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The superficial white matter in temporal lobe
epilepsy: a key link between structural and
functional network disruptions

Min Liu, Boris C. Bernhardt, Seok-Jun Hong, Benoit Caldairou, Andrea Bernasconi and
Neda Bernasconi

Drug-resistant temporal lobe epilepsy is increasingly recognized as a system-level disorder affecting the structure and function of
large-scale grey matter networks. While diffusion magnetic resonance imaging studies have demonstrated deep fibre tract alter-
ations, the superficial white matter immediately below the cortex has so far been neglected despite its proximity to neocortical
regions and key role in maintaining cortico-cortical connectivity. Using multi-modal 3 T magnetic resonance imaging, we mapped
the topography of superficial white matter diffusion alterations in 61 consecutive temporal lobe epilepsy patients relative to 38
healthy controls and studied the relationship to large-scale structural as well as functional networks. Our approach continuously
sampled mean diffusivity and fractional anisotropy along surfaces running 2 mm below the cortex. Multivariate statistics mapped
superficial white matter diffusion anomalies in patients relative to controls, while correlation and mediation analyses evaluated
their relationship to structural (cortical thickness, mesiotemporal volumetry) and functional parameters (resting state functional
magnetic resonance imaging amplitude) and clinical variables. Patients presented with overlapping anomalies in mean diffusivity
and anisotropy, particularly in ipsilateral temporo-limbic regions. Diffusion anomalies did not relate to cortical thinning; con-
versely, they mediated large-scale functional amplitude decreases in patients relative to controls in default mode hub regions (i.e.
anterior and posterior midline regions, lateral temporo-parietal cortices), and were themselves mediated by hippocampal atrophy.
With respect to clinical variables, we observed more marked diffusion anomalies in patients with a history of febrile convulsions
and those with longer disease duration. Similarly, more marked diffusion alterations were associated with seizure-free outcome.
Bootstrap analyses indicated high reproducibility of our findings, suggesting generalizability. The temporo-limbic distribution of
superficial white matter anomalies, together with the mediation-level findings, suggests that this so far neglected region serves a key
link between the hippocampal atrophy and large-scale default mode network alterations in temporal lobe epilepsy.
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Introduction

Temporal lobe epilepsy (TLE) with mesiotemporal lobe
sclerosis as its hallmark is the most common drug-resistant
epilepsy in adults. MRI has been instrumental in the in vivo
diagnosis of this lesion, which has greatly streamlined the
clinical management (Cendes et al., 2014). Advanced grey
matter morphometry has revealed widespread atrophy
beyond the temporal lobe, particularly in frontal and
centro-parietal regions (Lin et al., 2007; Bernhardt et al.,
2008, 2010; McDonald et al., 2008), while diffusion MRI
has shown anomalies suggestive of decreased axonal dens-
ity and altered myelin membranes in deep white matter
fibres (Concha et al., 2005; Yogarajah et al., 2009; Otte
et al., 2012). More recently, analysis of resting-state func-
tional MRI has localized functional and connectional dis-
ruptions in the default mode network (Zhang et al., 2010;
Liao et al., 2011; Pittau et al., 2012; Voets et al., 2012;
Koepp, 2014), a set of regions comprised of lateral
and medial prefrontal, parietal cortices as well as the
mesiotemporal lobe (Andrews-Hanna et al., 2010). These
lines of evidence collectively suggest large-scale disruptions
in TLE; yet, the somewhat heterogeneous distribution of
findings across modalities prohibits a converging perspec-
tive on system-level pathology in this condition, likely due
to a lack of studies addressing structure and function

conjointly.
Given its inherent proximity to the neocortex and
key role in cortico-cortical connectivity (Schiiz and

Braitenberg, 2002), the superficial white matter (SWM,
i.e. the white matter directly beneath the cortex) is a key
candidate region to evaluate the interplay between structure
and function. This compartment contains both short-range
association fibres that arch through cortical sulci to connect
adjacent gyri as well as terminations of long-range tracts
that aggregate into large fasciculi running in the depth of
the white matter (Schiiz and Braitenberg, 2002; Vergani
et al., 2014). Notably, the short association fibres make
up the majority of cortico-cortical connections, with an
estimated volume much larger than long-range projections
(Schiiz and Braitenberg, 2002). Although only few studies
have examined its relationship to the adjacent cortex (Kang
et al., 2012; Wu et al., 2014), the role of SWM is being
increasingly recognized in a variety of functions such as
working memory, processing speed, and visuomotor-atten-
tion (Nazeri et al., 2013, 2015). Furthermore, its comprom-
ise has been associated with cognitive decline in ageing
(Phillips et al., 2013; Nazeri et al., 2015), neuropsychiatric
(Nazeri et al., 2013), and neurodegenerative conditions
(Miki et al., 1998). Surprisingly, studies in TLE have
so far neglected this region, possibly due to the focus of
previous assessments on deep white matter bundles
(Concha et al., 2005; Yogarajah et al., 2009; Otte et al.,
2012).

The complex fibre trajectories of the less-densely myelin-
ated SWM challenge conventional diffusion tractography
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and tract-based spatial statistics, the two major techniques
designed to interrogate major white matter pathways
(Smith et al., 2006; Oishi et al., 2008; Jbabdi et al.,
2015; Reveley et al., 2015). Our purpose was to assess
the microstructural integrity of the SWM in TLE and
study its relationship to large-scale structural and func-
tional networks. We adopted a surface-based sampling ap-
proach that integrated diffusion MRI parameters with
those derived from anatomical and functional MRI within
a unified framework. Multivariate analysis mapped the top-
ography of SWM diffusion anomalies between patients and
controls. Statistical correlation and mediation analyses eval-
uated their relationship to cortical thickness and mesiotem-
poral volumes and local patterns of resting-state function.

Materials and methods

Subjects

We studied 61 consecutive patients referred to our hospital for
the investigation of drug-resistant TLE [26 males, 18-53 years,
mean =+ standard deviation (SD) age = 34 + 9 years]. No pa-
tient had a mass lesion (malformations of cortical develop-
ment, tumours, or vascular malformations), traumatic brain
injury, or a history of encephalitis. TLE diagnosis and lateral-
ization of the seizure focus into left TLE (7 =31) and right
TLE (7 = 30) were determined by a comprehensive evaluation
including detailed history, neurological examination, review of
medical records, video-EEG recordings, and clinical MRI
evaluation, which showed hippocampal atrophy and increased
T, signal intensity in 37/61 (61%). Quantitative analysis
including volumetry and shape modelling revealed variable de-
grees of ipsilateral atrophy in all patients (Bernasconi et al.,
2003; Bernhardt et al., 2013).

The comprehensive investigation recommended TLE surgery
as treatment to all patients, 43 of which underwent a selective
amygdalo-hippocampectomy. Histological analysis of resected
specimens (Bliimcke et al., 2013), available in all, revealed
hippocampal sclerosis. Sixteen patients showed severe neuronal
cell loss and gliosis in both CA1 and CA4 subfields [ILAE
(International League Against Epilepsy) hippocampal sclerosis
type 1], seven showed neuronal loss predominantly in CA1
(ILAE hippocampal sclerosis type 2), five predominantly in
CA4 (ILAE hippocampal sclerosis type 3), and 15 had only
gliosis without detectable neuronal loss. At a mean follow-up
time of 52 +21 months (range: 14-88 months), 30 (70%)
patients had Engel Class I outcome, 7 (16%) Class II, and 6
(14%) Class III. We observed comparable rates of seizure-free
patients across ILAE hippocampal sclerosis subtypes: [type 1:
14/16 (88%), type 2: 5/7 (71%), type 3: 5/5 (100%), chi-
squared: P =0.36], while rates were lower in patients with
isolated gliosis [6/15 (40%), chi-squared: P =0.01]. Among
the 18 non-operated patients, nine are currently awaiting sur-
gery and nine delayed it for personal reasons.

The control group consisted of 38 age- and sex-matched
healthy individuals (21 males; 20-53 years; mean £ SD
age = 30 &+ 7 years). Details on patients and controls are pro-
vided in Table 1. The Ethics Committee of the Montreal
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Table | Demographic and clinical information
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Age Male, n Onset Duration FC Surgery Engel |

Left TLE (n =31) 34+9 Il 18 £ 10 16 £ 10 7 19 13 (68%)
(18-53) (4—40) (2-45)

Right TLE (n = 30) 3449 5 1449 20+ 11 12 24 17 (71%)
(20-52) (1-30) (3-41)

Controls (n = 38) 30£7 21 NA NA NA NA NA
(20-53)

Age, onset, and duration are presented in mean =+ SD (year, range). FC = febrile convulsions; Engel | = seizure-free, i.e. Class | postsurgical outcome in Engel’s classification; NA = not

applicable.

Neurological Institute and Hospital approved the study and
written informed consent was obtained from all participants.

Imaging

MRI scans were acquired on a 3 T Siemens TimTrio using a
32-channel head coil (Siemens Healthcare). Our protocol
consisted of 3D  Tj-weighted magnetization-prepared
rapid-acquisition  gradient echo  images (MPRAGE;
repetition time = 2300 ms, echo time =2.98ms, inversion
time = 900 ms, flip angle = 9°, voxel size=1 x 1 x 1 mm?>, ac-
quisition time = §min30s), 2D twice-refocused echo-planar
diffusion-weighted images (repetition time = 8400ms, echo
time =90ms, flip angle=90°, 63 axial slices, voxel
size =2 x 2 x 2 mm?>, diffusion-sensitized images in 64 diffu-
sion directions with b = 1000 s/mm? along with one non-diffu-
sion weighted volume, acquisition time = 9min33s), and 2D
echo planar resting-state  functional MRI (repetition
time = 2020 ms, echo time = 30 ms, flip angle = 90°, 34 axial
slices, voxel size =4 x 4 x 4 mm?>, 150 volumes, acquisition
time = Smin 9s). For the latter, participants were instructed
to keep their eyes closed while remaining awake; to minimize
signal loss and distortion affecting orbitofrontal and mesiotem-
poral regions, slices were tilted in an oblique coronal
orientation.

Image analysis

MRI preprocessing and multimodal data fusion

T,-weighted images underwent automated correction for inten-
sity non-uniformity (Sled et al., 1998), intensity standardiza-
tion, and linear registration to stereotaxic space based on the
hemisphere-symmetric MNI ICBM152 template (Fonov et al.,
2009), and classified into white matter, grey matter, and CSF
(Kim et al., 2015). Diffusion-weighted MRI was analysed
using FSL [version 5; www.fmrib.ox.ac.uk/fsl]. Data under-
went distortion correction using ‘fugue’, based on a gradient
echo field map acquired within the same imaging session, as
well as motion and eddy current correction using ‘eddy_cor-
rect’. The diffusion tensor was estimated at each voxel using
‘dtifi’, which also provided maps of fractional anisotropy and
mean diffusivity. Resting-state functional MRI processing was
based on DPARSF for Matlab (version 2.3; http:/rfmri.org/
DPARSF). We removed the first five volumes from each time
series to ensure magnetization equilibrium, and performed
slice-timing and motion correction. To correct for residual
motion, image frames with a displacement exceeding 0.5 mm

were regressed out from the analysis. Diffusion MRI and func-
tional MRI were linearly registered to the corresponding Tj-
weighted volumes in MNI space using a boundary-based ap-
proach that maximizes the alignment between intensity gradi-
ents of structural and echo-planar data (Greve and Fischl,
2009).

Generation of cortical and subcortical surface
models

We applied the CLASP algorithm (Kim ez al., 2005) on pre-
processed Tq-weighted data to generate models of the inner
(grey matter—white matter) and outer (grey matter—CSF) sur-
faces with 41000 vertices per hemisphere. CLASP iteratively
warps a surface mesh to fit the white—grey matter boundary;
this boundary was then expanded along a Laplacian map to
model the grey matter—CSF surface. To increase across-subjects
correspondence in measurement locations, surfaces were
aligned to a template based on cortical folding (Lyttelton
et al., 2007). Surface extraction accuracy was visually verified.

To examine the SWM, we computed a Laplacian potential
field between the white—grey matter interface and the ventricu-
lar walls to guide placement of a surface running 2 mm below
the grey—white matter boundary (Fig 1A). This depth was
chosen to target both the U-fibre system and terminations of
long range bundles that lie approximately between 1.5 and
2.5mm below the cortical interface (Schiiz and Braitenberg,
2002). The Laplacian field ensured isomorphic (i.e. 1:1) map-
ping between points on the SWM surface and those on the
overlying cortex, a necessary step to integrate grey and white
matter metrics.

Feature calculation

We mapped all surfaces (i.e. grey matter-white matter, grey
matter—CSF, SWM) generated on T,-weighted MRI to the
native space of each modality using the inverse transformation
of the initial co-registration. Extracting features in their native
space minimized data interpolation. Cortical thickness was
calculated as the Euclidean distance between corresponding
points on grey matter—white matter and grey matter—CSF sur-
faces (Kim et al., 2005). We computed the amplitude of low-
frequency functional fluctuations (ALFF) in the 0.01-0.08 Hz
frequency band as a marker of local function. ALFF has been
suggested to reveal functional changes in task-free paradigms
(Zang et al., 2007). Following previous recommendations
(Zou et al., 2008), we also assessed fractional ALFF, a normal-
ized amplitude marker. Functional measures were sampled at
the 50% intracortical surface. Diffusion parameters fractional
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Figure | Surface-based mapping of SWM diffusion in TLE. (A) After generating the inner (white matter—grey matter, green) and outer
(grey matter—CSF, red) cortical surfaces, we computed a Laplacian potential field between the white matter—grey matter interface and the
ventricular walls to guide placement of a surface running 2 mm below the white matter—grey matter boundary (SWM, yellow). Fractional
anisotropy (FA) and mean diffusivity (MD) were sampled on this surface. (B) and (C) show uni- and multivariate SWM diffusion anomalies in left
(left TLE) and right (right TLE) patients relative to controls. To correct for multiple comparisons, findings were thresholded at Prye < 0.05, using
random field theory for non-isotropic images (cluster threshold P < 0.01).

anisotropy and mean diffusivity, surrogates of fibre architec-
ture and tissue microstructure (Beaulieu, 2002), were interpo-
lated at the 2mm SWM surface. The hippocampus was
automatically segmented using a surface-based multi-template
algorithm that has previously shown excellent accuracy in
healthy individuals and patients with TLE (Kim ef al., 2012).

Statistical analysis

As in previous studies (Bernhardt ez al., 2009, 2015), analyses
were carried out using SurfStat for Matlab (R2012b, The
Mathworks, Natick) (Worsley et al., 2009). Prior to analysis,
all surface-based measurements (cortical thickness, fractional
anisotropy, mean diffusivity, ALFF) were blurred using a

diffusion kernel that respects surface topology, with a band-
width of full-width at half-maximum = 20 mm, and z-normal-
ized at each surface point with respect to the corresponding
distribution in controls.

Mapping microstructural integrity of superficial
white matter

We separately compared fractional anisotropy and mean dif-
fusivity between each patient group (left TLE, right TLE) and
controls. Multivariate Hoteling’s #-tests assessed joint diffusion
anomalies in patients. In regions of findings, we calculated
Cohen’s d effect sizes. To address possible confounds of grey
matter atrophy on SWM alterations, we repeated the analysis
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after statistically controlling for thickness measures at each
surface point.

We assessed population-level reproducibility using bootstrap
simulations (Bernhardt et al., 2010), where each cohort (i.e.
left TLE, right TLE, controls) was randomly resampled with
replacement 1000 times. At each iteration, we performed sur-
face-based t-tests between resampled left TLE/right TLE and
controls and finally mapped the probabilities of observing a
between-cohort difference across iterations.

Assessing the relation of superficial white matter
integrity to grey matter morphology and function

We first mapped differences in cortical thickness and ALFF in
patients relative to controls using surface-based #-tests (similar
to the above analysis). We then separately evaluated spatial
overlaps between thickness, ALFF, and multivariate SWM dif-
fusion changes. Furthermore, after averaging each metric
within clusters of significant findings, we performed correlation
analyses between multivariate SWM diffusion changes and
morphology (cortical thickness and hippocampal volume), as
well as local function (ALFF). The individual load of SWM
diffusion changes was summarized using the Mahalanobis dis-
tance (a multivariate z-score), calculated from the joint frac-
tional anisotropy/mean diffusivity distribution with respect to
controls and averaged within clusters of diffusion findings.
Correlations were carried out in patients and controls separ-
ately; linear interaction models assessed between-group differ-
ences. We used statistical mediation analysis to further clarify
the relationship between hippocampal volume, SWM changes,
and ALFF (Baron and Kenny, 1986). This method tests a
hypothesized causal chain in which a given ‘mediator’ variable
affects the relationship between a predictor variable and an
outcome variable. The first analysis tested effects of hippocam-
pal volume on SWM changes, while a second analysis assessed
effects of SWM alterations on ALFF. For these analyses, we
combined left TLE and right TLE patients into a single cohort
to increase statistical power. Prior to pooling, hemisphere-spe-
cific measures (diffusion, cortical thickness, hippocampal
volume, ALFF) were z-normalized with respect to correspond-
ing measures in controls to account for normal interhemi-
spheric asymmetry, and sorted relative to the side of the focus.

Assessing the relationship between clinical variables
and superficial white matter diffusion

In patients, we assessed the relation between multivariate
SWM diffusion (i.e. the Mahalanobis distance) and history
of febrile convulsions, age at seizure onset, duration of epi-
lepsy, secondary generalization, and postoperative outcome
using linear models. For these analyses, we combined left
TLE and right TLE patients into a single cohort to increase
statistical power and assessed overall effects in clusters of
findings.

Correction for multiple comparisons

Surface-based analyses were corrected using random field
theory (Worsley et al., 1999), controlling the family-wise
error to Ppywg < 0.0S.
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Results

Topography of superficial white
matter diffusion anomalies

Results are shown in Fig.1. Compared to controls, both
TLE groups presented with reduced fractional anisotropy
and increased mean diffusivity in mesiotemporal, temporo-
polar, cingulate, and orbitofrontal cortices. Multivariate
analysis synthesized a consistent temporo-limbic pattern
of joint fractional anisotropy/mean diffusivity changes.
Average Coben’s d effect sizes in clusters of findings were
0.63 £ 0.07 for left TLE and 0.69 + 0.13 for right TLE.
Bootstrap analysis indicated high reproducibility, with simi-
lar diffusion changes measurable in > 75% of simulations
(Supplementary Fig. 1). Repeating the analysis with age as
covariate and in patients with Engel I outcome revealed
virtually the same findings as our main analysis using the
entire cohort (Supplementary Figs 2 and 3). Directly con-
trasting left TLE to right TLE patients with Engel I out-
come did not reveal any group difference (P > 0.8).

Relation of superficial white matter
to grey matter structure

Three lines of evidence suggested independence between
cortical thickness alterations and SWM diffusion changes:
First, intersecting maps of cortical thinning in TLE with
those showing SWM alterations revealed only small and
scattered spatial overlaps, limited to the ipsilateral temporal
pole for left TLE and ipsilateral mesiotemporal cortex for
right TLE (Fig. 2). Second, in clusters of SWM findings, the
degree of overall diffusion changes did not correlate with
cortical thinning (P > 0.1). Third, comparing SWM diffu-
sion parameters between patients and controls after correct-
ing for thickness at each vertex did not modify results.

In relation to the hippocampus, we observed a negative
correlation between volume ipsilateral to the seizure focus
and clusters of SWM diffusion changes in patients
(r=—0.47, P <0.0002; Fig. 3), but not in controls
(Irl < 0.002, P > 0.9). In other words, patients with more
marked ipsilateral hippocampal atrophy displayed a higher
load of SWM anomalies. Moreover, linear interaction ana-
lysis demonstrated a significant discrepancy in slopes be-
tween patients and controls (t> 2.6, P < 0.005),
supporting that the relationship between hippocampal
volume loss and SWM anomalies was specific to TLE.
Finally, mediation analysis indicated that hippocampal
volume significantly mediated effects of group (TLE
versus controls) on SWM diffusion anomalies, where ad-
justing for hippocampal volume reduced the diffusion
group-difference by 17% (P < 0.05). Interestingly, group-
ing patients based on histopathology showed a higher load
of diffusion alterations in patients with cell loss and gliosis
(ILAE hippocampal sclerosis type 1-3) compared to those
with isolated gliosis (P < 0.003), cross-validating the
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Figure 2 Spatial relationship between multivariate diffusion changes and cortical thinning as well as decrease of the resting
state ALFF in left TLE (A, LTLE) and right TLE (B, RTLE) relative to controls. For a given TLE cohort, small maps show significant
cortical thinning/ALFF reduction relative to controls, while yellow clusters on the multivariate maps represent the surface-based intersections
between reduction in cortical thickness/ALFF and SWM changes. FA = fractional anisotropy; MD = mean diffusivity.

relationship between hippocampal damage and SWM
microstructural anomalies using a direct, MRI-independent
index of pathology.

Relation of superficial white matter
to function

Compared to controls, patients showed decreased ALFF in
bilateral precuneus, lateral frontal, temporo-parietal, and

cingulate regions (Fig. 2), distinct from the distribution of
SWM diffusion changes but largely overlapping with core
nodes of the default mode network. A separate analysis
based on previously published regions of interest
(Andrews-Hanna et al., 2010), as well as assessing frac-
tional ALFF, an alternative marker of functional amplitude
(Zou et al., 2008) confirmed results (P < 0.01 and
P < 0.0001, respectively).

We observed a negative correlation between clusters of
ALFF decreases and those of diffusion abnormalities in



The superficial white matter in TLE

BRAIN 2016: 139; 24312440 | 2437

Controls r=-0.002 P=0.99
TLE r=-047 P=0.0002
Interactiont= 2.7 P =0.004
35
é 3 Hippocampal
e volume
5 25
g
E§ 2
Se
2 ~n15
g 4 | SWM diffusion|
-0.35 (0.08) * /
g 0.5
o -5 0 5
i (zr—t-'.mre)r
B
Controls r= 0.01 P=094
TLE r=-0.39 P=0.004
Interactiont= 28 P=0.003

0.025

0
p-value

SWM diffusion
-0.12 (0.05)* |

-0.50 (0.11) *

2

05 1 1.5

SWM multivariate diffusion
(z-score)

2 25 3 35

Figure 3 Relation of superficial white matter (SWM) to hippocampal volume (A) and function (B) in TLE. The maps represent
the extent of SWM diffusion anomalies and amplitude of low frequency fluctuations (ALFF). Relationships and causality are shown in the

correlation (middle) and mediation (right) graphs, respectively. In A, the degree of SWM diffusion anomalies negatively correlate with hippocampal
volume ipsilateral to the focus in patients, but not controls. Hippocampal volume partially mediates SWM diffusion changes (P = 0.04). In B,
decreased resting-state ALFF in patients relative to controls negatively correlates with the degree of diffusion anomalies in patients, but not

controls. Moreover, diffusion anomalies mediate the abnormal function (P = 0.01). Numbers in mediation graphs represent path coefficients and

standard errors. Asterisks denote significant coefficients with P < 0.05.

patients (r = —0.39, P < 0.004, Fig. 3), but not controls;
interaction analysis indeed demonstrated a significant dis-
crepancy in slopes (£ =2.8, P < 0.003). In other words, pa-
tients with more marked SWM anomalies also showed
larger decreases in functional amplitude. Notably, diffusion
alterations were found to mediate the effect of group (TLE
versus controls) on ALFF decreases, where adjusting for
SWM diffusion anomalies reduced the ALFF group differ-
ence by 19% (P < 0.05).

Relation of superficial white matter
to clinical variables

In clusters of findings, we observed more marked diffusion
anomalies in patients with a history of febrile convulsions
(t=3.87, P <0.001), and more marked anomalies in pa-
tients with a longer duration of epilepsy (r=0.33,
P =0.01). Similarly, anomalies were more marked in pa-
tients with earlier onset of epilepsy (r = —0.35, P =0.007).
With respect to outcome, we observed more marked diffu-
sion alterations in patients who became completely seizure-
free (Engel IA, n = 28) relative to those with seizure relapse

after surgery (Engel IB-IIl; #=2.0, P=0.05); moreover,
whole-brain comparison between outcome groups showed
more marked multivariate changes in the ipsilateral lateral
temporal and frontal SWM in Engel IA (Supplementary
Fig. 4).

Discussion

Our novel image processing paradigm permitted continu-
ous sampling of diffusion parameters within the superficial
white matter (SWM), a region so far neglected in TLE
neuroimaging studies. Distinct from previous methods
based on probabilistic tractography and parameter inter-
polation along surface normal vectors (Kang et al., 2012;
Nazeri et al., 2015), our approach adhered to the anatomy
of overlying cortical areas through the use of a Laplacian
deformation field that propagated the sampling grid into
the SWM (Lui et al.,, 2011). Notably, one of the core
goals of the study being to assess the relation between
SWM abnormalities and markers of hippocampal
damage, we covered the spectrum of unilateral TLE by
including patients with variable degrees of hippocampal
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atrophy. Multivariate analysis revealed SWM diffusion al-
terations primarily in ipsilateral limbic regions, including
parahippocampal, temporopolar, lateral temporal, anterior
cingulate, and orbitofrontal regions. Anomalies were simi-
lar in left and right TLE patients and bootstrap-
reproducible, suggesting population-level generalizability.
While diffusion alterations occurred rather independently
from cortical thinning, a battery of correlation and statis-
tical mediation analyses suggested that they likely constitute
an important link in the chain between hippocampal atro-
phy and large-scale functional alterations. Collectively, our
findings thus suggest specificity and functional relevance of
SWM alterations to pathological network reconfigurations
in TLE.

Although virtually no direct MRI-histopathological cor-
relation studies of SWM exist in TLE, histological analyses
of the deep white matter in animals and patients have gen-
erally related decreased fractional anisotropy to degrad-
ation of myelin sheaths and fibre membranes, as well as
decreases of fibre density, while high mean diffusivity
values are thought to be due to increases of extra-axonal
space together with reactive astrogliosis (Beaulieu, 2002;
Concha et al., 2010; van Eijsden et al., 2011). Notably,
there have been reports of astrocytic and microcytic gliosis
in the white matter adjacent to the gyral crowns (Blanc
et al., 2011); however, the integrity of axon and myelin
in these regions has not been examined. Our findings of
co-localized fractional anisotropy and mean diffusivity al-
terations could thus reflect a complex pathological process
in the SWM that combines axonal and gliotic components.

In line with previous observations (Bernhardt et al.,
2009, 2010; Coan et al., 2009), cortical thinning was bi-
laterally distributed in frontal and centro-parietal regions.
Conversely, SWM anomalies followed mainly a temporo-
limbic topography with minimal overlap with cortical thin-
ning. In addition to their spatial divergence, the lack of
correlation between thinning and diffusion changes, on
the one hand, and the robustness of group-level SWM find-
ings after correcting for corresponding thickness measures,
on the other hand, further support dissociation. Altogether,
these observations imply independent pathological pro-
cesses affecting the temporo-limbic SWM and grey matter
morphology. While cortical thinning may stem from the
effects of seizure spread through thalamocortical pathways
(Bernhardt et al., 2012), SWM alterations likely relate to
hippocampal damage. Indeed, our study showed that be-
sides correlating with hippocampal volume, SWM anoma-
lies were partially mediated by hippocampal atrophy, a
finding cross-validated by higher load of diffusion anoma-
lies in patients with cell loss and gliosis (ILAE hippocampal
sclerosis types 1-3) compared to those with isolated gliosis
(ILAE hippocampal sclerosis type 4). Moreover, a moderate
correlation with history of febrile convulsion bears resem-
blance with previous results focusing on the hippocampus
alone (Cendes et al., 1993; Davies et al., 1996; Barr et al.,
1997; Diizel et al., 2004), further suggesting that SWM
anomalies may likely undergo similar pathological
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processes as the mesiotemporal region. Notably, the prox-
imity of SWM findings to the mesiotemporal lobe and close
relationship to hippocampal pathology may corroborate
connectivity-based models of regional susceptibility in dis-
ease, in which regions anatomically connected to a patho-
logical epicentre may undergo most marked structural
alterations (Fornito et al., 2015), while pathological
burden, at least at the level of the white matter, may
taper off with increasing distance from the core (Concha
et al., 2012).

Emerging studies have suggested that TLE is associated
with large-scale functional alterations. In particular, recent
resting-state functional MRI investigations have highlighted
anomalies predominantly in regions forming the default
mode network (Frings et al., 2009; Zhang et al., 2010;
Liao ef al., 2011; Voets et al., 2012), an assembly thought
to play a key role in internally generated cognition,
memory, and future planning (Andrews-Hanna et al.,
2014). Given the well-established relation between TLE
and hippocampal damage, default mode network anomalies
found in our study are in concordance with theories linking
functional processes mediated by this network to the hippo-
campus and its efferent connectivity system (Buckner et al.,
2008). Moreover, regionally unconstrained mapping of
functional amplitude, a marker associated to local bulk ac-
tivation (Zhang et al., 2010), confirmed functional de-
creases in TLE relative to controls primarily in posterior
default mode nodes, such as the precuneus, retrosplenial
cortex, and lateral temporo-parietal regions. In accordance
to our findings, previous resting-state functional MRI stu-
dies in TLE have also reported abnormal interactions be-
tween mesiotemporal seeds and default mode components
(Frings et al., 2009; Pittau et al., 2012; Doucet et al., 2013;
James et al., 2013; Haneef et al., 2014; Bernhardt et al.,
2016). Functional disruptions in the default mode could, in
turn, be explained in view of the central role the hippocam-
pus plays in this intrinsic functional network (Buckner
et al., 2008), with potential consequences on the reorgan-
ization of memory circuits. In particular, a recent functional
connectivity analysis during a working memory task has
suggested that hippocampal damage may ultimately affect
the segregation/integration of the default mode network
with other functional networks, thus potentially modulat-
ing the dynamic interplay between both task-positive and -
negative networks (Stretton et al., 2013; Sidhu et al., 2015).
Importantly, we showed that SWM damage (itself mediated
by hippocampal atrophy) resulted in large-scale default
mode anomalies, a link that needs to be targeted by
future longitudinal studies in new onset epilepsies and ide-
ally complemented by extensive behavioural phenotyping
to understand the cognitive consequences of this causal
chain (Witt and Helmstaedter, 2015). In addition, serial
investigations that include both pre- and postoperative ima-
ging may offer a window into the causal consequences of
mesiotemporal resections on the SWM changes, and may
furthermore be used to address downstream effects on
memory network organization (Sidhu et al., 2015).
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