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1. Introduction

This dissertation addressed the structural and functional organization of the language-
related network, which includes the grey matter structures and white matter tracts
involved in language processing, in healthy participants and patients with temporal lobe
epilepsy. We considered the association between the white matter structural connectivity
and the involvement of left hemisphere language-related network regions and their
homologs in language processing in healthy participants. We studied language-related
network reorganization by comparing data from healthy participants and people with
temporal lobe epilepsy (TLE). Focal seizures in TLE uniquely disrupt functional
connectivity both within and outside the temporal lobe. Given that the development of
TLE is accompanied by the formation of an epileptogenic network involved in seizure
generation, we also estimated the spatial localization of the focus within this network to
further compare it with the regions involved in language processing.

It is believed that language processing is provided by a network comprising
interconnected regions mainly located in the left hemisphere (Josse, Tzourio-Mazoyer,
2004; Tzourio-Mazoyer, Seghier, 2016). In 10-15% of the healthy population, homologs
of left hemisphere regions are also involved in language processing, thus reducing
language lateralization and shifting activation during language processing to the right
hemisphere (Knecht et al., 2000; Somers et al., 2015). It is related to manual asymmetry
— left-hemispheric language activation is more represented in right-handers (about 95%)
than in left-handers (about 75%; Knecht et al., 2000; Sommers et al., 2015). However,
ontogenetic determinants of these traits of interhemispheric asymmetry differ
(Glntiirkiin, Ocklenburg, 2017). Thus, there are attempts to determine the association of
language lateralization with the properties of grey matter structures and white matter
tracts (Ocklenburg et al., 2016; 2020).

Given that previous studies did not indicate the association between the properties
of grey matter strictures and language lateralization (Tzourio-Mazoyer et al., 2018), it is
focused on the interhemispheric interaction carried out via the corpus callosum (CC;
Ocklenburg et al., 2016). Hinkley et al. (2016) and Ocklenburg et al. (2015) revealed a

language activation shift towards the right hemisphere and, as a result, weaker language
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lateralization in people with agenesis of CC. Hence, a larger volume of the CC is thought
to lead to stronger language lateralization in the left language dominant hemisphere. It is
consistent with the inhibitory model of the interhemispheric interaction, indicating the
suppression of the non-dominant hemisphere. On the opposite, the excitatory model
suggests that the activation of both hemispheres is supported during language tasks via
callosal fibers (Bloom, Hynd, 2005). But how exactly two hemispheres interact during
language tasks is unknown.

The investigation of the structural and functional organization of the language-
related network is relevant in the scope of TLE (Baciu, Perrone-Bertolotti, 2015). TLE
appears as disrupted interactions within and outside the temporal lobe and leads to
alterations in cognitive networks (Tracy et al., 2014). Previous studies revealed decreased
functional connectivity between regions within the language-related network and
increased connectivity with the brain regions that typically are not involved in language
processing in healthy people (Roger et al., 2020). In addition, non-language regions were
shown to be involved in language processing in both hemispheres (Berl et al., 2014;
Foesleitner et al., 2020). Yet, the patterns of language-related network reorganization and
their relationship to language performance are unknown (Bullmore, Sporns, 2009;
Gerchen et al., 2017).

During the development of TLE, there appears a formation of an epileptogenic
network in the brain that is responsible for seizure generation (Bonilha, Keller, 2015). For
over 20% of people with TLE, achieving seizure freedom requires surgical removal of
the focus of the epileptogenic network (Laxer et al., 2014). However, this network can
encompass structures outside the temporal lobe, including areas within cognitive
networks such as the language-related network (Caciagli et al., 2023). Therefore, surgery
in TLE requires minimizing the removal of the language-related network to preserve
language functions. This goal is achieved by precise spatial localization of the
epileptogenic network and its focus. The accuracy of focus localization with the current
approaches remains insufficient. The current rate of good seizure outcome does not

exceed 50-60% of the total number of patients (de Tisi et al., 2011). As a result, surgery



may result in seizure recurrence and make it impossible to minimize tissue removal and,

consequently, to preserve the language-related network.

The relevance of this dissertation is explained by the fact that it is currently
unknown how individual differences in the anatomical properties of the CC relate to the
involvement of the left hemisphere language-related network regions and their homologs
in language processing and how the language-related network can be reorganized in
patients with TLE. The methodological constraints of previous studies in reconstructing
white matter tracts and considering the CC as an entire group of fibers lead to
controversial results in the association with language lateralization. The current analyses
of language-related network interactions primarily focus on individual functional
connections rather than examining the network as a whole, which has limitations in
comprehensively understanding the patterns of language-related network reorganization
in TLE. The insufficient accuracy of focus localization in TLE makes it impossible to
distinguish the focus from the language-related network, which restricts seizure freedom
and preservation of language functions after surgery.

The goals of the study:

e to identify the association between the anatomical properties of the CC (taking into
account the heterogeneity of this structure) and language lateralization using cutting-
edge tractography applied to diffusion-weighted magnetic resonance imaging (MRI)
data.

e to identify alterations related to language-related network reorganization in TLE —
adaptation and compensation processes — based on the graph-based analysis applied
to functional MRI (fMRI) data during a language task.

e to improve the accuracy of spatial localization of the epileptic focus in TLE using the
analysis of high-frequency oscillations and machine learning applied to stereotactic
encephalography (sEEG) data.

The object was the language-related network in healthy participants and patients with

TLE. The subject was the association between the anatomical properties of the CC and

language lateralization; alterations in the functional interaction within the language-



related network in patients with TLE; spatial localization of the epileptic focus in people

with TLE.

The research novelty of this dissertation was that, firstly, using advanced tractography
based on diffusion-weighted MRI, we confirmed the association between the volume of
the callosal sub-region, connecting areas within the language-related network in the
temporal and parietal lobes, and language lateralization. Secondly, we compared
language-related network organization in healthy participants and patients with TLE via
graph-based analysis applied to fMRI during a language task. These alterations in the
total language-related network organization in patients with TLE predicted a task
performance specific to language processing. Thirdly, high-frequency oscillation analysis
and machine learning classification algorithms reveal distinctions in the features of high-
frequency oscillations obtained on sSEEG data between the focus and other brain regions.

The theoretical significance of the study:

e We confirmed the inhibitory model of the interhemispheric interaction during
language processing that leads to language lateralization.

e We established the significance of using advanced tractography based on diffusion-
weighted MRI in the white-matter tract reconstruction.

e We showed language-related network reorganization in TLE by the graph-based
characteristics that predicted language performance in patients.

e We revealed the significance of the functional connectivity approach (graph theory)
to characterize language-related network organization during a task specific to
language processing.

e We showed distinctions in the features of high-frequency oscillations between the
epileptic focus and the other brain areas in TLE.

The practical significance of the study:

e The results of the study reveal how language functions recover in cases of structural
lesions to the language-related areas in the language dominant hemisphere. Such
lesions may lead to the involvement of the non-dominant hemisphere areas in language

processing via the callosal fibers.



The results of the study show patterns of language-related network reorganization in
TLE and areas of the network that become significant for language processing, which
1s necessary for surgery.

The results of the study allow to improve the accuracy of epileptic focus localization
in TLE and increase the rate of good surgical outcome.

The main results of the study and provisions for the defense:

Greater volumes of the sub-region, connecting areas within the language-related
network in the temporal and parietal lobes, predict a stronger degree of language
lateralization. It is consistent with the inhibitory model of the interhemispheric
interaction during language processing.

Patients with TLE exhibited a bilateral module formed by the anterior language-
related areas and a module in the left temporal lobe, reflecting hyperconnectivity
within the epileptic focus. They did not show a left-lateralized module, including left
perisylvian language areas, found in healthy participants. A shift towards the
intramodular integration of regions relative to the total network integration of regions
relates to language performance and compensation via the increase in the number of
connector hubs in the right hemisphere.

The features of high-frequency oscillations in SEEG differ between the epileptic focus
and the other brain areas. This improves the accuracy of focus localization in TLE.
Author contribution

Study 1: study conception and design, data analyses and interpretation, manuscript
draft and revision.

Study 2: study conception and design, data collection, data analyses and interpretation,
manuscript draft and revision.

Study 3: study conception and design, data analyses and interpretation, manuscript

draft and revision.



2. Study 1. An association between volumes of the callosal sub-region and
language lateralization

Article selected for the defense:

Karpychev V. et al. Greater volumes of callosal sub-regions terminating in language-
related areas predict a stronger degree of language lateralization: A tractography study //

PLOS One. 2022. Vol. 17. Ne 12. P. e0276721.

2.1. Introduction
It was shown that interhemispheric interaction through callosal fibers is related to
language lateralization (Gazzaniga, 2000). Adibpour et al. (2018) indicated their role in
the development of language lateralization in children with agenesis of CC, which leads
to weaker lateralization in adulthood. Thus, the CC contributes to the early development
of language asymmetry and maintains it later.

Previous studies examining how the CC relates to language lateralization used
either the midsagittal surface in structural T1-images (Josse et al., 2008; Labache et al.,
2020; Bartha-Doering et al., 2021) or diffusion-tensor imaging (DTI) based on diffusion-
weighted MRI data (Westerhausen et al., 2006; Putnam et al., 2008; Haberling et al.,
2011, Steinmann et al., 2018). However, the restrictions of both methods led to
inconsistent results. Furthermore, to study language lateralization, earlier D77 was not
used to reconstruct separate sub-regions but the whole CC, which is also a constraint
given the heterogeneity of callosal fibers (Aboitiz et al., 1992). Thus, in this study, we
used constrained spherical deconvolution (CSD; Dell'Acqua, 2010), which allows us to
estimate the volumes and microstructural properties more precisely and, in addition, D77
to assess its limitations relative to CSD.

We measured language lateralization using fMRI, a technique that allows us to
obtain the activation of language-related regions during a language task. As an fMRI
paradigm, previous studies used either word generation (Putnam et al., 2008; Haberling
et al., 2011; Westerhausen et al., 2006), which activates the anterior language-related
regions, or listening (Steinmann et al., 2018), which activates the posterior language-

related regions. Thus, each previous DTI study reported a result that was based on
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language lateralization in either the anterior or posterior language-related areas, but not
in both. As a result, distinctions in the associations of the properties of callosal sub-
regions and language lateralization in the anterior or posterior language-related areas
relied on studies with different groups of participants but not within the same group using
the same task. Therefore, we used sentence completion as an fMRI paradigm that reliably
activates the anterior and posterior language-related regions (Salek et al., 2017; Wilson
et al., 2016; Elin et al., 2022).

The study aimed to compare the volumes and microstructural characteristics of
sub-regions of CC using D77 and CSD, and to test their relations to language lateralization

obtained by an fMRI paradigm on sentence completion.

2.2. Method

Fifty healthy individuals (32 females; My = 24.4, SD = 4.8, range = 18-37) participated
in the study. According to the Edinburgh questionnaire (Oldfield, 1971), 20 participants
with scores between +45 and +100 were classified as right-handed; 10 participants with
scores between -45 and +45 were classified as ambidextrous; 20 participants with scores
between -100 and -45 were classified as left-handed. All participants performed a
language task consisting of experimental (sentence completion) and baseline blocks
(syllable repetition). Each block consisted of three stimuli of 5 s duration (the pause
between blocks was 2.1 s). In the experimental block, participants had to complete
sentences that they read with a semantically and grammatically appropriate word (e.g.,
“Now the minister signs an important...”); in the baseline block, they had to read aloud
four times the syllable written on the screen and repeat it once (“Peeeee peeeeceeceeee
peeeeeee peeeeeee...”). The fMRI session consisted of two runs (120 stimuli — 60
sentences, 60 syllables), lasting 14 min 37 s.

MRI data were acquired using a Siemens 3T Magnetom Verio. We corrected
diffusion-weighted MRI for distortions due to eddy currents, subject motion, and phase
encoding direction. We applied DTI to diffusion-weighted MRI data using the
ExploreDTI package (http://www.exploredti.com) in MATLAB (MathWorks; Natick,
MA, USA). CSD reconstruction relied on the Richardson-Lucy algorithm (Dell'Acqua et
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al., 2010) with the following parameters: fiber response = 1.5x10° mm?/s™!, 400
repetitions, maximum angle for fiber = 30°, seed point resolution = 1 mm?, step size = 1

mm. We used the StarTrack package (https://www.mr-startrack.com/) in MATLAB. We

manually reconstructed the CC using the TrackVis package (http://trackvis.org/). We

subdivided the CC according to a DT/-derived scheme, in contrast to other schemes based
on structural images of a midsagittal slice of CC (Hofer and Frahm, 2006). The following
sub-regions were identified: CC-1, whose fibers project into the prefrontal region; CC-I1,
premotor and supplementary motor cortex; CC-II1, primary motor cortex; CC-1V, primary
somatosensory cortex; CC-V, parietal, temporal, and occipital lobes (Hofer, Frahm, 2006;
Josse et al., 2008). We extracted the volumes and microstructural properties, fractional
anisotropy (FA) and hindrance modulated orientational anisotropy (HMOA), for each
sub-region in D71 and CSD, respectively. An example of reconstruction using D77 and

CSD for a subject is shown in Figure 1.
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Figure 1. An example of reconstruction using (A) D77 and (B) CSD.

fMRI data were corrected for distortions due to subject motion and phase encoding
direction, aligned relative to the anterior and posterior commissure, and then normalized
to the MNI template. We analyzed the fMRI data using SPMI2
(https://www.fil.ion.ucl.ac.uk/spm/software/spm12/) in MATLAB. We performed a first-

level analysis to obtain individual activation maps for each participant. We used onset
times as the main predictors in the model; the hemodynamic response function for
modeling changes in BOLD response. fMRI activation (second-level analysis) for all

participatns is shown in Figure 2.
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Figure 2. Group map of the language-related activation.

The language lateralization index (LI) was calculated from individual activation

maps using the LI-toolbox package (http:// www.medizin.uni-

tuebingen.de/kinder/en/research/neuroimaging/software/) in SPM12 by the formula:

LI=[(AL—Ar)/ (AL + Ar)],

whereby AL, and Ar—activation of a region in the left and right hemispheres, respectively.
We calculated L/ for grey matter regions corresponding to the sub-regions of the CC in
Hofer, Frahm, (2006) — prefrontal region (PFC); premotor and supplementary motor
cortex (includes anterior regions of the language network; PM-SMA); primary motor
cortex (M1); primary somatosensory cortex (Si); parietal, temporal and occipital lobes
(includes posterior regions of the language-related network; PTOLs). LI ranged from -1
(right-hemispheric asymmetry) to +1 (left-hemispheric asymmetry). Based on Karolis et
al. (2019), we used the absolute value of Ll thus +1, regardless of hemisphere,
indicated strong asymmetry; 0 indicated no asymmetry.

Statistical analyses were performed in JASP (https://jasp-stats.org) and RStudio,

version 4.2.0  (https://www.rstudio.com) using the BayesFactor package

(https://github.com/richarddmorey/BayesFactor). We presented the results of each

analysis based on both frequency statistics and Bayesian statistics via BFyp;. To compare
the volumes reconstructed in D77 and CSD, we used a paired #-test (Bonferroni correction,

a = .072); to compare microstructural characteristics across sub-regions, we used
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ANOVA separately for FA and HMOA (Bonferroni correction, a = .025). To assess the
association between L/l and the properties of each sub-region, we applied multiple linear

regression separately for D77 and CSD.

2.3. Results
For all sub-regions of the CC, volumes were significantly greater in CSD than in DTI,
with evidence in favor of the differences (BFy; > 10°). The results are shown in Table 1.
Table 1. Results of paired #-tests comparing the volumes of the sub-regions.

Volume in D7TI Volume in CSD

Sub-region M <D M ) £(49) p-value BF
CC-1 16.1 2.7 33.7 9.2 14.36 <0.001 >10°
CC-11 18.8 3.4 44.5 12.8 16.09 <0.001 >10°
CC-II1 9.9 2.2 18.0 5.8 1226  <0.001 >10°
CC-1v 8.5 2.0 14.8 7.0 7.10 <0.001 >10°
CC-V 35.3 6.3 67.8 19.8 1240 <0.001 >10°

ANOVA revealed significant differences across all sub-regions in FA in DTI
(Fan4s) = 94.38, p < .001) and in HMOA in CSD (Fs245) = 86.41, p < .001). BF;9 > 10*
for both tests showed evidence in favor of significant differences. Post-hoc two-sample
t-tests (Bonferroni correction, oo = .05/10 = .005) showed that all sub-regions differed in
FA in DTI except for CC-1I and CC-1V (¢49) =2.12, p = .04), BF' 190 = 1.4; CC-III and CC-
V (ta9)=-2.43, p =.02), BF10=1.75. Post hoc two-sample ¢-tests (Bonferroni correction,
o =.05/10 =.005) also showed that all sub-regions differed in HMOA in CSD except CC-
IIT and CC-1V (tu9)=-1.84, p = .07), BF10 = 0.74. Figure 3 shows the distribution of FA
and HMOA of sub-regions.
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Figure 3. FA u HMOA across all sub-regions.

Using multiple linear regression models, we found only one significant association
between Ll in PTOLs and the volume of CC-V in CSD (f=4.4, SE=1.4, tusy=3.1,p
=.003), which reached a level of significance (a = .005), BFo = 4.0. For the rest of the
sub-regions in DT and CSD, we found no significant relationships with the Ll of the

respective regions.
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2.4. Conclusion
To conclude, this is the first study that investigated the relationship between the volumes
and microstructural properties of the callosal sub-regions, and the degree of language
lateralization using both D7/ and CSD. We found no association between the
microstructural properties of the CC and the degree of language lateralization, regardless
of the tractography method. In line with the inhibitory model, a greater volume in CSD,
but not in D71, predicted a stronger degree of language lateralization in cortical areas
containing posterior regions of the language-related network in the temporal and parietal
lobes. Thus, the association between the sub-regions of the CC and the degree of language
lateralization is anatomically specific. In addition, we confirmed that CSD is a more
suitable approach in tractography as it can reconstruct lateral fibers when lateral crossing

projections are in focus.
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3. Study 2. Language-related network reorganization in temporal epilepsy.

Article selected for the defense:

Karpychev V. et al. Disruptions in modular structure and network integration of language-
related network predict language performance in temporal lobe epilepsy: Evidence from

graph-based analysis // Epilepsy & Behavior. 2023. Vol. 147. P. 109407.

3.1. Introduction

An investigation of language-related network reorganization is particularly relevant in
TLE (Baciu, Perrone-Bertolotti, 2015). TLE manifests as a disruption of interactions
between regions within and outside the temporal lobe, leading to changes in the
functioning of cognitive networks, including the language-related network (Tracy et al.,
2014; Berl et al., 2014). Previous studies investigating language-related network
reorganization used mostly fMRI activation (Balter et al., 2019). However, it does not
give us insight into the interaction between regions. Thus, the reorganization in TLE
remains poorly understood (Tomasi et al., 2014).

Functional connectivity analysis is an alternative to fMRI activation. This approach
estimates the correlational value between time-series of regions to represent their
interaction (Friston, 2011). Previous studies examined language-related network
reorganization in TLE through functional connectivity but were restricted by the resting-
state fMRI data (Doucet et al., 2015). In contrast to the task-based fMRI data (He et al.,
2018), the resting-state does not cover all the processes occurring between regions in
cognitive networks (Cohen, D'Esposito, 2016). Moreover, previous studies considered
individual pairwise connections between regions without describing reorganization at the
level of processes occurring in the total language-related network. To complement the
previous results, we applied the graph-based analysis, which allows us to describe
interactions within the total network, to task-based fMRI data from healthy participants
and patients with TLE (Bullmore and Sporns, 2009).

We used sentence completion as a task specific to language processing. It also
contrasts ours from previous graph-based fMRI studies, which aimed to activate language

and memory networks (Banjac et al., 2021). We believe that it reduces the sensitivity of
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the analysis of language-related network reorganization. Thus, we expected that our
analysis would provide insights into the reorganization specifically within the language-
related network, and the graph-based characteristics would predict the accuracy of the

language-related task in people with TLE.

3.2. Method

Twenty-eight patients with drug-resistant left TLE participated in the study (14 females;
age: M =37.6, SD = 6.2, range = 28-50; age of onset: M = 14.3, SD = 10.6, range = 0—
42; duration: M = 21.6, SD = 13.3, range = 4-50). MRI indicated sclerosis in the left
hippocampus (n = 20; one of these participants also had focal cortical dysplasia in the
insular cortex in both hemispheres), sclerosis in both hippocampi (n = 1), gliosis in the
left temporal lobe (TL; n = 4), encephaloceles in the left TL (n = 1) or both TLs (n = 1);
two participants were MR-negative (n = 2). Nineteen controls with no history of
psychiatric or neurological diseases participated in the study (15 females; age: M =40.7,
SD = 6.5, range = 30-53). All participants were right-handed native Russian speakers.
They underwent scanning at the National Medical and Surgical Center named after N.I.
Pirogov (Moscow, Russia) and performed a language task described in a previous study
(see 2.2. Method).

MRI data were acquired using a 3T Siemens Magnetom Skyra. We corrected fMRI
data for distortions due to subject motion and EPI using the fMRIPrep-20.2.6 package
(https://fmriprep.org/en/20.2.6/#). We regressed out global signal, white matter and

cerebrospinal fluid obtained with aCompCor. As regions of the language-related network,
we considered the 36 regions defined in Labache et al. (2019). We performed the
correlational psychophysiological interaction (cPPI) analyses on the time-series of the
regions to examine the functional connectivity within the experimental block of the
language task excluding the baseline block wusing the c¢PPI-toolbox
(https://www.nitrc.org/projects/cppi_toolbox/) in MATLAB. For each participant, we

obtained a correlation matrix containing positive correlational coefficients. The

correlational coefficients within each matrix were Fisher-transformed to z-scores.
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We applied the graph-based analysis to the correlation matrices of healthy
participants and patients with TLE to determine how the language-related network was
divided into modules; the difference in the integration of regions in the total network,
Eqi0p, and within modules, Ej.c, as well as the difference between them, IS = Egiop - Eioc
(Roger et al., 2020). To assess the integration of regions between modules, we considered
connector hubs, regions that are highly functionally connected within their module, and
with regions of other modules (Guimera & Nunes Amaral, 2008). We estimated their
number in both hemispheres (Npuss), in the left hemisphere (Nuss-L) and right hemisphere
(Nnubs-R).

Statistical analyses were performed in RStudio, 4.2.0 (https://www.rstudio.com).
We tested differences in Egion, Eioc, IS, Nuuvs, Nnns-L, and Npss-R between healthy
participants and patients with TLE using a two-sample #-test for independent samples
(Bonferroni correction, oo = .05/6 = .008). To test the association of language task
performance characteristics (R4 = response accuracy; RT = response time), with network
characteristics and given their interaction with the duration of epilepsy, we constructed
two multiple linear regressions (a = .05/2 = .025). Given that IS and Nuss are a linear
combination of Egiop, Eioe, and Nuuwss-L, Nups-R, respectively, we used only them in the

regressions.

3.3. Results
Figure 4 shows how the language-related network was divided into modules for healthy
participants and patients with TLE. The healthy subjects had a left-lateralized module
containing anterior and posterior regions of the language-related network, as well as
regions in the right temporal pole; patients with TLE showed a bilateral module formed
by the anterior language-related areas and a module consisting only of regions of the left

temporal lobe — the epileptic focus.

19



People with TLE

0.8

0.7

module-1
module-1

0.6

0.5

0.4

Regions

0.3

module-3 module-2

0.2

Pearson correlation (z-values)

module-4

0.1

0.0

Regions

module-1 i

module-2

module-3 .

module-4 [l

Controls

module-1 [

module-2 |
module-3

module-4 .

People with TLE

Figure 4. Modular structures of the language-related network in healthy controls and
patients with TLE. (A) Connectivity matrices averaged across participants in each
group. Dotted squares indicate unique modules for each group: module-3 in healthy
controls, and module-4 in people with TLE. (B) Spatial distribution of the modular

structure in each group. Each color indicates a single module in each group.

A two-sample #-test showed that Nuss-R was significantly lower in healthy
participants compared to people with TLE. Differences in IS and Nuss reached the
significance level of a = .05, but not the Bonferroni-corrected level (a =.05/6 = .008). In
addition to Nuss-R, hubs differed between the two groups. Figure 5 shows their spatial

distribution.
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Figure 5. Hubs in healthy controls and people with TLE.

Multiple linear regression showed a significant association between greater RA
with greater IS value (= 454.4, SE = 164.1, ta4) = 2.8, p = .014); also with a greater IS
interaction with duration of epilepsy (= 580.4, SE = 153.0, tq4) = 3.8, p = .002) — a
decrease in the difference between integration of regions within the total network and

integration of regions in modules with epilepsy duration leads to lower RA.

3.4. Conclusion
This is the first study aimed at language-related network reorganization in TLE using the
graph-based analysis applied to fMRI data acquired during a task that was specific to
language processing. During language processing in patients with TLE, a bilateral module
formed by the anterior regions of the language-related network and their homologs was
identified, as well as a left hemispheric module reflecting the epileptic focus. In contrast
to healthy participants, the left hemispheric module containing the anterior and posterior
regions of the language-related network, as well as regions in the right temporal pole, was
not found in patients with TLE. As a result of such reorganization, for the group of people

with TLE, we found that an imbalance towards integration of regions within modules
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predicted decreased response accuracy and compensation through the involvement of

additional hubs in the right hemisphere.

4. Study 3. Improving the accuracy of focus localization in temporal lobe

epilepsy.
Article selected for the defense:

Karpychev V. et al. Epileptogenic high-frequency oscillations present larger amplitude
both in mesial temporal and neocortical regions // Frontiers in Human Neuroscience.

2022. Vol. 16. P. 984306.

4.1. Introduction

During the TLE development in the brain, an epileptogenic network appears in the brain
that is responsible for seizure generation (Bonilha and Keller, 2015). For over 20% of
patients with TLE, achieving good seizure outcome requires surgical removal of this
network (Laxer et al., 2014). However, the epileptogenic network can encompass
structures outside the temporal lobe, including areas within the language-related network
(Caciagli et al., 2023). Therefore, surgery in TLE aims to remove only critical regions
within the epileptogenic network — its focus while minimizing the removal of the
language-related network. The rate of good surgical outcomes does not exceed 50-60%
of the total number of patients (de Tisi et al., 2011). Thus, the accuracy of focus
localization using current techniques based on seizure dynamics analysis is insufficient
to achieve seizure freedom and reduce the removal of tissue within the language network
in TLE to preserve language functions.

High-frequency oscillations (HFO) in EEG, divided into ripples (80-250 Hz) and
fast ripples (250-500 Hz; Bragin et al., 1999), are believed to be reliable biomarkers of
the epileptic focus in TLE. While HFO demonstrated high accuracy in identifying the
epileptic focus (van't Klooster et al., 2015; Fedele et al., 2017), both ripples and fast
ripples were also detected in other brain regions (Frauscher et al., 2018). To distinguish
ripples and fast ripples between the epileptic focus and other regions is thought to be

effective to use their morphological features — amplitude, duration, and spectral frequency
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(Chen et al., 2021). Previous studies revealed differences in some morphological features
between the epileptic focus and other regions but were restricted using univariate statistics
(von Ellenrieder et al., 2016).

In this study, we examined HFO and their features as biomarkers of the epileptic
focus in TLE. We used machine learning to classify HFO into events occurring within
epileptic focus and other regions. The detected HFO events were classified into events

that appear within the epileptic focus and outside using machine learning.

4.2. Method
Twelve patients with TLE participated in the study (6 women; age: M =36.9, SD =11.8,
range = 26-69 years; postoperative period: M = 30.5, SD = 11.0, range = 13-44 months).
All participants underwent sEEG implantation to detect the epileptic focus and its further
removal by surgery at the Pirogov National Medical and Surgical Center. The surgical
outcome of the patients was estimated according to the recommendations of the

International League Against Epilepsy (ILAE; https://www.ilae.org/). Seizure freedom

(ILAE = 1) after surgery was achieved for 11 participants.

To detect ripples and fast ripples in SEEG data from patients during non-REM
sleep, we used an automatic detector of HFO (Fedele et al., 2017). For each participant,
we obtained the distribution of HFO-events across all bipolar SEEG channels. We
compared the spatial distribution of the epileptic focus (resection area after the surgery)
and those channels (HFO-channels) whose number of HFO-events exceeded the 95%
threshold relative to the total number of events across all channels. We defined HFO-
events as epileptic if HFO-channels were within the resection area in patients who
reached seizure freedom (ILAE = 1). HFO-events across the channels outside the
resection area were defined as non-epileptic events occurring in other regions. For all
HFO-events divided into ripples and fast ripples, we extracted their features — amplitude,
duration, and spectral frequency.

We applied the random forest algorithm to build a machine learning model. To
train and validate the models, we used a 5-fold cross-validation method consisting of

inner and outer cycles (Krstajic et al., 2014). For each model, within each of the five steps
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of the inner cycle of internal cross-validation, we used a grid search method to determine
the optimal number of decision trees, nodes in each of the trees, and randomly selected
features for each of the nodes. We checked the accuracy of the models using the “area
under the error curve” (AUC). We extracted the significance of the features for the

classification model as the Gini-value.

4.3. Results
Figure 6 shows an example of the HFO-channels and their comparison with the resection
area in a patient with ILAE = 1. For data from 11 patients out of 12, we extracted the
morphological features of HFO-events to apply machine learning and classify them.
Thus, all HFO-events (ripples and fast ripples) were divided into two classes: class 1,
epileptic events, and class 2, events within the healthy tissues. For the machine learning

model, class 1 contained 4,807 events, class 2 - 1,929 events.
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Figure 6. An example of the HFO-channels and their comparison with the resection area

in a patient (ILAE = 1) (A) spatial distribution of the stereo-EEG electrodes. (B) SEEG

channels, defined as HFO-channels (red) and resection area (green). The HFO-channels

were included in the resection region. (C) Stereo-EEG signal during seizure onset (red

line). (D) T1-image before and after surgery (thermocoagulation was performed for this

participant).
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The 5-fold cross-validation method based on the random forest algorithm showed
AUC=79.6% (SD = 0.8%). For the machine learning model, the most important features
for classifying HFO-events were the amplitudes of fast ripples (M = 0.44, SD = 0.05) and
ripples (M = 0.15, SD = 0.03).

4.4. Conclusion
In this study, we showed that the feature of HFO-events allows us to classify the events
occurring in the epileptic focus and separate them from those occurring in other regions.
Our findings can significantly improve current methods of focus localization in patients
with TLE, reducing seizure recurrence and minimizing the removal of the language-
related network to preserve language functions. The results obtained in this study
highlight the importance of considering HFO features as a potential biomarker of
epileptic focus while studying the reorganization of the language-related network and its

separation from the epileptogenic network.
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5. Conclusion

This dissertation included articles that focused on the structural and functional
organization of the language-related network. We considered the association between CC
and language lateralization in healthy participants. We investigated the language-related
network reorganization in patients with TLE compared to healthy subjects. We showed
how using HFO features improves the accuracy of focus localization in TLE. This result
can increase the current rate of good seizure outcome in surgery and minimize the
removal of the language-related network.

In Chapter 2 (Study 1), we investigated how the structural properties of the CC,
reconstructed using tractography, D77 and CSD, relate to language lateralization. We used
a fMRI task specific to language processing for measuring language lateralization. The
findings indicated that a larger volume of the callosal sub-region, connecting posterior
regions in the temporal and parietal lobes, was associated with a stronger degree of
language lateralization. Notably, it was possible to achieve this result using CSD, which
overcomes the limitations of D77 in white matter reconstruction.

In Chapter 3 (Study 2), using the graph-based analysis, we investigated language-
related network reorganization in people with TLE characterized by disrupted functional
connectivity between regions. Our findings revealed that language-related network
reorganization appears as a shift in the modular structure of the total network.
Consequently, there emerges an imbalance between the integration of regions across the
total network and the integration of regions within modules. This imbalance results in a
decline in the accuracy of language task performance. In addition, compensatory
mechanisms become evident, such as an increase in the number of hubs in the right
hemisphere.

In Chapter 4 (Study 3), we considered the features of HFO-events extracted from
the SEEG data within the epileptic focus and other regions in patients with TLE. By
applying machine learning to classify these HFO features, we showed an improvement in

focus localization. The most significant feature was the amplitude of the HFO-events.
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Thus, our findings allowed us to describe language-related network organization
in healthy participants and patients with TLE. In addition, we demonstrated an approach

to minimize the removal of the reorganized language-related network in TLE.

28



References

. Adibpour P., Dubois J., Moutard M-L., Dehaene-Lambertz G. Early asymmetric inter-
hemispheric transfer in the auditory network: insights from infants with corpus
callosum agenesis // Brain structure and function. 2018. Vol. 223. Ne 6. P. 2893-2905.
. Aboitiz F., Scheibel A.B., Fisher R.S., Zaidel E. Fiber composition of the human corpus
callosum // Brain Research. 1992. Vol. 598. Ne 1-2. P. 143-153.

. Baciu M., Perrone-Bertolotti M. What do patients with epilepsy tell us about language
dynamics? A review of fMRI studies // Reviews in the neurosciences. 2015. Vol. 26.
Ne 3. P. 323-341.

. Balter §S. et al. Neuroimaging correlates of language network impairment and
reorganization in temporal lobe epilepsy // Brain and language. 2019. Vol. 193. P. 31—
44,

. Banjac S. et al. Reconfiguration dynamics of a language-and-memory network in
healthy participants and patients with temporal lobe epilepsy // Neurolmage. Clinical.
2021. Vol. 31. P. 102702.

. Bartha-Doering L. et al. The role of the corpus callosum in language network
connectivity in children // Developmental science. 2021. Vol. 24. Ne 2. P. ¢13031.

. Berl M.M. et al. Characterization of atypical language activation patterns in focal
epilepsy // Annals of neurology. 2014. Vol. 75. Ne 1. P. 33-42.

. Bloom J.S., Hynd G.W. The role of the corpus callosum in interhemispheric transfer
of information: excitation or inhibition? // Neuropsychology review. 2005. Vol. 15. Ne
2.P.59-71.

. Bonilha L., Keller S.S. Quantitative MRI in refractory temporal lobe epilepsy:
relationship with surgical outcomes // Quantitative imaging in medicine and surgery.

2015. Vol. 5. Ne 2. P. 204-224.

10.Bonini F. et al. Frontal lobe seizures: from clinical semiology to localization //

Epilepsia. 2014. Vol. 55. Ne 2. P. 264-277.

29



11.Bragin A. et al. Hippocampal and entorhinal cortex high-frequency oscillations (100-
-500 Hz) in human epileptic brain and in kainic acid--treated rats with chronic seizures
// Epilepsia. 1999. Vol. 40. Ne 2. P. 127-137.

12.Bullmore E., Sporns O. Complex brain networks: graph theoretical analysis of
structural and functional systems // Nature reviews. Neuroscience. 2009. Vol. 10. Ne
3.P. 186-198.

13.Caciagli L. et al. Disorganization of language and working memory systems in frontal
versus temporal lobe epilepsy // Brain. 2023. Vol. 146. Ne 3. P. 935-953.

14.Chen Z. et al. High-frequency oscillations in epilepsy: what have we learned and what
needs to be addressed // Neurology. 2021. Vol. 96. P. 439-448.

15.Cohen J.R., D'Esposito M. The Segregation and Integration of Distinct Brain
Networks and Their Relationship to Cognition // The Journal of neuroscience: the
official journal of the Society for Neuroscience. 2016. Vol. 36. Ne 48. P. 12083—12094.

16.Dell’Acqua F. et al. A modified damped Richardson-Lucy algorithm to reduce
isotropic background effects in spherical deconvolution // Neurolmage. 2010. Vol. 49.
Ne 2. P. 1446-1458.

17.de Tisi J. et al. The long-term outcome of adult epilepsy surgery, patterns of seizure
remission, and relapse: a cohort study // Lancet. 2011. Ne 378(9800). P. 1388-1395.

18.Doucet G.E. et al. Resting-state functional connectivity predicts the strength of
hemispheric lateralization for language processing in temporal lobe epilepsy and
normal // Human brain mapping. 2015. Vol. 36. Ne 1. P. 288—-303.

19.Elin K. et al. A New Functional Magnetic Resonance Imaging Localizer for
Preoperative Language Mapping Using a Sentence Completion Task: Validity, Choice
of Baseline Condition, and Test-Retest Reliability // Frontiers in human neuroscience.
2022. Vol. 16. P. 791577.

20.Fedele T. et al. Resection of high frequency oscillations predicts seizure outcome in
the individual patient // Scientific reports. 2017. Vol. 7. Ne 1. P. 13836.

21.Foesleitner O. et al. Lesion-Specific Language Network Alterations in Temporal Lobe
Epilepsy // AINR. American journal of neuroradiology. 2020. Vol. 41. Ne 1. P. 147—
154.

30



22.Frauscher, B. et al. High-Frequency Oscillations in the Normal Human Brain //
Annals of neurology. 2018. Vol. 84. Ne 3. P. 374-385.

23.Friston K.J. Functional and effective connectivity: a review // Brain connectivity.
2011. Vol. 1. Ne 1. P. 13-36.

24.Gazzaniga M.S. Cerebral specialization and interhemispheric communication: does
the corpus callosum enable the human condition? // Brain. 2000. Vol. 123. Ne Pt 7. P.
1293-326.

25.Gerchen M.F., Kirsch P. Combining task-related activation and connectivity analysis
of fMRI data reveals complex modulation of brain networks // Human Brain Mapping.
2017. Vol. 38. Ne 11. P. 5726-5739.

26.Guimera R., Nunes Amaral L.A. Functional cartography of complex metabolic
networks // Nature. 2005. Vol. 433. Ne 7028. P. 895-900.

27.Giintiirkiin O., Ocklenburg S. Ontogenesis of Lateralization // Neuron. 2017. Vol. 94.
Ne 2. P. 249-263.

28.Hdberling 1.S., Badzakova-Trajkov G., Corballis M.C. Callosal tracts and patterns of
hemispheric dominance: a combined fMRI and DTI study // Neurolmage. 2011. Vol.
54. Ne 2. P. 779-786.

29.He X. et al. Disrupted dynamic network reconfiguration of the language system in
temporal lobe epilepsy // Brain. 2018. Vol. 141. Ne 5. P. 1375-89.

30.Hinkley L.B. et al. The Contribution of the Corpus Callosum to Language
Lateralization // The Journal of neuroscience: the official journal of the Society for
Neuroscience. 2016. Vol. 36. Ne 16. P. 4522—4533.

31.Hofer S., Frahm J. Topography of the human corpus callosum revisited —
Comprehensive fiber tractography using diffusion tensor magnetic resonance imaging
// Neurolmage. 2006. Vol. 32. Ne 3. P. 989-994.

32.Josse G., Tzourio-Mazoyer N. Hemispheric specialization for language // Brain
research. Brain research reviews. 2004. Vol. 44. Ne 1. P. 1-12.

33.Josse G., Seghier M.L., Kherif F., Price C.J. Explaining function with anatomy:
Language lateralization and corpus callosum size // Journal of Neuroscience. 2008.

Vol. 28. Ne 52. P. 14132-14139.

31



34.Knecht S. et al. Language lateralization in healthy right-handers // Brain. 2000. Ne 123
(Pt 1). P. 74-81.

35.Krstajic, D., Buturovic L.J., Leahy D.E., Thomas S. Cross-validation pitfalls when
selecting and assessing regression and classification models // Journal of
cheminformatics. 2014. Vol. 6. Ne 1. P. 10.

36.Labache L. et al. A SENtence Supramodal Areas AtlaS (SENSAAS) based on multiple
task-induced activation mapping and graph analysis of intrinsic connectivity in 144
healthy right-handers // Brain structure and function. 2019. Vol. 224. Ne 2. P. 859—
882.

37.Labache L. et al. Typical and atypical language brain organization based on intrinsic
connectivity and multitask functional asymmetries // Elife. 2020. Vol. 9. P. e58722.

38.Laxer K.D. et al. The consequences of refractory epilepsy and its treatment // Epilepsy
& behavior. 2014. Vol. 37. P. 59-70.

39.Nair S., Szaflarski J.P. Neuroimaging of memory in frontal lobe epilepsy // Epilepsy
& Behavior. 2020. Vol. 103. Ne Pt A. P. 106857.

40.Ocklenburg S. et al. Functional cerebral lateralization and interhemispheric interaction
in patients with callosal agenesis // Neuropsychology. 2015. Vol. 29. Ne 5. P. 806-815.

41.O0cklenburg S., Friedrich P., Giintiirkiin O., Geng¢ E. Intrahemispheric white matter
asymmetries: the missing link between brain structure and functional lateralization? //
Reviews in the neurosciences. 2016. Vol. 27. Ne 5. P. 465—480.

42.0cklenburg S., Berretz G., Packheiser J., Friedrich P. Laterality 2020: Entering the
next decade // Laterality. 2020. P. 1-33.

43.Putnam M.C. et al. Structural organization of the corpus callosum predicts the extent
and impact of cortical activity in the nondominant hemisphere // The Journal of
neuroscience. 2008. Vol. 28. Ne 11. P. 2912-2918.

44.Roger E. et al. Hubs disruption in mesial temporal lobe epilepsy. A resting-state fMRI
study on a language-and-memory network // Human Brain Mapping. 2020. Vol. 41.
Ne 3. P. 779-796.

32



45.8alek K E. et al. Silent Sentence Completion Shows Superiority Localizing Wernicke's
Area and Activation Patterns of Distinct Language Paradigms Correlate with
Genomics: Prospective Study // Scientific reports. 2017. Vol. 7. Ne 1. P. 12054.

46.Somers M. et al. On the relationship between degree of hand-preference and degree of
language lateralization // Brain and language. 2015. Vol. 144. P. 10-15.

47.Steinmann S. et al. The role of functional and structural interhemispheric auditory
connectivity for language lateralization — A combined EEG and DTTI study // Scientific
reports. 2018. Vol. 8. Ne 1. P. 15428.

48.Tomasi D., Wang R., Wang G.J., Volkow N.D. Functional connectivity and brain
activation: a synergistic approach // Cerebral cortex. 2014. Vol. 24. Ne 10. P. 2619—
2629.

49.Tracy J.1., Pustina D., Doucet G., Osipowicz K. Seizure-induced neuroplasticity and
cognitive network reorganization in epilepsy // Cognitive plasticity in neurologic
disorders, eds. J.I. Tracy, B.M. Hampstead, K. Sathian. New Y ork: Oxford University
Press, 2014. P. 29-60.

50.Tzourio-Mazoyer N., Crivello F., Mazoyer B. Is the planum temporale surface area a
marker of hemispheric or regional language lateralization? // Brain structure and
function. 2018. Vol. 223. Ne 3. P. 1217-1228.

S51.van 't Klooster M.A. et al. Residual fast ripples in the intraoperative corticogram
predict epilepsy surgery outcome // Neurology. 2015. Vol. 85. Ne 2. P. 120-128.

52.von Ellenrieder, N., Frauscher B., Dubeau F., Gotman J. Interaction with slow waves
during sleep improves discrimination of physiologic and pathologic high-frequency
oscillations (80-500 Hz) // Epilepsia. 2016. Vol. 57. P. 869-878.

53.Westerhausen R. et al. The association of macro- and microstructure of the corpus
callosum and language lateralisation // Brain and language. 2006. Vol. 97. Ne 1. P. 80—
90.

54. Wilson S.M. et al. Validity and reliability of four language mapping paradigms //
Neurolmage. Clinical. 2016. Vol. 16. P. 399—408.

33



