brain development and plasticity-related reorganization of local and
global white matter structures. Despite these mechanistic uncertainties
itis clinically relevant to know where, and to what extent, white matter
is damaged in the brain across different epilepsy types. That information
would increase our understanding of the potential detrimental effects of
recurrent seizures and may serve as a quantitative biomarker in future
treatment studies. Currently, no conclusive overview of data is available
from individual studies that reliably quantifies the spatial characteristics
and severity of white matter change.

Combining all diffusion data from single studies and correcting for
between-study heterogeneity may enhance statistical power, reduce
variability and allow more robust correlations with relevant clinical out-
come parameters. In this systematic review with random and mixed-
effects meta-analysis we combined evidence from all available individ-
ual studies with regional and voxel-based data and addressed the
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following questions: i) Is epilepsy associated with brain-wide white
matter diffusivity change?, i) Is this effect stronger in focal epilepsy in
comparison to generalized epilepsy?, iii) Which white matter regions
are affected in focal and generalized epilepsy and how do these regions
correspond with regions found to be affected in voxel-based analyses?,
iv) Is white matter diffusivity in focal epilepsy affected differently in the
hemisphere ipsilateral to the epileptogenic zone in comparison to the
contralateral hemisphere?, v) Are age at epilepsy onset, duration of ep-
ilepsy and sex related to the extent of white matter diffusivity changes?,
and vi) How are individual studies statistically powered given the ag-
gregated meta-analysis effect-sizes and an interest in global white mat-
ter differences?

We systematically reviewed existing literature on white matter FA
and MD changes at a regional and voxel level in people with temporal
lobe epilepsy (TLE), frontal lobe epilepsy (FLE), benign epilepsy with
centro-temporal spikes (BECTS), and idiopathic-generalized epilepsy,
in comparison to healthy controls. Sex, age at onset and duration of ep-
ilepsy were related to the extent of epilepsy-associated white matter
changes, globally and region-specific. We expected i) changes in FA
and MD to be more pronounced in focal epilepsy compared to general-
ized types of epilepsy, ii) focal and generalized epilepsies to show differ-
ent patterns of affected white matter fibers, iii) the severity of changes
to be associated with the distance to the epileptogenic zone (i.e. ipsilat-
eral white matter affected more than contralateral white matter), and
iv) the extent of white matter changes to be related to the disease dura-
tion and age of onset, but not to sex.

2. Methods
2.1. Information source and search

Studies were identified by searching the database PubMed (NCBI)
with the following query: epilepsy AND (dwi OR dti OR dki OR “diffu-
sion weighted imaging” OR “diffusion tensor imaging” OR “diffusion
kurtosis imaging” OR “diffusion mri” OR “diffusion magnetic resonance
imaging”) AND (“white matter lesions” OR “white matter abnormali-
ties” OR “white matter anomalies” OR microstructural). Diffusion kurto-
sis imaging was added to the query as this technique extends tensor
imaging but may provide similar FA and MD information. The search
date was February 11th, 2016. Additional studies were identified by
screening reference lists of downloaded full text articles.

2.2. Inclusion criteria

We included studies that reported regional or voxel-based data. Re-
gional data - obtained from reported manual or automatic area delinea-
tions - were used for quantitative meta-analysis. Complementary
spatial characteristics on white matter changes were extracted from
voxel-based studies. Voxel-based studies are available in two flavors
and may either compare all FA values from the central areas within all
white matter bundles, called tract-based spatial statistics (Smith et al.,
2006), or spatially normalize all FA voxels to an atlas, called voxel-
based morphometry (Ashburner and Friston, 2000).

Studies meeting the following criteria were included:

- Study design: cross-sectional or longitudinal design, including a con-
trol group, investigating the relation between any form of epilepsy
and white matter properties by performing diffusion tensor imaging
or diffusion kurtosis imaging (with acquisition always prior to possi-
ble epilepsy surgery).

- Analysis method: white matter region-of-interest analysis, summary
data on specific tracts, or voxel-based analysis (included for qualita-
tive description).

- Subjects: participants of any age and with any form of epilepsy.

- Outcome measures: mean or median FA and MD or apparent diffu-
sion coefficient with uncertainty (only for articles included for our

meta-analysis) reported as standard deviation, interquartile range,
standard error of the mean, standard error or 95% confidence inter-
val (CI). If published studies provided outcome measures as charts,
data were manually read and extracted from these charts. Trace ap-
parent diffusion coefficient values were converted to MD values.

2.3. Study selection and data collection

One reviewer (GS) performed the literature search. All titles and ab-
stracts, as well as the full-text versions of potentially relevant articles,
were independently screened by two reviewers (GS and MRTS). Dis-
agreements were discussed together with WMO to resolve them. Data
extraction was carried out by one reviewer (GS) and checked at random
data entries by two others (MRTS and WMO).

2.4, Data items

From all studies included in the meta-analysis, the following general
data were extracted: first author, journal, year of publication, character-
istics of people with epilepsy and controls (number of participants, type
of epilepsy, sex, age at investigation, age at epilepsy onset and epilepsy
duration), diffusion parameters (field strength, highest b-value, number
of diffusion-weighed directions and slice thickness) and the mean/me-
dian with corresponding uncertainty of FA and MD values for the differ-
ent white matter regions in the ipsilateral and contralateral hemisphere
(if applicable and reported). These values, extracted from the papers'
main texts, tables or figures, are typically reported for white matter
structures as a whole and do not take into account within-structure het-
erogeneity. For the general analysis we labeled studies on BECTS, FLE
and TLE as ‘focal epilepsy’ and studies on IGE and JME as ‘generalized
epilepsy’.

Voxel-based studies commonly present changes in FA or MD as
brain-wide p-value maps. We therefore extracted for each of these stud-
ies which white matter regions - defined similarly as in the regional
meta-analysis — were significantly affected (i.e. p-value < 0.05). We
summed for each white matter region how many voxel-based studies
found significant white matter changes.

2.5. Methods of analysis

We performed meta-analyses to quantify regional white matter
changes with multivariate random and mixed-effects meta-analysis (R
package metaphor (Viechtbauer, 2010)). This analysis allows pooling
of data obtained from studies with similar populations and provides a
powerful mean to better estimate the extent of white matter alterations
and their correlations with clinical parameters (Viechtbauer, 2010).
First, effect sizes were estimated for FA and MD separately for the
pooled data of all studies, irrespective of epilepsy type. This provides
brain-wide estimates on FA and MD differences between people with
epilepsy and controls. Next, the models were extended with distinct ef-
fect modifiers to obtain answers on our specific research questions. Ef-
fect modifiers included i) epilepsy type (i.e. BECTS, FLE, TLE, and
‘generalized epilepsy’), ii) binary epilepsy type (i.e. ‘focal epilepsy’ and
‘generalized epilepsy’), iii) side relative to epileptogenic zone (i.e. con-
tralateral and ipsilateral hemisphere), iv) white matter categories (i.e.
cerebellum/brainstem, commissural fibers, association fibers and pro-
jection fibers), v) white matter categories subdivided into smaller
white matter regions (i.e. cerebellar regions: brainstem/cerebellum;
commissural fibers: corpus callosum, anterior commissure and fornix;
association fibers: arcuate fasciculus, parahippocampal fasciculus, supe-
rior longitudinal fasciculus, inferior fronto-occipital fasciculus, inferior
longitudinal fasciculus, uncinated fasciculus, cingulum, fronto-parietal
tract, temporal lobe, occipital lobe, parietal lobe and frontal lobe; projec-
tion fibers: thalamo-cortical radiations, corona radiata, corticospinal
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tract, supplementary motor area tract, external capsule, internal capsule
and subcortical white matter), vi) age at epilepsy onset, vii) duration of
epilepsy, and viii) percentage males in epilepsy group. Effect modifier
effects were considered statistically significant at a p-value of <0.05.

2.6. Power analysis

Power analyses were performed with the R package pwr (https://
cran.r-project.org/web/packages/pwr/index.html). Input was based on
a meta-analysis with adjusted outcome. In this adjustment the summa-
ry estimate is expressed as ‘standardized mean difference’ rather than
‘mean difference’. This normalization step removes unwanted scaling
differences between FA and MD. Based on the whole-brain standardized
mean FA and MD difference - reflecting the best estimates of the (un-
known) ground truth - the actual power of each individual study was
determined with respect to detecting brain-wide white matter changes
irrespective of specific a priori defined regional hypotheses. We as-
sumed a two samples t-tests of means as the statistical model with
two-sided testing at significance-level 0.05 taking into account the actu-
al epilepsy and control group sizes. Similarly, we determined the mini-
mal sample size - useful for future studies on white matter diffusion
quantification - given a statistical power of 0.8 and 0.9 and assuming
equal group sizes to detect changes in white matter in people with

epilepsy.
3. Results

The study selection flow chart is shown in Fig. 1. We identified 214
potentially relevant articles. Full text was screened in 71 cases and ref-
erence lists were inspected to detect additional studies not identified
with the initial search. Forty-two studies met the inclusion criteria for
the meta-analysis (Ahmadi et al., 2009; Andrade et al., 2014; Arfanakis
et al., 2002; Braakman et al., 2014; Campos et al., 2015; Concha et al.,
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2005; Concha et al., 2007; Concha et al., 2009; Deppe et al., 2008; Diao
et al., 2015; Diehl et al., 2008; Duning et al., 2010; Gao et al., 2012;
Govindan et al., 2008; Gross et al., 2006; Holt et al., 2011; Hutchinson
et al.,, 2010; Keller et al., 2011; Keller et al., 2012; Kemmotsu et al.,
2011; Kemmotsu et al., 2014; Kim et al., 2011; Knake et al., 2009; Kori
et al., 2013; Labate et al., 2015; Lee et al., 2013; Lee et al., 2014; Li
et al.,, 2010; Liacu et al., 2012; Lin et al., 2008; Liu et al., 2011; Mao
et al,, 2011; McDonald et al., 2008; Meng et al., 2010a; Nilsson et al.,
2008; Powell et al., 2007; Pustina et al., 2015; Rodrigo et al., 2007;
Scanlon et al., 2013; Vulliemoz et al., 2011; Wang et al., 2010; Xiao
et al,, 2014). The total number of people with epilepsy and controls
was 1027 and 1122, respectively. Sixteen voxel-based studies were in-
cluded, with 312 patients and 500 controls (Amarreh et al., 2014;
Bonilha et al., 2015; Concha et al., 2012; Focke et al.,, 2014; Keller et al.,
2013; Kim et al,, 2012; Kim et al., 2014; Li et al., 2010; Liu et al., 2015;
O'Muircheartaigh et al,, 2011; Peng et al., 2014; Riley et al., 2010;
Rugg-Gunn et al., 2001; Wang et al., 2011; Whelan et al., 2015; Yang
et al.,, 2012). One of these studies was also included in the meta-
analysis (Lietal., 2010). Demographic information and acquisition char-
acteristics of all included regional and voxel-based studies are shown in
Suppl. Tables 1 and 2, respectively.

3.1. Meta-analysis

Mixed effects meta-analysis was first performed on the pooled FA
and MD data from all studies included, independent of the type of epi-
lepsy. Presented values are FA and MD differences with respect to con-
trol data. White matter FA was significantly reduced in people with
epilepsy as compared to controls: -0.020 (95% CI -0.025 to -0.016;
p < 0.001) and the MD was significantly increased: 0.025 (95% CI
0.012 t0 0.037; p < 0.001).

Separate analyses of ‘focal epilepsy’ and ‘generalized epilepsy’ stud-
ies revealed that whole brain white matter FA was more affected in focal

Potentially relevant articles
in PubMed (n=214)

Y

Excluded animal studies with
PubMed filter (n=25)

Abstract screening (n=189)

——»{- Grey matter only studies
- Case reports
- Reviews
- Animal study
A 4 - Retracted study

Excluded (n=118)

- Non-epilepsy studies

- Post-surgical studies

- Studies without controls

Full text screening (n=71)

Additional articles by reference

Excluded (n=19)
- Studies without FA/MD data

screening (n=6)

>

- Studies without clear regions
- Post-surgical studies
- Grey matter only study

v

v

Included in meta-analysis
(n=42)

Qualitative description (n=16)
Voxel-based studies

Fig. 1. Flow chart of the identification of studies for the meta-analysis and qualitative description. FA, fractional anisotropy; MD, mean diffusivity.
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epilepsy: -0.021 (95% CI -0.026 to -0.016; p < 0.001) than in general-
ized epilepsy: —0.016 (95% CI -0.029 to -0.004; p = 0.010). Moreover,
MD values were significantly increased in focal epilepsy: 0.025 (95% CI
0.012 to 0.039; p < 0.001), but not in generalized epilepsy: 0.0002
(95% CI-0.035 to 0.035; p = 0.99). Although the diffusivity was signif-
icantly changed in focal epilepsies as a group, in one sub-type of focal
epilepsy, benign epilepsy with centro-temporal spikes (BECTS), FA
was not significantly altered (Fig. 2).

Mixed effects meta-analysis results for the effects of epilepsy types
on four white matter categories are shown in Table 1. Diffusivity
changes were predominantly seen in TLE and FLE for all reported
white matter categories. In generalized epilepsy there was only a
significant FA reduction in the projection fibers: -0.020 (95% CI -0.036
to -0.005; p = 0.010). Imaging data from patients with BECTS did,
again, not show significant changes.

White matter categories were further analyzed at the level of indi-
vidual white matter regions for all different types of epilepsy. Results
for ‘focal epilepsy’ are provided in Supp. Table 3. Results for ‘generalized
epilepsy’ and provided in Suppl. Table 4. In TLE, FA but not MD, was sig-
nificantly changed in all white matter regions. People with FLE showed
significantly lower FA values in the fornix: -0.019 (95% CI -0.027 to
-0.011; p < 0.001), cingulum: -0.027 (95% CI -0.034 to -0.019;
p < 0.001), inferior fronto-occipital fasciculus: -0.026 (95% CI -0.035
to -0.017; p < 0.001) and uncinate fasciculus: -0.015 (95% CI -0.024
to -0.006; p = 0.002). MD was significantly increased in the fornix:
0.053 (95% CI 0.018 to 0.087; p = 0.003), cingulum: 0.036 (95% CI
0.017 to 0.055; p < 0.001) and inferior fronto-occipital fasciculus:
0.034 (95% C10.013 to 0.054; p = 0.001). Patients with BECTS or gener-
alized epilepsy did not have significant white matter changes in this
analysis.
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In the ‘focal epilepsy’ studies, white matter regions can be either in
the ipsilateral or the contralateral hemisphere with respect to the epi-
leptogenic zone (Suppl. Table 5). Mixed effects meta-analysis on the
overall effect in ‘focal epilepsy’ on total ipsilateral and contralateral
white matter showed significantly reduced FA values both ipsilaterally:
-0.023 (95% CI -0.023 to -0.029; p < 0.001) and contralaterally: -0.019
(95% CI -0.024 to -0.013; p < 0.001). MD was also significantly in-
creased for the ipsilateral: 0.045 (95% CI 0.027 to 0.060; p < 0.001) as
well as for the contralateral white matter: 0.030 (95% CI 0.013 to
0.046; p <0.001).

3.2. Voxel-based studies

The scoring of voxel-based studies included ten studies on focal epi-
lepsy, five on generalized epilepsy and one on both focal and generalized
epilepsy (Table 2). The TLE studies most consistently reported a decrease
in FA in the corpus callosum, the cerebellum, the uncinate fasciculus, and
temporal lobe. An increase in MD was most often reported for the corpus
callosum and temporal lobe. Studies on generalized epilepsy most
frequently reported a reduction in FA in the corpus callosum, cingulum,
corona radiata, and white matter of the parietal lobe and an increase in
MD in both the corpus callosum and parietal lobe white matter.

3.3. Meta-regression

Meta-regression results are presented in Table 3. Age and onset of
epilepsy were negatively correlated in people with TLE with an overall
FA difference and positively correlated with an overall MD difference.
In FLE a significantly positive correlation was found between age of dis-
ease onset and MD difference. Furthermore, this analysis revealed that
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Fig. 2. Mean fractional anisotropy (FA; left) and mean diffusivity (MD; right) differences between people with epilepsy and controls (reference-group; indicated with dotted line).
Error bars represent the 95% confidence intervals. BECTS, benign epilepsy with centro-temporal spikes; FLE, frontal lobe epilepsy; TLE, temporal lobe epilepsy; * = p < 0.05;

** =p<0.01; " = p<0.001. [No MD estimate available for BECTS (not reported).]
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Table 1

Mean fractional anisotropy (AFA; left) and mean diffusivity (AMD; right) differences between people with epilepsy and controls (reference-group) per white matter category

(hemispheres pooled).

Category AFA 95% CI p-Value AMD 95% CI p-Value
Focal
TLE Commissural fibers -0.020 -0.026 -0.014 <0.001 0.024 0.009 0.039 0.002
Association fibers -0.021 -0.027 -0.016 <0.001 0.028 0.014 0.042 <0.001
Projection fibers -0.025 -0.031 -0.019 <0.001 0.017 0.002 0.031 0.03
Cerebellum/brainstem -0.033 -0.051 -0.015 <0.001 0.066 0.012 0.120 0.02
FLE Commissural fibers -0.014 -0.022 -0.006 <0.001 0.046 0.013 0.079 0.006
Association fibers -0.019 -0.026 -0.012 <0.001 0.025 0.010 0.039 0.001
Projection fibers -0.021 -0.029 -0.013 <0.001 0.031 0.015 0.046 <0.001
Cerebellum/brainstem - - - - - - - -
BECTS Commissural fibers -0.020 -0.052 0.012 0.22 - - - -
Association fibers - - - - - - - -
Projection fibers - - - - - - - -
Cerebellum and brainstem - - - - - - _ _
Generalized Commissural fibers -0.017 -0.044 0.010 0.21 - - - -
Association fibers -0.009 -0.029 0.011 0.39 - - - -
Projection fibers -0.020 -0.036 -0.005 0.010 0.003 -0.032 0.038 0.86
Cerebellum/brainstem -0.010 -0.028 0.008 0.30 - - - -

95% Cl, 95% confidence interval; BECTS, benign epilepsy with centro-temporal spikes; FLE, frontal lobe epilepsy; Focal, focal epilepsy; Generalized, generalized epilepsy; TLE, temporal lobe

epilepsy. ‘-’ indicates that no data is available. Significant p-values are typeset in bold.

disease duration, in both TLE and FLE, was positively correlated with an
overall difference in both FA and MD. There was also a significantly pos-
itive correlation between the proportion of males and the extent of
white matter diffusivity changes (FA and MD) in people with TLE, FLE
or generalized epilepsy.

3.4. Power analysis

Hypothesis-free analysis of brain-wide white matter changes be-
tween groups (i.e., without a priori focus on one or two regions of inter-
est) would render, based on the global aggregated meta-analysis
estimates, approximately 31% of studies reporting AFA and 9% of studies
reporting AMD statistically sufficiently powered. The actual power of all
included studies had a mean 4 standard deviation of 0.68 + 0.19 for
studies on FA differences and 0.49 + 0.18 for studies on MD differences.
The minimal sample size per group to achieve a power of at least 0.80
was 21 (with outcome overall FA difference) and 32 (with outcome
overall MD difference) for diffusion tensor assessments of white matter
in people with epilepsy. Twenty-eight (FA) and 42 (MD) subjects per
single group are required if the power is set to 0.9.

4. Discussion

In this systematic review with quantitative meta-analysis based on
data from 2149 subjects we have assessed the possible association of

Table 2

several epilepsy subtypes with changes in local and global white matter
integrity as measured with diffusion tensor imaging. The overall white
matter FA is significantly reduced in epilepsy, whereas the overall MD
is significantly increased. In focal epilepsy white matter changes are
more pronounced than in generalized epilepsy. We also demonstrated
distinct patterns of white matter abnormalities across different epilepsy
subtypes. White matter changes in focal epilepsy were significantly as-
sociated with age at epilepsy onset, epilepsy duration and male sex.

A previous meta-analysis, based on fewer studies, specifically
assessed white matter changes in temporal lobe epilepsy only (Otte
et al,, 2012a). The majority of white matter regions found to be signifi-
cantly affected in the current study is in line with this previous meta-
analysis. We now pooled more data and were able to identify additional
affected regions, including the arcuate fasciculus, corticospinal tract,
and cingulum. No previous white matter meta-analyses had previously
been performed on epilepsy subtypes other than TLE.

The consistent widespread white matter alterations in people with
focal epilepsy are relevant in the search of biological substrates underly-
ing cognitive changes. Previous papers have linked results from cogni-
tive tests across distinct domains with white matter modifications
(Diao et al,, 2015; McDonald et al., 2008; Riley et al., 2010). For instance,
diffusivity changes in the uncinate fasciculus and inferior fronto-
occipital fasciculus correlated with commonly reported cognitive co-
morbidities such as impaired memory and altered executive function-
ing (McDonald et al., 2008; Riley et al., 2010). Our study provides

White matter regions reported as changed in fractional anisotropy (FA) or mean diffusivity (MD) in 16 voxel-based studies.

Regions with increase in MD

Epilepsy N Regions with decrease in FA

BECTS 1 -

FLE 1 External capsule (100%)

TLE 7 Arcuate fasciculus, thalamo-cortical radiations (14%); cortico-spinal tracts,
external capsule, fornix, internal capsule, inferior longitudinal fasciculus,
motor projections, superior longitudinal fasciculus (29%); cerebellum,
temporal lobe, uncinate fasciculus (43%); corpus callosum (57%)

Partial 1 Fornix, thalamo-cortical radiations (100%)

Generalized 5
inferior fronto-occipital fasciculus, inferior longitudinal fasciculus,

parahippocampal fasciculus, superior longitudinal fasciculus, thalamo-cortical
radiations (20%); cingulum, corona radiata, parietal lobe (40%); corpus

callosum (60%)

Various 1 Cingulum, fornix (100%)

Brainstem, cerebellum, cortico-spinal tract, frontal lobe, internal capsule,

Internal capsule, superior longitudinal fasciculus, thalamo-cortical radiations
(100%)

Frontal lobe (100%)

Arcuate fasciculus, brainstem, cortico-spinal tract, fornix, external capsule,
internal capsule, inferior fronto-occipital fasciculus, superior longitudinal
fasciculus (14%); inferior longitudinal fasciculus, uncinate fasciculus (29%);
temporal lobe (43%); corpus callosum (57%)

Fornix (100%)

Cerebellum, cingulum, corona radiata, cortico-spinal tract, frontal lobe,
internal capsule, inferior fronto-occipital fasciculus, inferior longitudinal
fasciculus, superior longitudinal fasciculus, thalamo-cortical radiations (20%);
corpus callosum, parietal lobe (40%)

Corpus callosum, thalamo-cortical radiations (100%)

BECTS, benign epilepsy with centro-temporal spikes; FLE, frontal lobe epilepsy; Generalized, generalized epilepsy; N, number; Partial, different types of partial epilepsy; TLE, temporal lobe
epilepsy; Various, generalized and partial epilepsy together. Data given as part (%) of total number of included voxel-based studies on the same type of epilepsy (N).
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Table 3
Regression coefficient () of mean fractional anisotropy (AFA; left) and mean diffusivity (AMD; right) differences and age at epilepsy onset, epilepsy duration and male sex.
3 AFA 95% CI p-Value 3 AMD 95% Cl p-Value
Age at epilepsy onset
TLE -0.0003 -0.0005 -0.0001 0.008 0.0009 0.0004 0.0013 <0.001
FLE -0.0002 -0.0004 0.0000 0.11 0.0009 0.0004 0.0014 <0.001
BECTS -0.0025 -0.0065 0.0015 0.23 - - - -
Generalized -0.0003 -0.0007 0.0002 0.22 0.0000 -0.0009 0.0010 0.93
Epilepsy duration
TLE 0.0022 0.0019 0.0024 <0.001 0.0023 0.0015 0.0031 <0.001
FLE 0.0022 0.0020 0.0025 <0.001 0.0021 0.0013 0.0029 <0.001
BECTS - - - - - - - -
Generalized -0.0020 -0.0060 0.0021 0.34 - - - -
Sex (male)
TLE 0.0011 0.0010 0.0012 <0.001 -0.0008 -0.0012 -0.0004 <0.001
FLE 0.0010 0.0008 0.0011 <0.001 -0.0007 -0.0011 -0.0003 <0.001
BECTS 0.0004 -0.0013 0.0020 0.67 - - - -
Generalized 0.0008 0.0003 0.0013 0.001 -0.0013 -0.0024 -0.0003 0.01

95% Cl, 95% confidence interval; BECTS, benign epilepsy with centro-temporal spikes; FLE, frontal lobe epilepsy; Generalized, generalized epilepsy; TLE, temporal lobe epilepsy. Significant

p-values are typeset in bold.

more accurate estimates of the degree to which these regions are affect-
ed, and will allow cognitive studies in people with epilepsy to tailor
their assessments on white matter substrates with respect to effect
sizes and spatial locations.

In focal epilepsy, white matter diffusivity changes were not restrict-
ed to the ipsilateral hemisphere, although the effect sizes were smaller
in areas remote from the epileptogenic zone. The exact mechanism un-
derlying these bilateral and widespread white matter changes is un-
known. However, since the extent of the changes differs between
different focal epilepsy types and the severity of the changes differs be-
tween the ipsi- and contralateral hemisphere in TLE, it seems likely that
the underlying mechanisms are linked with intrinsic processes, includ-
ing frequent seizure propagation, rather than external factors, such as
treatment with antiepileptic drugs. Our regression analysis with age at
onset indicates that diagnosis of focal epilepsy at young age and longer
duration of epilepsy results in larger white matter FA and MD changes.
This effect was not found in people with generalized epilepsy. These
findings provide new support for the hypothesis that local and remote
white matter changes in focal epilepsy are - at least to some extent —
a consequence of recurrent seizures, as previously suggested based on
preclinical epilepsy rodent models (Otte et al., 2012b). These relation-
ships remained inconsistent in individual human studies with smaller
sample sizes (Andrade et al., 2014; Gross et al., 2006; Liu et al., 2011;
Meng et al., 2010b). Our results implicate that early seizure control,
pharmacologically or surgically, is important to inhibit progression of
white matter alterations.

The relative low statistical powers, given an interest in detecting
brain-wide white matter changes between groups, is in line with data
that showed the average statistical power of studies in neurosciences
to be very low (Button et al., 2013). Low statistical power reduces the
chance of detecting a true effect and results in overestimating effect
sizes and consequently low reproducibility of results (Button et al.,
2013; Ioannidis, 2005). With pooling of evidence from individual stud-
ies into aggregated effect estimates, we overcame this low power. How-
ever, correcting for potential confounders at subject level or correlating
individual demographic factors with white matter values is not possible
with a standard meta-analysis. Even when an underpowered study dis-
covers a true effect, it is likely that this effect will be overestimated
(Button et al., 2013). This could be an explanation for the inconsis-
tencies discussed here between individual studies' results (including
the results of the voxel-based studies) and the meta-analysis results.
We should note that powers were determined with effect sizes based
on brain-wide white matter changes. Not all studies focused primarily
on brain-wide changes. Effect sizes calculated from ipsilateral white

matter structures are larger. Nonetheless, pooling of data in a meta-
analysis is highly desirable to boost the statistical power. Individual pa-
tient data (IPD) meta-analysis (Simmonds et al., 2005) would potential-
ly resolve this issue, but requires collecting individuals' scans from the
original datasets, which is hard to do in practice. Sharing of data in
open-access repositories is strongly suggested to allow future pooling
and analysis with sufficient statistical power.

Our study has limitations. Although we corrected for statistical het-
erogeneity, there was a considerable variability in age, age at onset,
and epilepsy duration between studies. Acquisition parameters also
varied between studies. Slice thickness and the number of diffusion-
weighed directions may have influenced the accuracy of FA and MD
values. Variability is also expected in the size and exact 3D location of
white matter regions. Within-structure variation remains thus unmea-
sured. Voxel-based meta-methods would take this local variation into
account, but require access to the raw FA and MD voxel data. We were
unable to fully differentiate epilepsy subtypes due to missing detailed
data on epilepsy characteristics in some studies and not all authors sep-
arated ipsilateral and contralateral white matter, resulting in less data
for this particular meta-analysis.

This study has implications for further research. The systematic
overview reveals that the majority of white matter assessments in the
last decades has been limited to temporal lobe epilepsy. More data, ob-
tained with sufficiently powered studies, from other focal and general
epilepsy types would greatly help to increase the accuracy of the
white matter characterization throughout the brain. These studies
should also systematically assess white matter regions both in close vi-
cinity of the epileptogenic zone as well as remote regions. More detailed
and standardized epilepsy characterization (e.g. mesial versus lateral
temporal lobe epilepsy) would also help to further elucidate the com-
plex relationship between seizures and white matter alterations.

A better understanding of white matter changes and their causes
across epilepsy subtypes could lead to a better understanding of symp-
toms and the development of comorbidities. It may potentially facilitate
in more personalized diagnosis and could serve as biomarker to evalu-
ate treatments with respect to (preventing) brain damage.
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