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Objective:Our previous study of monaural auditory evokedmagnetic fields (AEFs) demonstrated that hippocam-
pal sclerosis significantly modulated auditory processing in patients with mesial temporal lobe epilepsy (mTLE).
However, the small sample size (n= 17) and focus on the M100 response were insufficient to elucidate the lat-
eralization of the epileptic focus. Therefore, we increased the number of patients withmTLE (n= 39) to examine
whether neural synchronization induced bymonaural pure tone stimulation provides useful diagnostic informa-
tion about epileptic foci in patients with unilateral mTLE.
Methods: Twenty-five patients with left mTLE, 14 patients with right mTLE, and 32 healthy controls (HCs) were
recruited. Auditory stimuli of 500-Hz tone burst were monaurally presented to subjects. The AEF data were an-
alyzed with source estimation of M100 responses in bilateral auditory cortices (ACs). Neural synchronization
within ACs and between ACs was evaluated with phase-locking factor (PLF) and phase-locking value (PLV), re-
spectively. Linear discriminant analysis was performed for diagnosis and lateralization of epileptic focus.
Results: TheM100 amplitude revealed that patients with right mTLE exhibited smaller M100 amplitude than pa-
tients with left mTLE and HCs. Interestingly, PLF was able to differentiate the groups with mTLE, with decreased
PLFs in the alpha band observed in patients with right mTLE compared with those (PLFs) in patients with left
mTLE. Right hemispheric predominance was confirmed in both HCs and patients with left mTLE while patients
with right mTLE showed a lack of right hemispheric predominance. Functional connectivity between bilateral
ACs (PLV) was reduced in both patients with right and left mTLE compared with that of HCs. The accuracy of di-
agnosis and lateralization was 80%–90%.
Conclusion: Auditory cortex subnormal function was more pronounced in patients with right mTLE compared
with that in patients with left mTLE as well as HCs. Monaural AEFs can be used to reveal the pathophysiology
of mTLE. Overall, our results indicate that altered neural synchronization may provide useful information
about possible functional deterioration in patients with unilateral mTLE.
© 2018 The Authors. Published by Elsevier Inc. This is an open access article under the CC BY-NC-ND license (http://

creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

The hippocampus is an integral structure of themesial component of
temporal lobe, and is involved in auditory perception as well as the
memory system [1]. There is substantial evidence that hippocampal
sclerosis (HS) modulates central auditory processing (CAP) in patients
with mesial temporal lobe epilepsy (mTLE) [2]. In this context, altered
CAP refers to changes in the perceptual processing of auditory informa-
tion in the central nervous system despite normal hearing sensitivity,
europhysiology, Neurological
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exhibited as poor auditory discrimination performance, auditory pat-
tern recognition and temporal differentiation [2–4]. For example, pa-
tients with mTLE show decreased performance in dichotic listening
[5–7] to both verbal and nonverbal sounds [8], poor performance in
anisochrony or irregularity discrimination of rapid auditory sequences
[9], and decreased temporal processing in the Gaps-In-Noise test [10]
and the duration pattern sequence test [11]. Intractable patients with
right mTLE are at risk of speech recognition impairment in real-world
listening environments compared with extratemporal lobe epilepsy
[12]. Based on these behavioral observations, functional deficits in the
mesial temporal lobe may cause auditory cognitive dysfunction. Impor-
tantly, CAP refers to the efficiency and effectiveness by which the cen-
tral nervous system utilizes auditory information. Thus, decreased
electromagnetic responses could be attributed to CAP dysfunction [3].
the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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In accord with this concept, we previously reported a significant effect
of unilateral HS on auditory evoked magnetic fields (AEFs) using mag-
netoencephalography (MEG) [13], with threemain findings: 1) the am-
plitude of the M100 response, the magnetic counterpart of the auditory
evoked N100 potential, tended to be attenuated in patients with mTLE
compared with that in healthy controls (HCs); 2) the frequency of ac-
ceptable M100 dipoles was significantly decreased on the HS side; 3)
a significant positive correlation between the volume of auditory cortex
(AC) and M100 amplitude observed in HCs was reversed in patients
with mTLE. These findings suggest that HS significantly influenced
AEFs, together with disruption of the structural–functional correlation
in patients with mTLE. We assumed that altered AC function is related
to the pathophysiology of mTLE.

However, several issues with our previous study remain to be ad-
dressed. First, the patient groups with right and left mTLE in our previ-
ous study were combined into a group with unilateral mTLE because of
the small sample size. Quantifying the functional impact of left and right
HS on AC function is important because the functional roles of left and
right hemispheres are differentiated for speech and music perception.
We assumed that the lateralization of the epileptic focus could be re-
vealed using AEFs if the sample size was sufficient. Second, we were
previously unable to detect alterations in the M100 amplitude to differ-
entiate the groups (HCs vs. patients with unilateral mTLE) because we
mainly focused on the M100 response in the affected AC contralateral
to the auditory stimulation. Because the detailed characteristics of func-
tional differences of each AC in response to monaural pure tone stimu-
lation remains unclear, the M100 response should be assessed in each
AC of patients with mTLE. Third, altered auditory responses should be
examined using other indices, such as phase synchrony. Recently, neu-
ral synchronization or rhythmic fluctuations in neuronal populations
were reported to function as a fundamental mechanism enabling coor-
dinated activity during cognitive task performance [14,15]. Neural syn-
chronization is also sensitive to cortical dysfunction, even in normal
aging [16]. Thus, altered neural synchronization has been reported in
various types of neurological diseases [16–19]. In the current study,
we focused on neural synchronization using two indices: phase-locking
factors (PLFs) and phase-locking values (PLVs). We adopted these two
measures to assess phase synchrony using MEG source waveforms
targeting bilateral Heschl's gyri.

Therefore, we investigated the following two hypotheses to extend
our previous findings [13]: 1) Neural synchronization indexed by PLFs
and PLVs would provide more diagnostic information about the lateral-
ization of epileptic focus in patients with mTLE compared with evoked
responses (M100), and 2) monaural pure tone auditory stimulation
could reveal functional differences of each AC. The rationale of the cur-
rent studywas that neural synchronizationwithin ACs and betweenACs
was expected to deteriorate in patients with unilateral mTLE compared
with that in HCs. Furthermore, if monaural auditory stimulation signifi-
cantly enhances the functioning of contralateral AC, patients with uni-
lateral mTLE would be expected to exhibit abnormal asymmetry with
respect to the pure-tone-dominant hemisphere compared with HCs.
Specifically, monaural auditory stimulation would be expected to
evoke more neural synchronization in the contralateral AC compared
with that in the ipsilateral AC, and, in turn, patients with ipsilateral
mTLE might exhibit altered contralateral synchronization in relation to
the affected AC. Taken together, we expected that left ear stimulation
would differentiate patients with right mTLE, and vice versa, with a
stronger bias to the pure-tone-dominant hemisphere.

2. Materials and methods

2.1. Subjects

We analyzed the data from our previous study [13] and data from an
additional sample. Twenty-five patients with left mTLE (age range; 25–
66 years, 20 females), 14 patients with right mTLE (age range; 20–51
years, eight females), and 32 HCs (age range; 21–68 years, 15 females)
were recruited. All patients fulfilled the criteria of the International
League Against Epilepsy (1989), andwere treatedwith standard antiep-
ileptic drugs. We used the same inclusion criteria for the patient group
with unilateral mTLE described in a previous study [13]: (1) magnetic
resonance imaging (MRI) findings showed unilateral HS or normal hip-
pocampus; (2) long-termmonitoring of video-electroencephalography
(EEG) confirmed semiology and ictal-onset localization; (3) none of the
patients had extratemporal lesions, prior head injuries, or any other rel-
evant histories, such as encephalitis. All subjects were right-handed.
Twenty-three patients with mTLE were treated with standard anterior
temporal lobectomy after recording, and HS was later histologically
proven. Although the remaining patients with mTLE did not undergo
surgical treatment, their clinical, neuroimaging, and electrophysiologi-
cal characteristics were consistent with unilateral mTLE (Table 1). All
subjects gave written informed consent for participation, and the
study was approved by the Ethics Committee of Kyushu University.
This study was carried out in accordance with the latest version of the
Declaration of Helsinki.

2.2. Recordings

Auditory stimulation was performed with the same protocols as
those used in our previous study [13]. Briefly, tone burst stimuli with
a 500-Hz frequency and 100-ms duration (10-ms rise and 20-ms fall)
were monaurally presented with a 1000-ms interstimulus interval. Be-
fore each MEG recording, hearing thresholds were determined for each
ear for each subject. The stimuli were delivered at intensities of 50 dB
above threshold. Masking noise was delivered to the contralateral ear.
Auditory evoked magnetic fields were recorded using a 306-channel
whole-head system (consisting of 204 planar-type gradiometers and
102 magnetometers) (Elekta-Neuromag, Helsinki, Finland). Before
MEG recording, four head-position indicator (HPI) coils were attached,
and a three-dimensional (3D) digitizer (FastTrack, Polhemus, VT, USA)
was used to measure anatomical landmarks (bilateral preauricular
points and nasion) of the head and approximately 200 head-surface
points attached to stable positions on the forehead and nose [20]. Sub-
jects lay in a supine position in a quiet magnetically shielded room.
Magnetic responses were digitally sampled at a rate of 1000 Hz with
an online band-pass filter of 0.1–330 Hz. Recording was continued
until at least 120 evoked responses were counted. High-resolution 3D
MRI images were also acquired using a 3-T clinical scanner (Philips
Healthcare, Best, the Netherlands). The whole brain was scanned
using a T1-weighted fast-field echo sequence (voxel size, 1.0 × 1.0 ×
1.0 mm3).

2.3. Analysis

2.3.1. Preliminary step
All data sets were cleaned up using Maxfilter by eliminating noise

outside of the brain [21]. The data were refiltered from noise-free data
with a band-pass filter of 0.3–30 Hz. The anatomical information was
provided from 3-T MRI images using FreeSurfer software (FreeSurfer
v4.5, aparc.a2009s/Destrieux.simple.2009-07-29.gcs atlas). Trials ex-
ceeding 4000 fT/cm at gradiometers and 4000 fT at magnetometers
were excluded to eliminate outliers caused by artifacts. Artifacts such
as eye blinks and other eye movements were carefully excluded by vi-
sual inspection. We measured the M100 component as the evoked re-
sponse to the stimuli. The M100 was defined as having a peak within
80–130ms [13]. We obtained the M100 amplitude as an averaged am-
plitude within this time window.

2.3.2. Source localization
We employed minimum norm estimate (MNE) software for source

localization, executed with noise-normalized dynamic statistical para-
metricmapping (dSPM).Here, we briefly address some implementation



Table 1
Demographic characteristics of patients.

HCs (n = 32) Patients with left mTLE (n = 25) Patients with right mTLE (n = 14)

Gender 17 M/15 F 5 M/20 F 6 M/8 F
Age (mean, range) 32.2 (21–68) 40.9 (25–66) 31.0 (20–51)
Seizure duration (years) 26.2 (2–49) 18.1 (7–37)
MRI (HS/normal/other structural abnormalities) 18/5/cerebral cavernous malformation 1, hippocampal malrotation 1 13/0/hemispheric atrophy 1
Operation 13 11
Histologically identified HS 13 11

HC: healthy control, mTLE: mesial temporal lobe epilepsy, HS: hippocampal sclerosis.
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parameters. Specific details of the MNE and dSPM methods are de-
scribed elsewhere [22,23]. After the preliminary process, the digitized
anatomical head landmarks and scalp surface points were coregistered
onto the scalp MRI contour. To perform forward solution, we used
Boundary Element Method mesh by tessellating the inner skull surface.
For dSPM noise normalization, we used the entire raw data set of each
run. In our previous study [13], the volume of Heschl's gyrus in patients
with mTLE was not significantly decreased compared with HCs. Thus,
we selected Heschl's gyrus as a region of interest (ROI) in this study to
represent AC, to avoid the effects of structural abnormalities.

2.3.3. Neural synchronization of induced responses
We performed continuous wavelet transformation for the source

waveforms using the complex Morlet wavelet as a mother function.
Thewindow sizewas 1/4 cycle of a given frequency. Thus, the frequency
resolutionwas 4 Hz, and the time resolutionwas 32.5 ms. The datawere
obtained every 1 Hz and also every 1 ms. Following our previous study
[16,19,24,25], we evaluated two indices of phase synchrony: the PLFs
and PLVs [26–28]. We applied these measures to the source waveforms
extracted from the selected ROIs. Thus, PLFs indicate an index of inter-
trial phase synchrony changes from a local brain area, whereas PLVs
represent an index of differences in phase synchrony changes between
two source activities from two different brain areas. The detailed com-
putation of PLVs for MEG source waveform analysis was described by
the research group that developed MNE-suite software [29]; PLV is a
type of application of PLF (or vice versa), such that all computations
are performed using the tools implemented in MNE-Python [30]. The
PLFs and PLVs were applied to left and right ear stimulation, respec-
tively. We calculated PLFs from a specified ROI using cleaned raw MEG
signals, so that obtained results included the angular symmetry of the
distribution from both evoked and induced responses. We also calcu-
lated the synchronization index of the PLVs between the two specific
ROIs, whichwere left and right Heschl's gyri in this study. The timewin-
dows of interest for PLFs and PLVs were set at between 80 and 130ms
along to the selection of M100 latencies. We finalized each index by av-
eraging within this time window. We also averaged various frequency
bands of interest, including the theta (4–7 Hz), alpha (8–13 Hz), and
beta (14–30 Hz) bands separately.

2.4. Contralaterality index

It has been well-established that the contralateral pathway is pre-
dominant in the auditory pathway [31]. Here, to estimate the contralat-
eral predominance after the monaural stimulation in this study, we set
the contralaterality index (cLI) against the monaural stimulation:

cLI ¼ Vcontra−Vipsi

Vcontra þ Vipsi
ð1Þ

where V represents the value of theM100 amplitude, PLF. Subscript con-
tra denotes contralateral Heschl's gyrus while ipsi denotes ipsilateral
Heschl's gyrus. The cLI indicates contralateral hemispheric predomi-
nancewith positive values (0-+1)while ipsilateral predominance is in-
dicated by negative values (0-−1). Thus, cLI itself indicates
contralaterality against monaural stimulation. In contrast, symmetry
or asymmetry of left/right hemispheric function can be assessed by
comparing cLI scores in response to left ear stimulation with those of
right ear stimulation. For example, cLI scores that are equal between
left and right ear stimulation would reflect “symmetry” in terms of
left/right hemispheric function. Alternatively, larger cLI scores in re-
sponse to left ear stimulation compared with right ear stimulation
would reflect “asymmetry”, indicating right hemispheric predomi-
nance. In this case, the subtraction of left hemispheric responses from
right hemisphere (by left ear stimulation) responses is greater than
that of right hemispheric responses subtracted from left hemisphere
(by right ear stimulation) responses. Consequently, lower cLI scores in
response to right ear stimulation suggest that the degree of lateraliza-
tion is toward the right hemisphere. Here, we define such relationships
as “AC asymmetry” (e.g., right hemispheric predominance regarding
contralaterality). Our major concern was whether the contralaterality
was reduced in patients with mTLE in relation to the lesion side. Specif-
ically, we expected that cLI scores of patients with left mTLE would be
lower than those of HCs in response to right ear stimulation, but not
in response to left ear stimulation, and vice versa for patients with
right mTLE.

2.5. Linear discriminant analysis

To determine the clinical utility of our data as a presurgical evalua-
tion, linear discriminant analysis (LDA)was performed.We constructed
two separate classifiers, one for diagnosis (HCs vs. patients with mTLE)
and the other for lateralization (patients with left vs. right mTLE) [32].
For the diagnosis classifier, sensitivity indicates the proportion of actual
positives of patients with mTLE, while specificity indicates that of HCs.
For the lateralization classifier, sensitivity indicates the proportion of ac-
tual positives of patients with left mTLE, while specificity indicates that
of patients with right mTLE. Accuracy indicates the fraction of correctly
classified subjects. We used all of the neural synchronization data ob-
tained, including all frequency bands (theta, alpha, beta) of PLFs in re-
sponse to auditory stimuli within each AC, and frequency bands of
PLVs in response to auditory stimuli.

2.6. Statistical analysis

To further analyzeM100 amplitude, and PLFs,we performed a three-
way repeated-measures analysis of variance (ANOVA) with GROUP
(HCs vs. patients with left vs. right mTLE) as a between-subject factor
and HEMISPHERE (HEMI) (contralateral vs. ipsilateral Heschl's gyrus)
and STIMULATION (STIM) (left ear vs. right ear) as within-subject fac-
tors. To analyze PLVs, we performed a two-way repeated-measures
ANOVA with GROUP (HCs vs. patients with left vs. right mTLE) as a be-
tween-subject factor and STIM (left ear vs. right ear) as a within-subject
factor. Posthoc analyses were conducted using contrast analysis. The cLI
(Eq. (1)) was analyzed for each of the indices (M100 amplitude, PLFs)
using a two-way repeated-measures ANOVA with GROUP (HCs vs.
patients with left vs. right mTLE) as a between-subject factor and
STIM (left ear vs. right ear) as a within-subject factor. The volumes of
the affected hippocampus and bilateral ACs were analyzed using one-
way ANOVA with a main factor of GROUP. The volume of bilateral hip-
pocampi was averaged for HCs. The LDA and ANOVA were performed



Table 2
ANOVA results for M100 amplitude.

M100 amplitude df F-value p-Value

GROUP 2 4.99 0.0095
HEMI 1 15.6 0.0001
STIM 1 12.9 0.0004
GROUP × HEMI 2 1.63 0.20
GROUP × STIM 2 3.22 0.042
HEMI × STIM 1 2.91 0.090
GROUP × HEMI × STIM 2 0.164 0.85

Abbreviations: HEMI: HEMISPHERE, STIM: STIMULATION in this and subsequent Tables.
Bold values indicate the main significant (p b 0.05) results highlighted in the text.
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using JMP software (SAS Institute Inc., NC, USA). In all analyses, the sig-
nificance level was set at 0.05.

3. Results

3.1. M100 amplitude

Fig. 1A shows the source waveforms of M100 recorded from the left
and right target ROIs. Table 2 shows the ANOVA results for the M100
amplitude, and themajor results are presented as bar graphs for clarity.
Therewas a significantmain effect of GROUP onM100 amplitude (Table
2). There was also a significant interaction between GROUP and STIM
(Table 2). A posthoc analysis revealed that patients with right mTLE ex-
hibited smallerM100 amplitude comparedwith the other two groups in
response to right ear stimulation, irrespective of the hemisphere (Fig.
1B).

3.2. PLFs for theta, alpha, and beta bands

The ANOVA results for PLFs in the theta, alpha, and beta bands are
shown in Table 3. Fig. 2A represents the PLF data from left and right
ROIs. Monaural stimulation provided important information about
hemispheric functional differences (Fig. 2A). In all frequency bands,
we found a significant main effect of GROUP and a significant interac-
tion between GROUP and STIM (Table 3). In particular, PLFs in the
alpha bandwere themost sensitive for differentiating groups, especially
patients with left and right mTLE. In the alpha band, a posthoc analysis
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Table 3
ANOVA results for the PLFs in theta, alpha, and beta bands.

Theta band df F-value p-Value

GROUP 2 3.54 0.035
HEMI 1 32.4 b0.0001
STIM 1 35.6 b0.0001
GROUP × HEMI 2 3.10 0.047
GROUP × STIM 2 3.08 0.048
HEMI × STIM 1 1.30 0.26
GROUP × HEMI × STIM 2 0.0649 0.94

Alpha band df F-value p-Value

GROUP 2 11.1 b0.0001
HEMI 1 38.3 b0.0001
STIM 1 39.7 b0.0001
GROUP × HEMI 2 3.56 0.030
GROUP × STIM 2 4.11 0.018
HEMI × STIM 1 3.23 0.074
GROUP × HEMI × STIM 2 0.126 0.88

Beta band df F-value p-Value

GROUP 2 10.8 b0.0001
HEMI 1 17.3 b0.0001
STIM 1 4.71 0.031
GROUP × HEMI 2 2.07 0.13
GROUP × STIM 2 3.31 0.038
HEMI × STIM 1 3.48 0.064
GROUP × HEMI × STIM 2 0.959 0.39

Bold values indicate the main significant (p b 0.05) results highlighted in the text.
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ipsilateral hemisphere). In response to right ear stimulation, both pa-
tients with right and left mTLE exhibited decreased PLFs compared
with HCs. Overall, monaural stimulation revealed impaired functioning
of affected and nonaffected ACs in patients with mTLE.

3.3. cLI scores for M100 amplitude

The results of cLI scores of M100 amplitude are summarized in Table
4 and Fig. 1C. The right hemisphere was predominant regarding
contralaterality in HCs and patients with left mTLE. There was a signifi-
cant interaction between GROUP and STIM. The cLI scores for left ear
stimulation in HCs and patients with left mTLE were significantly larger
than those for right ear stimulation. In these groups, cLI scores associ-
ated with left ear stimulation were positive values (N0.1) while cLI
scores associatedwith right ear stimulationwere close to zero. These re-
sults suggest that the right hemisphere was predominant regarding
contralaterality. In contrast, cLI scores of patients with right mTLE
showed no significant main effect of STIM, along with the lowest cLI
scores in response to left ear stimulation compared with those of the
other two groups (Fig. 1C). Thus, the results indicate that patients
with right mTLE lacked right hemispheric predominance regarding
contralaterality.

3.4. cLI scores of PLFs for theta, alpha, and beta bands

The results of cLI scores of the PLFs are shown in Table 5 and Fig. 2C.
Similar to the M100 amplitude results, the right hemisphere was pre-
dominant regarding contralaterality in HCs and patients with left
mTLE. There was a significant interaction between GROUP and STIM in
all frequency bands. The cLI scores for left ear stimulation inHCs and pa-
tients with left mTLE were significantly larger than those for right ear
stimulation. In these groups, cLI scores for left ear stimulationwere pos-
itive values (N0.1) while cLI scores for right ear stimulation were close
to zero. In contrast, cLI scores in patients with right mTLE exhibited no
significant main effect of STIM, along with the lowest cLI scores for left
ear stimulation among those of the other two groups. Thus, again, pa-
tients with right mTLE appeared to lack right hemispheric predomi-
nance regarding contralaterality. In addition, in response to right ear
stimulation, patients with left mTLE exhibited the lowest cLI scores in
the alpha and beta bands. This finding suggests that patients with left
mTLE exhibited a lack of contralaterality in response to right ear stimu-
lation. Overall, dysfunction of AC on the affected side was more pro-
nounced when the contralateral ear was stimulated.

3.5. PLVs for theta, alpha, and beta bands

Fig. 3A shows the PLV data between left and right ROIs. The ANOVA
results of PLVs are summarized in Table 6 for theta, alpha, and beta
bands. Auditory processing was predominantly performed by left ear
stimulation in the alpha frequency band. There was a significant effect
of GROUP in all bands except the beta band. In those frequency bands,
a posthoc analysis revealed that PLVs were decreased in both patients
with right and left mTLE compared with those (PLVs) in HCs (Fig. 3B),
but no significant difference was found between patients with left and
right mTLE. There was no significant interaction between GROUP and
STIM. In addition, in the alpha band, there was a significant main effect
of STIM, indicating that PLVswere larger in response to left ear stimula-
tion compared with those in response to right ear stimulation, in all
groups. Taken together, the current findings indicate that connectivity
between bilateral ACs was decreased in both patients with left and
right mTLE compared with that in HCs, irrespective of ear stimulation.

3.6. Accuracy of diagnosis and lateralization by LDA

The LDA results are summarized in Table 7. The diagnosis classifier
achieved an accuracy of 82%, sensitivity of 82%, and specificity of 81%.
For lateralization, the accuracy was 92%, sensitivity was 92%, and speci-
ficity was 93%. These results are comparable to those of a recent study
[33] in which machine learning techniques were used to obtain the di-
agnosis (accuracy 91%), and lateralization classifier (accuracy 90%) on
the basis of resting-state EEG data.

3.7. Disease duration and volumetry

There was a significant difference in the disease duration in groups
with mTLE (p= 0.04, Mann–Whitney U test), suggesting that patients
with right mTLE showed shorter disease duration than patients with
left mTLE. There was no significant difference in the volume of ACs in
all groups. A significant difference in the volume of the hippocampus
was found, which indicated that HCs had greater hippocampal volume
compared with the affected hippocampus in patients with mTLE.
There was no significant difference in the volume of the hippocampus
between groups with mTLE for the HS side.

3.8. Effects of HS on AC function

Our results could potentially be affected by the inhomogeneity of
disease severity, such as HS, between the patient groups. Therefore,
we only selected patients with HS (18 patients with left mTLE, 13 pa-
tients with right mTLE, and 32 HCs) after excluding patients without
HS and patients with other structural abnormalities. The results were
largely consistent with those of all the patients included (see Sections
3.1–3.5). The PLFs exhibited a greater decrease in patients with right
mTLE than patients with left mTLE in the alpha band. The PLVs showed
a significant decrement in both patients with left and right mTLE.
Auditory cortex asymmetry in response to monaural stimulation was
concordantwith the laterality of seizure focus. Overall, our finding of al-
tered auditory response indicated the laterality of seizure focus and
pathophysiology of mTLE, rather than the severity of HS.

4. Discussion

In the present study, we analyzed previous data with additional data
from patients withmTLE to investigate whether neural synchronization



Table 5
ANOVA results of cLI scores for PLFs in three bands.

Theta band df F-value p-Value

GROUP 2 3.48 0.036
STIM 1 44.7 b0.0001
GROUP × STIM 2 5.54 0.0045

Alpha band df F-value p-Value
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Fig. 2. Phase-locking factors (PLFs) in healthy controls (HCs), patients with left mTLE, and patients with right mTLE obtained from contralateral and ipsilateral Heschl's gyri. Time-
frequency plots are shown in three groups as grand-averaged data (A). The white rectangle represents the theta, alpha, and beta bands, respectively. In the alpha band, patients with
right mTLE exhibited more decreased PLFs than patients with left mTLE in response to right ear stimulation. In contrast, the theta and beta bands only differentiated HCs from groups
with mTLE or patients with right mTLE from other groups (B). cLI scores indicate right hemispheric predominance in all groups except patients with right mTLE (C). In the alpha and
beta bands, patients with right mTLE showed a decrement of cLI scores in response to left ear stimulation and patients with left mTLE showed a decrement of cLI scores in response to
right ear stimulation.
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induced by monaural pure tone stimulation provides useful diagnostic
information about epileptic focus in patientswithmTLE. Ourmajorfind-
ings can be summarized as follows: 1) PLFswere sufficiently sensitive to
differentiate groups with mTLE from HCs, but the M100 amplitude of
each AC provided less diagnostic information; 2) PLVs suggested that
both patients with left and right mTLE exhibited altered functional con-
nectivity between bilateral ACs compared with HCs; 3) monaural stim-
ulation was able to reveal AC asymmetry and provided significant
lateralizing information about epileptic focus, particularly in patients
with right mTLE; and 4) LDA revealed high accuracy of diagnosis and
lateralization. Therefore, the current results indicated that monaural
AEFs provide useful information for detecting mTLE pathologies [13].

4.1. Hemispheric asymmetry in monaural pure tone processing

One of the aims of the current study was to examine AC asymmetry
in monaural pure tone processing in HCs. It has been previously
Table 4
ANOVA results of cLI scores for M100 amplitude.

M100 amplitude df F-value p-Value

GROUP 2 3.14 0.050
STIM 1 21.6 b0.0001
GROUP × STIM 2 5.39 0.0052
proposed that monaural stimulation results in greater activity over the
hemisphere contralateral to the side of stimulation [31,34,35], because
the auditory pathway consists of a combination of large number of
crossing fibers and a smaller number of noncrossing fibers. However,
the current results demonstrated that the degree of lateralization was
toward the right hemisphere in HCs: cLI scores of the left ear were pos-
itive (N0.1) while those of the right ear were almost zero (Figs. 1C, 2C).
GROUP 2 2.60 0.082
STIM 1 56.0 b0.0001
GROUP × STIM 2 6.91 0.0012

Beta band df F-value p-Value

GROUP 2 2.24 0.11
STIM 1 7.53 0.0066
GROUP × STIM 2 9.16 0.0002

Bold values indicate the main significant (p b 0.05) results highlighted in the text.



Left ear 

stimulation

Right ear 

stimulation
HC

Patients

with left 

mTLE

Patients

with right

mTLE

(A) (B)

<alpha>

<theta>

Right
ear 

Left
ear 

25

20

15

10

5

F
re

q
u

en
ci

es
 (

H
z) 25

20

15

10

5

-100   0  100              400 -100   0  100              400

25

20

15

10

5

25

20

15

10

5

-100   0  100              400

25

20

15

10

5

25

20

15

10

5

-100   0  100              400

-100   0  100              400

-100   0  100              400

Time (ms)

0.4

0.3

0.2

0.1

0

0.4

0.3

0.2

0.1

0

0.4

0.3

0.2

0.1

0

<beta>

* **

†

†

p < 0.01
p < 0.05

†

†

Fig. 3. Time-frequency plots of phase-locking values (PLVs) in healthy controls (HCs), patients with left mTLE, and patients with right mTLE as grand-averaged data (A). White rectangle
represents neural synchronization between the right and left Heschl's gyri in the theta, alpha, andbeta bands, respectively. PLVs in bothpatientswith left and rightmTLEwere substantially
reduced compared with those of HCs in the theta and alpha frequency bands, irrespective of the side of ear stimulation (B). In the alpha band, PLVs in response to left ear stimulation
exhibited larger values compared with right ear stimulation in all groups.

Table 6
ANOVA results of the PLVs in three bands.

Theta band df F-value p-Value

GROUP 2 10.40 0.0001
STIM 1 0.0022 0.96
GROUP × STIM 2 0.0833 0.92

Alpha band df F-value p-Value

GROUP 2 9.01 0.0003
STIM 1 4.88 0.031
GROUP × STIM 2 0.170 0.84

Beta band df F-value p-Value

GROUP 2 1.60 0.21
STIM 1 1.93 0.17
GROUP × STIM 2 1.77 0.18

Bold values indicate the main significant (p b 0.05) results highlighted in the text.

102 T. Matsubara et al. / Epilepsy & Behavior 88 (2018) 96–105
Thus, the current results suggested right hemispheric predominance re-
garding contralaterality in pure tone processing. Our results are in ac-
cord with several MEG [32,36] and EEG studies [37–39] reporting
larger responses in the right hemisphere, irrespective of the side of ear
stimulation, or right hemispheric dominance for left ear stimulation
but no hemispheric dominance for right ear stimulation [40]. The AC
Table 7
Results of linear discriminant analysis.

Performance measure Diagnosis Lateralization

Accuracy (%) 81.7 92.3
Sensitivity (%) 82.1 92.0
Specificity (%) 81.3 92.9
Positive predictive value (%) 84.2 95.8
Negative predictive value (%) 78.8 86.7
Area under the curve 0.934 0.957
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asymmetry is likely to have been caused by hemispheric activation in-
duced by the auditory stimuli used in this study. Previous studies have
reported that the right hemisphere is responsible for identification of
acoustic patterns (tonal pitch or melody), while the left hemisphere is
involved principally in speech, language, and temporal ordering (i.e.,
operating as the language dominant hemisphere) [41,42]. Pure tone,
melodic, or rhythmic stimuli in this study may have activated the
right hemisphere via top-down cognitive processes. Another potential
explanation is related to the difference of acoustic features (pure tone,
click) and the task demands used among the studies or the difference
in ROIs (Heschl's gyri in this study). If AC asymmetry is present even
in monaural pure tone stimulation, this may be used as a way of
assessing neurological diseases (i.e., lateralization of epileptic focus).

4.2. M100 response cannot provide sufficient information about mTLE

The M100 response is a primary exogenous response originating
from the AC, which is elicited without task demands, and is strongly de-
pendent on acoustic features. However, it has been well-established
that the M100 is modulated by a complex network of cortical areas
such as bilateral supratemporal planes and superior temporal gyri and
frontal and motor areas. Thus, the M100 is presumed to reflect higher
cognitive function [43,44], and altered M100/N100 responses in pa-
tients with mTLE have been assessed [13,45,46]. However, studies of
the decrement of M100/N100 amplitude in patients with mTLE in rela-
tion to the lateralization of epileptic focus have produced equivocal
findings. Rosburg et al. [45] reported that N100 amplitude was not af-
fected in patients with mTLE, but the altered N100 topography induced
by affected ACs was demonstrated using binaural tone burst stimula-
tion. In their study, patients with right HS exhibited a left-deviated
N100 topography, while HCs and patients with left HS exhibited a sym-
metrical distribution. Our previous MEG study [13] provided the first
demonstration of the tendency of M100 amplitude attenuation in pa-
tients with unilateral mTLE. In the current study, the M100 amplitude
results (Fig. 1) indicated that patients with right mTLE showed de-
creased responses in response to right ear stimulation in both the af-
fected and nonaffected hemispheres. Thus, focusing on the M100
response could provide partial diagnostic information for differentiating
patients with right mTLE fromHCs, but was not sufficient for differenti-
ating patients with right and left mTLE.

4.3. PLFs can be useful for the diagnosis and lateralization of mTLE

In contrast to M100 amplitude, PLFs obtained from the same time
window were more decreased in patients with right mTLE than in pa-
tients with left mTLE in the alpha band (Table 3, Fig. 2). Understanding
why this difference may have occurred between the M100 amplitude
and PLFs is an important issue, with several potential explanations.
First, this finding is likely to be related to the nature of the differences
between evoked responses (M100) and phase-based oscillations (i.e.,
PLFs). Evoked responses reflect a mixture of all components, including
the amplitude, phase, and latency within each trial (jitter) [47]. In addi-
tion, evoked responses only extract phase-locked responses, but cannot
reveal nonphase-locked components. In contrast, single trial analysis
provides an overall evaluation of both phase- and nonphase-locked
components. Second, PLFs can be evaluated in their appropriate fre-
quency. The alpha band appears to be crucial for auditory perception
[48–50]. Thus, PLFs in the alpha band may be more sensitive to the dif-
ference between patients with left and right mTLE compared with the
M100 amplitude. Third, although the relationship between oscillatory
activities and evoked response remains contentious, one potential ex-
planation is phase-resetting, whereas another explanation is phase en-
hancing [51]. In auditory and visual evoked potential studies, the
amplitude and phase were modulated concurrently, but showed differ-
ent behaviors [47,49,52]. The amplitude or phase of each response to
the stimuli exhibits some variability within subjects and across groups,
especially in the neurological diseases. Variability in M100 amplitudes
may obscure differences among groups. In contrast, phase-based oscil-
lation is unlikely to be strongly influenced by amplitude variability.
Hence, PLFs are more sensitive than evoked M100 responses even in
the simple task used in the current study.

4.4. Significance of PLVs in mTLE

The PLVs showed a significant decrement in both patients with right
and left mTLE, irrespective of the stimulation side (Fig. 3). A study of
split-brain patients [53] reported that onehemisphere alonewasnot ca-
pable of processing auditory temporal patterns. In our study, PLVs
reflected functional connectivity regarding auditory processing of the
500-Hz pure tone in the signals between ACs. This finding suggests
that synchronous activity between bilateral ACs is necessary for audi-
tory processing. Hippocampal sclerosis may influence organized pro-
cessing of bilateral ACs, in accord with recent conceptualizations of
epilepsy as a network disease [54]. To date, various cognitive and psy-
chiatric impairments [55] and CAP impairments have been found in pa-
tients with mTLE [2,5,6,8–13]. Auditory dysfunction may be caused by
impaired connectivity resulting from seizure propagation between the
hemispheres. This assumption is in accord with the current finding
that either the affected AC or nonaffected AC showed a decrement of
PLFs in patients with mTLE (Fig. 2B).

The current PLV findings suggested that auditory processing of the
500-Hz pure tone was primarily performed in the right hemisphere.
The PLVs were larger in response to left ear stimulation than right ear
stimulation in all groups in the alpha frequency band (Fig. 3B). Further-
more, PLVs of patients with right mTLE were substantially more de-
creased than those of HCs. Previous monaural AEF studies indicated
that initial contralateral processing was followed by ipsilateral process-
ing after a delay by interhemispheric transmission, presumably via the
corpus callosum [24,56]. These findings indicate that the right hemi-
sphere is responsible for neural synchronization in response to monau-
ral pure tone stimulation. This is particularly important when
identifying the localization of epileptic focus in patients with mTLE.
This issue is discussed in the next section.

4.5. Reduced neural synchronization can be useful for the lateralization of
epileptic focus

The clinical impact of lateralization of epileptic focus using auditory
stimulation for patients with mTLE has not yet been established. Our
findings suggest that the right AC is crucial for auditory processing in
HCs (see Section 4.1. and 4.3). Thus, auditory processing dysfunction
may be highlighted by focal lesions in the right hemisphere. It has
been reported that lesions in the right hemisphere severely impair
pitch discrimination of complex sounds, indicating that impaired right
AC disturbs the processing of complex sounds [57]. To the best of our
knowledge, however, no previous studies have reported significant lat-
eralization of the epileptic focus using auditory stimulation for patients
with mTLE [2,8]. Rosburg et al. [45] only observed altered N100 topog-
raphy in patients with right mTLE. The current study successfully dem-
onstrated that patients with rightmTLE were particularly susceptible to
auditory processing dysfunction. Impaired auditory processing in right
AC in patients with right mTLE could result in the lack of right hemi-
spheric predominance regarding contralaterality (Figs. 1C and 2C), low-
est PLFs (Fig. 2B), lowest cLI scores (Figs. 1C and 2C), and lower PLVs
(Fig. 3B). Thus, monaural AEFs are likely to predict right hemispheric
dysfunction and vulnerability in patients with right mTLE.

In addition, the use of monaural stimulation demonstrated signifi-
cant lateralizing information, even for patientswith leftmTLE, aswe ini-
tially hypothesized. Left ear stimulation was useful for examining
patients with right mTLE, while right ear stimulation was useful for ex-
amining patients with left mTLE in the alpha and beta frequencies (Fig.
2C). The PLVs of patients with left mTLE were also decreased compared
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with HCs (Fig. 3B). Consequently, LDA accurately predicted the laterali-
zation of epileptic focus (Table 7). Thus, the results indicated that our
simple task is useful for localizing the epileptic focus in patients with
unilateral mTLE.

5. Limitations

It should be noted that we only used a 500-Hz frequency pure tone
in the current study, which is not the most sensitive hearing frequency
for humans. Therefore, several different tones should be investigated in
patients withmTLE in further studies. Unfortunately, we could not eval-
uate memory dysfunction in the right hippocampus in relation to audi-
tory function because of a lack of clinically obtained memory scores
(e.g., Wechsler Memory Scale-Revised (WMS-R)) in several patients.
This issue should be clarified in future studies.

6. Conclusions

We confirmed that auditory processing was disrupted in patients
with mTLE. In addition, we found that AC subnormal function was
more pronounced in patients with right mTLE. Neural synchronization
highlighted lateralization of the epileptic focus in patients with unilat-
eral mTLE. Our noninvasive simple task was useful for localizing the ep-
ileptic focus in patients with mTLE, as well as for diagnosing patients
with mTLE. Finally, our findings suggest that altered neural synchroni-
zation is exhibited by patients with mTLE, providing evidence for al-
tered AC function in mTLE.

Conflict of interest statement

The authors have no conflict of interest relevant to this article.

Acknowledgments

This study was supported in part by a Grant-in-Aid for Scientific Re-
search on Innovative AreasMEXT KAKENHI 15H05875, and also by a re-
search grant (2016) from The Japan Epilepsy Research Foundation. We
thank Benjamin Knight, MSc., from Edanz Group (www.edanzediting.
com/ac) for editing a draft of this manuscript. We also thank Associate
Prof. Junji Kishimoto (Department of Research and Development of
Next GenerationMedicine, Faculty of Medical Sciences, Kyushu Univer-
sity) for assistance with statistical analysis.

References

[1] Graham KS, Barense MD, Lee AC. Going beyond LTM in the MTL: a synthesis of neu-
ropsychological and neuroimaging findings on the role of the medial temporal lobe
in memory and perception. Neuropsychologia 2010;48:831–53.

[2] Han MW, Ahn JH, Kang JK, Lee EM, Lee JH, Bae JH, et al. Central auditory processing
impairment in patients with temporal lobe epilepsy. Epilepsy Behav 2011;20:370–4.

[3] American Speech-Language-Hearing Association. (Central) auditory processing dis-
orders [technical report]; 2005.

[4] Musiek FE, Baran JA, Pinheiro ML. Duration pattern recognition in normal sub-
jects and patients with cerebral and cochlear lesions. Audiology 1990;29:
304–13.

[5] Collard ME, Lesser RP, Luders H, Dinner DS, Morris HH, Hahn JF, et al. Four dichotic
speech tests before and after temporal lobectomy. Ear Hear 1986;7:363–9.

[6] Meneguello J, Leonhardt FD, Pereira LD. Auditory processing in patients with tempo-
ral lobe epilepsy. Braz J Otorhinolaryngol 2006;72:496–504.

[7] Ortiz KZ, Pereira LD, Borges AC, Vilanova LC. Staggered spondaic word test in epilep-
tic patients. Sao Paulo Med J 2002;120:185–8.

[8] Olsen WO. Dichotic test results for normal subjects and for temporal lobectomy pa-
tients. Ear Hear 1983;4:324–30.

[9] Ehrle N, Samson S, Baulac M. Processing of rapid auditory information in epileptic
patients with left temporal lobe damage. Neuropsychologia 2001;39:525–31.

[10] Aravindkumar R, Shivashankar N, Satishchandra P, Sinha S, Saini J, Subbakrishna DK.
Temporal resolution deficits in patients with refractory complex partial seizures and
mesial temporal sclerosis (MTS). Epilepsy Behav 2012;24:126–30.

[11] Lavasani AN, Mohammadkhani G, Motamedi M, Karimi LJ, Jalaei S, Shojaei FS, et al.
Auditory temporal processing in patients with temporal lobe epilepsy. Epilepsy
Behav 2016;60:81–5.
[12] Boatman DF, Lesser RP, Crone NE, Krauss G, Lenz FA, Miglioretti DL. Speech recogni-
tion impairments in patients with intractable right temporal lobe epilepsy. Epilepsia
2006;47:1397–401.

[13] Chatani H, Hagiwara K, Hironaga N, Ogata K, Shigeto H, Morioka T, et al.
Neuromagnetic evidence for hippocampal modulation of auditory processing.
Neuroimage 2016;124:256–66.

[14] Wang XJ. Neurophysiological and computational principles of cortical rhythms in
cognition. Physiol Rev 2010;90:1195–268.

[15] Haegens S, Zion Golumbic E. Rhythmic facilitation of sensory processing: a critical
review. Neurosci Biobehav Rev 2018;86:150–65.

[16] Hagiwara K, Ogata K, Okamoto T, Uehara T, Hironaga N, Shigeto H, et al. Age-related
changes across the primary and secondary somatosensory areas: an analysis of
neuromagnetic oscillatory activities. Clin Neurophysiol 2014;125:1021–9.

[17] Uhlhaas PJ, Singer W. Abnormal neural oscillations and synchrony in schizophrenia.
Nat Rev Neurosci 2010;11:100–13.

[18] Kikuchi Y, Ogata K, Umesaki T, Yoshiura T, Kenjo M, Hirano Y, et al. Spatiotemporal
signatures of an abnormal auditory system in stuttering. Neuroimage 2011;55:
891–9.

[19] Hagiwara K, Okamoto T, Shigeto H, Ogata K, Somehara Y, Matsushita T, et al. Oscilla-
tory gamma synchronization binds the primary and secondary somatosensory areas
in humans. Neuroimage 2010;51:412–20.

[20] Hironaga N, Hagiwara K, Ogata K, HayamizuM, Urakawa T, Tobimatsu S. Proposal for
a newMEG-MRI co-registration: a 3D laser scanner system. Clin Neurophysiol 2014;
125:2404–12.

[21] Taulu S, Simola J, Kajola M. Applications of the signal space separation method. IEEE
Trans Signal Process 2005;53:3359–72.

[22] Dale AM, Liu AK, Fischl BR, Buckner RL, Belliveau JW, Lewine JD, et al. Dynamic sta-
tistical parametric mapping: combining fMRI and MEG for high-resolution imaging
of cortical activity. Neuron 2000;26:55–67.

[23] Hashizume A, Hironaga N. Principles of magnetoencephalography. In: Tobimatsu S,
Kakigi R, editors. Clinical applications of magnetoencephalography. Japan, Tokyo:
Springer; 2016. p. 3–32. https://doi.org/10.1007/978-4-431-55729-6_1.

[24] Kikuchi Y, Okamoto T, Ogata K, Hagiwara K, Umezaki T, Kenjo M, et al. Abnormal au-
ditory synchronization in stuttering: a magnetoencephalographic study. Hear Res
2017;344:82–9.

[25] Motoyama Y, Ogata K, Hoka S, Tobimatsu S. Frequency-dependent changes in senso-
rimotor and pain affective systems induced by empathy for pain. J Pain Res 2017;10:
1317–26.

[26] Palva S, Linkenkaer-Hansen K, Näätänen R, Palva JM. Early neural correlates of con-
scious somatosensory perception. J Neurosci 2005;25:5248–58.

[27] Lachaux JP, Rodriguez E, Martinerie J, Varela FJ. Measuring phase synchrony in brain
signals. Hum Brain Mapp 1999;8:194–208.

[28] Simões C, Jensen O, Parkkonen L, Hari R. Phase locking between human primary and
secondary somatosensory cortices. Proc Natl Acad Sci U S A 2003;100:2691–4.

[29] Lin FH, Witzel T, Hämäläinen MS, Dale AM, Belliveau JW, Stufflebeam SM. Spectral
spatiotemporal imaging of cortical oscillations and interactions in the human
brain. Neuroimage 2004;23:582–95.

[30] Gramfort A, Luessi M, Larson E, Engemann DA, Strohmeier D, Brodbeck C, et al. MNE
software for processing MEG and EEG data. Neuroimage 2014;86:446–60.

[31] Pantev C, Lutkenhoner B, Hoke M, Lehnertz K. Comparison between simultaneously
recorded auditory-evoked magnetic fields and potentials elicited by ipsilateral, con-
tralateral and binaural tone burst stimulation. Audiology 1986;25:54–61.

[32] Orekhova EV, Butorina AV, Tsetlin MM, Novikova SI, Sokolov PA, Elam M, et al. Audi-
tory magnetic response to clicks in children and adults: its components, hemispheric
lateralization and repetition suppression effect. Brain Topogr 2013;26:410–27.

[33] Verhoeven T, Coito A, Plomp G, Thomschewski A, Pittau F, Trinka E, et al. Automated
diagnosis of temporal lobe epilepsy in the absence of interictal spikes. Neuroimage
Clin 2018;17:10–5.

[34] Eggermont JJ. Between sound and perception: reviewing the search for a neural
code. Hear Res 2001;157:1–42.

[35] Langers DR, van Dijk P, Backes WH. Lateralization, connectivity and plasticity in the
human central auditory system. Neuroimage 2005;28:490–9.

[36] Hine J, Debener S. Late auditory evoked potentials asymmetry revisited. Clin
Neurophysiol 2007;118:1274–85.

[37] Lütkenhöner B, Krumbholz K, Seither-Preisler A. Studies of tonotopy based on wave
N100 of the auditory evoked field are problematic. Neuroimage 2003;19:935–49.

[38] Andreassi J, De Simone J, Friend M, Grota P. Hemispheric amplitude asymmetries in
the auditory evoked potential with monaural and binaural stimulation. Physiol
Psychol 1975;3:169–71.

[39] Wolpaw JR, Penry JK. Hemispheric differences in the auditory evoked response.
Electroencephalogr Clin Neurophysiol 1977;43:99–102.

[40] Jin CY, Ozaki I, Suzuki Y, Baba M, Hashimoto I. Dynamic movement of N100m cur-
rent sources in auditory evoked fields: comparison of ipsilateral versus contralateral
responses in human auditory cortex. Neurosci Res 2008;60:397–405.

[41] Zatorre RJ, Belin P. Spectral and temporal processing in human auditory cortex.
Cereb Cortex 2001;11:946–53.

[42] Zatorre RJ, Evans AC, Meyer E, Gjedde A. Lateralization of phonetic and pitch dis-
crimination in speech processing. Science 1992;256:846–9.

[43] Rosburg T, Boutros NN, Ford JM. Reduced auditory evoked potential component
N100 in schizophrenia—a critical review. Psychiatry Res 2008;161:259–74.

[44] Näätänen R, Picton T. The N1 wave of the human electric and magnetic response to
sound: a review and an analysis of the component structure. Psychophysiology
1987;24:375–425.

[45] Rosburg T, Trautner P, Ludowig E, Helmstaedter C, Bien CG, Elger CE, et al. Sensory
gating in epilepsy — effects of the lateralization of hippocampal sclerosis. Clin
Neurophysiol 2008;119:1310–9.

http://www.edanzediting.com/ac
http://www.edanzediting.com/ac
http://refhub.elsevier.com/S1525-5050(18)30281-6/rf0005
http://refhub.elsevier.com/S1525-5050(18)30281-6/rf0005
http://refhub.elsevier.com/S1525-5050(18)30281-6/rf0005
http://refhub.elsevier.com/S1525-5050(18)30281-6/rf0010
http://refhub.elsevier.com/S1525-5050(18)30281-6/rf0010
http://refhub.elsevier.com/S1525-5050(18)30281-6/rf0015
http://refhub.elsevier.com/S1525-5050(18)30281-6/rf0015
http://refhub.elsevier.com/S1525-5050(18)30281-6/rf0020
http://refhub.elsevier.com/S1525-5050(18)30281-6/rf0020
http://refhub.elsevier.com/S1525-5050(18)30281-6/rf0020
http://refhub.elsevier.com/S1525-5050(18)30281-6/rf0025
http://refhub.elsevier.com/S1525-5050(18)30281-6/rf0025
http://refhub.elsevier.com/S1525-5050(18)30281-6/rf0030
http://refhub.elsevier.com/S1525-5050(18)30281-6/rf0030
http://refhub.elsevier.com/S1525-5050(18)30281-6/rf0035
http://refhub.elsevier.com/S1525-5050(18)30281-6/rf0035
http://refhub.elsevier.com/S1525-5050(18)30281-6/rf0040
http://refhub.elsevier.com/S1525-5050(18)30281-6/rf0040
http://refhub.elsevier.com/S1525-5050(18)30281-6/rf0045
http://refhub.elsevier.com/S1525-5050(18)30281-6/rf0045
http://refhub.elsevier.com/S1525-5050(18)30281-6/rf0050
http://refhub.elsevier.com/S1525-5050(18)30281-6/rf0050
http://refhub.elsevier.com/S1525-5050(18)30281-6/rf0050
http://refhub.elsevier.com/S1525-5050(18)30281-6/rf0055
http://refhub.elsevier.com/S1525-5050(18)30281-6/rf0055
http://refhub.elsevier.com/S1525-5050(18)30281-6/rf0055
http://refhub.elsevier.com/S1525-5050(18)30281-6/rf0060
http://refhub.elsevier.com/S1525-5050(18)30281-6/rf0060
http://refhub.elsevier.com/S1525-5050(18)30281-6/rf0060
http://refhub.elsevier.com/S1525-5050(18)30281-6/rf0065
http://refhub.elsevier.com/S1525-5050(18)30281-6/rf0065
http://refhub.elsevier.com/S1525-5050(18)30281-6/rf0065
http://refhub.elsevier.com/S1525-5050(18)30281-6/rf0070
http://refhub.elsevier.com/S1525-5050(18)30281-6/rf0070
http://refhub.elsevier.com/S1525-5050(18)30281-6/rf0075
http://refhub.elsevier.com/S1525-5050(18)30281-6/rf0075
http://refhub.elsevier.com/S1525-5050(18)30281-6/rf0080
http://refhub.elsevier.com/S1525-5050(18)30281-6/rf0080
http://refhub.elsevier.com/S1525-5050(18)30281-6/rf0080
http://refhub.elsevier.com/S1525-5050(18)30281-6/rf0085
http://refhub.elsevier.com/S1525-5050(18)30281-6/rf0085
http://refhub.elsevier.com/S1525-5050(18)30281-6/rf0090
http://refhub.elsevier.com/S1525-5050(18)30281-6/rf0090
http://refhub.elsevier.com/S1525-5050(18)30281-6/rf0090
http://refhub.elsevier.com/S1525-5050(18)30281-6/rf0095
http://refhub.elsevier.com/S1525-5050(18)30281-6/rf0095
http://refhub.elsevier.com/S1525-5050(18)30281-6/rf0095
http://refhub.elsevier.com/S1525-5050(18)30281-6/rf0100
http://refhub.elsevier.com/S1525-5050(18)30281-6/rf0100
http://refhub.elsevier.com/S1525-5050(18)30281-6/rf0100
http://refhub.elsevier.com/S1525-5050(18)30281-6/rf0105
http://refhub.elsevier.com/S1525-5050(18)30281-6/rf0105
http://refhub.elsevier.com/S1525-5050(18)30281-6/rf0110
http://refhub.elsevier.com/S1525-5050(18)30281-6/rf0110
http://refhub.elsevier.com/S1525-5050(18)30281-6/rf0110
https://doi.org/10.1007/978-4-431-55729-6_1
http://refhub.elsevier.com/S1525-5050(18)30281-6/rf0120
http://refhub.elsevier.com/S1525-5050(18)30281-6/rf0120
http://refhub.elsevier.com/S1525-5050(18)30281-6/rf0120
http://refhub.elsevier.com/S1525-5050(18)30281-6/rf0125
http://refhub.elsevier.com/S1525-5050(18)30281-6/rf0125
http://refhub.elsevier.com/S1525-5050(18)30281-6/rf0125
http://refhub.elsevier.com/S1525-5050(18)30281-6/rf0130
http://refhub.elsevier.com/S1525-5050(18)30281-6/rf0130
http://refhub.elsevier.com/S1525-5050(18)30281-6/rf0135
http://refhub.elsevier.com/S1525-5050(18)30281-6/rf0135
http://refhub.elsevier.com/S1525-5050(18)30281-6/rf0140
http://refhub.elsevier.com/S1525-5050(18)30281-6/rf0140
http://refhub.elsevier.com/S1525-5050(18)30281-6/rf0145
http://refhub.elsevier.com/S1525-5050(18)30281-6/rf0145
http://refhub.elsevier.com/S1525-5050(18)30281-6/rf0145
http://refhub.elsevier.com/S1525-5050(18)30281-6/rf0150
http://refhub.elsevier.com/S1525-5050(18)30281-6/rf0150
http://refhub.elsevier.com/S1525-5050(18)30281-6/rf0155
http://refhub.elsevier.com/S1525-5050(18)30281-6/rf0155
http://refhub.elsevier.com/S1525-5050(18)30281-6/rf0155
http://refhub.elsevier.com/S1525-5050(18)30281-6/rf0160
http://refhub.elsevier.com/S1525-5050(18)30281-6/rf0160
http://refhub.elsevier.com/S1525-5050(18)30281-6/rf0160
http://refhub.elsevier.com/S1525-5050(18)30281-6/rf0165
http://refhub.elsevier.com/S1525-5050(18)30281-6/rf0165
http://refhub.elsevier.com/S1525-5050(18)30281-6/rf0165
http://refhub.elsevier.com/S1525-5050(18)30281-6/rf0170
http://refhub.elsevier.com/S1525-5050(18)30281-6/rf0170
http://refhub.elsevier.com/S1525-5050(18)30281-6/rf0175
http://refhub.elsevier.com/S1525-5050(18)30281-6/rf0175
http://refhub.elsevier.com/S1525-5050(18)30281-6/rf0180
http://refhub.elsevier.com/S1525-5050(18)30281-6/rf0180
http://refhub.elsevier.com/S1525-5050(18)30281-6/rf0185
http://refhub.elsevier.com/S1525-5050(18)30281-6/rf0185
http://refhub.elsevier.com/S1525-5050(18)30281-6/rf0190
http://refhub.elsevier.com/S1525-5050(18)30281-6/rf0190
http://refhub.elsevier.com/S1525-5050(18)30281-6/rf0190
http://refhub.elsevier.com/S1525-5050(18)30281-6/rf0195
http://refhub.elsevier.com/S1525-5050(18)30281-6/rf0195
http://refhub.elsevier.com/S1525-5050(18)30281-6/rf0200
http://refhub.elsevier.com/S1525-5050(18)30281-6/rf0200
http://refhub.elsevier.com/S1525-5050(18)30281-6/rf0200
http://refhub.elsevier.com/S1525-5050(18)30281-6/rf0205
http://refhub.elsevier.com/S1525-5050(18)30281-6/rf0205
http://refhub.elsevier.com/S1525-5050(18)30281-6/rf0210
http://refhub.elsevier.com/S1525-5050(18)30281-6/rf0210
http://refhub.elsevier.com/S1525-5050(18)30281-6/rf0215
http://refhub.elsevier.com/S1525-5050(18)30281-6/rf0215
http://refhub.elsevier.com/S1525-5050(18)30281-6/rf0220
http://refhub.elsevier.com/S1525-5050(18)30281-6/rf0220
http://refhub.elsevier.com/S1525-5050(18)30281-6/rf0220
http://refhub.elsevier.com/S1525-5050(18)30281-6/rf0225
http://refhub.elsevier.com/S1525-5050(18)30281-6/rf0225
http://refhub.elsevier.com/S1525-5050(18)30281-6/rf0225


105T. Matsubara et al. / Epilepsy & Behavior 88 (2018) 96–105
[46] Bougeard R, Fischer C. The role of the temporal pole in auditory processing. Epileptic
Disord 2002;4(Suppl. 1):S29–32.

[47] Makeig S, Westerfield M, Jung TP, Enghoff S, Townsend J, Courchesne E, et al. Dy-
namic brain sources of visual evoked responses. Science 2002;295:690–4.

[48] Tiihonen J, Hari R, Kajola M, Karhu J, Ahlfors S, Tissari S. Magnetoencephalographic
10-Hz rhythm from the human auditory cortex. Neurosci Lett 1991;129:303–5.

[49] Jansen BH, Agarwal G, Hegde A, Boutros NN. Phase synchronization of the ongoing
EEG and auditory EP generation. Clin Neurophysiol 2003;114:79–85.

[50] Fujioka T, Ross B. Auditory processing indexed by stimulus-induced alpha
desynchronization in children. Int J Psychophysiol 2008;68:130–40.

[51] Klimesch W, Hanslmayr S, Sauseng P, Gruber WR. Distinguishing the evoked re-
sponse from phase reset: a comment to Makinen et al. Neuroimage 2006;29:
808–11.

[52] Makinen V, Tiitinen H, May P. Auditory event-related responses are generated inde-
pendently of ongoing brain activity. Neuroimage 2005;24:961–8.
[53] Musiek FE, Pinheiro ML, Wilson DH. Auditory pattern perception in “split brain” pa-
tients. Arch Otolaryngol 1980;106:610–2.

[54] Pittau F, Grova C, Moeller F, Dubeau F, Gotman J. Patterns of altered functional con-
nectivity in mesial temporal lobe epilepsy. Epilepsia 2012;53:1013–23.

[55] Jones-Gotman M, Smith ML, Risse GL, Westerveld M, Swanson SJ, Giovagnoli AR,
et al. The contribution of neuropsychology to diagnostic assessment in epilepsy. Ep-
ilepsy Behav 2010;18:3–12.

[56] Oe H, Kandori A, Yamada N, Miyashita T, Tsukada K, Naritomi H. Interhemispheric
connection of auditory neural pathways assessed by auditory evoked magnetic
fields in patients with fronto-temporal lobe infarction. Neurosci Res 2002;44:483–8.

[57] Johnsrude IS, Penhune VB, Zatorre RJ. Functional specificity in the right human audi-
tory cortex for perceiving pitch direction. Brain 2000;123(Pt 1):155–63.

http://refhub.elsevier.com/S1525-5050(18)30281-6/rf0230
http://refhub.elsevier.com/S1525-5050(18)30281-6/rf0230
http://refhub.elsevier.com/S1525-5050(18)30281-6/rf0235
http://refhub.elsevier.com/S1525-5050(18)30281-6/rf0235
http://refhub.elsevier.com/S1525-5050(18)30281-6/rf0240
http://refhub.elsevier.com/S1525-5050(18)30281-6/rf0240
http://refhub.elsevier.com/S1525-5050(18)30281-6/rf0245
http://refhub.elsevier.com/S1525-5050(18)30281-6/rf0245
http://refhub.elsevier.com/S1525-5050(18)30281-6/rf0250
http://refhub.elsevier.com/S1525-5050(18)30281-6/rf0250
http://refhub.elsevier.com/S1525-5050(18)30281-6/rf0255
http://refhub.elsevier.com/S1525-5050(18)30281-6/rf0255
http://refhub.elsevier.com/S1525-5050(18)30281-6/rf0255
http://refhub.elsevier.com/S1525-5050(18)30281-6/rf0260
http://refhub.elsevier.com/S1525-5050(18)30281-6/rf0260
http://refhub.elsevier.com/S1525-5050(18)30281-6/rf0265
http://refhub.elsevier.com/S1525-5050(18)30281-6/rf0265
http://refhub.elsevier.com/S1525-5050(18)30281-6/rf0270
http://refhub.elsevier.com/S1525-5050(18)30281-6/rf0270
http://refhub.elsevier.com/S1525-5050(18)30281-6/rf0275
http://refhub.elsevier.com/S1525-5050(18)30281-6/rf0275
http://refhub.elsevier.com/S1525-5050(18)30281-6/rf0275
http://refhub.elsevier.com/S1525-5050(18)30281-6/rf0280
http://refhub.elsevier.com/S1525-5050(18)30281-6/rf0280
http://refhub.elsevier.com/S1525-5050(18)30281-6/rf0280
http://refhub.elsevier.com/S1525-5050(18)30281-6/rf0285
http://refhub.elsevier.com/S1525-5050(18)30281-6/rf0285

	Altered neural synchronization to pure tone stimulation in patients with mesial temporal lobe epilepsy: An MEG study
	1. Introduction
	2. Materials and methods
	2.1. Subjects
	2.2. Recordings
	2.3. Analysis
	2.3.1. Preliminary step
	2.3.2. Source localization
	2.3.3. Neural synchronization of induced responses

	2.4. Contralaterality index
	2.5. Linear discriminant analysis
	2.6. Statistical analysis

	3. Results
	3.1. M100 amplitude
	3.2. PLFs for theta, alpha, and beta bands
	3.3. cLI scores for M100 amplitude
	3.4. cLI scores of PLFs for theta, alpha, and beta bands
	3.5. PLVs for theta, alpha, and beta bands
	3.6. Accuracy of diagnosis and lateralization by LDA
	3.7. Disease duration and volumetry
	3.8. Effects of HS on AC function

	4. Discussion
	4.1. Hemispheric asymmetry in monaural pure tone processing
	4.2. M100 response cannot provide sufficient information about mTLE
	4.3. PLFs can be useful for the diagnosis and lateralization of mTLE
	4.4. Significance of PLVs in mTLE
	4.5. Reduced neural synchronization can be useful for the lateralization of epileptic focus

	5. Limitations
	6. Conclusions
	Conflict of interest statement
	Acknowledgments
	References




