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Abstract

Objective: To identify functional and structural alterations in language networks
of people with temporal lobe epilepsy (TLE), who frequently present with naming
and word-finding difficulties.

Methods: Fifty-five patients with unilateral TLE (29 left) and 16 controls were
studied with auditory and picture naming functional magnetic resonance imag-
ing (fMRI) tasks. Activation maxima in the left posterobasal temporal lobe were
used as seed regions for whole-brain functional connectivity analyses (psycho-
physiological interaction). White matter language pathways were investigated
using diffusion tensor imaging and neurite orientation dispersion and density
imaging metrics extracted along fiber bundles starting from fMRI-guided seeds.
Regression analyses were performed to investigate the correlation of functional
connectivity with diffusion MRI metrics.

Results: In the whole group of patients and controls, weaker functional connec-
tivity from the left posterobasal temporal lobe (1) to the bilateral anterior tempo-
ral lobe, precentral gyrus, and lingual gyrus during auditory naming and (2) to
the bilateral occipital cortex and right fusiform gyrus during picture naming was
associated with decreased neurite orientation dispersion and higher free water
fraction of white matter tracts. Compared to controls, TLE patients exhibited
fewer structural connections and an impaired coupling of functional and struc-
tural metrics.

Significance: TLE is associated with an impairment and decoupling of func-
tional and structural language networks. White matter damage, as evidenced by
diffusion abnormalities, may contribute to impaired functional connectivity and
language dysfunction in TLE.
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1 | INTRODUCTION

Impairment of language function, in particular naming
and word-finding difficulties, is a frequent concern in
patients with temporal lobe epilepsy (TLE).! Advanced
neuroimaging techniques, such as functional mag-
netic resonance imaging (fMRI)** and diffusion MRI
(dMRI),** are increasingly applied to study the com-
plex organization of functional and structural language
networks.

We previously showed that auditory and picture
naming fMRI tasks robustly activate left temporobasal
language regions,®’ which are critically involved in
word-finding and naming functions.® Stronger functional
connectivity seeding from these regions to the bilateral
anterior temporal lobe, inferior frontal lobe, and occipital
cortex related to better out-of-scanner naming function.
In left TLE patients, these functional networks were more
disrupted with greater disease duration or an earlier onset
of seizures.?

dMRI and tractography are used to study structural
brain connections, including language networks. Using
diffusion tensor imaging (DTI), decreased fractional an-
isotropy (FA) and increased mean diffusivity (MD) have
been described as correlates of disrupted structural lan-
guage networks in various neurological and psychiat-
ric disorders, including epilepsy and schizophrenia.®'°
Interpretation of changes in FA and MD is complicated
by their low specificity for specific microstructural
changes, such as axon count, density, degree of myelin-
ation, or fiber organization."! Advanced dMRI models
such as neurite orientation dispersion and density imag-
ing (NODDI) can provide additional estimates of tissue
microstructure. The NODDI model is based on the nor-
malized signal contribution of the intraneurite compart-
ment (axons/dendrites), free water, and the extraneurite
compartment, using the following parameters: neurite
density index (NDI; describing neurite volume fraction),
orientation dispersion index (ODI; describing the vari-
ability of neurite orientation, ranging from 0 [all paral-
lel] to 1 [completely isotropic]), and free water fraction
(FWF).1213

Despite efforts to delineate language network changes
in TLE, the interplay of functional and structural con-
nections and their disease-specific reorganization re-
main poorly understood. To improve the neurobiological
understanding of language network alterations in TLE,
we used auditory and picture-naming fMRI for a seed-
based whole brain functional connectivity analysis,
and analyzed the association of functional language
networks with structural connectivity, derived from ad-
vanced dMRI metrics.

Key Points

« TLE is associated with impaired naming, but
the underlying language network changes are
poorly understood

« We combine auditory and picture naming
fMRI-derived seed-based functional connectiv-
ity with advanced diffusion MRI metrics

« Weaker functional connectivity related to lower
neurite orientation dispersion and higher free
water fraction of white matter tracts

« TLE patients showed fewer structural connec-
tions and compromised coupling of functional
and structural metrics

« White matter damage may contribute to im-
paired functional connectivity and language
dysfunction in TLE

2 | MATERIALS AND METHODS

2.1 | Participants

We studied 55 patients with drug-resistant unilateral TLE
(29 left) who underwent presurgical assessment at the
National Hospital for Neurology and Neurosurgery be-
tween 2014 and 2017, and 16 healthy participants with no
history of epilepsy or any other chronic neurological or
psychiatric disease. Exclusion criteria were nonfluency in
written and spoken English, pregnancy, any contraindica-
tion to MRI, inability to give informed consent, or history
of a bilateral tonic-clonic seizure within 24 h prior to the
study. Demographic and clinical data are summarized in
Table 1.

Prolonged electroencephalographic video teleme-
try confirmed and lateralized areas of seizure onset to
the temporal lobe. Structural MRI at 3 T identified hip-
pocampal sclerosis (HS) in 25 patients (14 left/11 right)
and normal-appearing MRI in 13 patients (8 left/5 right).
Seventeen patients had mixed pathologies, including
dysembryoplastic neuroepithelial tumor in nine (5 left/4
right), focal cortical dysplasia (FCD) in two (1 left/1 right),
low-grade glioma in three (2 left/1 right), dual pathology
(FCD and HS) in one (right), encephalocele in one (right),
and traumatic lesion in one (right) patient. Handedness
was determined using the Edinburgh Hand Preference
Inventory.14

Prior to scanning, all subjects underwent standardized
clinical tests that form part of the pre- and postsurgical
neuropsychological evaluations of TLE patients. Naming
was assessed using the McKenna Graded Naming Test
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TABLE 1 Demographic and clinical data in controls and patients

FBTCS

Duration,
years

Age at onset,
years

Handedness,
right/left, n

Sex, female/

male, n

ASMs, n GNT score 1Q

monthly

FS monthly

Age, years

Group

94.7 + 10.6°

14.6 + 5.8°
17.4 +5.1

5(59.5) 0(4) 2(2)
0(3) 2(3)

14.0 (44.0)
13.0 (41.0)

17.0 + 10.7
23.5+13.4

37.8 +12.2

27/2

15/14
13/13

LTLE, n =29

96.9 + 12.4°
112.0 + 8.0

20.3 +6.1

4.5 (40.0)

38.7 £ 10.0
30.0 + 12.8

24/2

RTLE, n =26

n.a.

n.a.

n.a.

15/1

10/6

CTR,n=16

Note:: Age, age at onset of epilepsy, McKenna GNT" score, and verbal IQ are shown as mean + SD. Duration, seizure frequency (FS, FBTCS), and number of ASMs are shown as median (range).

Abbreviations: ASM, antiseizure medication; CTR, control; FBTCS, focal to bilateral tonic—clonic seizures; FS, focal seizures; GNT, Graded Naming Test; IQ, intelligence quotient; LTLE, left temporal lobe epilepsy; n.a.,

not applicable; RTLE, right temporal lobe epilepsy.

“Naming score LTLE < CTR, p = .005.

IQ LTLE < CTR, p < .001.

‘IQ RTLE < CTR, p < .001.

Epilepsia->*

(GNT)." Estimated verbal intelligence quotient (IQ) was
derived from performance on the National Adult Reading
Test (NART).'® One-way analysis of variance (ANOVA;
Tukey post hoc test) and Mann-Whitney U tests were used
for continuous variables. Fisher exact test was utilized for
categorical variables.

2.2 | Magnetic resonance data
acquisition

Please refer to the Supplementary Material for details on
magnetic resonance data acquisition.

2.3 | Language tasks

All participants performed two overt naming fMRI tasks
with active control conditions: auditory naming (naming
aloud objects from their auditory description; reversed
speech as control condition, duration = 5 min) and pic-
ture naming (naming aloud objects from their visual
presentation; scrambled pictures and faces as control
condition, duration = 6.25 min), as described in detail
previously.*® Task performance was monitored using
a microphone. All study participants successfully per-
formed the tasks (>80% accuracy).

2.4 | Data analysis: fMRI activation maps

fMRI data were analyzed with Statistical Parametric
Mapping 8 (SPMS; http://www fil.ion.ucl.ac.uk/spm/).
Imaging time series of each subject were realigned, nor-
malized into standard anatomical space using a scanner-
and acquisition-specific template, and smoothed with a
Gaussian kernel of 8 mm full-width at half-maximum.

At the first level, condition-specific effects were esti-
mated according to the general linear model.'” Regressors
of interest were formed by convolving blocks of stimuli
with the canonical hemodynamic response function for
conditions of interest including motion parameters as con-
founds. Voxelwise parameter estimates were calculated for
the contrasts “auditory naming” (auditory naming minus
reversed speech) and “picture naming” (picture-naming
minus scrambled pictures and faces).

At the second level, one-sample t-tests were used for
main task effects across groups. One-way ANOVA was
used for intergroup comparisons. Activations are reported
at p < .05, corrected for multiple comparisons (familywise
error rate [FWE]) across the whole brain. Language lat-
erality indices (LIs) of statistical parametric maps were
calculated using the bootstrap method implemented in
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SPM8'® on bilateral masks comprising temporal lobes
and mesial temporal structures, as described in detail
previously.*’

2.5 | Data analysis: Functional
connectivity (psychophysiological
interaction)

We employed a psychophysiological interaction (PPI)
analysis to assess task-related functional connectivity
between language activation maxima and the rest of the
brain.® For each subject, the time series (first eigenvari-
ate) was extracted from the normalized, smoothed echo
planar images using a 12-mm-diameter sphere cen-
tered on the subject-specific peak voxel within a larger
20-mm-diameter sphere region of interest,!” which was
centered on the groupwise peak activations in the left pos-
terior inferior temporal gyrus (auditory naming) and the
left fusiform gyrus (picture naming).

The PPI model included three regressors: (1) the main
effect of the seed region (i.e., the functional time series),
(2) the raw task regressor (represented by the vector of the
naming or word-generation block onsets), and (3) the in-
teraction between the two, representing a task-modulated
change in functional connectivity, or PPL.*°

One-sample t-tests and one-way ANOVA were used
to investigate effects across and among groups, respec-
tively. All PPI activations are reported at a threshold of
p < .05, FWE-corrected. Verbal IQ, task-specific language
LI, and age were used as nuisance regressors. The relation
of PPI activation to out-of-scanner naming performance
(GNT" scores) was explored using multiple regression. In
accord with previous investigations,z’3 correlational acti-
vations are shown at a threshold of p < .001 uncorrected.

2.6 | Data analysis: dMRI and
tractography

dMRI data were corrected for scanner drift,”! and for mo-
tion and susceptibility-induced distortion using FSL v5.10
eddy and topup.”*** Three-dimensional T1 images were
segmented into white matter (WM), gray matter (GM),
deep GM, and cerebrospinal fluid using a probabilis-
tic tissue segmentation approach (geodesic information
flows),”* transformed into an anatomically constrained
tractography (ACT)* five-tissue-type file and rigidly reg-
istered to dMRI space. DTI metrics (FA, MD) were ex-
tracted using MRTrix3,% and NODDI metrics (NDI, ODI,
FWF) were extracted using the NODDI toolbox v0.9 in
MATLAB."

To create seed regions for fiber-tracking, individual
peak fMRI activations during auditory and picture naming
(see Section 2.4) were registered into dMRI space, and 100-
voxel seed volumes were created in the WM region most
adjacent to the GM fMRI peaks, using Euclidian distance
maps. Whole-brain probabilistic tractography was then
performed in MRTrix3,” using a minimum curvature ra-
dius of 1 mm, a step size of 1.0 mm, and a minimum fiber
orientation distribution amplitude of .1, to generate 1000
tracts from the seed region. In line with ACT,” tracts were
terminated at the cortical GM-WM interface. Tract maps
were then registered to fMRI space and compared across
groups using one-way ANOVA in SPM at a threshold of
p < .05, FWE-corrected. Lastly, tract maps were thresh-
olded at a probability value of .01 to create binary masks,
which were averaged across groups to produce common-
ality maps, which indicate the degree of the spatial vari-
ability and overlap of connections. A commonality value
of 1 indicates an overlap of 100% of subjects having con-
nections in the respective voxel, and a value of 0 indicates
that no subject has connections.*>*” Bundle-specific dif-
fusion metrics were extracted for each bundle using these
binary masks.

2.7 | Correlation of functional and
structural connectivity metrics

Correlations of functional connectivity (PPI) activations
with dMRI metrics were explored using FA, MD, NDI,
ODI, FWF, and tract volume as covariates of interest in
multiple regression models in SPM. Task-specific lan-
guage LI, I1Q, and age were used as nuisance regressors,
and interaction analyses were used to assess group differ-
ences of correlations. In the absence of group differences,
correlations are reported across groups. Correlation anal-
yses were inclusively masked with the main PPI effect,
derived from the group activation maps from a previous
study,’ acquired with the same sequences, paradigms, and
scanner. In view of our a priori hypothesis and in accord
with previous investigations,® correlational activations
are shown at a threshold of p < .001 uncorrected.

3 | RESULTS

3.1 | Demographic data

The three groups did not differ in age (F, ¢3 = 3.17, p = .05),
distribution of sex (Fisher exact test: p = .75), or handed-
ness (Fisher exact test: p = .98). The two patient groups did
not differ in frequency of focal seizures (Mann-Whitney
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U = 352.5, p = .68), focal to bilateral tonic-clonic seizures
(Mann-Whitney U = 372.0, p = .90), or number of antisei-
zure medications (ASMs) taken at the time of the study
(Mann-Whitney U = 296.0, p = .15; Table 1). There is re-
cent evidence that ASMs may unfavorably (zonisamide,
topiramate, carbamazepine) or relatively favorably (la-
motrigine, levetiracetam) affect language fMRI activation
patterns.”®** However, there was no statistically significant
difference between left TLE and right TLE in the number of
people treated with topiramate (1 left/2 right TLE, p = .60),
zonisamide (7 left/6 right TLE, p = .93), carbamazepine
(8 left/8 right TLE, p = .80), lamotrigine (10 left/8 right TLE,
p = .77), and levetiracetam (11 left/8 right TLE, p = .58)
or their respective mean daily doses (topiramate: Mann-
Whitney U = 393.0, p = .49; zonisamide: Mann-Whitney
U = 366.0, p = .80; carbamazepine: Mann-Whitney
U = 381.0, p = .93; lamotrigine: Mann-Whitney U = 371.5,
p = .91; levetiracetam: Mann-Whitney U = 341.0, p = .47).
Task-specific language LIs did not differ among left TLE,
right TLE, and controls (auditory naming: H, = 4.156,
p = .13; picture naming: H, = .191, p = .91; Table S3)
or among the three pathology subtypes in TLE patients
(auditory naming: H, = 3.297, p = .19; picture naming:
H, = 1.040, p = .59; Table S3).

3.2 | Neuropsychological results

Estimated verbal IQ derived from performance on the

NART!®significantly differed among groups (Fy 63 =14.77,
p < .001; Table 1). Post hoc analysis (Tukey) indicated that

Main activation and deactivation

Auditory
naming

Picture
naming

Epilepsia>*

IQ was lower in both patient groups compared to controls
(left TLE vs. controls: mean 1Q difference = 17.3 points,
p < .001; right TLE vs. controls: mean IQ difference =
15.1 points, p < .001), whereas there was no difference
between left TLE and right TLE (p = .72). Out-of-scanner
naming test scores™ also differed significantly among
groups (F, 4 = 5.36, p = .007; Table 1); with lower nam-
ing scores by a mean of 5.7 in left TLE versus controls
(p = .005), whereas there was no difference between left
and right TLE (p = .17) or between right TLE and con-
trols (p = .24). In TLE patients, there was no significant
difference in naming scores (F, 5, = 1.40, p = .26) or IQ
(F,, 5, = .62, p = .55) among the three pathology subtypes.

3.3 | Main fMRI effects

During auditory naming, main activations across groups
were seen in the left posterior inferior temporal gyrus, left
anterior middle temporal gyrus, left inferior and middle
frontal gyrus and supplementary motor region, right lin-
gual gyrus, right parahippocampal gyrus, and left cerebel-
lum. During picture naming, main activations across all
subjects were seen in the left fusiform gyrus, right poste-
rior inferior temporal gyrus, and middle occipital gyrus, as
well as the bilateral inferior occipital gyrus.

Deactivations during auditory and picture naming
were observed in the right precuneus, bilateral inferior
parietal lobe (angular gyrus/supramarginal gyrus), bilat-
eral middle frontal gyrus, and bilateral anterior superior/
middle temporal gyrus (Table S1, Figure 1). There were no

Functional connectivity (PPI)

°
°
8 o Sae e
o0 .
o o°° ?300" o8t ;o
0 o ° 0908

PPl parameter estimates
left middle temporal gyrus
°

B 0 1 20 2 Fl
naming score

PPl parameter estimates
left inferior frontal gyrus
o

B 10 1 20 2 30
naming score

FIGURE 1 Left column: Main functional magnetic resonance imaging activations (red) and deactivations (blue) across all three groups (left
temporal lobe epilepsy [TLE], right TLE, controls) for auditory naming (upper row) and picture naming (lower row). Right column: Functional
connectivity (psychophysiological interaction [PPI]) from the left temporal lobe seed region across all three groups for auditory naming and
picture naming. Green ellipses represent the left temporal lobe seed region. All activations are shown rendered at p < .05, corrected for multiple
comparisons (familywise error). Scatterplots show correlation of PPI parameter estimates extracted from the left anterior middle temporal gyrus
(auditory naming; upper row) and left inferior frontal gyrus (picture naming; lower row) with out-of-scanner naming scores. L, left; R, right
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significant intergroup differences in activations or deacti-
vations among left TLE, right TLE, and controls, or among
the three pathology subtypes in TLE patients.

3.4 | Functional connectivity (PPI)
3.4.1 | PPL Auditory naming

Across groups, the left posterior inferior temporal seed
region was coupled to the bilateral anterior superior and
middle temporal gyrus and the left cerebellum (Table S2,
Figure 1), without intergroup differences among left TLE,
right TLE, and controls, or among the three pathology
subtypes in TLE patients. Stronger connectivity to the left
middle temporal gyrus was related to better out-of-scanner
naming performance (Table S2, Figure 1). Furthermore,
later age at onset related to stronger connectivity to the
right parahippocampal gyrus, left cerebellum, and bilat-
eral angular gyrus, and patients with shorter disease dura-
tion had stronger connectivity to the left thalamus and left
angular gyrus (Table S4).

3.4.2 | PPL Picture naming

Across groups, functional coupling was observed from the
left fusiform seed to the bilateral precentral gyrus, pos-
terior fusiform gyrus, cerebellum, and middle occipital
gyrus as well as the right inferior occipital gyrus (Table
S2, Figure 1), without intergroup differences among left
TLE, right TLE, and controls, or among the three pathol-
ogy subtypes in TLE patients. Stronger connectivity to the
left inferior frontal gyrus related to better out-of-scanner
naming performance (Table S2, Figure 1). Patients with
a later age at onset had stronger connectivity to the left
middle temporal gyrus, left angular gyrus, and left cere-
bellum. Stronger connectivity to the right fusiform gyrus,
left middle temporal gyrus, and bilateral cerebellum was
observed with shorter disease duration (Table S4).

3.5 | Fiber-tracking results

Visual assessment of the group commonality maps of
structural connections demonstrated consistent connec-
tivity patterns from the seed regions in the left posterior
inferior temporal gyrus (auditory naming; Figure 2A,B)
and left fusiform gyrus (picture naming; Figure 2A,B).
For both naming tasks, connections extended to the left
temporal pole, angular gyrus, and middle and inferior oc-
cipital gyri, as well as left frontal and prefrontal regions.
Less extensive connections were observed to the right

precuneus. Group comparisons of the number of stream-
lines per voxel indicated that whereas there were no dif-
ferences between left and right TLE, both patient groups
had fewer connections to the left anterior temporal lobe
(auditory naming seed) and to the left precentral gyrus
(picture naming seed) compared to controls (Figure 2C).
There were no differences in connections among the three
pathology subtypes in TLE patients.

3.6 | Relation of functional connectivity
(PPI) to dMRI metrics

Regression analyses were performed to investigate the
correlation of functional connectivity (PPI) seeding from
the left posterior inferior temporal gyrus (auditory nam-
ing) or left fusiform gyrus (picture naming) with dMRI
metrics (FA, MD, FWF, NDI, ODI) derived from trac-
tography starting from WM seeds adjacent to the PPI
seeds. Stronger functional connectivity during both au-
ditory naming and picture naming related to higher ODI
and lower FWF. No suprathreshold correlations were
observed with FA, MD, NDI, or tract volumes. Further
analyses (F-tests for intergroup differences in correla-
tions and subsequent pairwise comparisons) were there-
fore restricted to the metrics FWF and ODI. Notably,
mean FWF and ODI values did not differ among left
TLE, right TLE, and controls, or among the three pathol-
ogy subtypes in TLE patients (p > .05). There was not a
significant correlation of FWF and ODI values with out-
of-scanner naming tasks (p > .05).

3.6.1 | Auditory naming

Across groups, stronger functional connectivity corre-
lated with lower FWF in the bilateral anterior superior
temporal gyurs, transverse temporal (Heschl's) gyrus, and
bilateral precentral gyrus. Group comparisons indicated
group differences in correlations in the left middle tempo-
ral gyrus, left cerebellum, and left lingual gyrus. Pairwise
comparisons showed that controls had stronger corre-
lations than right TLE and left TLE, whereas there was
no difference between left TLE and right TLE (Figure 3,
Table 2). Within the group of TLE patients, nonlesional
patients had stronger correlations than patients with HS
or those with mixed pathologies in the left superior tem-
poral gyrus and left transverse temporal (Heschl's) gyrus
(Figure S1, Table S5).

In all groups, stronger functional connectivity cor-
related with higher ODI in the left temporal pole.
Correlations differed among groups in the bilateral tem-
poral pole and left precentral gyrus. Pairwise comparisons
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(A) Group maps of connecting tracts

Auditory naming

(8)

Left TLE

Right TLE

Controls

©

Controls>TLE

Picture naming

0.0

FIGURE 2 (A) Seed regions for tractography derived from functional magnetic resonance imaging (fMRI) activation maxima during
auditory naming (left two columns) and picture naming (right two columns). (B) Group commonality maps (at a probability threshold of
.01) of connecting tracts seeding from the fMRI-guided seeds in the left posterobasal temporal lobe for each of the three groups (left temporal
lobe epilepsy [TLE], right TLE, controls) for auditory naming (left two columns) and picture naming (right two columns). Images show

left and top view surface renderings with embedded spatial distribution of tracts. The color scale indicates the degree of overlap of tracts
among subjects, expressed as a commonality value. A commonality value of 1 indicates an overlap of 100% of subjects having connections

in the respective voxel, and a value of 0 indicates that no subject has connections. Groups generally showed similar connection patterns,
with consistent connections to the left anterior temporal lobe, left angular gyrus, and occipital cortex, as well as left frontal and prefrontal
regions. (C) Group differences of connecting tracts superimposed on sagittal and coronal T1 images (displayed at p < .001 uncorrected for
better visualization). Controls had more connections to the left anterior middle temporal gyrus during auditory naming (Z = 4.63, Montreal
Neurological Institute [MNI] coordinates: —42 —35 —7, p < .05 familywise error rate [FWE]-corrected) and to the left precentral gyrus
during picture naming (Z = 4.32, MNI coordinates: —32 —23 —30, p < .05 FWE-corrected) compared to both left TLE and right TLE patients.

A, anterior; L, left; P, posterior; R, right

indicated that correlations in the anterior temporal lobes
were stronger in controls than both left TLE and right
TLE. Additionally, right TLE had stronger correlations in
the left precentral gyrus compared to left TLE (Figure 4,
Table 2). Within TLE patients, nonlesional patients had
stronger correlations than patients with HS in the left fu-
siform gyrus (Figure S1, Table S5).

3.6.2 | Picture naming

Across left TLE, right TLE, and controls, stronger func-
tional connectivity related to lower FWF in the left pre-
central gyrus. Correlations differed among groups in the
right inferior occipital gyrus, and pairwise comparisons
showed that both controls and right TLE patients had
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Correlation of functional connectivity with lower free water fraction (FWF)

All groups

Auditory
naming

Picture
naming

stonger correlations than left TLE (Figure 3). There were
no differences in correlations among pathology subtypes
in TLE patients.

Stronger functional connectivity also correlated with
higher ODI in the left precentral gyrus and left cerebel-
lum in all groups. Correlations differed among groups
in the bilateral lingual gyrus, right fusiform gyrus, and
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cerebellum. Pairwise comparisons identified stronger
correlations in controls versus left TLE and in right TLE
versus left TLE (Figure 4, bottom row; Table 2), without
differences in controls versus right TLE. Within TLE pa-
tients, nonlesional patients had stronger correlations than
patients with HS or with mixed pathologies in the left lin-
gual gyrus (Figure S1, Table S5).
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FIGURE 3 Correlations of functional connectivity of auditory naming (seed region: left inferior temporal gyrus) and picture naming
(seed region: left fusiform gyrus) with lower free water fraction (FWF) of underlying white matter tracts. Areas of significant connectivity
are shown superimposed on sagittal and coronal T1 images masked for the group effects at p < .001 uncorrected. Top row and second row:
Auditory naming. Stronger functional connectivity correlated with lower FWF in the bilateral anterior superior temporal gyrus, transverse
temporal (Heschl's) gyrus, and bilateral precentral gyrus in all groups. Scatterplot shows correlation of functional magnetic resonance
imaging (fMRI) parameter estimates extracted from the left anterior superior temporal gyrus with mean FWF values. Controls had stronger
correlations compared to left temporal lobe epilepsy (TLE; lingual gyrus) and right TLE (left middle temporal gyrus, left cerebellum [not
shown on slice], bilateral lingual gyrus [not shown on slice]). Third row and bottom row: Picture naming. All groups had correlations of
stronger functional connectivity with lower FWF in the left precentral gyrus. Scatterplot shows correlation of fMRI parameter estimates
extracted from the left precentral gyrus with mean FWF values. Controls and right TLE patients had stonger correlations in the right inferior
occipital gyrus compared to left TLE. A, anterior; L, left; P, posterior; R, right

TABLE 2 Montreal Neurological Institute coordinates and Z-scores of correlations (regression analysis) of cluster-level functional
connectivity (PPI) during auditory naming and picture naming with structural connectivity measures (FWF, ODI), shown at p < .001

uncorrected
Correlation of functional connectivity (PPI) with structural connectivity measures
LH RH
fMRI task Regressor Group Region z Coordinates V4 Coordinates
Auditory FWF All groups Sup temp G 3.64 —50 —36 8 4.20 60 —20 8
naming Heschl G 4.14 —62 -8 10 4.07 60 —8 6
Precentral G 3.18 —54-86 3.27 48 —10 36
CTR > LTLE Lingual G 3.16 —12 -74 -8
3.12 —14 -70 =8
CTR > RTLE Lingual G 3.53 6—72 -2
Cerebellum 3.42 —14 —54 —12
Mid temp G 3.97 —60 —52 —14
3.40 —62 —20 —12
ODI All groups Sup temp G 3.61 —5210 —-14
CTR > LTLE Sup temp G 3.12 —526—12 3.31 600 —4
3.10 —52-2-10
Mid temp G 3.68 —58 =244 3.67 58 —20 —12
CTR > RTLE Mid temp G 3.25 54 —22 —10
RTLE > LTLE Precentral G 3.19 —56 —6 46
Picture naming FWF All groups Precentral G 3.27 —34 —30 66
CTR > LTLE Infocc G 3.27 38 —86 —18
RTLE > LTLE Inf occ G 3.37 38 —84 —20
ODI All groups Precentral G 345 —40 —6 34
Cerebellum 3.24 —48 —62 —32
CTR > LTLE Lingual G 4.05 —34 —88 —16 3.16 20 —96 —16
Cerebellum 4.25 —26 —82 —22 3.13 10 —74 —16
RTLE > LTLE Lingual G 3.61 —36 —88 —16 3.27 10 —98 —14
Fusiform G 3.74 42 —72 =20
3.74 18 —94 —18
Cerebellum 4.53 —24 —78 —20 3.46 16 —78 —18

Abbreviations: CTR, control; FWF, free water fraction; G, gyrus; Inf, inferior; LH, left hemisphere; LTLE, left temporal lobe epilepsy; Mid, middle; occ,
occipital; ODI, orientation dispersion index; PPI, psychophysiological interaction; RH, right hemisphere; RTLE, right temporal lobe epilepsy; Sup, superior;
temp, temporal.
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FIGURE 4 Correlations of functional connectivity of auditory naming (seed region: left inferior temporal gyrus) and picture naming (seed
region: left fusiform gyrus) with higher orientation dispersion index (ODI) of underlying white matter tracts. Areas of significant connectivity are
shown superimposed on sagittal and coronal T1 images masked for the group effects at p < .001 uncorrected. Top three rows: Auditory naming.
Stronger functional connectivity correlated with higher ODI in the left anterior superior temporal gyrus in all groups. Scatterplot shows correlation
of functional magnetic resonance imaging (fMRI) parameter estimates extracted from the left anterior superior temporal gyrus with mean ODI
values. Controls had stronger correlations compared to both left temporal lobe epilepsy (TLE; bilateral anterior superior and middle temporal
gyrus) and right TLE (right anterior superior temporal gyrus). Bottom two rows: Picture naming. Across groups, correlation of stronger functional
connectivity with higher ODI was seen in the left precentral gyrus. Scatterplot shows correlation of fMRI parameter estimates extracted from

the left precentral gyrus with mean ODI values. Compared to left TLE, stronger correlations were seen in controls (bilateral lingual gyrus, left
cerebellum) and right TLE (bilateral lingual gyrus, left cerebellum, right fusiform gyrus). A, anterior; L, left; P, posterior; R, right

4 | DISCUSSION temporal lobe regions, which are critically involved in

naming performance. We report a novel combination of
Auditory and picture naming fMRI visualizes functional naming fMRI-derived seed-based functional connectiv-
language networks with a particular focus on posterobasal ity with advanced dMRI metrics to better understand the
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alterations of language networks in TLE. We demonstrate
that weaker functional connectivity during auditory and
picture naming is accompanied by decreased neurite ori-
entation dispersion and increased free water fraction of
underlying WM connections. Compared to controls, TLE
patients showed compromised coupling of functional and
structural metrics.

4.1 | Naming performance in TLE:
fMRI and functional connectivity

Naming and word-finding difficulties are a frequent and
burdensome concern in TLE. Posterobasal temporal re-
gions are strongly involved in clinical naming perfor-
mance,”’ which highlights the importance of using fMRI
tasks that reliably activate these brain regions in the eval-
uation of TLE.*®

We used our previously validated overt auditory and
picture naming fMRI tasks with active control conditions.
Monitoring task execution demonstrated excellent task
performance in all subjects, supporting the interpretation
that our findings relate to disease-specific network alter-
ations rather than intergroup differences in task perfor-
mance. We show that left posterobasal temporal regions
are functionally coupled to the bilateral anterior tempo-
ral lobe during auditory naming, and to the bilateral pre-
central gyrus, contralateral fusiform gyrus, and bilateral
occipital cortex during picture-naming. Stronger connec-
tivity to the left middle temporal gyrus (auditory naming)
and to the left inferior frontal gyrus (picture naming)
related to better out-of-scanner clinical naming perfor-
mance. In line with previous findings,’ these connectiv-
ity patterns support conceptual models of a widespread
left-lateralized functional language network, particularly
in regard to semantic processing.*’ Using conservative
statistical thresholds, there were no significant intergroup
differences in functional connection patterns.

4.2 | Structural language networks:
dMRI and relation to functional networks

The use of dMRI to study the structure of the brain and
its connections is a fundamental tool in neuroscientific
research, and is increasingly applied in clinical settings,
including epilepsy surgery planning.** Because there is ev-
idence that axon count and density as well as myelination
and fiber organization may impact upon diffusion meas-
ures,'! we analyzed both conventional DTI (FA, MD) as
well as advanced NODDI'*"* metrics (NDI, ODI, FWF).
We used fMRI-guided seeds for whole-brain trac-
tography, and group variability maps of the connection

Epilepsia>*

patterns showed consistent connections to the left an-
terior temporal lobe, frontal and prefrontal regions, and
angular and occipital gyri for both auditory naming and
picture naming, which were partly impaired in patients
compared to controls. Visual inspection of the connection
patterns suggested an overlap of our tractography results
with well-defined language tracts such as arcuate fascic-
ulus (AF), inferior longitudinal fasciculus (ILF), middle
longitudinal fasciculus, uncinate fasciculus, and inferior
fronto-occipital fasciculus (IFOF). This supports previous
findings in TLE patients comparing naming fMRI-guided
to automated tractography, showing high overlap of the
resulting tracts with AF, IFOF, and ILF.*

We demonstrated a spatial overlap of functional and
structural language networks. Within these networks,
stronger functional connectivity related to higher ODI
and lower FWF, suggesting that more efficient func-
tional language networks are associated with distinct
features of underlying WM tracts. Higher FA values
were previously shown to correlate with stronger left
frontal fMRI activation during verb generation, and
with stronger left temporal activation during reading
comprehension in TLE patients.* Our naming fMRI-
derived functional connectivity maps were unrelated to
standard DTI metrics (FA and MD), but showed strong
and group-dependent associations with NODDI met-
rics. This suggests that although DTI measures relate to
fMRI activation, they might be less sensitive to detect
structural changes that affect functional connectivity,**
whereas NODDI increases the specificity of microstruc-
tural correlates of functional language connections by
considering neurite orientation dispersion and density.

Reduced neurite orientation dispersion has previously
been found in the affected hippocampus of TLE patients
with HS,* which may relate to the histopathological fea-
tures of abnormal dendritic branching in HS tissue.*
Conversely, increased neurite orientation dispersion has
been reported to relate to increased dendritic arboriza-
tion.”” Interestingly, neurite density was unrelated to
functional connectivity in our cohort. This may suggest
that the functional relevance of WM tracts subserving lan-
guage is more dependent on neurite orientation disper-
sion/organization than neurite density/volume, although
further comprehensive studies are needed to allow for
more specific inferences. Reductions in neurite density or
dispersion may be accompanied by an increase in FWF
as a possible surrogate of tissue atrophy or altered extra-
cellular organization.”® Our finding of a correlation of
stronger functional connectivity with lower FWF parallels
the correlation with increased ODI, and further supports
the view that functional coupling of language regions is
supported by distinct features of critical WM pathways.
A recent study in left TLE patients showed an overlap
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of PPI-derived functional connectivity maps during a se-
mantic decision fMRI task with structural connectivity
to Broca's area through the AF.* We demonstrated the
association of whole-brain functional and structural con-
nectivity measures, rather than restricting our analyses to
a predefined anatomic tract like AF and provide a more
specific assessment of WM microstructure using NODDI
metrics.

On the out-of-scanner naming tasks, left TLE patients
also performed worse than controls, whereas there was no
statistically significant difference between right TLE and
left TLE. We interpret this as reflecting bilateral temporal
lobe involvement in auditory naming and picture nam-
ing. This supports the view that the language system is
particularly vulnerable to effects of epileptic activity, and
neuronal damage resulting from ongoing seizures*’ may
contribute to language impairment,* along with effects
of underlying pathology. In patients without identifiable
lesions on MRI, coupling of functional and structural
connections within language networks was relatively
preserved compared to patients with discrete lesions, es-
pecially HS, whereas there was no difference between
patients with HS and patients with mixed lesions. This
confirms previous reports of most pronounced language
network changes in TLE patients with lesions including
HS,**** emphasizing differences across distinct brain net-
works between MRI-negative and lesional TLE.*

4.3 | Strengths, limitations, and
future work

This is the first study to combine seed-based func-
tional connectivity maps with advanced diffusion-
based analyses to delineate the structural basis of the
language network and its alterations in TLE. We used
overt language tasks that allow controlling for task per-
formance,® and applied active control conditions that
diminish the activations caused by type of stimulus
presentation (auditory/visual) or motor cortex activa-
tions.® Verbal IQ and language LI were included as nui-
sance regressors, supporting the view that decoupling
of functional and structural language networks in TLE
may be independent of intelligence level or atypical
language representation.

MRI findings in our cohort were heterogeneous;
hence, we performed a subgroup analysis in TLE pa-
tients, comparing nonlesional TLE to HS or other
discrete lesions. However, detailed effects of certain
pathologies (e.g., FCD, low-grade glioma) could not be
assessed, and subgroup analyses in adequate samples
should be addressed in future investigations, includ-
ing detailed effects of medication on fMRI activation.

Naming performance was assessed using a visual con-
frontation naming task, which is widely used in clini-
cal practice.*>*® However, it has been postulated that
performance on auditory naming tasks particularly re-
flects word-finding difficulties in conversational speech
with its multiple neuropsychological demands,*’ which
should be addressed in future studies. Longitudinal stud-
ies including patients who undergo temporal lobe resec-
tion will help to clarify the relation of language network
decoupling to the extent of naming decline following ep-
ilepsy surgery, with the potential to improve risk stratifi-
cation and to aid surgical planning. The NODDI method
used in this work estimates microstructural parameters
through mathematical model fitting procedures using
multiple b-values. Although more complex diffusion-
weighting schemes, such as b-tensor encoding,* allow
better specificity to the microstructural organization,
NODDI provides an excellent balance between ease of
acquisition on routine clinical scanners and microstruc-
tural sensitivity."

5 | CONCLUSIONS

Word-finding difficulties and impaired naming are a fre-
quent and disabling concern in TLE, particularly in pa-
tients with left hemisphere seizure onset. Combining
auditory and picture naming fMRI-derived whole brain
functional connectivity seeding from the left posterobasal
temporal lobe (PPI) with advanced microstructural tissue
properties (NODDI), we demonstrate that TLE patients
had impairment of both functional and structural lan-
guage networks. Impairment of critical WM pathways in
TLE may contribute to impaired functional connectivity
and language performance.
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