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ABSTRACT - Aims. The pathophysiology of switch-of lateralization and
bilateral temporal asynchrony, which are scalp EEG ictal propagation pat-
terns (iPP) in temporal lobe epilepsy (TLE), is poorly understood. We
aimed to analyse functional connectivity (FC) of the temporal lobe and
related areas in patients with TLE with iPP (iPP-TLE) and without iPP
(non-iPP TLE).

Methods. Twelve patients with iPP-TLE, 13 patients with non-iPP TLE, and 13
healthy controls (HC) underwent resting-state functional MRI (fMRI). Seed-
based FC was analysed between the homologous insulae, hippocampi,
amygdalae, parahippocampal, superior temporal, and middle temporal
gyri.

Results. FC was reduced between homologous temporal lobe areas in
patients with TLE compared with HCs. Patients with non-iPP TLE dis-
played decreased FC between the homologous parahippocampal and
superior temporal gyri, and patients with iPP-TLE had lower FC between
the homologous insulae, parahippocampal and superior temporal gyri
compared with HC. Furthermore, patients with iPP-TLE tended to have
lower FC between the bilateral insulae when compared with patients with
non-iPP TLE.

"This paper was presented in 161" European Congress of Clinical Neurophysiology in
Budapest in 2017.
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Conclusions. Reduced FC of interhemispheric connections between tem-
poral lobes and related areas might be an adaptive change to protect
contralateral areas in seizure propagation. The insula showed decreased
FC between two hemispheres in patients with iPP-TLE, assuming a role in
ictal scalp propagation pattern changes in TLE.

Key words: temporal lobe epilepsy, ictal scalp EEG propagation patterns,
switch-of lateralization, bilateral asynchrony, functional connectivity

Although the lateralization of ictal EEG is mainly based
on the first appearance and amplitude difference
between the two hemispheres at seizure onset,
a number of ictal propagation patterns (iPP) may
emerge along the progressing seizure (Steinhoff et al.,
1995; Napolitano et al., 2008; Napolitano et al., 2010).
‘Switch-of lateralization’ and ‘bilateral asynchrony’ are
two such interesting iPPs observed on scalp EEG of
patients with temporal lobe epilepsy (TLE) (Steinhoff
et al.,, 1995; Schulz et al., 2000; Sirin et al., 2013).
According to the original description by Steinhoff et
al. (1995), switch-of lateralization consists of ictal activ-
ity initially lateralized to one hemisphere followed
by ictal discharges lateralized to the contralateral
hemisphere, and bilateral asynchrony is described as
ictal discharges showing more than 1-Hz difference
between the two hemispheres after seizure onset. It
is known that some patients with iPP, despite their
consistently lateralized side of seizure onset, may
display bilateral interictal discharges (Steinhoff et
al., 1995). Although the first paper on iPP reported
only patients who were seizure-free after surgery
(Steinhoff et al., 1995), later studies claimed that the
presence of iPP might lead to false ictal lateralization
and worse surgical outcome (Schulz et al., 2000; Kang
et al.,, 2005; Lee et al., 2006; Sirin et al., 2013). Both the
discrepancies between the ictal and interictal EEG
findings and the uncertainties in predicting the sur-
gical prognosis point to the importance of a detailed
investigation of the underlying mechanisms in iPP.
Resting state functional magnetic resonance imaging
(RS-fMRI) is widely used for the assessment of basal
functional connectivity (FC) in the brain. In patients
with TLE, altered FC between the homologous and
intra-hemispheric regions related to the epileptogenic
zone were reported to provide information about
lateralization of the epileptogenic zone and the patho-
physiological features of epileptic and compensatory
connections within brain networks (Bettus et al., 2010;
Morgan et al., 2010; Pereira et al., 2010; Morgan et al.,
2011; Pittau et al., 2012; Ji et al., 2013; Haneef et al., 2014;
Haneef et al., 2015; Morgan et al., 2015; Su et al., 2015).
However, iPPs have not yet been specifically investi-
gated in fMRI studies.

We hypothesized that FC between the homologous
areas, representing the mostdirectinteractions of both
temporal lobe structures by means of shortest paths,

might provide information about iPPs. Increased FC
between homologous temporal lobes in patients with
TLE with iPP might indicate unilateral epileptogenic
focus with discharges easily spreading over the con-
tralateral temporal lobe, whereas reduced FC might
support the existence of bilateral independent epilep-
togenicfociin the temporal lobes. The aim of this study
was to investigate the FC alterations in homologous
areas of the temporal lobes in patients with these iPPs.

Methods

Patients

Among 258 consecutive patients with TLE who had
undergone video-EEG monitoring between 1999 and
2017 in our epilepsy centre, 24 patients had ‘switch-
of lateralization” and/or ‘bilateral asynchrony’ on ictal
scalp EEG. Twelve patients underwent surgery for
epilepsy at the time of the study and were excluded
because the regions investigated in this study included
parts of the temporal lobes. The remaining 12 patients
were recruited to the study and grouped as TLE and
iPP (iPP-TLE). Thirteen patients showing only unilateral
ictal discharges during the seizure were also included
in the study and grouped as TLE without iPP (non-
iPP TLE). All patients had drug-resistant epilepsy, i.e.
treatment with two appropriately chosen antiepilep-
tic drugs with adequate doses, either as monotherapy
or in combination, that failed to provide seizure free-
dom. As a third group, 13 healthy controls (HC) who
had no history of epilepsy and normal neurological
examination also participated in the study.

EEG findings

Ictal EEG. Patients with at least one seizure displaying
‘switch-of lateralization” and/or ‘bilateral asynchrony’
were classified as part of the iPP-TLE group. The
ictal scalp EEG propagation patterns were determined
according to the previous description by Steinhoff et
al.(1995). Bilateral asynchrony consisted of ictal activity
lateralized to one hemisphere followed by ictal dis-
charges showing more than 1 Hz difference between
two hemispheres and lasting for at least 10 seconds
(figure T). Switch-of lateralization was determined as
ictal activity lateralized to one hemisphere followed
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Figure 1. Bilateral asynchrony. (A) Ictal activity starts at the left frontotemporal region with delta frequency (star) and evolves into theta
frequency. (B) Fifteen seconds after onset, an activity occurs at the right frontotemporal region with delta frequency (arrow) showing
a frequency difference of more than 1 Hz between the two hemispheres.

by ictal discharges lateralized to the contralateral side
lasting for at least 10 seconds (figure 2).

In patients with non-iPP TLE, ictal discharges were later-
alized to unilateral temporal or hemisphere electrodes
at seizure onset without any switch-of lateralization
and/or bilateral asynchrony during the remaining
epileptic activity.

Interictal EEG. Interictal findings were classified as
unilateral when more than 90% of the recorded epilep-
tiform discharges were lateralized to one temporal
lobe. When more than 10% of the interictal epilep-
tiform discharges were seen over both hemispheres,
patients were grouped as showing bilateral interictal
discharges.
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Figure 2. Switch-of lateralization. After several seconds, the ictal discharges lateralizing to the right frontotemporal electrodes show

‘switch-of lateralization’ (arrow).

MRI acquisition and data analysis

Structural and functional MRI data were acquired on a
Philips 3 Tesla MRI system equipped with a SENSE-32
channel head coil (Philips Achieva, Best, The Nether-
lands). T1-weighted structural 3D turbo field echo (TFE)
images were collected using the following parameters:
250 x 250-mm field of view (FOV), 180 axial slices, voxel
size of 1 mm? isotropic, and flip angle of 8°. RS-fMRI
data were collected using an EPI sequence with the
following parameters: repetition time (TR) =2 's, echo
time (TE) =30 ms, flip angle = 90°, FOV =224 x 240 mm,
36 axial slices, voxel size =2 x 2 x 4 mm. Following ten
dummy volumes, 214 volumes were collected, and the
total scan duration was 7.5 minutes. All subjects were
asked to keep their eyes closed and not to sleep during
the functional scanning.

The pre-processing steps were performed using the
SPM8 toolbox (Statistical Parametric Mapping soft-
ware, www.fil.ion.ucl.ac.uk). Functional images were
first realigned to the first scan to correct for head
motion. The anatomical image was co-registered to
the mean functional image and segmented and nor-
malized to the Montreal Neurological Institute (MNI)
standard space. The realigned functional images were
spatially normalized to the MNI space and resampled

e Insula

e Parahippocampal gyri

Figure 3. Region of interests were assigned according to the
Automated Anatomical Labelling (AAL) Atlas, as shown with
coloured pairs.

to 2-mm? voxels. Finally, the functional images were
spatially smoothed (full-width half maximum=8 mm).
FC analyses were performed using the CONN-fMRI
FC toolbox v13 (http://www.nitrc.org/projects/conn).
Homologous temporal lobe structures comprising the
left and right insulae, hippocampi, parahippocampal
gyri, amygdalae, and superior temporal and middle
temporal gyri were defined as regions of interest
(ROIs) corresponding to the Automated Anatomical
Labelling (AAL) Atlas (figure 3). These ROIls were par-
ticularly chosen for investigating the temporal lobe
and related areas in patients who represented a
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clinical presentation of TLE. The FC between homol-
ogous ROIs were analysed because these iPPs were
suggested to be related to bilateral epileptogenicactiv-
ity (Steinhoff et al., 1995; Schulz et al., 2000; Sirin et al.,
2013).

In the denoising step, signal was bandpass filtered
between 0.01 and 0.1 Hz and the effects of the white
matter, cerebrospinal fluid, rest condition, and the six
head motion parameters obtained from spatial motion
correction were used as confounds to remove the
potential sources of noise.

After the denoising step, the time series of voxels
within each ROl were averaged, and the average time
series were correlated with those of the homologous
ROI in the contralateral hemisphere. The resulting
correlation coefficients were Fisher z-transformed to
obtain normal distribution.

Statistical analysis

Demographic and clinical data were compared using
non-parametric tests. For statistical testing of fMRI
data, individual ROI-to-ROI z-values of the HC and
patient groups were compared using three one-way
multivariate analysis of variance (MANOVA) designs
with SPSS software (21.0. Armonk, NY: IBM). In the first
design, all FC in patients with TLE between homolo-
gous temporal lobe structures was compared with that
of healthy controls. To overcome the statistical power
problems due to the limited size of the iPP-TLE and
non-iPP TLE groups, we tested the effect of ictal propa-
gation pattern on patients with right or leftictal seizure
onset separately. For this purpose, analysis based on
second and third MANOVA designs was performed to
reveal the significance of the FC differences among
the HC, iPP-TLE, and non-iPP TLE groups independent
of the EEG seizure onset side, and among the HC group
and patients with left or right ictal seizure onset inde-
pendent of the ictal scalp EEG propagation pattern. In

Functional connectivity in TLE

this way, the gross effects of the iPP and the ictal dis-
charge initiation side were handled using two separate
MANOVA designs. For the second and third MANOVA
designs, any significant multivariate group effect was
detailed by ANOVA contrasts between pairs of groups.
The ethics committee of Istanbul University and Istan-
bul Faculty of Medicine approved this study and all
subjects provided written informed consent.

Results

There was no significant age difference among the
HCs, and iPP-TLE and non-iPP TLE groups (table 7).
Additionally, age at disease onset and seizure fre-
quency did not differ significantly between the two
patient groups, but disease duration was significantly
longer in patients with iPP-TLE than in those with non-
iPP TLE (table 7). Among the patients with iPP-TLE, six
had rightand six had left-sided seizure onsetaccording
to ictal scalp EEG patterns observed at onset, whereas
in the non-iPP TLE group, seven had left-sided and
six had right-sided seizure onset. The interictal and
ictal electrophysiological and anatomical neuroimag-
ing features of the patient groups are summarized in
table 2. Within the iPP-TLE group, 10 of 12 patients
showed only ‘switch-of lateralization’ as the propa-
gation pattern and two of 12 patients had ‘bilateral
asynchrony’ on ictal scalp EEG. None of the patients
had both of these iPPs on their recordings.

In the first step, the resting-state FC values of all
patients with TLE were compared with those of the
HCs. The group means of z-transformed correla-
tion coefficients were positive for all ROl pairs. The
MANOVA test between the HCs and patients with
TLE revealed a statistically significant overall difference
(F(6,31)= 5.45, p=0.001; Wilk’s A=0.49, partial n>=0.51);
patients showed reduced FC compared with the HCs.
Univariate comparisons revealed that the FC of the

Table 1. Demographic and clinical features of patients and healthy controls.

iPP-TLEn = 13 Non-iPP TLEn = 12 HC Stats
n=13
Age (years) 33.4+8.8 34.6+7.2 35.246.6 x*=0.285
p=0.867
Disease duration (years) 15.2+11 25.249.4 - U=31
p=0.011
Age at disease onset (years) 20.7£11 13.5+8.8 - U=46.5
p=0.086
Seizure frequency (number per month) 9.249.3 3.2+1.9 - U=47.5
p=0.094

TLE: temporal lobe epilepsy; iPP: ictal scalp propagation patterns; HC: healthy controls.

Epileptic Disord, Vol. 22, No. 5, October 2020
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Table 2. Electrophysiological and anatomical imaging
features of the patients with TLE.

iPP-TLE Non-iPP
n=12 TLE
n=13

Interictal EEG

Unilateral 10 11

Bilateral 2

Normal - 2
Ictal EEG onset

Left 6 7

Right 6 6
Interictal EEG concordant with
ictal onset side

Yes 7 11

No 5*

Normal interictal EEG - 2
Unusual propagation pattern

Switch-of lateralization 10

Bilateral asynchrony 2
MRI

HS 10t 9

Normal 2 3

Otherf - 1

TLE: temporal lobe epilepsy; iPP: ictal scalp EEG propagation
patterns; HS: hippocampal sclerosis. “Two patients had bilat-
eral interictal discharges and three patients had contralateral
interictal discharges to the seizure onset side. fPatient had right
temporal glioma. 'Three patients had bilateral hippocampal scle-
rosis.

patients with TLE was significantly reduced between
therightand leftinsulae (F(1,36)=7.37, p=0.01), parahip-
pocampal gyri (F(1,36)=21.31, p<0.001), and superior
temporal gyri (F(1,36)=9.7, p=0.004) (figure 4A).

The second MANOVA design, for which the differ-
ences of FC among the HCs and iPP-TLE and non-iPP
TLE groups were analysed, also revealed an overall
significant group effect (F(12,60)=3.09, p=0.002; Wilk’s
A=0.38, partial 12=0.38). All correlations between
homologous ROIs were positive for all of the three
groups. ANOVA contrasts revealed that patients with
non-iPP TLE displayed a lower FC between the homol-
ogous parahippocampal gyri (p=0.001) and superior
temporal gyri (p=0.042) compared with the HCs
(figure 4B), whereas the patients with iPP-TLE had
lower FC between the homologous insulae (p=0.001),
homologous parahippocampal gyri (p<0.001), and
homologous superior temporal gyri (p=0.002) com-
pared with the HCs (figure 4C). Furthermore, the
comparison between the patients with iPP-TLE and
non-iPP TLE showed a decrease of FC between the

bilateral insulae in patients with iPP-TLE, but the dif-
ference was at a trend level (p=0.053) (figure 4D).

The third MANOVA design for HCs and patients with
TLE with left or right-sided seizure onset (independent
of the propagation pattern) also revealed a significant
group effect (F(12,60)=2.4, p=0.013; Wilk’s A=0.46, par-
tial 12=0.32). The ANOVA contrasts showed that the
patients with TLE with both left and right-sided seizure
onset displayed reduced FCs between homologous
insulae (left: p=0.046, right: p=0.014), parahippocam-
pal gyri (both p<0.001), and the superior temporal gyri
(left: p=0.008, right: p=0.019), and patients with left-
sided TLE further displayed reduced FC between the
homologous middle temporal gyri (p=0.029).

Discussion

Our results reveal significantly reduced FC between
homologous temporal lobes and related areas; i) in all
patients with TLE compared with HCs, ii) in patients
with non-iPP TLE compared with HCs, and iii) in
patients with iPP-TLE compared with HCs. Additionally,
patients with iPP-TLE displayed reduced FC between
homologous insulae compared with patients with non-
iPP TLE, however, the difference was not significant.
This pattern of insular involvement is further sup-
ported by the fact that the FC between the left and
right insulae was significantly reduced in patients with
iPP-TLE compared with HCs, while such difference was
absent in the non-iPP vs. HC comparison.

FCin TLE

Previous resting-state fMRI studies on patients with
TLE showed reduced FC within the temporal lobe ipsi-
lateral to the seizure onset, accompanied by enhanced
FC within the temporal lobe, contralateral to the
seizure onset (Bettus et al., 2009; Bettus et al., 2010;
Pereira et al., 2010; Morgan et al., 2012; Maccotta et
al., 2013; Haneef et al., 2015). However, analyses of
FC between homologous temporal lobe and limbic
areas showed controversial results in patients with
TLE. Although a larger group of studies on patients
with mesial TLE revealed reduced FC between homol-
ogous hippocampi and the temporal lobes (Pereira
et al., 2010; Pittau et al., 2012; Maccotta et al., 2013;
Morgan et al., 2015), there were a few other studies
that demonstrated increased FC between the homolo-
gous temporal lobe and limbic areas in TLE (Haneef et
al., 2014; Maneshi et al., 2014). Another study claimed
that longer disease duration, specifically more than
10 years, was associated with increased FC between
bilateral hippocampi (Morgan et al.,, 2011). In short,
the fMRI-based FC studies in TLE generally point to
areduced connectivity between the two hemispheres,
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Figure 4. (A-D) Seed-based correlation maps between homologous areas. (A) Comparison between patients with temporal lobe
epilepsy (TLE) and healthy controls (HCs); (B) Comparison between patients showing unilateral lateralized ictal discharges (non-iPP
TLE) and HCs. (C) Comparison between patients with TLE showing unusual ictal propagation patterns (iPP-TLE) and HCs. (D) Comparison

between patients with non-iPP TLE and iPP-TLE.

asinourresults, butthere are also controversial results
suggesting increased inter-hemispheric connectivity.

FC in TLE with varying electrophysiological ictal
propagation

The main goals of our study were to reiterate the
interhemispheric connectivity changes in TLE, but
additionally, by stratifying patients with TLE in terms of
the presence of iPP, to clarify whether this electrophys-
iological pattern relies on a specific inter-hemispheric
difference in FC during the interictal stage. It may
be suggested that these atypical and rare patterns
of seizure propagation are generated at one side
and spread to contralateral hemisphere electrodes,
previously defined as a ‘mirror focus’ (Gupta et al,,
1973; Morrell, 1985), or arise from two independent
epileptogenic foci in homologous areas of tempo-
ral lobes (Janszky et al., 2005). According to the
above description of iPP and the two contrasting
hypotheses regarding its development, fMRI-based
interhemispheric FC differences between the iPP and
non-iPP groups provided important information about

the inter-hemispheric interactions in TLE. The con-
sistent finding in our study is reduced FC between
homologous areas in the temporal lobe in patients
with TLE regardless of ictal propagation patterns com-
pared with HCs. Although the exact mechanism for
this decreased FC is obscure, a protective mechanism
for the non-epileptic temporal lobe was suggested in
previous studies (Pereira et al., 2010; Maccotta et al.,
2013; Morgan et al., 2015). According to the hypothe-
sis of reduced FC, which is a result of protection of
the contralateral temporal lobe in TLE, bilateral epilep-
togenic foci in temporal lobes should cause a more
pronounced loss in FC between homologous areas
compared with those in a unilateral epileptogenic
focus. However, in the present study, there was no
significant difference in connectivity between homol-
ogous temporal lobes in TLE with or without iPP. This
finding could be explained in two ways. Firstly, iPP is
not related to ‘bilateral independent’ epileptogenic
foci. The fact that this was reported by other stud-
ies revealing good postsurgical outcomes in some of
these patients with iPP further supports the lack of two
foci (Steinhoff et al., 1995; Sirin et al., 2018). Secondly,
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629



N.G. Sirin, et al.

reduced FC might not reflect a mechanism related
to protection of the contralateral temporal lobe, but
rather a destruction by the disease process per se. It
is also tempting to speculate that the patterns of con-
nectivity of the epileptogenic brain could be entirely
different from healthy subjects.

The reduced FC, at a non-statistically significant level,
in homologous insulae of patients with iPP-TLE com-
pared with patients with non-iPP TLE demonstrates the
importance of the insula, which is not part of the tem-
porale lobe, butis anatomically close to and has strong
functional connections with temporal lobe structures,
especially with the amygdala (Gloor, 1997). In insular
epilepsy, ictal and interictal activity could be restricted
to temporal lobe electrodes on scalp recordings, indi-
cating a close relationship (Freri et al., 2017; Levy et al.,
2017; Obaid et al., 2017). Increased FC was reported
between the insula and temporal lobe structures (hip-
pocampus and superior, middle and inferior temporal
gyri), ipsilateral to the seizure focus, in awell-designed
study of patients with TLE (Maccotta et al., 2013). All
these different findings indicate that the insula plays
an important role in the pathophysiology of TLE. Thus,
consideringitasahubwithinthe TLE network, reduced
FC between the two insulae might be one of the deter-
minants for the unusual propagation of ictal discharges
to the contralateral hemisphere.

In one study focusing on interictal EEG findings and FC
in patients with TLE, Tracy et al. reported increased anti-
connectivity between the temporal lobes in patients
with TLE who had unilateral interictal epileptiform
discharges, compared with HCs. Intriguingly, how-
ever, patients with bilateral interictal epileptiform
discharges did not show this anti-connectivity, which
was interpreted as lack of a protective mechanism
by the authors (Tracy et al, 2014). There are cur-
rently no data on the FC of ictal propagation patterns.
Remarkably, our study is unique in investigating the FC
patterns of patients with these rare butimportant ictal
scalp EEG propagation patterns, to understand their
clinical value and related mechanisms.

Connectivity analysis among patients with right
and left-sided TLE

The connectivity analysis of our patients with TLE with
right-sided seizure onset showed reduced FC between
homologous parahippocampal gyri, insulae, and supe-
rior temporal gyri. Patients with TLE with left-sided
seizure onset showed reduced FC between the same
homologous structures as well as middle temporal
gyri. This finding is consistent with previous studies
that showed more noticeable connectivity changes
between homologous temporal lobes in left-sided TLE
for still unknown reasons (Pereira et al., 2010; Maneshi
et al., 2014; Haneef et al., 2015).

Limitations

Patients with iPP had a longer duration of epilepsy
than the non-iPP TLE control group. The reason for
this unexpected difference may relate to the fact
that patients with iPP are known to have poor sur-
gical outcomes (Steinhoff et al., 1995; Schulz et al.,
2000), which restricts their access to early surgery,
leading to prolonged disease duration for these rare
cases. However, our control TLE group without iPP
tended to undergo epilepsy surgery within a short
time. Therefore, we could not exclude the effect of
epilepsy duration on our groups. Previous studies
showed that patients with alonger duration of epilepsy
might have reduced connectivity regardless of the
side (Haneef et al., 2014; Morgan et al., 2015; Chiang
et al., 2015).

Within the iPP-TLE group, we were unable to anal-
yse patients showing ‘switch-of lateralization’ and
‘bilateral asynchrony’ separately because of the small
number of patients in each group (two patients with
‘bilateral asynchrony’ and 10 patients with ‘switch-of
lateralization’). Although these patterns were previ-
ously suggested to be related to bilateral independent
ictal activity (Steinhoff et al., 1995; Schulz et al., 2000;
Sirin et al., 2013), the underlying mechanism might be
different for each.

Another possible limitation of our study is that sub-
group analysis could notbe performed among patients
with TLE with right and left-seizure onset with different
iPPs due to the low number of patients. In the present
study, ROIs were defined as the related areas of tem-
poral lobes using an automated atlas. Unfortunately,
most of our patients had neither intracranial monitor-
ing nor a seizure-free period after epilepsy surgery in
order to be able to clearly determine the epileptogenic
zone.

Conclusion

Our findings further emphasize that FC is reduced
between homologous temporal lobes in patients with
TLE compared with HCs. Moreover, differentictal scalp
EEG propagation patterns, such as switch-of lateral-
ization and bilateral asynchrony might be related to
decreased FC between homologous insulae, playing a
possible role in the pathophysiology of these unusual
patterns. [
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