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Objective: To evaluate local and distant blood oxygen level dependent (BOLD) signal
changes related to interictal epileptiform discharges (IED) in drug-resistant temporal lobe
epilepsy (TLE).

Methods: Thirty-three TLE patients undergoing EEG—functional Magnetic Resonance
Imaging (fMRI) as part of the presurgical workup were consecutively enrolled. First, a
single-subject spike-related analysis was performed: (a) to verify the BOLD concordance
with the presumed Epileptogenic Zone (EZ); and (b) to investigate the Intrinsic
Connectivity Networks (ICN) involvement. Then, a group analysis was performed to
search for common BOLD changes in TLE.

Results: Interictal epileptiform discharges were recorded in 25 patients and in 19
(58%), a BOLD response was obtained at the single-subject level. In 42% of the cases,
BOLD changes were observed in the temporal lobe, although only one patient had a
pure concordant finding, with a single fMRI cluster overlapping (and limited to) the EZ
identified by anatomo-electro-clinical correlations. In the remaining 58% of the cases,
BOLD responses were localized outside the temporal lobe and the presumed EZ. In every
patient, with a spike-related fMRI map, at least one ICN appeared to be involved. Four
main ICNs were preferentially involved, namely, motor, visual, auditory/motor speech,
and the default mode network. At the single-subject level, EEG—fMRI proved to have
high specificity (above 65%) in detecting engagement of an ICN and the corresponding
ictal/postictal symptom, and good positive predictive value (above 67%) in all networks
except the visual one. Finally, in the group analysis of BOLD changes related to IED
revealed common activations at the right precentral gyrus, supplementary motor area,
and middle cingulate gyrus.

Significance: Interictal temporal spikes affect several distant extra-temporal areas, and
specifically the motor/premotor cortex. EEG-fMRI in patients with TLE eligible for surgery
is recommended not for strictly localizing purposes rather it might be useful to investigate
ICNs alterations at the single-subject level.
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INTRODUCTION

Simultaneous EEG and fMRI (EEG-fMRI) recording is a
functional neuroimaging technique that reveals cerebral
hemodynamic changes related to interictal epileptiform
discharges (IED) visualized on scalp EEG. It combines the
temporal resolution of the EEG with the spatial resolution of
MRI, offering the opportunity to define epileptogenic foci or
complex epileptic networks (1, 2). In the last 20 years, several
EEG-fMRI studies have been performed in patients with epilepsy
to better understand specific epileptic networks in focal and
generalized epilepsies. The hemodynamic response to IED could
result in BOLD increments (or fMRI activations), reflecting
spike-generating fields or decrements (deactivations), which can
be interpreted as areas of reduced neuronal activity, although
the meaning of deactivation is still debated (3, 4). In focal
epilepsies, studies have detected BOLD-signal changes that
are tightly coupled with the regions generating focal IED and
are concordant with intracranial EEG findings (5). Compared
to intracerebral recordings that are targeted to few cerebral
structures based on a priori hypothesis, the spatial resolution of
EEG-fMRI allows covering the whole brain and can highlight
the involvement of deep brain structures in seizure generation
or propagation, and their relationships with the cortex (3).
Patients with temporal lobe epilepsy (TLE) have previously
been studied with EEG-fMRI (3, 6-11). Modifications of BOLD
signal related to temporal IED were observed in 50-83% of the
patients in the different studies, and often, but notably not only
in all cases, the fMRI response was localized in the temporal
lobe, ipsilateral, or/and contralateral to the IED but also in
extra-temporal or subcortical structures. These findings are
in line with the recent concept of “network epilepsy” applied
to TLE, which has overcome the traditional hypothesis that
in focal epilepsy seizure activity originates from a specific and
anatomically isolated focus (12, 13). Ideally, EEG-fMRI could
represent a non-invasive way to identify the seizure onset zone
as part of the presurgical evaluation, but its clinical use is still
limited. Modifications of the BOLD signal in relation to IED
do not distinguish between irritative zone, seizure onset zone,
or propagation effect (14). The main limitations of studies that
focused on its clinical role in the presurgical evaluation were
the small number of patients enrolled and the number and
features of IED recorded during the scan. Efforts have been
made to overcome the issue, and methods have been applied
in patients without visually detectable IED on scalp EEG (15).
A few retrospective EEG-fMRI studies on patients with TLE
undergoing epilepsy surgery found that if the BOLD response
was located in the area that was surgically removed (concordant
fMRI response), the postsurgical outcome was better than if
the BOLD response also involved regions outside the surgical
resection (discordant fMRI response) (10, 16). Studies on group
analysis of EEG-fMRI data aimed to reveal common network
alterations in patients with TLE. BOLD activations related to
IED were found not only in the ipsilateral mesial and neocortical
temporal cortex, but also in the insula and the cerebellum,
while deactivations were observed in structures belonging to the
default mode network (DMN) (8, 14), a physiological cerebral

network encompassing brain areas preferentially active during
conscious rest, including the precuneus and posterior cingulate,
bilateral temporo-parietal, and medial prefrontal cortices (17).
Previous resting-state fMRI (rs-fMRI) studies in TLE patients
showed alterations of the major intrinsic connectivity networks
(ICN) (18). Mainly, the activity of the DMN, of attention, and of
the executive control networks showed significant differences in
patients with TLE when compared to healthy subjects.

In the present prospective study, 33 patients with TLE
undergoing EEG-fMRI as part of their presurgical workup
were consecutively enrolled at the University of Modena and
Reggio Emilia—Epilepsy Center. We not only aimed to verify
the epileptogenic zone (EZ) through this technique but also
to evaluate the patient’s specific epileptic network. Specifically,
we evaluated if the changes related to BOLD are triggered by
interictal spikes in cortical structures that belong to physiological
networks using a quantitative method. Finally, a group analysis
of BOLD signal changes related to IED was conducted to search
for a common network functionally altered TLE.

METHODS

Participants

Patients affected by TLE were prospectively included in the study:
33 concluded the EEG-fMRI co-registration protocol (14 men;
mean age 36 years, range 15-56 years).

The inclusion criteria were (a) patients >14 years old with
an electro-clinical diagnosis of TLE; (b) patients entering a
presurgical evaluation program; and (c) no contraindication to
3T MRI scanning.

This study was approved by the local Ethical Committee
(N. 322/15) and written informed consent was obtained from
all participants.

Table 1 summarizes the main electroclinical findings of the
cohort of TLE patients. In 6 patients MRI was negative for
epileptogenic lesions, whereas in the remaining 27 patients
an epileptogenic lesion was observed. The most frequent
radiological diagnosis was hippocampal sclerosis (n = 13),
followed by low-grade tumors (n = 5) and focal cortical dysplasia
(n=14).

Video-EEG-fMRI Protocol

Scalp EEG was recorded by means of a 32-channel MRI-
compatible EEG recording system (Micromed, Mogliano Veneto,
Italy). Electrodes were placed according to conventional 10-20
locations and the reference was FCz. ECG was recorded from
two chest electrodes. Before scanning, 10 min of out-of-scanner
EEG data were collected. Foam pads were used to help secure
the EEG leads, minimize motion, and improve the comfort of
the patient. Data were transmitted via an optic fiber cable from
the high-input impedance amplifier (1,024/2,048 kHz sampling
rate) to a computer located outside the scanner room. Patients
were also constantly observed and recorded by a small camcorder
positioned on the head coil inside the scanner pointing at the
patient’s face to obtain a split-screen video-EEG documentation
during the fMRI recording (19, 20). Video data were used to
monitor behavioral signs of sleep and movements.
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TABLE 1 | Electro-clinical data of the patients with temporal lobe epilepsy
included in the study.

TLE

n=33
Gender, n
Female 19
Male 14
Etiology, n
Hippocampal sclerosis 13
Focal cortical dysplasia 4
Scar 1
Cavernoma/vascular 4
Low-grade tumors 5
MRI negative 6
Lesion Side*, n
Right 12
Left 14
Bilateral 1
MRI negative 6
Type of TLE**
Mesial 26
Lateral 1
Age at study enrollment, years (range) 36 (15-56)
Age at epilepsy onset, 23.5 (4-49)
years (range)
Duration of epilepsy, 12.6 (1-35)
years (range)
Seizure frequency, 2.7 (0-20)
n/month (range)
Seizures during wakefulness, 27 (82)
n (%)
Seizure-Free periods™* 14 (42%)
n (%)
Cluster seizures, 16 (48)
n (%)
Focal aware seizures, 19 (68)
n (%)
Focal impaired awareness seizures, 25 (76)
n (%)
Focal to generalized seizures, n (%) 25 (76)
Status Epilepticus, n (%) 1)
Falls during seizures, n (%) 11(39)

*Based on MRl findings. N.a., not applicable.

**Based on clinical and radiological findings. Sz/m, number of seizures per month. N pt,
number of patients.

***Period longer than 1 year without seizure recurrence.

Functional data were acquired using a Philips Achieva system
at 3T and a gradient-echo echo-planar sequence from 30 axial
contiguous slices (TR = 2,000 ms; in-plane matrix = 80 x 80;
voxel size: 3 X 3 X 4) over one to three 8 min sessions per
participant (240 volumes) with continuous video-EEG recording.
The mean duration of the recording was 24 min (range 8-
32min), depending on the number of acquired sessions. In
particular, one patient had four sessions recorded, 12 patients

had three sessions, 18 patients had two sessions, and 2 patients
had only one session. A high-resolution T1-weighted anatomical
image was acquired for each participant to allow anatomical
localization. The volume consisted of 170 sagittal slices (TR =
9.9 ms; TE = 4.6 ms; in-plane matrix = 256 x 256; voxel size = 1
x 1 x 1 mm).

EEG Analysis

EEG acquisition was used to identify interictal (or ictal)
epileptiform activity during the fMRI session. BrainQuick System
Plus software (Micromed) was used for offline correction of
the gradient artifacts and filtering of the EEG signal (21).
In addition, the EEG data were exported in the .edf format
and reviewed and analyzed by means of the BrainVision
Analyzer 2.0 software (Brain Products, Munich, Germany).
After removing the gradient and mean ballistocardiographic
artifacts, according to the previously published methods (22), two
experienced electroencephalographer reviewed the preprocessed
EEG recordings (LM, AEV) to identify interictal epileptiform
abnormalities based on both spatial distribution and topography.
When recognized, IED were marked as intervals. We classified
patients as unilateral (right or left) in case of only one spike focus
without contralateral spreading; bilateral, in case both temporal
lobes were active simultaneously (same timing of the left and
right spikes). In the latter condition, left and right IED were
considered together as a single event in the GLM analysis. In
patients with independent bilateral temporal IED, both right and
left IED were included in the design matrix, separately.

Single-Subject Analysis

fMRI Analysis

The fMRI data analyses were performed using MATLAB
version R2013a (The MathWorks Inc., Natick, MA, USA)
and SPM12 (Wellcome Department of Imaging Neuroscience,
London, UK). Preprocessing of functional volumes included slice
timing correction, realignment to the first volume acquired,
normalization to the MNI (Montreal Neurologic Institute)
template implemented in SPM12 and smoothing with an 8 x
8 x 8mm FWHM Gaussian kernel. The interictal (or ictal)
epileptiform activity was implemented as a regressor of interest
in the single patient-first level analysis. To do so, patients’ IED
were treated as a single event regardless of their topography or
location. Their onset was exported in .mat file that describes the
exact timing and duration (in seconds) of IED. The resulting
timing files served as an onset for GLM, convolved with
the standard hemodynamic response function (HRF) and its
time and dispersion derivatives (TD, DD). Twenty-four motion
parameters estimated during the realignment were included
as nuisance regressors. The resulting fMRI maps (F-contrast)
were estimated at the conventional statistical threshold of p
< 0.05 at the voxel level (family-wise error (FWE)-corrected).
In addition, in cases where the conventional FWE corrected
statistical threshold did not show any results, the data were
further explored with a less stringent statistical threshold of p
< 0.001 (uncorrected for multiple comparisons). In the latter
case, we applied a small volume correction (5 mm sphere) and we
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considered any BOLD activation/deactivation with a threshold of
p < 0.05, FWE corrected.

This procedure reflects the standard procedure generally
adopted in the previously published criteria (23-25). For each
patient, specific contrasts were settled up to test the BOLD effect
of IED with respect to the resting EEG background.

Identification of the Presumed EZ

The presumed EZ (pEZ) was defined based on the results of
the presurgical work-up, which included video-EEG findings
(interictal and ictal EEG activity and clinical ictal semiology),
structural MRI scan, and interictal F-18 fluorodeoxyglucose
FDG-PET when available. For each patient, this information was
presented for discussion at a multidisciplinary team meeting,
resulting in a consensus EZ localization. The EZ delineation
and surgical decisions were blind with respect to the EEG-fMRI
results. For all patients, the presumed EZ was localized in the
temporal lobe.

Evaluation of Concordance

To evaluate the concordance between the map of BOLD
changes related to IED and the presumed EZ, we applied
previously published criteria (16, 26). Specifically, “Concordant”
(C) refers to maps in which all the clusters (either activation
or deactivation) are colocalized with the presumed EZ: within
2cm of and in the same lobe as EZ; “Concordant Plus” (C+)
is applied to fMRI maps with some clusters of significant IED-
related BOLD changes colocalized with the pEZ and other
significant BOLD clusters were located outside the pEZ (within
or outside the temporal lobe). EEG-fMRI findings were defined
“Discordant” (D) when all clusters of BOLD changes related to
IED were remote from the pEZ and Null (N) where there was no
cluster of significant BOLD change related to IED.

For patients with mesial TLE, the presumed EZ consisted
of the cerebral structures classically removed by the standard
anterior temporal lobectomy (27), that is, 6.0-6.5cm of the
anterior lateral non-dominant temporal lobe or 4.0-4.5cm of
the dominant temporal lobe. In these cases, medially, it included
the amygdala and, at a minimum, the anterior 1.0-3.0 cm of the
hippocampus (most commonly, 4.0 cm).

Note that the concordance between the map of BOLD changes
related to IED and the presumed EZ was evaluated using non-
normalized fMRI data.

Identification of ICN

To investigate if the cortical structures involved by the fMRI
maps belonged to physiological networks (ICN), the ICN_Atlas
toolbox was used to perform a quantitative analysis (28). This
new methodology was designed to describe fMRI maps in a
function-oriented way using a set of 15 metrics conceived to
quantify the degree of “engagement” of ICNs for any given
fMRI-derived statistical map of interest.

We used the BRAINMAP20, implemented in the ICN_Atlas
toolbox, as an atlas base map. It includes 18 co-activation
networks and 2 artifact components, and it is based on ICA
decomposition (d = 20) of the BrainMap Project large-scale
neuroimaging experiment meta-analysis data (29, 30).

For each subject, the ICN_Atlas output can reveal the
involvement of one or more than one ICN with a different degree
of “engagement.” The latter is reflected by a spatial involvement
metric, the Ij, which expresses the ratio between the number
of activated voxels in the ith thresholded prototyped ICN map
(ICN;) and the volume of ICN; (29, 30).

For each patient, the spatial involvement results
were visualized using rose plots (see Figure2 and
Supplementary Figure 1). The axis limit is at the maximum of
the subject-specific spatial involvement metric. There are tick
marks at 25, 50, and 75% of the maximum.

We have calculated how many times each ICN was engaged
in the group of patients with positive fMRI findings (total
number = 19 patients). For each patient, the ICNs with a spatial
involvement metric lower than the patient-specific 25% were
not considered. The four most frequent ICNs were the motor
(6/19), the visual (7/19), the auditory/motor speech (9/19), and
the default mode networks (4/19).

To investigate the concordance between the most engaged
ICNs (>patient-specific 25%) and ictal/postictal symptoms
at the single-subject level, the corresponding ictal semiology
(i.e., motor symptoms, such as tonic-clonic movements, visual
auras, ictal, or postictal aphasia, impaired awareness) was
examined. Ictal/postictal symptoms/signs refer both to clinical
signs witnessed during video-EEG recording and to symptoms
referred to by the patient in his/her recent clinical history (latest
3 months before the EEG-fMRI study).

Sensitivity, specificity, positive predictive value (PPV), and
negative predictive value (NPV) of EEG-fMRI in detecting
specific network alterations related to a corresponding symptom
were evaluated.

Cases with an ICN involvement (i.e., motor network) and the
presence of corresponding ictal/postictal semeiology (i.e., tonic-
clonic seizures) were defined as true positive (TP), whereas true
negative (TN) were the cases without ICNs engagement and
absence of corresponding ictal/postictal semeiology (i.e., neither
motor network nor motor symptoms); false positive (FP) were
defined by the cases in which a specific ICN was involved but
the patient did not present the corresponding clinical features
(i.e., motor network involved, but absence of motor signs or
symptoms), whereas false negative (FN) were defined by the
cases without ICN involvement but with the presence of the
corresponding symptoms (i.e., motor network not involved but
patient referring recent tonico-clonic seizures).

The mathematical definition of sensitivity is given by the ratio
between TP and the sum of TP and FN cases (= TP/TP + FN).
Specificity corresponds to the ratio of TN and the sum of TN
and FP (= TN/TN + FP). PPV represents the proportion of
truly positive cases among the positive cases detected by the test
(= TP/TP + FP), and NPV represents the proportion of truly
negative cases among the negative cases detected by the test (=
TN/TN + FN).

Group Analysis

To ensure a homogeneous group with all patients having the
seizure focus on the same side, functional volumes of right TLE
patients were right-left flipped, so the ipsilateral hemisphere was
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on the left in all cases. This step was done using FSL (fslswapdim
tool) before the preprocessing. Using the parameter estimates
obtained by single-subject analyses, we performed a second-
level (group) random-effect analyses on all patients with IEDs
recorded during EEG-fMRI (n = 25). A full factorial design was
used, with hemodynamic shapes (HRE TD, and DD) as levels.
Patients’ age and gender were included in the model as covariates.

A double-statistical threshold (voxel-wise p < 0.001 and
spatial extent of 15 voxels) was adopted to achieve a combined
significance, corrected for multiple comparisons, of & < 0.05,
as computed by 3dClustSim AFNI routine, using the “-acf”
option  (https://afni.nimh.nih.gov/pub/dist/doc/program_help
/3dClustSim.html).

RESULTS

In 25 patients out of 33 (75%), epileptiform activity with
morphology and scalp topography typical of patients” out-of-scan
IEDs was identified. A mean of 16 IEDs/run per patient was
recorded (range: 2-70). The number of sessions recorded did
not influence the average number of IEDs/run: patients with 1
session had a mean of 15 IEDs/run, patients with 2 sessions had
a mean of 20.6 IEDs/run, patients with 3 sessions had a mean of
9.7 IEDs/run and the patient with 4 sessions recorded had a mean
of 13.2 IEDs/run (p = 0.1073, two-tailed T-test between session 2
and session 3). No seizures were recorded. In the remaining eight
patients, no clear epileptiform discharges were found; therefore,
the fMRI analysis could not be performed. In 19 patients
spike-triggered BOLD signal changes were obtained, whereas six
patients had a “Null” result (Supplementary Table 1).

Presumed EZ and BOLD Concordance

One patient, the only one with neo-cortical TLE, had a
“Concordant” finding, 7 patients showed a “Concordant Plus”
result and in the remaining 11 patients, fMRI maps were
“Discordant” (58%). We considered patients with C and C+
results (n = 8, 42%) as a single group. Figurel shows
three exemplificative cases. Differences in clinical, radiological,
etiological, and surgery outcome data were evaluated between
Concordant and Discordant patients. The only statistically
significant difference (p = 0.02) regarded the antiepileptic
treatment at the time of the neuroimaging study: a higher
percentage of patients (75%, n = 6 out of 8 patients) with
Concordant results were taking carbamazepine as an anti-
seizure drug, compared to 18% of patients (n = 2 out of 11
patients) with Discordant results. At present, eight patients
underwent surgery and all resulted in a good outcome (Engel
class I): one had concordant and seven had discordant results
(Supplementary Table 1).

ICN Alterations Related to Spike
In every patient with an fMRI map related to spike (n = 19),
at least one ICN appeared involved (Table2 and Figure 2).
Supplementary Figure 1 reports the ICN involvement according
to the ICN_Atlas for every other patient.

The most frequent ICNs identified were, namely, motor,
visual, auditory/motor speech, and DMN.

The specificity of EEG-fMRI analysis in detecting alteration of
an ICN in patients with corresponding ictal/postictal symptoms
was high for all four ICNs investigated (all above 65%), while the
sensitivity of the test was high for the motor and the language
networks, and lower for the other two networks (Table 3). In
particular, for the motor network, sensitivity of 57% (n° of TP:4)
was obtained, and specificity of 83% (n° of TN:10) was obtained;
for the language network, sensitivity of 75% (n° of TP:6) and
specificity of 73% (n° of TN:8) were obtained; for the visual
network, sensitivity was of 50% (n° of TP:1) and specificity of
65% (n° of TN:11), respectively, and for the DMN, the sensitivity
was of 25% (n° of TP:3), whereas the specificity resulted in 86%
(n° of TN:6). The positive predictive value of the test was above
67% for all networks but the visual one. Negative predictive value
was above 80% in all networks, with the exception of the DMN
(Table 3).

Moreover, we explored the existence of a correlation between
the language network involvement and the side of TLE: the 88.9%
(n = 8/9) of patients with language network involvement had
TLE lateralized to the left.

Group Results

The group analysis including all patients (n = 25) revealed
common BOLD changes related to IED at the right precentral
gyrus, supplementary motor area (SMA), and middle cingulate
gyrus. Regions showing BOLD signal changes time-locked to
IEDs are summarized in Table 4 and Figure 3.

DISCUSSION

In this study, IED were recorded in 75% of the patients and in
58% a BOLD signal change was observed. These results are in line
with the previous EEG-fMRI studies, confirming that a major
limitation for the use of the technique in the presurgical setting
in TLE patients is the low numbers of IEDs recording during
EEG-fMRI (10), and in particular, for mesial TLE, which often
generates infrequent scalp-detectable IEDs (31).

We have observed BOLD maps related to IED are concordant
with the EZ only in one patient, affected by neocortical
temporal lobe epilepsy (Concordant case, Figure 1), whereas in
the remaining patients, we detected temporal lobe activations
plus extratemporal areas in 7 patients, and only extratemporal
activation in 11 patients. This finding questions the clinical utility
of the presurgical interictal EEG-fMRI to localize the EZ in TLE
patients. Compared to other studies, we observed less concordant
results (3, 5, 7, 9). This might be related to the shorter duration
(20-40 min) of our recordings compared to previous works
performed by other groups [recordings lasting up to 84 min (7)],
thus reducing the chance of detecting interictal abnormalities.
These data suggest that in order to better evaluate patients with
TLE, a longer EEG-fMRI session is required.

In agreement with a recent retrospective review investigating
the clinical impact of EEG-fMRI in the presurgical setting (31),
our results suggest that in patients with TLE short EEG-fMRI
recordings are not useful for the surgical decision. When a
clear epileptogenic lesion is detected on structural MRI, which
matches the epileptogenic focus defined by the video-EEG data,
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FIGURE 1 | Examples of concordant, concordant plus and discordant EEG-MRI findings. Concordant: A 15-year-old boy with a history of febrile seizures in early
childhood presented with a focal to generalized seizure occurring during sleep. Brain MRI showed a lesion localized at the border of the temporal and occipital cortex
on the right side (arrow). Low-amplitude spike and waves were observed in the right posterior temporal and occipital electrodes (T6, O2) on scalp EEG. He received
surgery (lesionectomy) with a good outcome (Engel Class Ib at 24 months of follow up). Histological analysis documented a polymorphous low-grade neuroepithelieal
tumor of the young (PLNTY). EEG—fMRI analysis guided by interictal T6 spike-and-waves showed a cluster of BOLD signal increment localized inside the tumor.
Coronal, sagittal, and axial slices of the patient’s structural MRI are displayed (p < 0.05), FWE corrected. Concordant plus: A 37-year-old woman presented with a
6-year history of focal seizures occurring on a weekly base. She referred to two types of seizures: one with an epigastric aura ascending from the lower abdomen to
the neck, nausea, and brief impairment of awareness; second seizure type was a focal aware seizure with a visual aura (visual shrinking and oscillation) with dizziness
sensation. Structural MRI showed two lesions suggestive for focal cortical dysplasia localized in the right anterior mesial temporal lobe, and in the posterior part of the
middle temporal cortex. EEG confirmed two epileptic foci in the right temporal lobe, one anterior temporal (F8) and the other localized in the middle posterior temporal
derivations (T4, T6). The patient refused surgery after seizures improvement with pharmacological treatment. EEG-fMRI showed BOLD changes in the right temporal
lobe with a cluster in the vicinity of the posterior middle-temporal lesion, plus other clusters of increased BOLD changes localized at distant cerebral structures
(ipsilateral and contralateral parietal, precentral, and occipital gyrus; p < 0.001, uncorrected for multiple comparisons). Discordant: A 40-year-old man with left
hippocampal sclerosis presented frequent focal seizures characterized by epigastric aura, aphasia, and oral automatisms. Scalp EEG abnormalities were represented
by infrequent spikes and waves visible in the anterior temporal derivations (F7, T3). Excellent seizure outcome (Engel Class la) was obtained after standard left anterior
temporal lobectomy. EEG-fMRI showed widespread fMRI changes localized outside the left temporal lobe and involving cerebral structures belonging to the motor,

visual, and DMNs (p < 0.001, uncorrected for multiple comparisons).

EEG-fMRI might not add information for the surgical planning.
This was the case for the 82% (n = 27) of the patients in our
cohort, who had a positive MRI congruent with the electro-
clinical data. In the remaining six patients with a negative MRI,
in three patients no IED were recorded during EEG-fMRI, and
in the other three cases, the fMRI response was represented by
widespread changes of the BOLD signal.

In our cohort, BOLD signal changes occurred in the temporal
lobe plus in extratemporal areas in 42% of cases, whereas

only extra-temporal BOLD activations or deactivations were
observed in the remaining 58% of patients. When comparing
the two groups (concordant or concordant plus vs. discordant),
no significant differences were found, and, in particular, no
differences in seizure outcome were observed in patients who
underwent surgery. This finding suggests that, at least in
our series, multiple BOLD clusters related to IED involving
regions outside the presumed EZ were not related to a worse
surgery outcome.
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TABLE 2 | Electro-clinical and radiological features of 19 patients with positive fMRI results.

Patient Age MRI findings 18-FDG PET  IEDs N°IEDs/run Surgery, outcome Resting state
(years), hypo- field recorded Engel class networks
sex metabolism (follow up) (ICN_atlas)
1 37, F R Focal cortical dysplasia - F8/T4 7 - Visual
2 40, M L Hippocampal sclerosis - F7/T3 23 ATL, Visual; Motor; DMN
la (24 months)
3 38, F L Low grade tumor - F7/T3 7 Lesionectomy, Ib (12 Visuospatial/motor; DMN;
months) interoceptive
4 36, M L Focal cortical dysplasia - F7/T3 7 - Auditory/motor speech;
visual
5 29, M R Hippocampal sclerosis - F8/T4 22 ATL, Visual; motor
la (15 months)
6 22, F L Hippocampal sclerosis - F7/T3/T5 8 - Auditory/motor speech;
motor
7 37, F MRI negative L temporo- T3/T5 9.5 - DMN; auditory/motor
parietal speech
8 53, F L Hippocampal sclerosis - F3/T3 33.5 - L fronto-parietal; R
fronto-parietal; cerebellum
9 36, M L Low grade tumor - F7/T3/C3 27.5 ATL, la (20 months) Visuospatial
10 56, M MRI negative - F7/T3 10.3 - Auditory/motor speech
11 29, F R Hippocampal sclerosis R temporal F8/T4 1.7 ATL, Auditory/motor speech;
la (26 months) motor/ visuospatial
12 40, F L Scar - F7/T3 5.5 - DMN; emotion
13 43, F R Low grade tumor - T4/T6 Lesionectomy, la (27 Visual
months)
14 42, M MRI negative - F7/T3 13.3 - Visual; motor;
auditory/motor speech
15 46, M R Hippocampal sclerosis - F8/T4 10 ATL, L fronto-parietal
la (15 months)
16 51, M R Hippocampal sclerosis R temporo- F8/T4/T6 10 - Visuospatial
parietal
17 43, F L Focal cortical dysplasia - F7/T3/T5 5 - Auditory/motor speech
18 15, M R Low grade tumor - T4/T6 70 Lesionectomy, Ib (23 Visual
months)
19 43, F L Cavernoma - F7/T3 23 Lesionectomy, la (19 Auditory/motor speech

months)

F, female; M, male; R, right; L, left; ATL, Anterior Temporal Lobectomy; FWE, Family-wise Error Corrected;, unc, Uncorrected for Multiple Comparisons; DMN, Default Mode Network.

To better understand the meaning of the BOLD response
involving extratemporal cortical areas, we moved from a focus
view to a network view, which is what a functional technique,
such as EEG-fMRI, allows us to do, highlighting a patient’s
specific epileptic network. Indeed, advancement in functional
neuroimaging leads to the observation that TLE is not only a
disease of certain brain structures involved in seizures onset
(“the focus”) but it also affects chronically the activity of
brain networks that control basic functions, such as attention,
emotion, and cognition (18, 32-34). Moreover, recent studies on
patients with drug-resistant TLE enhanced functional differences
in sub-group of patients through the use of diffusion tensor
imaging or rs-fMRI, ie., with or without focal to bilateral
tonic-clonic seizures (FBTCS), especially in thalamo-cortical
networks (35, 36).

Intrinsic connectivity networks can be altered in patients with
TLE, as previously observed at group level (8, 18, 37-40). In

this study, we were able to define IED-related ICNs alterations
at a single-subject level, and to delineate and quantify the ICNs
involvement. All patients had at least one ICN involved, and often
more than one. According to the network classification of the
BrainMap20 (28, 29), the most frequent BOLD changes involved
the motor network, the visual network, the auditory/speech
network, and the DMN. We looked for correlations between ICN
alterations and clinical data, such as ictal or postictal semiological
signs, and we found that in many patients with IED-related
involvement of a distant ICN, ictal/postictal semiology was
concordant with the function supported by that ICN. EEG-fMRI
appeared to have high specificity (above 65%) for all 4 networks,
while sensitivity was high for the language network (75%) and
the motor network (57%) and lower for the visual network (50%),
and the DMN (25%). Positive and negative predictive values were
overall high, with the exception of the PPV low for the visual
network, and NPV low for the DMN.
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FIGURE 2 | Examples of ICN alterations. Examples of single-subject results showing spike-triggered BOLD signal changes within the motor (MO_04), auditory/motor
speech (MO_11), visual (MO_25), and DMN (MO_26). Clusters are shown in sagittal, coronal, and axial slices of an anatomical template as implemented in spm12.
The rose plots represent the ICN_Atlas output: the spatial involvement metric expressing the ratio between the number of activated voxels and the volume of the
ICNsi. BM refers to the co-activation networks of the BRAINMAP20 atlas base map.

These findings confirm the role of EEG-fMRI in highlighting
physiological networks alterations in patients with TLE, which
might be possibly related to the clinical semeiology of the
seizures. In other words, recurrent seizures with a specific ictal
semeiology (i.e., aphasia) might interfere with the corresponding
network (i.e., the language network) at the individual level, as
revealed by spike-triggered EEG-fMRI

A correct clinical testing of the seizure semeiology during
video-EEG monitoring might play an important role: in fact,
while motor and language deficits are easily recognized, the
evaluation of consciousness is more complex. This might explain
a reduction in sensitivity and NPV for the DMN.

Despite the relatively small number of patients enrolled, these
observations represent a link between functional imaging data
and the clinical seizures’ phenotype. If confirmed in a larger
group of patients, the research of ICN alterations through EEG-
fMRI could represent complementary information to understand
the fMRI maps, especially in complex cases. In particular, the
finding of distant network involvement driven by interictal
epileptic activity in patients with TLE, is of particular interest,
underscoring the long-distance effects of interictal temporal
lobe spikes.

Moreover, the correlation between the auditory/motor speech
network involvement and side of TLE revealed that the great

majority (n:8/9, 88.9%) had left-side TLE. This finding suggests
that patients with the epileptogenic network localized in the
left temporal lobe are more prone to have an effect on the
language network, confirming data from previous studies of
altered functional connectivity in the language network in left
TLE patients (41).

With a second-level group analysis, we aimed to look
for common spike-triggered functional alterations in patients
with TLE. No BOLD changes were observed in the temporal
structures, differently from the previous works (7, 8, 14). This
finding is in line with the low frequency of temporal lobe
fMRI changes observed at the single-subject level. Nevertheless,
an involvement of extra-temporal structures belonging to
the motor network (precentral gyrus and SMA) corroborates
the alterations observed at the single-subject level in a
significant proportion of cases. Since the motor network
involvement is hemodynamically linked to the appearance of
interictal temporal epileptic discharges on the scalp EEG, our
findings suggest that IED might affect the neuronal activity of
distant cerebral areas/networks subserving the sensory-motor
functions. Interestingly, previous MRI morphometric studies
have repeatedly reported a reduction of cortical thickness in the
motor/premotor cortex in patients with TLE (42, 43). Thus, the
present findings might represent the functional counterpart of
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TABLE 3 | Concordance between Intrinsic Connectivity Networks (ICN) related to spike and seizure semeiology.

Pt Intrinsic connectivity networks (ICN_atlas) Seizure semeiology TLE side
Visual Motor Auditory Default Visual Focal to Aphasia Impaired

motor mode network aura general. sz consciousness

speech
1 R
. 1N :
, i I L
: [ ]
. 1N :
, :
’ I !
8 L
9 L
10 L
13 R
14 --_ L
15 R
16 R

Visual Motor Auditory Default mode

motor network

speech
SENS 50% 57% 75% 25%
SPEC 65% 83% 73% 86%
PPV 14% 67% 67% 75%
NPV 92% 7% 80% 40%

Pt, Number of Patient; TLE, temporal lobe epilepsy; meaning of colored cells: presence of ICN involvement or presence of clinical symptom in the patient; meaning of empty cells:
absence of ICN or clinical symptom. SENS, Sensitivity; SPEC, Specificity; PPV, Positive Predictive Value; NPV, Negative Predictive Value.

TABLE 4 | Peak coordinates of group analysis.

Cluster Brain areas BA Voxel level MNI coordinates

K z X y z

15 Precentral gyrus 4 4.64 21 —25 62

23 Middle cingulate gyrus 24 4.24 9 —4 42
Supplementary motor area 6 4.16 0 -1 50

Cluster size threshold K > 15, corrected at a < 0.05. BA, Brodmann Area.

these structural data although further data are needed to confirm
this suggestion.

Finally, we observed an alteration of the BOLD signal in
the middle cingulate gyrus, as previously described (8). In this
work, the authors observed activation of mid-cingulate gyrus
bilaterally in the group analysis of patients with TLE and
also frontal lobe epilepsy (FLE), suggesting that the common
involvement of the mid-cingulate gyrus in both groups might

result from the rapid spread of epileptic activity from temporal
and frontal areas. Moreover, the reduction in gray matter
volume bilaterally in the cingulate gyri was observed in patients
with TLE.

In conclusion, we suggest the use of EEG-fMRI co-
registration for TLE patients, not only for localizing purposes but
also to investigate ICN alterations. A larger number of patients
are desirable to confirm our findings.
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FIGURE 3 | EEG-fMRI group analysis in 25 patients with temporal lobe epilepsy. Results of the group analysis (cluster size threshold K > 15, corrected at « < 0.05).
Clusters are shown in sagittal, coronal, and axial slices of an anatomical template found in the xjview toolbox (https://www.alivelearn.net/xjview). Color bar represents t

values.

Limitations of the Study

The present study presents methodological limitations that need
to be underlined. First, fMRI data are driven by IED recorded
from scalp EEG, not comprising the eventual intracranial
epileptic activity that does not reach the cortical surface.
This element might be considered a possible bias in the
data interpretation.

As previously stated, TLE patients have infrequent IED which
might be a limitation in the statistical power of the fMRI analysis:
in fact, only a minority of patients presented BOLD cluster
activations after FWE correction, whereas in the other patients
the fMRI clusters were obtained only with p < 0.001 uncorrected.
In the present study, the duration of EEG-fMRI registration
was also shorter compared to other studies: this represents an
important limitation, and also leads to the conclusion that in
this group of patients longer EEG-fMRI registrations are needed
especially for localizing purposes.

Moreover, the analysis performed at the group level included
patients with heterogeneous features (i.e., different epilepsy
etiologies, different disease durations, and different clinical
semiologies) that might interfere with the final findings.
Nevertheless, the results obtained in this group might represent
the common epileptic network altered in TLE patients despite
the heterogeneity.

Future studies including a larger number of patients might
overcome these methodological limitations.
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