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Abstract: How the interactions between cortices through a specific white matter pathway change during
cognitive processing in patients with epilepsy remains unclear. Here, we used surface-based structural
connectivity analysis to examine the change in structural connectivity with Broca’s area/the right Broca’s
homologue in the lateral temporal and inferior parietal cortices through the arcuate fasciculus (AF) in 17
patients with left temporal lobe epilepsy (TLE) compared with 17 healthy controls. Then, we investigated
its functional relevance to the changes in task-related responses and task-modulated functional connectivity with Broca’s area/the right Broca’s homologue during a semantic classification task of a single word.
The structural connectivity through the AF pathway and task-modulated functional connectivity with Broca’s area decreased in the left midtemporal cortex. Furthermore, task-related response decreased in the left
mid temporal cortex that overlapped with the region showing a decrease in the structural connectivity. In
contrast, the region showing an increase in the structural connectivity through the AF overlapped with
the regions showing an increase in task-modulated functional connectivity in the left inferior parietal cortex. These structural and functional changes in the overlapping regions were correlated. The results suggest that the change in the structural connectivity through the left frontal–temporal AF pathway underlies
the altered functional networks between the frontal and temporal cortices during the language-related
processing in patients with left TLE. The left frontal–parietal AF pathway might be employed to connect
anterior and posterior brain regions during language processing and compensate for the compromised left
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INTRODUCTION
Epilepsy affects both structural and functional brain networks. In temporal lobe epilepsy (TLE), despite the localized epileptic focus, a widespread involvement of
structural and functional brain networks beyond the focus
has been demonstrated in neuroimaging studies [Arnold
et al., 1996; Besson et al., 2014; Focke et al., 2008; Haneef
et al., 2012; Keller and Roberts, 2008; Voets et al., 2012]. In
concert with the extensive structural and functional abnormalities in the brain, patients with TLE exhibit a wide
range of cognitive morbidity [Bartha-Doering and Trinka,
2014; Hermann et al., 1997; Oyegbile et al., 2004]. Previous
studies have shown that neuropsychological measurements of memory, executive function, language abilities,
and general intelligence in patients with TLE are correlated with structural changes in the white matter pathway,
as measured with diffusion magnetic resonance imaging
(MRI) [Diehl et al., 2008; McDonald et al., 2008a; McDonald et al., 2014; Riley et al., 2010; Winston et al., 2013;
Yogarajah et al., 2008], and functional changes in the cortex, measured with [18F]-fluorodeoxyglucose positron
emission tomography (PET) [Jokeit et al., 1997; Takaya
et al., 2006; Trebuchon-Da Fonseca et al., 2009] and functional MRI (fMRI) [Protzner et al., 2013; Protzner and
McAndrews, 2011; Sanjuan et al., 2013].
Although these lines of evidence indicate that the structural changes in the white matter and the functional
changes in the cortex are both associated with cognitive
performance in patients with TLE, the relationship
between the structural and functional changes during cognitive processing remain poorly understood. Given that
the functional interaction between remote cortices during
cognitive processing is mediated by the structural network
in the white matter, structural changes in an association
pathway may affect task-related regional cortical response
as well as task-modulated functional connectivity in the
remote cortices that are connected through this pathway.
Investigating the functional relevance of a specific association pathway may provide insights into the neurobiological substrates of a broad spectrum of cognitive and
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emotional alterations that significantly affect the quality of
life in patients with TLE [Giovagnoli and Avanzini, 2000;
Helmstaedter et al., 2003].
The arcuate fasciculus (AF) is a major association pathway in the human brain, which is considered to mediate
functional connections between remote cortices in anterior
and posterior brain regions during language-related processing. The recent advent of diffusion MRI tractography
enabled us to visualize the trajectory and microstructural
properties of the AF in the living human brain [Dick and
Tremblay, 2012]. The AF pathways connecting Broca’s
area/the right Broca’s homologue can be divided into two
subcomponents, one projecting to the temporal cortex
(frontal–temporal AF pathway) and the other to the parietal cortex (frontal–parietal AF pathway). In healthy subjects, the volume of the frontal–temporal AF pathway is
larger in the left hemisphere while that of the frontal–parietal AF pathway is larger in the right hemisphere
[Catani et al., 2007; Catani et al., 2005; Makris et al., 2005;
Parker et al., 2005; Powell et al., 2006; Thiebaut de Schotten et al., 2011]. In patients with TLE, structural changes
in the AF pathway occur. In particular, the frontal–temporal AF pathway ipsilateral to the epileptic focus is vulnerable, and a decrease in volume and changes in
microstructural properties have been commonly reported
(Ahmadi et al., 2009; Govindan et al., 2008; Imamura et al.,
2015; Kucukboyaci et al., 2012; Lin et al., 2008; McDonald
et al., 2008a). However, the specific cortical regions that
have changed structural connectivity with the AF in
patients with TLE remain unclear. Clarifying these regions
would allow examination of the changes in functional
interactions between two remote cortices that are connected through this pathway.
Functional changes in language-related cortices have
also been observed in patients with left TLE. Activity during language tasks decreases in the conventional languagerelated cortices in the left hemisphere, while additional
areas are activated in both hemispheres [Adcock et al.,
2003; Billingsley et al., 2001; Brazdil et al., 2005; Janszky
et al., 2006; Powell et al., 2007; Thivard et al., 2005; Voets
et al., 2006]. Although multiple factors could contribute to
the change in cortical activity during language tasks, it has
been suggested that patients with left TLE may have difficulty in recruiting the normal neural networks [Thivard
et al., 2005] and the alternative network may be involved
[Gaillard et al., 2011]. Considering that the frontal–temporal AF pathway connecting the anterior and posterior
language-related cortices is a vulnerable pathway in left
TLE, the change in structural connectivity through this
pathway in the left hemisphere may underlie the change
in cortical activity during language tasks in the these cortical regions. In addition, if there is another AF pathway
that increases in structural connectivity, this pathway may
be employed to compensate for the compromised left frontal–temporal AF pathway during language processing.
More specifically, the frontal–temporal AF pathway in the
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right hemisphere or the frontal–parietal AF pathways in
each hemisphere might be employed to connect the anterior and posterior brain regions.
Here, we examined the structural connectivity of the AF
and its functional relevance during a language task in
patients with left TLE. We first examined the change in
structural connectivity with Broca’s area/the right Broca’s
homologue through the AF in the inferior parietal and lateral temporal cortices in patients with left TLE, using a
surface-based structural connectivity analysis that we have
developed [Takaya et al., 2015]. This method allows visualizing the cortical regions that show changes in structural
connectivity of a specific fiber pathway. We then examined
the association between changed structural connectivity of
the AF and changes in task-related regional response and
task-modulated functional connectivity during a language
task in patients with left TLE. Task-modulated functional
connectivity with Broca’s area/the right Broca’s homologue
was evaluated using psychophysiological interaction (PPI)
[Friston et al., 1997]. Some previous studies have compared
structural changes in the white matter with functional
changes during language tasks in the cortex in healthy subjects as well as patients with TLE [Perlaki et al., 2013; Powell et al., 2007]. However, these studies have extracted
indices that reflect the microstructural properties from the
white matter and compared them with task-related cortical
activity. In contrast, the advantage of our method is that it
allows direct comparison of structural connectivity, as measured using diffusion MRI, and cortical function, as measured using fMRI, within the same cortical space. To
evaluate cortical function during cognitive processing, we
used a single-word semantic classification task that is
known to activate both Broca’s area and the lateral temporal cortex in the left hemisphere. This task is used to identify the language-dominant hemisphere prior to temporal
lobectomy and is thought to require functional interaction
between the frontal and temporal language-related cortices,
purportedly through the AF [Demb et al., 1995; Desmond
et al., 1995; Glasser and Rilling, 2008; Takaya et al., 2015;
Wang et al., 2014; Whitney et al., 2011].
We expected that structural and functional connectivity
between the anterior and posterior language-related cortices would be altered in patients with TLE, even if no
structural lesion was present in these neocortical regions.
Therefore, we excluded patients with structural abnormalities between the anterior and posterior ends of the AF,
including altered cortical thickness in the lateral temporal
and inferior parietal cortices, which is often observed in
patients with TLE [Bernhardt et al., 2010; McDonald et al.,
2008b; Mueller et al., 2009].

MATERIAL AND METHODS
Subjects
We initially recruited 20 right-handed patients with
medically intractable left TLE and no concomitant

r

r

neurological and psychiatric diseases. Patients with neocortical or white matter lesions that were visually detected
on conventional MRI were then excluded. We also measured cortical thickness using a computer-based automated algorithm (see data analysis), and excluded patients
with altered cortical thickness in the lateral temporal and
inferior parietal regions (outside the mean 62 SD of
healthy controls). Based on these criteria, we excluded 3
patients out of the initial 20. We also recruited righthanded healthy controls from the community who were
free from neurological and psychiatric diseases. Thus, we
examined 17 patients (mean age 6 standard deviation:
31.7 6 11.1, nine male) and 17 healthy controls (mean
age 6 standard deviation: 29.7 6 11.5, 6 male). The handedness was assessed using the Edinburgh Handedness
Inventory. There was no significant difference between
groups in terms of mean age (P 5 0.61, two sample t-test)
and sex (P > 0.49, Fisher’s exact test). Patients had completed a comprehensive evaluation for epilepsy surgery
and received a clinical diagnosis of left TLE based on
seizure semiology, electroencephalography, and neuroimaging. All patients underwent long-term video electroencephalography monitoring and conventional MRI. Three of
17 patients showed atypical language lateralization, as
assessed by task-activation fMRI [Labudda et al., 2012].
None of healthy subjects showed atypical language lateralization. The clinical information of all patients is listed in
Table I. The study was approved by the institutional
review board of our institution and each subject provided
written informed consent.

Imaging Data Acquisition
All MRI data were acquired on a 3 Tesla Siemens Tim
Trio scanner (Erlangen, Germany). A high-resolution
three-dimensional structural image was acquired using
magnetization-prepared rapid-acquisition gradient-echo
(MPRAGE) sequence (voxel size: 1 3 1 3 1 mm; repetition
time (TR): 2,000 ms; echo time (TE): 3.37 ms; flip angle:
108). Diffusion-weighted data were acquired using echo
planar imaging (voxel size: 2 3 2 3 2 mm; diffusion
weighting isotropically distributed along 60 directions; b
value: 700 s/mm2).
Three runs of task-activation fMRI data were acquired
using a language task involving the semantic classification
of written words. Images were acquired using a gradientecho sequence (voxel size: 3 3 3 3 3 mm; TR: 2,000 ms;
TE: 30 ms; flip angle: 908; slice gap: 0.6 mm). Each run
consisted of one 8-s initial block that was discarded to
allow for T1-equilibration effects, followed by a 28-s fixation block and then a 36-s task block. There were three
such fixation/task blocks. During the task blocks, 12
words (six concrete and six abstract words) were presented in random order for 2 s each with a 1-s interstimulus interval. In total, 108 stimuli were presented.
Participants were asked to indicate if the word was
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41/M
41/F
42/M
43/M
45/F
54/M

31
11
5
3
12
20

26

13
11
4
5
13
17
7
14
15
15

Dur.

MTLE
MTLE
MTLE
TLE
MTLE
MTLE

MTLE

MTLE
MTLE
MTLE
MTLE
TLE
MTLE
MTLE
MTLE
MTLE
MTLE

Diag.

MTS
MTS
normal
normal
MTS
MTS

MTS
MTS
MTS
normal
normal
MTS
MTS
MTS
MTS
T2 high
(Amyg)
MTS

MRI

med/
lat T, P
2
2
2
2
2
2

med T
2
2
med T
2
2
2
2
2
2

Ictal
SPECT

2
Med/lat T
Normal
Med/lat T
Ant T
Med/lat T

F, T

Med/lat T
Med T
Med/lat T
Med T
Med/lat T
Med/lat T
Normal
Med/lat T
Med/lat T
Med T

FDG-PET

2
2
2
T
2
2

T

T
2
T
T
T
2
2
2
2
T

MEG

FO
2
FO
2
2
1

1

1
1
2
1
2
1
2
1
FO
1

Intracranial
EEG

P, O
L, S
M, V
L, M
M, Z,
M, Z

L, T, P

L, Z,
L, M, G, S
L, Z
C, L
L, Z
L, M, V, R
M, T
L, C
M, Z
C, V

AEDs

ATL1
corticotomy
2
2
2
2
ATL

MTL
ATL
2
ATL
2
ATL
2
ATL
2
ATL

Surg.

2
2
2
2
2
MTS

Gliosis

MTS
MTS
2
MTS
2
MTS
2
MTS
2
Ganglioglioma

Pathology

2
2
2
2
2
I

III

I
I
2
I
2
I
2
I
2
I

Outcome
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All abnormalities detected in neuroimaging and electrophysiological studies were observed in the left hemisphere. Amyg: amygdala; ant: anterior; ATL: anterior temporal
lobectomy; Dur.: duration of epilepsy; EEG: electroencephalography; F: frontal lobe; FO: foramen ovale electrodes; lat: lateral; med: medial; MTL: medial temporal lobectomy; MTLE: medial temporal lobe epilepsy; MTS: medial temporal sclerosis; Outcome: postsurgical seizure outcome based on Engel classification; P: parietal lobe, F: frontal
lobe; Surg: Surgery; T: temporal lobe; TLE: temporal lobe epilepsy. AEDs (antiepileptic drugs): C 5 carbamazepine, G 5 gabapentin, L 5 levetiracetam, M 5 lamotrigine,
O 5 oxcarbazepine, P 5 phenytoin, S 5 lacosamide, T 5 topiramate, V 5 valproate, R 5clorazepate, Z 5 zonisamide.

12
13
14
15
16
17

34/F

16/F
19/F
21/F
21/M
22/M
22/M
24/F
30/M
31/F
33/M

1
2
3
4
5
6
7
8
9
10

11

Age/
Sex

No.

TABLE I. Demographic data of patients with left temporal lobe epilepsy
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hemisphere was obtained and covered with a polygonal
tessellation. The cortical thickness at each vertex across the
cortical mantle was defined by the shortest distance
between the white matter surface (the gray-white boundary) and the pial surface (the gray-CSF boundary) at each
vertex on the tessellated surface. The individual data were
registered to the averaged cortical surface template of each
hemisphere and smoothing was performed along the surface with a 10-mm full-width half-maximum (FWHM)
Gaussian kernel.

Surface-based structural connectivity analysis
for the AF

Figure 1.
Seed and target regions and white matter inclusion
masks for the structural connectivity analysis of the
arcuate fasciculus. Top and bottom figures: Seed (yellow)
and target (green) regions at the gray-white matter boundary
surface in each hemisphere of an individual brain. Middle figures: The symmetric white matter inclusion masks defined in
each hemisphere of a standard space (blue).

The tractography analysis was performed using FMRIB’s
Diffusion Toolbox implemented in FSL version 5.0 (www.
fmrib.ox.ac.uk/fsl/fdt). Probabilistic tracts were generated
between two FS-defined regions, starting from the graywhite matter boundary surface of the lateral temporal and
inferior parietal cortices (seed) and terminating at the
boundary surface of Broca’s area/the right Broca’s homologue (target, defined as the pars opercularis and pars triangularis); see Figure 1. Symmetric inclusion masks were
defined in the white matter of a standard volume space
(MNI 152) and registered onto the native space of each
subject. The white matter inclusion mask for the left AF
was located in a standard space (MNI 152) at the level of a
single coronal slice at y 5 28, extending from x 5 228 to

concrete or abstract without articulating by pressing a key
on a keyboard (left-hand key press for abstract words,
right-hand key press for concrete words).

Imaging Data Analysis
Anatomical analysis
The structural MRI was analyzed in FreeSurfer (FS) version 5.3 (surfer.nmr.mgh.harvard.edu). FS creates a mesh
model of the cortex as well as a thickness measurement
[Fischl and Dale, 2000] and region label at each point in
the cortex [Desikan et al., 2006]. It also provides surfacebased intersubject registration [Dale et al., 1999; Fischl
et al., 1999]. The FS anatomical analysis was used as a substrate for the integration of structural connectivity and
fMRI results by mapping each of those results to a common surface-based coordinate system.

Cortical thickness measurement
Cortical thickness estimation was obtained using FS. The
detailed procedures are described elsewhere [Fischl and
Dale, 2000]. Briefly, after an automated procedure including skull-stripping, intensity normalization, and segmentation of subcortical white matter and deep gray matter
structures, a single white matter volume for each

r

Figure 2.
Group-averaged images of the structural connectivity
with Broca’s area/the right Broca’s homologue through
the arcuate fasciculus (AF) in healthy controls (top) and
patients with left TLE (bottom) on the averaged graywhite matter boundary surface. The normalized connection
probability is rescaled for display purposes. a.u.: arbitrary unit.
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through the white matter inclusion mask from the entire
grey–white matter boundary surface in each hemisphere.
The normalized connection probability maps of the AF
were sampled from the volume onto the cortical surface of
each individual’s left and right hemispheres. Individual
connection probability maps on the cortical surface were
registered to the averaged cortical surface template of each
hemisphere using surface-based alignment. Smoothing was
performed along the surface with a 10-mm FWHM Gaussian kernel (Fig. 2 and Supporting Information Fig. 1). For
more details, see elsewhere [Takaya et al., 2015].

Task-activation fMRI data analysis
Surface-based analysis was conducted for task-activation
fMRI data using FS Functional Analysis Stream (FS-FAST).
The details are described elsewhere (http://surfer.nmr.mgh.
harvard.edu/fswiki/FsFast). Briefly, after the first four volumes were discarded to allow for T1-equilibration effects,
the fMRI images were motion corrected to the middle time
point. The middle fMRI time point was registered to the anatomical image for each subject using boundary-based registration [Greve and Fischl, 2009] and sampled onto the
surface. Each individual image was registered to the averaged cortical surface template of each hemisphere using
surface-based alignment and smoothed along the surface
with a 10-mm FWHM Gaussian kernel [Hagler et al., 2006].
A general linear model was used to determine the brain
regions activated in the word-classification task. A boxcar
function was convolved with the SPM canonical hemodynamic response function to generate the task regressor. Six
head motion parameters were used as nuisance regressors.

Task-modulated functional connectivity
Figure 3.
Group comparison. (A) Clusters showing significant patientcontrol differences in the structural connectivity with Broca’s
area/the right Broca’s homologue through the arcuate fasciculus,
(B) task-related regional response, and (C) task-modulated
functional connectivity with Broca’s area/the right Broca’s homologue during a semantic classification task. The results are displayed on an inflated surface of the average brain. Group
comparison analyses were carried out within the inferior parietal and lateral temporal cortices (yellow-outlined region). Darker
and lighter regions on the inflated surface denote the sulci and
gyri, respectively.
248, and z 5 16 to 36. The inclusion mask for the right AF
was created by flipping the masks in the left hemisphere.
The exclusion mask consisted of the bilateral thalami, striatum, and midline sagittal plane.
The connection probability at a seed voxel was computed as the number of tracts that reached the ipsilateral target region from that seed voxel. The connection probability
at each voxel was then normalized by dividing it by the
total number of tracts that reached the target region

r

To examine whether functional connectivity with Broca’s
area/the right Broca’s homologue changed during the task
in the lateral temporal and inferior parietal cortices in
patients with TLE, task-modulated functional connectivity
was examined using PPI analysis [Friston et al., 1997]. The
PPI first-level analysis model included two psychological
regressors (task and rest), one physiological regressor (a
mean time course extracted from Broca’s area/the right
Broca’s homologue) and two interaction terms between the
psychological and physiological regressors. White matter/
CSF signal, six head motion parameters, and the effect of
task were regressed using CONN toolbox in Matlab
(http://www.nitrc.org/projects/conn/).

Group comparisons
The above steps rendered cortical thickness, the structural connectivity of the AF, task-related regional response,
and task-modulated functional connectivity onto the same
surface-based common space where they could be compared across subjects and integrated across modalities. The
group comparisons for these measurements were
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TABLE II. Brain regions showing significant increases and decreases in structural connectivity,
task-related response and task-modulated functional connectivity
Peak coordinatea
Side

Region

Structural connectivity
Decrease
L
STS
Increase
L
SMG
R
STS
Task-related response
Decrease
L
STS
L
ITS
Increase
R
SMG
Task-modulated functional connectivity
Decrease
L
STS
R
AG
Increase
L
SMG

y

z

Size (mm2)

Peak P value

250
250
66

242
246
232

22
45
212

691
1035
820

< 5 3 1023
< 5 3 1024
< 5 3 1022

248
246
52

239
236
244

22
224
35

978
799
812

< 5 3 1027
< 5 3 1024
< 5 3 1025

253
47
244

212
253
236

218
25
42

402
685
850

< 5 3 1024
< 5 3 1024
< 5 x 1025

x

AG: angular gyrus; ITS: inferior temporal sulcus; SMG: supramarginal gyrus; STS: superior temporal sulcus.
a
MNI coordinate.

performed using a vertex-wise two-sample t-test between
patients and healthy controls. We constrained the group
comparison for task-activation fMRI and cortical thickness
measurement within the same region that was used in the
structural connectivity analysis, i.e., the lateral temporal
and inferior parietal cortices (yellow outlined region in
Fig. 3 and Supporting Information Figs. 2 and 3). Taskmodulated functional connectivity with Broca’s area and
that with the right Broca’s homologue were evaluated
within the left and right lateral temporal and parietal cortices, respectively. Clusters were defined using a vertexwise threshold of P < 0.05. Cluster-based correction for
multiple comparisons was performed using a Monte Carlo
simulation within this region [Hagler et al., 2006].

Structure–function relationship
We overlaid the results of group comparisons onto the
same surface-based common space and examined their
spatial relationship. To further examine the structure–function relationship, we calculated Spearman’s correlations using the measurements of structural connectivity,
task-related response, and task-modulated functional connectivity of each subject. From the spatially overlapping
regions, we extracted the normalized connection probability of the AF for structural connectivity, percent signal
changes adjusted by the global response (the mean percent
signal change over the entire cortex in the same hemisphere) for task-related regional response, and regression
coefficients for task-modulated functional connectivity.

RESULTS
The structural connectivity with Broca’s area/the right
Broca’s homologue through the AF decreased in the left

r

midtemporal cortex (the middle of the superior temporal
sulcus), and increased in the left inferior parietal cortex
(the posterior part of the supramarginal gyrus) and the
right midtemporal cortex (the middle of the superior temporal sulcus) in patients with left TLE as compared to
healthy controls (Fig. 3A and Table II). The language-task
related response decreased in the left midtemporal cortex
(the middle of the superior temporal sulcus) and the left
inferior temporal cortex (the posterior fusiform gyrus),
and increased in the right inferior parietal cortex (the posterior part of the supramarginal gyrus and anterior part of
the angular gyrus) in patients (Fig. 3B and Table II). Taskmodulated functional connectivity with Broca’s area
decreased in the left midtemporal cortex (the middle of
the superior temporal sulcus) and increased in the left
inferior parietal cortex (the supramarginal gyrus) and that
with the right Broca’s homologue decreased in the right
inferior parietal cortex (the anterior part of the angular
gyrus) in patients (Fig. 3C and Table II).
The brain region showing a decrease in the structural
connectivity of the AF overlapped with the region showing a decrease in task-related response in the left midtemporal cortex (Fig. 4A left). There was a positive correlation
between the structural connectivity and task-related
response in the overlapping region (Spearman’s rho 5 0.36,
P 5 0.037; Fig. 4A right). The region showing an increase
in the structural connectivity of the AF partially overlapped with the brain region showing an increase in taskmodulated functional connectivity with Broca’s area in the
left inferior parietal cortex (Fig. 4B left). There was a positive correlation between the structural connectivity and
task-modulated functional connectivity in the overlapping
region (Spearman’s rho 5 0.40, P 5 0.020; Fig. 4B right).
The vertex-wise group analysis of cortical thickness
measurements indicated that no significant thinning or
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thickening was found within these regions in patients
(Supporting Information Fig. 2). Even when two patients
whose epileptic focus was not determined in the medial
temporal lobe or three patients who had atypical language
lateralization were excluded from the analyses (Patient
No. 5 and 15, and Patients No. 5, 11 and 13 in Table I,
respectively), the results were substantially unaltered
(Supporting Information Fig. 3).

DISCUSSION
In summary, surface-based analysis based on probabilistic tractography showed that the structural connectivity
with Broca’s area/the right Broca’s homologue through
the AF decreased in the left midtemporal cortex and
increased in the left inferior parietal and right midtemporal cortices in patients with left TLE. Taking advantage of
a surface-based method that enabled us to map the results
across modalities on the same surface-based common
space, we compared changes in the structural connectivity
of the AF with changes in task-related regional responses
and task-modulated functional connectivity with Broca’s
area/the right Broca’s homologue during a semantic classification task of a single word. In particular, structural
changes were associated with functional changes in the
same regions in the midtemporal and inferior parietal cortices in the left hemisphere.

Changes in Structural Connectivity Through the
AF in the Temporal and Parietal Cortices
The structural connectivity with Broca’s area through
the left frontal–temporal AF pathway decreased in the left
midtemporal cortex in patients with left TLE. A widely
distributed change in white matter has been reported in
patients with TLE [Bernasconi et al., 2004; Focke et al.,
2008]. Previous diffusion MRI tractography studies have
shown that the volume and integrity of the white matter
pathways connecting the frontal and temporal languagerelated cortices are decreased in patients with TLE [Powell
et al., 2007]. Among these pathways, the AF ipsilateral to
the epileptic focus is highly vulnerable [Ahmadi et al.,
2009; Govindan et al., 2008; Imamura et al., 2015; Kucukboyaci et al., 2012; Lin et al., 2008; McDonald et al., 2008a].
Our result extends these previous findings by more specifically showing a regional decrease in the structural connectivity of the frontal–temporal AF pathway in the
middle of the left superior temporal sulcus in patients
with left TLE. The AF extending to the midtemporal cortex
may be relevant to the evolution of language in the human
brain because this pathway is absent in nonhuman primates [Rilling et al., 2008]. In addition, this pathway is
more dominant in the left hemisphere than the right hemisphere in the healthy human brain [Catani et al., 2007;
Takaya et al., 2015]. Our results indicate that the AF
extending to the midtemporal cortex, which may play a

r

Figure 4.
Structure–function relationship. (A) The brain region
showing a decrease in the structural connectivity through the
frontal2temporal arcuate fasciculus (AF) pathway (1 the blue
outlined area; see also the left figure in Fig. 3A) overlaps with
the region showing a decrease in task-related response during
semantic classification task (2 the blue filled area; see also the
left figure in Fig. 3B). Structural connectivity correlates with
task-related response in the overlapping region in the left temporal cortex. (B) The brain regions showing an increase in the
structural connectivity through the frontal2parietal AF pathway
(3 the red outlined area; see also the left figure in Fig. 3A) partially overlaps with the region showing an increase in taskmodulated functional connectivity with Broca’s area during a
semantic classification task (4 the orange filled area; see also
the left figure in Fig. 3C). Structural connectivity correlates
with task-modulated functional connectivity in the overlapping
region in the left parietal cortex. a.u.: arbitrary unit; b: regression coefficient; rho: Spearman’s correlation coefficient.
substantial role during language-related processing in the
healthy human brain, is likely to be affected in patients
with left TLE.
In contrast, the structural connectivity with the right
Broca’s homologue through the right frontal–temporal AF
pathway increased in the right midtemporal cortex in the
current study. Regarding the structural changes in the
right AF in patients with left TLE, various results have
been reported in previous studies depending on how this
pathway was evaluated. Some studies that used indices
reflecting white matter integrity, such as fractional anisotropy (FA), mean diffusivity (MD) and apparent diffusion
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coefficient (ADC), have claimed damage to the right AF.
One such study reported that FA decreased in 9 adult
patients with left TLE although MD was unchanged
(McDonald et al., 2008a). Another study reported that
ADC increased in 13 children with left TLE although FA
was unchanged [Kim et al., 2011]. In these studies, however, the averaged indices were extracted from the AF that
was defined using diffusion MRI tractography. Therefore,
the results were highly dependent on how the AF was
defined. In contrast, when the volume of the white matter
pathway that connects the right frontal cortex including
the right Broca’s homologue was evaluated, the white matter volume of the pathway that projects to the temporal
lobe (corresponding to the right frontal–temporal AF pathway in the current study) increased in seven patients with
left TLE [Powell et al., 2007]. This method is similar to the
method we used in the current study. We confirmed this
prior finding with a larger number of patients and more
specifically delineated a region showing an increase in the
structural connectivity of the frontal–temporal AF pathway
in the middle of the right superior temporal sulcus,
approximately in the homologous region showing a
decrease in structural connectivity in the left hemisphere.
Animal studies have shown that the brain has the capacity to anatomically rewire in the ipsilateral and contralateral hemispheres in response to brain damage [Chen et al.,
2002; Dancause et al., 2005; Stroemer et al., 1995]. However, the large-scale rewiring of long tracts after brain lesion
in the adult human brain has not been well demonstrated.
It seems more likely that disease modifies structural organization that occurs during the course of development. In
normal development, the AF shows increased FA and
decreased radial diffusivity, which has been interpreted as
the maturation of this pathway in development [Asato
et al., 2010; Giorgio et al., 2008]. The maturation of the
white matter pathway might be related to an increase in
myelination that continues to occur through adolescence
[Benes, 1989; Yakovlev and Lecours, 1967]. Furthermore, a
recent study using post-mortem tissues of the human
brain demonstrated that synaptic pruning in the prefrontal
cortex continues until an individual’s late twenties [Petanjek et al., 2011]. Therefore, one possible hypothesis that
explains our findings is that the right AF that connects the
right Broca’s homologue and the right midtemporal cortex
might evade the pruning and develop if the left hemisphere acquires epileptogenicity during development and
the maturation of the left AF is disturbed.
An increase in structural connectivity through the left
frontal–parietal AF pathway was also observed in the left
inferior parietal cortex. Contrary to our result, one study
has shown that the mean FA in the whole trajectory of this
pathway did not increase, but decreased in the left hemisphere as compared with healthy subjects [Ahmadi et al.,
2009]. However, microstructural white matter changes
such as FA are distributed heterogeneously in patients
with TLE. For example, while a decrease in FA has been
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observed in the most parts of the white matter in patients
with TLE, an increase in FA has been reported in remote
white matter pathways that are not directly connected
with the affected temporal lobe, such as the corpus callosum [Meng et al., 2010] and the internal capsule [Wang
et al., 2010]. Furthermore, even within a white matter
pathway that is connected with the affected temporal lobe,
such as the uncinate fasciculus, the inferior longitudinal
fasciculus, and the frontal–temporal AF pathway, the
microstructural white matter abnormalities are more
prominent in proximal segments near the affected temporal lobe and taper off in distal segments outside the temporal lobe [Concha et al., 2012]. Possible explanations for
these results are that pathological changes are more likely
to occur in the vicinity of the epileptic focus and that the
affected pathway is compensated by intact axons joining
the pathway in distant regions [Bodini and Ciccarelli,
2013]. As an extension of these previous studies, our
results might indicate that the structural connectivity of
the left frontal–parietal AF pathway increases in the distal
part of the projection regions from the affected temporal
lobe.

Functional Changes Through the AF in the
Temporal and Parietal Cortices
Although the role of the frontal and temporal cortices in
the semantic network is highly controversial, the left temporal cortex may be essential for the storage of semantic
information [Binder et al., 2009; Binder et al., 1997; Bookheimer, 2002; Hickok and Poeppel, 2004; Patterson et al.,
2007; Vandenberghe et al., 1996; Vigneau et al., 2006; Whitney et al., 2011]. In contrast, the left inferior prefrontal cortex, including Broca’s area, may serve as a central
executive for retrieving and evaluating semantic information and making decisions, presumably via top-down signals to the temporal cortex [Badre et al., 2005; Binder
et al., 1997; Bookheimer, 2002; Demb et al., 1995;
Thompson-Schill et al., 1997; Wagner et al., 2001; Whitney
et al., 2011]. In particular, the semantic classification task
requires functional interaction between Broca’s area and
the left midtemporal cortex, supposedly through the AF
[Demb et al., 1995; Glasser and Rilling, 2008; Takaya et al.,
2015; Wang et al., 2014; Whitney et al., 2011]. In the current study, structural and task-modulated functional connectivity with Broca’s area decreased in the left
midtemporal cortices. In addition, task-related regional
response decreased in the left midtemporal cortex that
overlapped with a region showing a decrease in the structural connectivity with Broca’s area through the AF. Furthermore, these changes were positively correlated.
Therefore, we assume that the change in the structural
connectivity through the left frontal–temporal AF pathway
alters functional networks between the frontal and temporal cortices in patients with left TLE. This assumption is
consistent with a previously proposed hypothesis that
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patients with left TLE have difficulty in recruiting the
frontal–temporal network in the left hemisphere during
language processing [Thivard et al., 2005]. Our results support this hypothesis and suggest that changed structural
connectivity of the frontal–temporal AF pathway underlies
such difficulty in recruiting the functional networks
between the frontal and temporal cortices in patients with
left TLE.
The concomitant structural and functional changes in
the left midtemporal cortex are unlikely to result simply
from macroanatomical changes in this region because we
excluded patients with MRI abnormalities, including significant brain atrophy, in this region. Furthermore, there
was no significant change in cortical thickness in this area
in the individual and group analyses. However, microscopic neocortical and white matter abnormalities that are
undetectable via MRI can be found in the resected temporal lobe specimens of patients with TLE, regardless of the
presence or absence of medial temporal sclerosis [Carne
et al., 2004; Kasper et al., 2003; Mitchell et al., 1999]. Therefore, microstructural changes in this cortical region and/or
in the white matter between the temporal and frontal cortices might have influenced the structural connectivity of
the AF, task-related regional responses and taskmodulated functional connectivity in this region.
Intrahemispheric and interhemispheric functional reorganization of the language-related cortices has been
reported in patients with left TLE using various language
tasks in fMRI studies [Adcock et al., 2003; Billingsley et al.,
2001; Brazdil et al., 2005; Janszky et al., 2006; Powell et al.,
2007; Thivard et al., 2005; Voets et al., 2006]. The changed
cortical response during the tasks may indicate that alternative networks are involved to compensate for the compromised brain network, so as to achieve adequate task
performance [Gaillard et al., 2011]. In the current study,
Broca’s area and the left inferior parietal cortex, which are
structurally connected through the frontal–parietal AF
pathway, showed an increase both in structural and taskmodulated functional connectivity. In addition, there was
a positive correlation between structural and taskmodulated functional connectivity. These results suggest
that functional coupling during the language task
increased between Broca’s area and the left inferior parietal cortex through the left frontal–parietal AF pathway in
patients. The left frontal–parietal AF pathway, which
showed an increase in structural connectivity with Broca’s
area, might be employed to connect the anterior and posterior language-related cortices during language processing and compensate for the compromised left
frontal–temporal AF pathway in patients with left TLE.
However, in the current study, such increases in structural
and functional connectivity with Broca’s area were not
accompanied by changes in task-related responses in the
left inferior parietal cortex. This might be because of a lack
of sensitivity or the variability associated with group analysis. Another possibility is that an increase in functional
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coupling with Broca’s area was not effective to induce a
change in the task-related cortical response in the left parietal cortex.
Contrary to the left hemisphere, structural and functional changes were mismatched in the right hemisphere. It
has been shown that in patients with left TLE as compared
with healthy subjects, the functional response during some
language tasks increases in multiple regions in the right
hemisphere, including the right Broca’s homologue
[Janszky et al., 2006; Voets et al., 2006]. Thus, the right
hemisphere is thought to play a substantial role in the
reorganization of language function in patients with left
TLE. However, despite a potential compensatory functional shift of language to the right hemisphere, this hemisphere is not as able to process language as the left
hemisphere. Studies of patients who underwent left hemispherectomy in their early life have shown that languagerelated processing in the right hemisphere is not always
carried out in the anatomical homologues of the conventional language-related cortices in the left hemisphere
[Liegeois et al., 2008; Voets et al., 2006]. In the current
study, while the structural connectivity of the AF in the
right hemisphere increased in the homologous region
showing a decrease in the structural connectivity of the
AF in the left hemisphere, it was not accompanied by
changes in task-related regional response or taskmodulated functional connectivity. Our results indicate
that structural brain networks other than the AF may
underlie functional reorganization in the right hemisphere
to connect the anterior and posterior brain regions during
language processing.
Another point of interest is that task-modulated functional connectivity with the right Broca’s homologue
decreased in the right inferior parietal cortex. Studies of
patients after stroke have shown that the involvement of
the homologous language network in the right hemisphere
may not be optimal for functional recovery after an insult
in the left hemisphere [Belin et al., 1996; Rosen et al.,
2000]. Furthermore, the suppression of the right homologous network may enhance the recovery of language function [Hamilton et al., 2010; Naeser et al., 2005; Naeser
et al., 2011]. In patients with left TLE, an increase in taskmodulated functional connectivity between the frontal and
parietal cortices in the left hemisphere may enhance functional reorganization in combination with a decrease in
task-modulated functional connectivity in the right homologous network.

Caveats and Future Studies
Despite the potential implications of our findings for
clinical neuroscience, there are caveats regarding our
study. First, whether the reorganization of the language
network in patients with left TLE is adaptive or maladaptive for actual cognitive performance was not addressed.
We did not evaluate performance during the fMRI scans
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because our semantic classification task included ambiguous words that cannot be simply classified. In addition,
we have not recorded neuropsychological measurements
for all the patients in a consistent manner because the primary purpose of the current study was to examine the
relationship between structural changes in the white matter and functional changes in the cortex during a cognitive
task. Further studies are needed to explore the effect of
the structural-functional reorganization of language network on the change in language abilities.
Second, we used a single-word classification task in contrast to a low-level non-linguistic fixation baseline. This
could involve many brain regions that mediate multiple
levels of language processing. Finer-grained fMRI designs
and contrasts are needed to investigate structure–function
relationships during specific aspects of language
processing.
Third, our findings were based on cross-sectional group
comparisons and the direct effect of the epileptic activity
on the structure-function relationship through the AF in
each patient remains unclear. Patients with left TLE usually have widespread cognitive morbidity including lower
general intelligence, memory, language, and executive
functions than healthy subjects [Hermann et al., 1997;
Oyegbile et al., 2004]. Therefore, the use of different strategies when performing the paradigm may affect fMRI
results. In addition, antiepileptic drugs may also influence
fMRI results. In order to address these many confounding
factors, multivariate analyses with a much larger number
of subjects or longitudinal studies to evaluate the effect of
epileptic activity are warranted. Given that the cortical
dysfunction at rest that exists among numerous brain
regions, as measured by [18F]-FDG PET, improves after the
selective removal of the epileptogenic lesion in patients
with TLE [Dupont et al., 2001; Takaya et al., 2009], the
task-related response and task-modulated functional connectivity during language-related processing may be ameliorated in the cortices that are connected through the AF
after epilepsy surgery is carried out without injuring this
pathway and patients become seizure free.

CONCLUSIONS
We used surface-based structural connectivity analysis
based on probabilistic tractography and demonstrated
altered structural connectivity with Broca’s area/the right
Broca’s homologue through the AF in the lateral temporal
and inferior parietal cortices in patients with left TLE. Taking advantage of this method to map the structural connectivity of the AF to the cortex, we then examined the
relevance of the change in the structural connectivity of
the AF to cortical function. Our results suggest that a
decrease in structural connectivity with Broca’s area
through the left frontal–temporal AF pathway underlies
the altered functional networks between the frontal and
temporal cortices during language-related processing in
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the left hemisphere in patients with left TLE. In contrast,
the left frontal–parietal AF pathway, which showed an
increase in structural connectivity with Broca’s area, might
be employed to connect anterior and posterior languagerelated cortices during the task and compensate for the
compromised left frontal–temporal AF pathway in patients
with left TLE. Our study implies that the cortical interaction during cognitive processing through specific white
matter pathways is altered in patients with TLE.
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