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ARTICLE INFO ABSTRACT

Keywords: Growing evidence highlights the importance of white matter in the pathogenesis of focal epilepsy. Ex vivo and
Epilepsy post-mortem studies show pathological changes in epileptic patients in white matter myelination, axonal in-
White matter tegrity, and cellular composition. Diffusion-weighted MRI and its analytical extensions, particularly diffusion
Histology tensor imaging (DTI), have been the most widely used technique to image the white matter in vivo for the last
Il;/Ii};qusion MRI two decades, and have shown microstructural alterations in multiple tracts both in the vicinity and at distance
Connectomics from the epileptogenic focus. These techniques have also shown promising ability to predict cognitive status and

response to pharmacological or surgical treatments. More recently, the hypothesis that focal epilepsy may be
more adequately described as a system-level disorder has motivated a shift towards the study of macroscale brain
connectivity. This review will cover emerging findings contributing to our understanding of white matter al-
terations in focal epilepsy, studied by means of histological and ultrastructural analyses, diffusion MRI, and
large-scale network analysis. Focus is put on temporal lobe epilepsy and focal cortical dysplasia. This topic was
addressed in a special interest group on neuroimaging at the 70th annual meeting of the American Epilepsy

Society, held in Houston December 2-6, 2016.

1. Introduction

Epilepsy has been long considered a disorder of the grey matter.
However, in recent years there has been a rapid increase of converging
findings pointing out the importance of the white matter in this con-
dition. In this review article, we aim to provide an overview of most
recent findings in the study of white matter, derived from histology, ex
vivo and in vivo MRI, and connectomics. We will focus on investigations
in temporal lobe epilepsy (TLE) and epilepsies related to focal cortical
dysplasia (FCD), the most frequent forms of pharmacoresistant epi-
lepsy.

This topic was addressed in a special interest group on neuroima-
ging at the 70th annual meeting of the American Epilepsy Society, held
in Houston December 2-6, 2016.

2. Histopathology of the white matter

White matter (WM) pathology is a hallmark feature of well-defined
focal epilepsies, such as FCD type IIB and cortical tubers (Bliimcke
et al.,, 2011). The existence of similar but more subtle or diffuse
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abnormalities in “normal-appearing” WM as potential biomarkers for
disease, has recently gained attention and been subjected to greater
scrutiny (Liu et al., 2014a; Miihlebner et al., 2012; Reeves et al., 2016;
Scholl et al., 2017; Schurr et al., 2017; Zucca et al., 2016). Pathological
changes identified mainly correspond to abnormalities of myelination,
axons or alteration of cellular composition.

The basic constituents of normal WM can be readily distinguished
and quantified on histology sections from surgical epilepsy resections
using a variety of standard techniques (Table 1, Fig. 1). It is important
to consider the developmental maturation of the WM as well its capa-
city for regeneration and repair (Fancy et al., 2011; Semple et al.,
2013). Completion of myelination in the human brain proceeds over
several decades (Kinney et al., 1988) from pools of lineage-specific
oligodendrocyte progenitor and precursor cells (OPC) that continue to
differentiate into mature oligodendrocytes throughout adulthood, to
maintain and repair myelin (Jakovcevski et al., 2009). Rates of myeli-
nation are influenced by neuronal activity (Jakovcevski et al., 2009)
and axonal size (Fancy et al., 2011) among other factors and progress in
a tract-dependent manner (Ullén, 2009), ultimately influencing axonal
conduction velocity. The immediate subcortical region between the
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Fig. 1. Neuropathology and ultra-high field MRI study of the white matter. (A) Subcortical myelin pallor is identified in a luxol fast blue (LFB) stain for the white matter in the depth of a
sulcus in the region of the cortical U fibers in a case of MRI-occult FCD IIB (arrow head). (B) Increased and abnormal horizontal neurons highlighted by MAP2 in the subcortical white
matter in FCD IIB. (C). NeuN labelling of grey matter and white matter neurons. (D-F). Whole slide scanning analysis (adapted from (Liu et al., 2014a) is a powerful tool to quantify
interstitial neuronal number in extensive areas of white matter (Definiens Tissue Studio, Munich, Germany): NeuN stained section is first scanned (D) and then tessellated maps are built
up segregating compartments of white matter from cortex according to the neuronal density (E); With this method the system can be taught to define areas with intermediate neuronal
density (F). In this example cortical layer I and the subplate zone (shown in green) are distinct from regions with high neuronal density (the cortex in orange) and low neuronal density
(the deep white matter in yellow). The total number in each compartment can be automatically measured and this algorithm can be applied to many cases with the same immunostaining.
G) 9.4 T T2-weighted MRI of fixed resected tissue can be used to co-register and quantify MRI values with pathology measurements, to detect and correlate subtle variations in white
matter axonal density with neurofilament stain (H) and myelin (I). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this
article.)
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deep WM and the cortex represents a distinct anatomical compartment,
containing additional U-fibers of Meynert (local cortical-cortical pro-
jections). This regions is therefore normally more densely myelinated
and during development harbors maturing OPC (Jakovcevski et al.,
2009) as well as the transient subplate neurons.

2.1. Myelin content and oligodendroglia in focal cortical dysplasia

Reduced myelination of the WM associated with FCD IIB was noted
in the first descriptions of this pathology (Taylor et al., 1971) as well as
variability in its extent and severity, with some cases being mild and
restricted to the immediate sulcal subcortical U-fiber region (Fig. 1a).
Whether this represent a primary and developmental failure of myeli-
nation (ie., dysmyelination) was questioned (Bliimcke et al., 2011). A
quantitative reduction in myelinated fibers using myelin-basic protein
has been confirmed in FCD IIB, even in those with subtle or no apparent
MRI anomalies (Liu et al., 2013; Miihlebner et al., 2012; Shepherd
et al., 2013). Milder changes have also been observed in peri-lesional
WM (Zucca et al., 2016). Co-existing axonal pathology includes hy-
pertrophic or giant axons visualized by light or electron microscopy
(Liu et al., 2013; Shepherd et al., 2013; Zucca et al., 2016). Equivalent
reduction of both axons and myelin, validated through quantitative
analysis, (Shepherd et al., 2013) argues against a primary dysmyeli-
nating process. Conversely, reduced and enlarged WM axons likely
mirror the overlying cortical pathology with hypertrophic neurons.
Interestingly an association between WM pathology and increased
mTOR expression has recently been shown (Scholl et al., 2017). Myelin
reduction has been shown to correlate with duration of epilepsy (Scholl
et al., 2017; Shepherd et al., 2013) which could support progressive
changes, although this relationship has not been confirmed by all stu-
dies (Zucca et al., 2016).

Different quantitative studies corroborate a reduction in oligoden-
droglial cells (defined as Olig2 positive cells) in the WM of FCD IIB
(Miihlebner et al., 2012; Scholl et al., 2017; Shepherd et al., 2013;
Zucca et al., 2016). Their number, however, has been shown to be
proportionate to the density of myelinated axons present (Miihlebner
et al., 2016, 2012; Scholl et al., 2017; Shepherd et al., 2013) and ar-
guably appropriate for normal maintenance of myelination (Shepherd
et al., 2013). However, reductions in oligodendroglial progenitor cell
types (PDGFRa and NG2-expressing cells) (Scholl et al., 2017; Shepherd
et al., 2013), and in cases with myelin loss, activation of NG2-positive
OPC was noted; these findings together with abnormal morphology of
oligodendroglia may be interpreted as delayed and defective matura-
tion of these cells, contributing to FCD pathology (Miihlebner et al.,
2012; Scholl et al., 2017; Zucca et al., 2016). A novel finding in a recent
study of a series of frontal lobe epilepsy cases with normal appearing
MRI was an increased density of Olig2 cells present in both the WM and
deep cortex but in the absence of a myelin loss. This intriguing pa-
thology was termed oligodendroglial hyperplasia and proposed as new
entity in the spectrum of mild malformations of cortical development
(Schurr et al., 2017), although whether this represents a primary or
reactive process remains unclear.

2.2. White matter pathology in temporal lobe epilepsy

Interstitial neurons in normal adult WM represent the remnants of
the developmental subplate (Judas et al., 2010) and therefore some of
the ‘oldest’ cortical neurons (Chun and Shatz, 1989). WM neurons are
partitioned to the immediate subcortical zone, in the region of the U-
fibers, but extend imperceptibly, in diminishing numbers, to the deeper
WM (Suarez-Sola et al., 2009) (Fig. 1b). On conventional Nissl stains,
these neurons show diverse morphology and neurochemistry and in-
clude glutamatergic, GABAergic and peptidergic neurons (Judas et al.,
2010) which can be highlighted with a range of immunomarkers
(Suérez-Sol4 et al., 2009) (Table 1). Although their numbers diminish
during maturation, they remain in significant numbers compared to
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non-primate brain. During development, they are critical to thalamic-
cortical pathfinding connections. Their physiological function in adults
remains uncertain, although they may play a role in the regulation of
the microvasculature (Judas et al., 2010) and coordination of inter-
areal connectivity (Suérez-Sol4 et al., 2009). Indeed interstitial neurons
receive functional synaptic inputs from cortical neurons and generate
action potentials (Shering and Lowenstein, 1994; Torres-Reveron and
Friedlander, 2007) suggesting they are unlikely to be just a redundant
developmental vestige.

In temporal lobe surgical specimens, quantitative evidence of in-
creased numbers of neurons in otherwise apparently normal WM has
been reported since the 1980s (Hardiman et al., 1988). Initially termed
microdysgenesis, this observation had been confirmed by several sub-
sequent studies (Eriksson et al., 2006, 2004; Kasper et al., 1999; Thom
et al., 2001, 2000) and now termed mild malformation of cortical de-
velopment type II (Bliimcke et al., 2011). Yet, the precise definition
remains poorly defined, hampered by a lack of cross-validation between
published studies which have used different quantitative methods and
assessed different neuronal types and regions of the WM (Bliimcke
et al., 2009). Furthermore, many of the published methods were im-
practical and time-consuming (Eriksson et al., 2006) and not readily
applicable to the routine evaluation of large numbers of surgical cases.
A recent study in TLE highlighted the potential of whole slide scanning
and automated image analysis methodology to be as accurate as ste-
reological methods with the added advantages of time-efficient un-
biased analysis of the entire WM (Liu et al., 2014a) (Fig. 1D). It is
important to note, however, that digital pathology needs to be cali-
brated with ‘in-house’ normal control values to allow for correlation
with neuroimaging and clinical outcomes.

The cause of increased interstitial neurons in epilepsy remains un-
explained. Proposed theories include a reduction in the normal rate of
elimination of subplate neurons during maturation or a true ‘hetero-
topia’ with arrested migration of neurons destined for the cortical plate.
Elucidation of events may come through the study of the proportional
representation of different interstitial neuronal phenotypes and their
maturation. A recent study aimed to address this using Tbr1, a marker
of immature subplate neurons (Richter et al., 2016) and showed that a
lower proportion of interstitial neurons in TLE were Tbrl positive
compared to controls; this was interpreted as evidence of arrested
neuronal migration. Increased WM neurogenesis from resident pro-
genitor cells remains a plausible but still theoretical explanation for
increased interstitial neurons (Lojewski et al., 2014). Finally, a con-
tributing ‘ex-vacuo’ effect cannot be excluded, i.e., an apparent increase
in the density of these cells as an epiphenomena of WM volume loss. In
terms of contribution to epileptogenesis, increased 11C-flumazenil
binding in the WM shown on positron emission tomography (Hammers
et al., 2002) and altered dendritic pattern of labelling of GABA,
alsubunit on subcortical neurons, could indicate alteration of in-
hibitory circuits (Loup et al., 2009).

3. MRI of the white matter

By offering several sensitive and versatile whole-brain tissue mar-
kers, MRI has improved our ability to non-invasively detect epilepto-
genic lesions, and thus has revolutionized the management of patients
with pharmacoresistant epilepsy, shifting the field from prevailing
electroclinical correlation to a multidisciplinary approach (Bernasconi
et al., 2011; Bernasconi and Bernasconi, 2014). It is important to note
that any ex vivo biomarker of pathology in epilepsy, particularly if
subtle and mild, has the potential to be translated in vivo via imaging.
This should ideally be first tested through direct correlative studies to
advance the understanding of the pathological basis. With respect to the
WM, the so-called blurring or ill-defined grey-white boundaries ob-
served on the MRI of TLE patients was shown to correspond to loss of
myelinated axons in a 7T MRI-histology correlative study of surgical
specimens (Garbelli et al., 2012). High resolution quantitative 9.4T MRI
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of epilepsy resections has also shown potential to detect subtle varia-
tions in WM myelination and interstitial neuronal number (Reeves
et al.,, 2016) (Fig. 1g,i). Conversely, post-mortem brain studies, im-
plementing similar quantitative methodologies can address the ques-
tion of more extensive or contralateral damage along WM pathways in
relation to a primary epileptogenic pathology (Blanc et al., 2011; Thom
et al., 2005).

3.1. In vivo studies based on diffusion MRI

Diffusion-weighted MRI and its analytical extensions, particularly
diffusion tensor imaging (DTI) (Basser et al., 1994), have been the most
widely used technique to image the WM for the last two decades. De-
spite having relatively coarse spatial resolution (typically 2 mm), dif-
fusion-weighted MRI exploits the diffusion of water molecules to probe
tissue microstructure, which is especially useful in coherently organized
tissue (Beaulieu, 2002; Concha, 2014). The most-often reported metrics
derived from diffusion weighted imaging are related to diffusion ani-
sotropy (e.g, fractional anisotropy, FA), which tends to be high in re-
gions where densely-packed axons have very similar orientations. Re-
duced diffusion anisotropy at the expense of increased radial diffusivity
is interpreted as reduced axonal density and alteration of myelin ar-
chitecture. Histological examination of the fornix and the temporal pole
WM derived from surgical specimens of patients with TLE have con-
firmed these anomalies (Concha et al., 2010; Garbelli et al., 2012).
Small caliber axons, in particular, are reduced in number in TLE pa-
tients (Ozdogmus et al., 2009; Tassi et al., 2009). Moreover, the or-
ientational coherence of axons is reduced by the infiltration of oligo-
dendrocytes, which are more common in regions of WM hyperintensity
and may reflect an attempt to compensate for progressive myelin loss
(Kendal et al., 1999; Stefanits et al., 2012). Other histological features,
such as gliosis, may also play a role in altered water diffusion metrics.

3.1.1. Applications in temporal lobe epilepsy

DTI has so far been mainly applied to assess the microstructural
integrity of WM tracts in TLE (Slinger et al., 2016), where abnormalities
are evident in limbic structures, such as the fornix and cingulum
(Concha et al., 2005), but also in the temporal lobe association tracts,
such as the arcuate and uncinate fasciculi (Otte et al., 2012). Notably, a
track-based segment analysis revealed a centrifugal pattern of mean
diffusivity increases in major tracts carrying temporal lobe connections,
where the degree of anomalies gradually tapered off as the tracts exited
the temporal lobe (Concha et al., 2012; Keller et al., 2012). Interest-
ingly, other WM structures outside of the temporal lobe, such as the
corpus callosum and fronto-parietal pathways show diffusion abnorm-
alities as well. Although changes are more marked ipsilateral to the
seizure focus, there is considerable degree of bilateral involvement in a
number of tracts (Concha et al., 2005; Otte et al., 2012). Studies on the
effect of hemispheric laterality on diffusion metrics of WM in TLE pa-
tients have yielded conflicting results, with some reports showing more
alterations in right-TLE patients than those with left-hemispheric onset
(Kemmotsu et al., 2011; Liu et al., 2012), while others show the op-
posite (Ahmadi et al., 2009; Pustina et al., 2015).

Several factors appear to influence the degree and extent of diffu-
sion abnormalities. Patients with severe mesiotemporal lobe sclerosis
have more widespread and severe diffusion abnormalities than those
with subtle pathology (Concha et al., 2009; Keller et al., 2013; Liu et al.,
2012; Scanlon et al., 2013). Electron microscopy of fornix specimens
obtained at surgery revealed considerably more damage in patient with
severe neuronal loss and gliosis, consisting of reduced axonal density,
and myelin abnormalities (Fig. 2) (Concha et al., 2010). Similar char-
acteristics were noted in the fornix, bilaterally, in autopsy specimens
from TLE patients (Ozdogmus et al., 2009). Axonal degeneration is
expected in the fornix ipsilateral to mesiotemporal pathology and, al-
though a fraction of axons cross the midline towards the contralateral
hippocampus, neuronal death in the affected hippocampus may not be
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sufficient to explain bilateral abnormalities. The fact that diffusion
anomalies may be present soon after diagnosis (Hutchinson et al., 2010)
is suggestive of possible contributing role of neurodevelopmental pro-
cesses; further evidence stems for animal models of epilepsy, suggesting
their presence as a requisite for development of spontaneous seizures
(Parekh et al., 2010). A recent study provided a multifactorial model of
WM damage in TLE, in which genetic factors play a minimal role
compared to the underlying pathology and effects of seizures (Vaughan
et al., 2017).

3.1.2. Applications in cortical malformations

Compared to the large body of literature in TLE, fewer in vivo studies
have addressed white matter alterations in FCD. Nevertheless, there is
some evidence from voxel-based analysis for reduction of anisotropy
and increased diffusivity (Eriksson et al., 2001; Fonseca et al., 2012).
These alterations can be observed both subjacent to the MRI-visible
lesion or diffuse across both hemispheres (Eriksson et al., 2001; Fonseca
et al.,, 2012; Widjaja et al., 2009). Possible explanations of reduced
anisotropy include differences in tissue composition between patients
and controls due to pathology, abnormal myelination or the presence of
ectopic neurons. Increased diffusivity has been interpreted as a defect of
neurogenesis or cell loss resulting in increased extra-cellular space
(Eriksson et al., 2001). Only few studies to date have used fiber trac-
tography in FCD. One of the earliest showed both a reduction of the
subcortical fibers and reduced connection between the subcortex and
deep WM (Lee et al., 2004), while findings were contradicted in a later
study (Widjaja et al., 2007).

3.1.3. Relations to clinical and cognitive outcomes

WM damage in TLE patients can also be a factor associated to a poor
post-surgical outcome. A recent study using DTI and automated fiber
quantification found that diffusion abnormalities in the ipsilateral
dorsal fornix and in the contralateral parahippocampal bundle con-
tribute to persistent postoperative seizures (Keller et al., 2017). Cog-
nitive abilities are dependent on the orchestrated action of several brain
regions interconnected by long association and commissural pathways,
many of which are affected in epilepsy. It is thus not surprising that TLE
patients may have cognitive deficits beyond temporal lobe functions
(Hermann et al., 2007). Diffusion metrics of the superior longitudinal
fasciculus, cingulum and temporal lobe WM are correlated with
working memory performance (Winston et al., 2013). Similarly, diffu-
sion anisotropy of the uncinate, arcuate and inferior fronto-occipital
fascicles, as well as temporal cingulum positively correlate to verbal
memory (Diehl et al., 2008; McDonald et al., 2014, 2008). Moreover,
alterations of diffusion parameters in the temporal lobe WM is asso-
ciated with delayed and immediate memory performances (Riley et al.,
2010; Yogarajah et al., 2008). Preliminary data in patients with both
idiopathic generalized and focal epilepsy show WM diffusion altera-
tions already at disease onset (Hutchinson et al., 2010; Widjaja et al.,
2013), which were shown to correlate with executive functions
(Ekmekci et al., 2016). WM diffusion characteristics may thus provide
valuable information to predict which patients are at higher risk of
developing cognitive deficits, such that they can be prevented through
more effective treatments. Additionally, if progressive WM abnormal-
ities are secondary to ongoing seizures (Chiang et al., 2016; Govindan
et al., 2008), then appropriate treatment could halt further cognitive
deterioration.

3.2. Limitations of the tensor model and novel diffusion-based techniques

The tensor model, which is used in the vast majority of studies, has
provided valuable information regarding WM microstructure; yet it is
necessary to recognize the many pitfalls of DTI (Jones and Cercignani,
2010). First and foremost, its incapacity to resolve distinct populations
of fibers that cross within a single voxel, which leads to erroneous re-
duction of diffusion anisotropy. Second, the tensor model over-
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% 0. o 2 >

Fig. 2. Histological correlates of reduced white matter fractional anisotropy (FA) in TLE patients. (A) The fornix approximated by probabilistic tractography of an unbiased template; this
particular tract has shown reduced FA bilaterally, and analysis of resected specimens has shown that such changes correspond to reduced axonal density, which is most apparent in
patients with marked hippocampal sclerosis (B) than in those with minimal pathology (C). Adapted from (Concha et al., 2010).

simplistically assumes that diffusion is Gaussian; in reality, the complex
intracellular and extracellular environment causes the diffusion of
water molecules to deviate considerably from this pattern, missing the
opportunity to provide more information regarding the tissue micro-
structure. Fortunately, many alternative analytical methods have been
proposed in the last decade that extend the capabilities of diffusion MRI
and allow a more precise analysis compared to conventional tracto-
graphy (Farquharson et al., 2013; Tournier et al., 2011). Among these
advanced techniques, diffusion kurtosis imaging (DKI) and restriction
spectrum imaging (RSI) have gained popularity for their ability to re-
solve crossing fibers and to quantify more specific intra-voxel tissue
properties. DKI is an attempt to capture the non-gaussian diffusion
behavior to better address the tissue heterogeneity (Wu and Cheung,
2010). RSI is based on a multi-compartment model that quantifies the
degree to which diffusion heterogeneity within a voxel is driven by
intra-axonal water versus extra-cellular diffusion, while accounting for
fiber orientation (White et al., 2013). In TLE, in addition to revealing
more marked diffusion profiles along ipsilateral WM fibers (Bonilha
et al., 2015b; Glenn et al., 2016; Lee et al., 2013), these techniques have
shown abnormalities in both grey and white matter extending to re-
gions not detected by conventional DTI measures (Bonilha et al., 2015b;
Gao et al., 2012). Similar findings were obtained with fixel-based
analysis, a diffusion weighted MRI reconstruction technique which
combines the measurements of fiber cross-sectional area, a measure of
morphology, with microstructural information of fiber density (Raffelt
et al., 2017), thereby providindg a sensitive marker of intra-axonal
volume (Raffelt et al., 2017; Vaughan et al., 2017). Neurite orientation
dispersion and density imaging, commonly referred to as NODDI
(Zhang et al, 2012) is another advanced diffusion imaging re-
construction technique based on a multi-shell acquisition protocol that
allows an estimation of intra- and extra-cellular volume fractions in
order to measure neurites (i.e., dendrites and axons) morphology. This
technique has the advantage to model both grey and white matter, a
desired ability in the investigation of epilepsy; preliminary analysis has
shown promising results in cortical malformations (Vargova et al.,
2011; Winston et al., 2014). Finally, surface-based analysis of any of the
above-mentioned metrics can overcome challenges in studying regions
with complex fiber trajectories. This approach has been used to study
the superficial WM that lies close beneath the cortical mantle and which
contains both short-range association fibers and terminations of long-
range tracts, particularly relevant for cognitive processes. In TLE,
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diffusion alterations of this compartment are found primarily in ipsi-
lateral limbic regions (Liu et al., 2016). In extra-temporal epilepsy re-
lated to FCD Type II, subtle diffusion anomalies are found both at the
lesional site and in the normal appearing peri-lesional WM (Hong et al.,
2017a).

4. Analysis of large-scale networks

The hypothesis that focal epilepsy may be more adequately de-
scribed as a system-level disorder can be tested using tools offered from
steady advances in MRI techniques to probe macroscopic brain con-
nectivity in vivo (Bullmore and Sporns, 2009; Bullmore and Bassett,
2011). Large-scale networks can be derived from systematic assessment
of connections derived from neuroimaging modalities, including diffu-
sion MRI tractography (Gong et al., 2009; Iturria-Medina et al., 2008),
structural MRI covariance (Evans, 2013; He et al., 2008; Lerch et al.,
2006; Seidlitz et al., 2017), and functional MRI connectivity (Achard
et al., 2006; Biswal et al., 2010). While functional connectivity is de-
rived from statistical associations between the time series of different
elements in the network (Craddock et al., 2015), structural networks
can be considered as the supporting hardwire (Jbabdi et al., 2015).

Systematic descriptions of connectivity between all pairs of regions
(i.e., connectomes) can be studied using tools for complex system
analysis, notably graph theory, a framework to formalize network to-
pology (Bullmore and Sporns, 2009; Bullmore and Bassett, 2011; Misi¢
and Sporns, 2016; Stam, 2014; Whigham et al., 2016). In graph theory
terms, a network is a collection of nodes (representing brain regions)
interconnected by edges (representing structural/functional connec-
tions), and topological parameters characterize not only the nodes and
edges themselves in terms of their embedding into the network, but also
network organization as a whole (Fig. 3). In healthy populations, net-
work analyses leveraging such methods highlighted core organizational
principles of the human brain, including the co-existence of subnetwork
integration as well as segregation (emphasized in the existence of short
path lengths as well as high clustering) (Bullmore and Sporns, 2009;
Stam, 2014; Whigham et al., 2016), the decomposability of the whole-
brain network into a set of interacting communities (Bullmore and
Bassett, 2011; Meunier et al., 2010), and the presence of hub regions
that express a disproportionally high connectivity and that often med-
iate the communication between communities (Hagmann et al., 2008;
Sporns et al., 2007; van den Heuvel and Sporns, 2011).
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Fig. 3. Connectome analysis. Top: Whole-brain dif-
fusion MRI tractographic assessments provide a non-
invasive means to approximate white fiber tracts
connecting different parts of the brain. Middle: The
generation of connectomes, ie., descriptions of con-
nectivity between all brain regions, often requires to
first subdivide the brain into different areas using
parcellation techniques. The systematic assessment
of connectivity strength between all pairs of parcels
can then be used to build a connectivity matrix,
which is mathematically equivalent to a graph
(where nodes represent the regions, and edges the
connections between them). Bottom: Connectomes
can be analyzed using graph theory, a mathematical
framework to formalize network topology. Network
clustering and path length are fundamental and
complementary topological parameters. Clustering
relates to the local efficiency of the network.
Conversely, the inverse of path length relates to
global efficiency.

GRAPH-THEORETICAL PARAMETERIZATION

4.1. Connectome studies in temporal lobe epilepsy

Most connectome based studies have so far been carried out in TLE
(Bernhardt et al., 2015, 2013). Collectively, findings have argued for a
reorganization of macrolevel topological properties that may poten-
tially provide useful diagnostic and prognostic information for the as-
sessment of individual patients. One of the first WM connectome ana-
lyses in TLE focused on intra-limbic connectivity (Bonilha et al., 2012);
the finding of increased clustering and nodal efficiency in patients
compared to controls was interpreted as a reorganization towards a
topology that may favor hyperexcitability. Increases in local clustering
in regions close to the focus, together with breakdown of long-range
connectivity have also been suggested by whole-brain connectome
analysis (DeSalvo et al., 2014). On the other hand, decreases in local
and global efficiency (suggestive of increased path length and de-
creased clustering) have also been reported, suggesting that some TLE
cohorts may also present with a “breakdown” of both long- and short-
range connections (Liu et al., 2014b), a finding also supported by sur-
face-based mapping of superficial WM diffusion parameters in TLE (Liu
et al., 2016).

With regards to seizure focus laterality, a previous study suggested

35

potential differences between left and right TLE patients at the level of
WM connectomes (Besson et al., 2014), with more severe alterations in
the former. Based on assessments suggesting that the magnitude of WM
diffusion anomalies tapers off with increasing anatomical distance from
the temporal lobe ipsilateral to the seizure focus (Concha et al., 2012;
Keller et al., 2017), network parameters derived from diffusion MRI
may have lateralization value (Kamiya et al., 2016). Recent studies
have also utilized preoperative network markers to distinguish patients
with postoperative seizure freedom from those with seizure recurrence
(Bonilha et al., 2013). Predictive experiments have been carried out
using standalone connectomic datasets (Munsell et al., 2015) or in
combination with clinical data (Bonilha et al., 2015a), with overall
promising findings. In light of work in healthy populations that utilize
structural connectomes to simulate functional dynamics (Goni et al.,
2014; Honey et al., 2009; Misic et al., 2015), emerging data suggests
that computational models of seizure spread and epileptogenicity based
on structural connectomes may help localizing surgical targets
(Hutchings et al., 2015) and possibly improve the prediction of post-
surgical seizure outcome (Proix et al., 2017).
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4.2. Connectome studies in extra-temporal lobe epilepsy

To date WM organization in cohorts with validated FCD has been
seldom studied. A recent study employing structural covariance and
functional connectivity analysis suggest marked network rearrange-
ment particularly in FCD I (Hong et al., 2017b). In patients with frontal
lobe epilepsy and suspected subtle dysplasia overall reductions of
global and nodal efficiency have been observed, as well as network
segregation (Vaessen et al., 2014; Widjaja et al., 2015). Given the
macroscale analyses, it is likely that some connectome findings may
relate to cognitive difficulties commonly seen in epileptic populations.
Indeed, a structural connectivity study reported that patients with se-
vere cognitive impairment may have more marked alterations in net-
work topology compared with to healthy individuals as well as patients
with only little cognitive impairment (Vaessen et al., 2012).

5. Future directions

Epilepsy is a network disorder and the white matter is the substrate
connecting its various components. A proper conceptualization of this
condition entails equal attention to both the grey and white matter at
the site of the seizure focus and at distance from it. Microscopic studies
have provided the structural basis for white matter pathology. Novel in
vivo diffusion weighted MRI acquisition and reconstruction techniques,
but also emerging imaging methods assessing myelin content
(Bernhardt et al., 2017), deliver an increasingly comprehensive window
to this pivotal compartment and its relationship to neuronal processes.
Although initial studies have suggested the relevance of single markers
of white matter integrity to clinical outcomes, a better understanding of
this relationship would entail a combined analysis of the descriptors of
the grey and white matter microstructure, connectome-level features,
and lesional markers. In this context, machine-learning is considered a
method of choice to extract critical features, patterns and relationships
from such high-dimensional datasets that might otherwise be missed.
Moreover, paralleling the move towards big data analyses in neu-
roscience, epilepsy research would benefit from data sharing initiatives
to validate results and address new hypotheses.
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