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Purpose: In a previous study, we investigated a 42-year-old male patient with primary reading epilepsy using
continuous video-electroencephalography (EEG). Reading tasks induced left parasagittal spikes with a higher
spike frequency when the phonological reading pathway was recruited compared to the lexical one. Here, we
seek to localize the epileptogenic focus in the same patient as a function of reading pathway using multimodal
neuroimaging.
Methods and results: The participant read irregular words and nonwords presented in a block-design paradigm
duringmagnetoencephalography (MEG), functional near-infrared spectroscopy (fNIRS), and functionalmagnetic
resonance imaging (fMRI) recordings, all combined with EEG. Spike analyses from MEG, fNIRS, and fMRI–EEGs
data revealed an epileptic focus in the left precentral gyrus, and spike localization did not differ in lexical and
phonological reading.
Conclusion: This study is the first to investigate ictogenesis in reading epilepsy during both lexical and phonolog-
ical reading while using three different multimodal neuroimaging techniques. The somatosensory and motor
control functions of the left precentral gyrus that are congruently involved in lexical as well as phonological read-
ing can explain the identical spike localization in both reading pathways. The concurrence between our findings
in this study and those fromour previous one supports the role of the left precentral gyrus in phonological output
computation as well as seizure activity in a case of reading epilepsy.

© 2016 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

According to the International League Against Epilepsy (ILAE), epilep-
sy is considered as a disease of the brain defined by any of the following
conditions: (a) at least two unprovoked (or reflex) seizures occurring
N24 h apart; (b) one unprovoked (or reflex) seizure and a probability
of further seizures similar to the general recurrence risk (at least 60%)
after two unprovoked seizures, occurring over the next 10 years; or
(c) diagnosis of an epilepsy syndrome [1]. When seizures are triggered
by specific sensory or cognitive stimuli, researchers speak of “reflex”
epilepsy. Reflex reading epilepsy is a rare epileptic syndrome in which
, Local 3836 Pavillon de la Santé,
s Forges, Trois-Rivières, Québec,

. This is an open access article under
silent and/or aloud reading is the main triggering factor. Previous case
studies attempted to shed light on the factors responsible for seizure
onset in reading epilepsy and several hypotheses have been proposed
[2–4]. Epileptic discharges seen on electroencephalography (EEG)
recordings have been associated with different localizations [2,3]. In
the few recent neuroimaging studies investigating the neural circuits
implicated in reading epilepsy, authors postulated that the epileptic
activity occurs when a mass of neurons is activated after a triggering
stimulus (in this case, reading) within the cortico–subcortical reading
network [5–8]. Several cortical and subcortical regions, including the
bilateral frontal and temporal lobes, the left premotor andmotor cortex,
and the left striatum as well as the thalamus, have been reported to be
involved in reading epilepsy with variations across participants. Pegna
et al. [4] proposed that spike localization in these patients would de-
pend on the reading pathway involved (lexical and phonological read-
ing pathways). However, to our knowledge, no study has yet clearly
the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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identified the epileptic cerebral regions specific to these pathways as
proposed in the cognitive models of reading [9]. Moreover, most of
the previous imaging studies used silent reading, which does not
allow researchers to assess the patient's reading performance or to
adapt the stimuli presentation's rate to the patient's reading speed.

In a previous study aiming to better understand the pathophysiology
of reading epilepsy,we investigated a 42-year-old right-handed French-
speakingmanwith primary reading epilepsy, using clinical assessments
and continuous video-EEG [10]. Results revealed a significantly higher
epileptic activity during reading than during other verbal and nonverbal
tasks. The linguistic characteristics significantly affected spike frequen-
cy, with a higher frequency in the phonological than in the lexical
reading pathway. Scalp-EEG recordings suggested a left fronto–central
spike localization. In the present study, we report results from three
functional neuroimaging techniques: magnetoencephalography
(MEG), functional near-infrared spectroscopy (fNIRS), and functional
magnetic resonance imaging (fMRI) – all combined with simultaneous
EEG – acquired in the same patient, in order to better delineate the
spatial characteristics of the reading-induced epileptic discharges as a
function of reading pathway.

2. Material and methods

2.1. Reading tasks and procedure

The patient gave hiswritten informed consent, and the researchwas
approved by the local institutional ethics committees. The patient read
French irregular words (e.g., coefficient) (lexical reading pathway)
and nonwords (e.g., nomus) (phonological reading pathway) presented
on a computer screen in a block-design paradigm during MEG, fNIRS,
and fMRI–EEG recordings. Nonwords were matched to irregular words
for length (number of letters) and phonological complexity (syllabic
structure, number of phonemes and syllables) (see [11] for details on
stimuli's characteristics). Reading blocks (20 s) were separated by a
baseline condition (between 5 and 35 s.) during which the patient
had to fix a cross presented in the center of the screen. Reading was
aloud during fNIRS and silent during fMRI and MEG recordings. The
patient underwent fNIRS recordings first in order to determine the
patient's reading speed and control his performance. The stimuli's
presentation rate was then adjusted to the patient's reading speed
for the fMRI and MEG sessions. To prevent a familiarity effect with the
stimuli on cerebral activation, the order of the blocks as well as that
of the stimuli within a block was counterbalanced across the three
techniques.

2.2. Data acquisitions and analyses

The EEGdatawere collectedusing 19 scalp electrodes placed accord-
ing to the 10–20 international system for MEG and fNIRS and a 64-
channel head cap for fMRI. The EEG epileptic events were marked by
an epileptologist, and spike/sharpwave dischargeswere used as predic-
tors of fNIRS and fMRI responses.

The MEG recordings were acquired using a whole-head Omega
275-channel gradiometer system (VSM MedTech, Canada). A band-
pass filter of 5–70 Hzwas applied to the rawMEG data. Epileptic events
were visually identified by examining MEG recordings and cross-
referencing them with simultaneous EEG recordings. Interictal spikes
were analyzed by applying a single moving dipole model to the earliest
peak of the interictal spike on MEG recordings.

The fNIRS datawere obtainedusing16NIRS detectors and55 sources
of 690 nm and 830 nm (Imagent, USA) with nearly full bilateral cover-
age. Oxyhemoglobin (HbO) and deoxyhemoglobin (HbR) concentration
changes were calculated using the Modified Beer Lambert Law.
A standard general linear model (GLM) analysis was performed using
nirs10 [12].
The fMRI acquisitionswere performedwith a 3TMRI system (Philips
Achieva) using a standard head coil. A second fMRI scan was acquired
during the same reading task while the patient was under medication,
thus controlling the epileptic activity. In both fMRI sessions, data were
processed using SPM8 following standard GLM analysis, estimating
the effects of the hemodynamic response function (HRF) for focal spikes
as well as for reading irregular words and nonwords.

All data were coregistered with the patient's structural MRI for
visualization.

3. Results

Reading of irregular words and nonwords evoked many spike/sharp
wave discharges localized in the left precentral gyrus, as revealed
by MEG, fNIRS, and fMRI results (Fig. 1). There was no difference in
localization between reading-induced spikes in irregular words and
nonwords.

The MEG equivalent current dipole (ECD) analyses on interictal
spikes showed a tight dipole cluster over the left precentral gyrus
mostly with a uniform horizontal orientation (Fig. 1A).

Statistical GLMmaps of fNIRS data revealed significant HbO increase
and concurrent HbR decrease during spikes compared to baseline over
the left precentral gyrus (Pcorr b 0.05) (Fig. 1B).

In fMRI acquisitions, significant spike-triggered blood oxygen level
dependent (BOLD) activation was observed in the left precentral gyrus
(T = 4.6; PFWE b 0.05) (Fig. 1C). In both irregular word and nonword
reading, while the epileptic activity was controlled withmedication, re-
sults showed significant activations bilaterally in the fronto–temporo–
parieto–occipital regions as well as in the cerebellum (see Table 1 in
the Supplementary data).

4. Discussion

We performed MEG, fNIRS, and fMRI recordings, simultaneously
with EEG, in a 42-year-old right-handed French-speaking patient with
primary reading epilepsy. To our knowledge, this study is the first to in-
vestigate ictogenesis in reading epilepsy during lexical and phonological
reading and to use three different multimodal neuroimaging tech-
niques. Furthermore, in conducting fNIRS recordings during an aloud
reading task, we were able to control for the patient's reading perfor-
mance and to measure his reading speed, which was not done in previ-
ous researches. The stimulus presentation rate was subsequently
adjusted to the patient's reading speed for fMRI and MEG sessions,
thus ensuring that the cerebral activations would not be influenced by
an inadequate presentation rate.

Results showed that reading-induced epileptic activitywas localized
in the left precentral gyrus. Our findings confirmed those of previous
studies identifying the left motor and premotor cortex as well as the
supplementarymotor area as the epileptogenic zones in reading epilep-
sy [5,6,8]. The fMRI acquisitions in our patient while he was under
medication, thus in the absence of epileptic activity, showed that cere-
bral activations associated with reading were localized in several
regions including the left precentral gyrus. The activation found in the
left precentral gyrus when the patient read irregular words (lexical
reading pathway) as well as nonwords (phonological reading pathway)
is consistent with findings from studies investigating the neural net-
works of reading in normal readers [13,14]. According to some authors,
the left precentral gyrus activation reflects the sensorimotor control of
the mouth, tongue, and pharynx in expressive language activities [15].
As this component is implicated in both irregular word and nonword
readings, this would account for the identical localization of spike/
wave discharges in our patientwith reading epilepsy during both lexical
and phonological reading. This hypothesis is applicable not only for
aloud but also silent reading, since studies showed that readers would
subvocalize and mentally generate articulatory motor patterns even in
silent reading [16].



Fig. 1. Localization of reading-induced discharges in the left precentral gyrus showed inMEG (Fig. 1A), fNIRS (Fig. 1B), and fMRI data (Fig. 1C). Fig. 1A (left side) represents simultaneous
MEG (top) and EEG (bottom) recordings from selected channels over the left hemisphere (MEG, 5–70 Hz) and both central regions (EEG, 1–70 Hz) as well as the topographymaps (right
side) of one interictal spike indicated by the red vertical line on theMEG–EEG recordings. Purple vertical lines indicate the time of irregular word presentation. Lower row in Fig. 1A shows
the dipole cluster in yellow over the left precentral gyrus. Fig. 1B represents the dorsal view of the brain with a significant HbO increase combined to a significant HbR decrease during
spikes compared to baseline in the left precentral gyrus. Fig. 1C illustrates the significant BOLD response observed in the left precentral gyrus during spikes/sharp waves when
compared to baseline. The colored scales in Fig. 1B and 1C represent the t-value.
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A recent meta-analysis of cerebral activations during single word
reading in fluent adult readers revealed that the left precentral gyrus
was more activated when reading nonwords compared to words and
the authors postulated that this region is implicated in phonological
output computation [17]. The concurrence between our results in the
current study and those from our previous one [10] confirms this
hypothesis and sheds light on the ictogenesis of primary reading
epilepsy. In our previous study, reading-induced spike frequency was
significantly higher when the patient read stimuli involving the phono-
logical reading pathway (which includes grapheme-to-phoneme con-
version and phonological output computation) compared to the
lexical reading pathway. Moreover, verbal tasks that involved phono-
logical output computation (e.g., nonword repetition and oral spelling)
also had a higher spike frequency than those that did not implicate any
phonological output computation (e.g., writing-to-dictation), albeit to a
lesser degree than the reading tasks.

To conclude, our findings confirm the role of the left precentral gyrus
in grapheme-to-phoneme conversion and phonological output compu-
tation as well as the ictogenesis of reading epilepsy during both aloud
and silent reading. In our patient, the left precentral gyrus hyperexcit-
ability – a region that is a part of the regular neural network of reading
and that is involved in phonological output computation through
speech production code – accounts for the triggering of epileptic dis-
charges during verbal tasks implicating a phonological output computa-
tion as well as during lexical and especially phonological reading.

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.ebcr.2016.01.003.
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