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Abstract

Background: Epilepsy, acommon neurological disorder
affecting around 50 million people globally, involves recur-
rent seizures and complex brain alterations. This study focuses
on childhood epilepsy, where the immature brain is especially
prone to seizures due to unique devel opmental factors. Current
diagnostic tools, like EEG and MRI, have limitations in thor-
oughly assessing brain connectivity. While some studies have
shown altered brain synchrony in epilepsy, they are often in-
consistent due to heterogenous methodol ogies.

Aim of Sudy: To comparethe brain connectivity in untreat-
ed children with idiopathic epilepsy to healthy controls, using
EEG coherence and phase |ag as parameters for a clearer un-
derstanding.

Patients and Methods: This case-control study, conducted
at Beni Suef University Hospital, followed the STROBE guide-
lines and involved 60 participants aged 6-14. Group | included
30 newly diagnosed idiopathic childhood epilepsy cases (15
generalized and 15 focal), and Group |1 consisted of 30 healthy
controls. Subjects, recruited retrospectively, underwent demo-
graphic, clinical assessments, EEG monitoring, and functional
connectivity analysis. EEG data were quantified using FFT,
with coherence and phase lag measurements across frequency
bands. Statistical analyses were performed using SPSS, with
significance set at p<0.05. Ethical approval and informed con-
sent were obtained, ensuring participant confidentiality and
rights.

Results: The study compares EEG coherence and phase lag
in three groups generalized, focal, and control across various
frequency bands. Demographic data showed no significant dif-
ferencesin age or sex. In the left hemisphere, the generalized
group exhibited significantly lower coherence in the beta band
(F3-F7) and higher coherence in the delta (F3-F7) and theta
bands (P3-T5) compared to other groups. In the right hemi-
sphere, the generalized group showed notably higher theta band
coherence at F4-F8. Interhemispheric coherence results re-
vealed significantly higher coherence in the generalized group
across apha, beta, and delta bands (F3-F4, P3-P4, T5-T6).
Phase lag findings showed lower alpha and beta phase lags in
the generalized group, especially in left hemisphere pairs (P3-
T5) compared to focal and control groups, indicating distinct
brain activity patterns across the epileptic spectrum.
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Conclusion: Our study identified significant connectivity
differencesin newly diagnosed, untreated pediatric epilepsy.
Generalized epilepsy showed reduced coherence, especialy in
beta and delta bands, compared to focal epilepsy and controls.
Findings regarding the phase lag analysis highlighted that gen-
eralized epilepsy disruptedbrain connectivity more, with ab-
normal interhemispheric variations observed in alphaand delta
bands, emphasizing the need forfiltered frequency analyses.

Key Words: Epilepsy — Functional connectivity — Generalized
Epilepsy — Focal Epilepsy — Coherence — Phase
Lag — Idiopathic Childhood Epilepsy — EEG —
Phase — Based Connectivity.

Introduction

THE human brain is essentially enigmatic. When
impacted by disease, the complexity of the human
brain is further intensified by the underlying patho-
logical processes. Epilepsy is achronic neurological
disorder which causes recurrent seizures, associated
with chronic alterations of brain functions, with a
multifactorial etiopathogenesis [1-4]. Seizures may
vary from focal aware seizuresto generalized con-
vulsive seizures with loss of consciousness[2,5-9]. It
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is one of the most common brain disorders, with re-
cent estimates showing that around 50 million peo-
ple worldwide are affected by some type of epilepsy
[1]. The incidence rate of epilepsy is approximately
50-60/100,000 persons per year [9,10]. The most re-
cent reports from Africa showed that the prevalence
of epilepsy in African children is estimated at nearly
1in 50 children [11].

The pattern of epilepsy also varies with age, as
the immature brain of neonates and young infants
differs from that of the adult brain in terms of input
resistance, delayed development of ion channels,
devel oping synapses, and delayed formation of
functional inhibitory synapses, among other factors
that promote epil eptogenesis with unprovoked sei-
zure activity in children. Therefore, this difference
in pathogenesis, clinical manifestations, and EEG
patterns of childhood epilepsy makes it an intrigu-
ing area of research [12].

Seizures are characterized by excessive or syn-
chronous neuronal discharges of the cerebral cor-
tex, which can be unprovoked, i.e. in absence of a
potential medical condition or related to preexist-
ing brain lesions [13]. Every child presenting with
anew-onset unprovoked seizure which cannot be
explained by medical causes, should be evaluated at
minimum with abrain MRI and EEG [14,15], aiming
at detecting any structural brain abnormalities and
dysplastic lesions, aswell astemporal 1obe pathol-
ogy, which isacommon site for seizure activity [16] .
Moreover, an EEG will aid in the classification of
seizures as well as detect interictal epileptiform dis-
charges, which is the most specific finding for child-
hood epilepsy. However, a normal EEG does not
rule out epilepsy, and often specialized techniques
are needed to determine the diagnosis in patients
with repeatedly normal EEGs with no interictal epi-
leptiform discharges [15] .

Weighing the benefits of EEG, as a cost-effec-
tive and low-burden assessment tool, against the
limitations of the current diagnostic methods as
well as the interpretation of isolated wave abnor-
malities [15], in the context of the complexity of the
human brain, heralded the growing popularity of
ng brain functional connectivity, in order to
analyze the interaction between two or more EEG
parameters, which allows a more holistic approach
to neurological disorders, including epilepsy [17,18] .
Studies conducted on epileptic subjects showed al-
tered brain synchrony during epileptic seizures, es-
pecialy during interictal and resting states. While
the methods of detecting this connectivity alteration
varied between MRI, EEG, or magnetoencepha-
lography (MEG), the consensus remained in favor
of observed structural or functional connectivity
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alterations [19,20]. Even in focal epilepsy, avariant
which was previously thought to be due to patho-
logical discharges localized to a part of the brain
recent research has deemed it a more widespread
network disorder with spatial organization of epi-
leptic discharges on awider scale [21,22].

The current available literature on functional
connectivity remains limited, with comparability
of produced data being cumbersome and imprac-
tical due to the heterogeneity of methods used to
analyze functional activity, with most of the avail-
able literature on connectivity focusing on MRI asa
method of analyzing connectivity [19,23] . Even stud-
ieswhich utilize EEG to analyze connectivity are
difficult to generalize and compare due to dissimilar
techniques [22,24]. Some studies were limited by the
lack of comprehensive bandpass filtration leading to
distorted outcomes [25], while others were attenuat-
ed by their inclusion of patients with structural brain
disorders which are known to distorted structural
and subsequently functional connectivity [26], or the
inclusion of patients who are being treated with an-
ti-epileptic drugs (AEDSs) or other centrally-active
medications that may influence EEG connectivity
results [18,26] . Additionally, some studied measured
power-based connectivity, which islimited by com-
putational issues with inconsistent outcomes that
areunreliable [27].

In this case-control study we aimed to fill the
gap in the literature by investigating the effects of
epileptiform discharges on brain functional connec-
tivity in children with newly diagnosed idiopathic
epilepsy who are not yet receiving any antiepilep-
tic medications comparing the cases with age- and
sex-matched healthy controls, using coherence and
phase lag degree as quantitative EEG parameters.

Patients and Methods

During the reporting process of this manuscript,
we adhered to the checklist of items of the STROBE
statement (28). This case-control study was con-
ducted at the Department of Clinical Neurophysi-
ology, Beni-Suef University Hospital following the
approval of the Ethical Committee at Faculty of
Medicine in Beni-Suef University (Ethical approval
number: FMBSUREC/06112022/Ali) from De-
cember 2022 to June 2023. It included 60 subjects;
Group | consisted of 30 cases with newly diagnosed
idiopathic childhood epilepsy which were further
subdivided into 15 cases with generalized type and
15 cases with focal type. Group |1 consisted of 30
age- and sex-matched healthy controls.

Subj ects were retrospectively recruited from the
pediatric outpatient clinic between November 2022
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and July 2023. We included subjects who were 6 to
14 years old, newly diagnosed with idiopathic focal
epilepsy according to the 2017 classification crite-
ria, and who were untreated oronmonotherapy for
less than 3 months. We excluded those who were
below 6 or above 14 years of age, with MRI prov-
en structural brain pathology, as well as those who
were on combined antiepileptic therapy or mono-
therapy for a duration of more than 3 months, and
those who suffered from chronic diseases such as
chronic renal disease or chronic liver disease.

All patients were subjected to demographic and
clinical data collection with full history taking, in-
cluding patients’ comorbidities, duration of illness,
drug history, form of seizures and duration of at-
tacks. A neurological examination was done to as-
sess the physical and mental state. Patients under-
went routine EEG using Nihon Khoden software
with subsequent raw data quantification by Neuro-
Guide software.

EEG recording was conducted according to the
international 10/20 system of electrode placement
with reference and ground electrodes placed at the
forehead. Impedances of the electrodes were always
below 5kOhms. The EEG recording session lasted
for 20 minutes, during which subjectslaid supinein
a state of relaxed wakefulness, with eyes closed, in
asilent environment with a technician monitoring
signal quality and ensuring wakefulness to mini-
mize eye and muscle artifacts.

Functional connectivity analysis was performed
using Fast Fourier Transformation (FFT) for differ-
ent frequency bands and frequency spectra, which
were averaged across the selected Epochs to obtain
coherence and phase lag values.

The frequency bands were Delta (1-4 Hz), The-
ta(4-8 Hz), Alpha (8-13Hz) and Beta (13-30 Hz).
Selected electrodes were frontal for (F3 and F4),
parietal for (P3 and P4) and temporal for (T5 and
T6). Interhemispheric coherence and phase lag were
measured between frontal (F3-F4), parietal (P3-P4)
and temporal (T5-T6) electrodes between the right
and left hemispheres.

Intrahemispheric coherence and phase lag were
measured between frontal (F4-F8), parietal, and
temporal (P4-T6) electrodes in right hemisphere
and between frontal (F3-F7), parietal, and temporal
(P3-T5) electrodes in the left hemisphere.

Satistical analysis:

Statistical analysis was conducted using the
Statistical Package of Social Science (SPSS) soft-
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ware version 22 in windows 7 (SPSS Inc., Chicago,
IL, USA). Quantitative variables were presented
as mean and standard deviation, while qualitative
variables were described as frequencies and per-
centages. Data collected and coded to facilitate data
mani pul ation were double entered into Microsoft
Access. Quantitative data included in the study were
first tested for normality by One-Sample Kolmogo-
rov-Smirnov test in each study group then inferen-
tial statistic tests selected. Comparisons of quanti-
tative measures among more than two independent
groups of quantitative data were made using the
One-way ANOV A test followed by the Benferroni
post-Hoc to test the significance between each two
groups. The paired t-test was used to compare two
dependent quantitative parametric data. Moreover,
the Kruskal-Wallis test was used to compare more
than two independent groups for quantitative non-
parametric data, and the Wilcoxon tests were used
to compare two dependent quantitative non-para-
metric data. The p-value was calculated, with values
greater than or equal to 0.05 considered not signifi-
cant and those | ess than 0.05 deemed significant.

The following study was approved by the ethical
committee of the Faculty of Medicine, Beni Suef
University. Informed written consent was obtained
from all participants before commencing the study
and after explaining the objectives of the work to
the subjects and/or their guardians. Confidentiality
was guaranteed when handling the database and all
individuals were informed about the related proce-
dures and their rights to refuse participation or with-
draw from the study at any given moment.

Further details regarding the methodology are
mentioned in the supplementary materials Appen-
dix .

Results

Comparison of demographic data in different
study groups:

Comparisons between the subjects studied ac-
cording to age, sex, and comorbidities are detailed
in Table S1 and Table S2. No significant differences
were noted regarding patients age and sex (p=0.9,
p=0.8; Table S1). More details regarding the demo-
graphics are mentioned in Appendix 11 of the sup-
plementary materials.

Left:

In the alpha band, among the three groups, nei-
ther F3-F7 (43.9 vs. 56.7 vs. 54.1; p=0.06; Table 1)
nor P3-T5 (57.8 vs. 54.2 vs. 43.1; p=0.23; Table 1)
electrode pairs showed any statistically considerable
differences, this applies to comparisons drawn be-
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tween generalized group and the focal group, aswell
asthe generalized group and the controls, and the fo-
cal group with the controls. In the beta band, among
the three groups, there was significantly lower co-
herence in the generalized group compared to the fo-
cal group at the F3-F7 pair (35.8 vs. 58.2; p=0.001;
Table 1). Additionally, coherence in the beta band at
the F3-F7 pair was shown to be significantly lower
in the generalized group when compared with the
controls (35.8 vs. 49.2; p=0.01; Table 1).

In the deltawaves, the notable differencesin
coherence were observed at the F3-F7 pair when
comparing the generalized and the focal group, with
the generalized group showing significantly higher
coherence (52.05 vs. 41.1; p=0.04; Table 1). More-
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over, there was a significantly lower coherence of
the focal group as opposed to the controls (47.7 vs.
53.2; p<0.001; Table 1). Lastly, the only substantial
difference in the theta band was at the parietotem-
poral pair, P3-T5, exhibiting significantly higher
coherence in the generalized group compared to the
controls (56.1 vs. 43.01; p=0.04; Table 1).

Right:

The only considerable finding was observed in
the theta band with significantly higher coherence
at the F4-F8, in the generalized group as opposed
to the controls (63.2 vs. 45.7; p=0.001; Table 1), as
well as asignificantly higher coherence at the P4-
T6 pair in the generalized group as opposed to the
controls (59.1 vs. 46.7; p=0.01; Table 1).

Table (1): FFT coherence of the left and right hemispheresin different study groups.

Generalized Foca Control
Coherence (N=15) (N=15) (N=30) PR
Mean + SD Mean + SD Mean + SD
Alpha:
F3-F7 43.9+19.8 56.7+20.1 54.149.7 0.06 ab.c NS
P3-T5 57.8+20.3 54.2+14.6 43.1+21.01 0.23abc NS
Beta: .
0.001& HS

F3-F7 35.8+24.2 58.2+8.7 49.2+75 0.01b* S
0.13¢ NS

P3-T5 48.2421.1 49.5+21.2 38.616.3 0.08ab.c NS

Delta: .

F3-F7 52.05+19.2 41.1+11.3 56.7+6.8 0.042 S
o7 NS
<0.001¢ HS

P3-T5 57.3£25.4 47.7+16.4 53.2+8.3 0.27 abc NS

Theta:

F3-F7 48.7+19.7 55.1+9.4 53.7+115 0.4abc NS

P3-T5 56.1+25.7 45.7+17.2 43.01+7.9 0.252, NS
0.04b S
0.9¢ NS

Generalized Foca Control
Coherence (N=15) (N=15) (N=30) Lo s
Mean + SD Mean + SD Mean + SD
Alpha:
FA-F8 55.03+16.5 51.9+23.2 54.6+10.1 0.8abc NS
P4-T6 61.9+18.6 51.3+22.1 52.4+8.9 0.11ab;c NS
Beta:
FA-F8 60.4+18.01 50.03+14.7 51.1+7.8 0.2ab,c NS
PA-T6 60.6£18.3 49.1+20.7 53.5+10.1 0.1ab,.c NS
Delta:
F4-F8 59.2+11.9 51.4+19.1 50.2+10.4 0.1abc NS
PA-T6 56.3+13.3 48.8+15.7 44.9+15.02 006abc NS
Theta:

FA-F8 63.2£15.9 55.6£10.8 45.7+11.6 03 NS
0.001b HS
0.06° NS

PA-T6 59.1+12.03 54.8+19.4 46.7+10.8 0.0%_ NS
0.01b S
0.2¢ NS

*a Significance difference between generalized & focal groups.
*b: Significance difference between generalized & control groups.
*c: Significance difference between focal & control groups.
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Among the statistically significant findings, re-
garding the interhemispheric coherence, was the
alphaband at the F3-F4 pair, which showed signifi-
cantly higher coherence in the generalized group
as opposed to both the focal group (64.3 vs. 41.9;
p=0.01; Table 2) and the controls (64.3 vs. 43.5;
p=0.007; Table 2). At the P3-P4 pair, the alpha band
coherence was significantly higher in the general -
ized group compared to the focal group (46.1 vs.
15.5; p=0.007; Table 2), while it was shown to be
significantly lower in the focal group as opposed to
the controls (15.5 vs. 24.2; p=0.002; Table 2).

Furthermore, in the beta frequency band, co-
herence at the F3-F4 in the generalized group was
significantly higher than both the focal group and
the controls (50.1 vs. 29.1 vs. 30.1; p<0.001; Ta-
ble 2), aswell asthe P3-P4 (38.2 vs. 17.5vs. 20.1;
p=0.002; Table 2), and the T5-T6 pair (19.1 vs. 3.3
vS. 6.9; p=0.004, p=0.01, respectively; Table 2).
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In the delta band, we found that the interhemi-
spheric coherence was significantly higher in the
generalized group when compared with both the fo-
cal and the controls at the F3-F4 pair (75.2 vs. 40.2
vs. 28.8; p<0.001; Table 2), as well asthe P3-P4
(62.2 vs. 26.1 vs. 34.9; p<0.001; Table 2), and the
T5-T6 pair (59.3 vs. 14.5vs. 12.7; p<0.001; Table
2). When comparing the focal group to the controls,
significantly higher coherence was observed in the
focal group as opposed to the controls at the F3-F4
pair (40.2 vs. 28.8; p=0.02; Table 2).

Lastly, the theta band coherence was shown to
be significantly higher in the generalized groups as
opposed to both the focal group and the controls,
at the F3-F4 (66.1 vs. 36.7 vs. 35.6; p<0.001; Ta-
ble 2), the P3-P4 (42.2 vs. 24.1 vs. 27.4; p=0.005,
p=0.009, respectively; Table 2), and the T5-T6 pair
(26.7 vs. 9.7 vs. 5.3; p=0.009, p=0.001, respective-
ly; Table 2).

Table (2): Inter-hemispheric coherence in different study groups.

Coherence Generalized Focal Control D _
Inter-hemispheric (N=15) (N=15) (N=30) value Sg.
Mean + SD Mean + SD Mean + SD
Alpha: .
0.01a _ S
F3-F4 64.3+16.9 41.9+10.1 43.5+25.5 0.007b HS
0. NS
0.007a HS
P3-P4 46.1+21.9 15.5+13.5 24.2+20.6 0P NS
0.002¢ S
T5-T6 20.6+22.1 11.1+4.2 14.7418.2 0.22 NS
Beta: .
F3-F4 50.1+14.4 29.1+9.5 30.1+14.4 <0.001 > HS
0.9¢ NS
P3-P4 38.2+25.4 17.5£10.2 20.1+114 0.002 ab* HS
0.9¢ NS
T5-T6 19.1+23.03 3.3x2.1 6.9£7.5 0.0042 HS
0.01b S
0.9¢ NS
Delta:
F3-F4 75.2+17.5 40.2+9.6 28.8+11.2 <0.001a.b* HS
00x .. S
P3-P4 62.2+22.2 26.1+11.9 34.9+13.2 <0.001 HS
0.2c o NS
T5-T6 59.3+15.8 14.5+10.2 12.7£10.8 <0.001 > HS
0.9¢ NS
Theta: .
F3-F4 66.1+18.5 36.7+13.1 35.6+10.1 <0.001 HS
0.¢ NS
P3-P4 42.2+20.6 24.1+18.6 27.4+8.7 0.0052_ HS
0.009b HS
0.¢ NS
T5-T6 26.7+24.05 9.7£15.2 5.3+7.2 0.0092 HS
0.001b HS
0.9¢ NS

*a Significance difference between generalized & focal groups.
*b: Significance difference between generalized & control groups.
*c: Significance difference between focal & control groups.
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Left:

A significantly lower phase lag in the generalized
group was noted in the alpha band at P3-T5 when
compared to the controls (-6 vs. -0.65; p=0.03; Table
3). Regarding the beta band, there was a significantly
lower phase lag in the generalized group as opposed
to thefocal group aswell asthe controls (-4 vs. 2.5
vs. 0.90; p=0.007, p<0.001, respectively; Table 3).

Functional Connectivity Analysis

Right:

A significantly higher phase lag in the general-
ized group was noted in the alpha band, at the F4-
F6 when compared to the focal group (4.5 vs. -0.8;
p=0.007; Table 3). Regarding the beta band, there
was a significantly lower phase lag at the P4-T6 in
the focal group as opposed to the control group (-0.2
vs. 5.6; p=0.04, p<0.001; Table 3).

Table (3): Comparisons of phase lag in the leftand right hemisphere among different study

groups.

Phase lag Generalized Focal Control p- _

LT (N=15) (N=15) (N=30) value Sig.

Median/range Median/range Median/range

Alpha:

F3-F7 2.7 (-13/14) 2 (-8.4/47.5) 3.7 (-10/19.8) 0.5abc NS

P3-T5 -6 (-137/15) 0.23 (-8.4/45) -0.65 (-20/19.8) 0.4ac NS
0.03b S

Beta:

F3-F7 -4 (-120/15) -1.4 (-16/65) 0(-11/8) 0.5a’0€ NS

P3-T5 -4 (-111.4) 2.5 (-16/99) 0.90 (-11/11.5) 0.0072  HS
<0.001b HS
0.4c NS

Delta:

F3-F7 1.5 (-12/15) 9 (-120/99) -0.55 (-6.9/11.5) 0.7abc NS

P3-T5 2.1(-21/8.1) 1.4 (-39/63) -0.75 (-11/8) 0.7abc NS

Theta:

F3-F7 2.4 (-14/12) 2.7 (-56/63) 2.5(-10/19.8) 0.8abc NS

P3-T5 2.3(-11/15) 2.2 (-9.6/63) -0.60 (-20.19.8/) 0.9abc NS

Phase lag Generaized Focal Control -

RT (N=15) (N=15) (N=30) value Sig.

Median/range Median/range Median/range

Alpha:

F4-F8 45 (-1.1/26) -0.8 (-154/18) 4.2 (-18/23) 0.007 & HS
0.1bc NS

P4-T6 0.6 (-12/11) -2.5(-27/18) 0.25 (-18/24) 0.7ab NS
0.02¢* S

Beta:

F4-F6 0.4 (-8/22.5) -0.8 (-145/18) 2(-39/23.2) 0.21abc NS

P4-T6 0.2 (-20/160) -0.2 (-24/10.6) 5.6 (-39.5/23.9) 0.9ab NS
0.04c¢* S

Delta:

F4-F6 3.2 (-13/150) 2.6 (-145/18) 0.9 (-11/48) 0.3abc NS

P4-T6 -0.6 (-11/5) -1.4 (-18/13) 0.9 (-11/23) 0.9abc NS

Theta:

F4-F6 1.6 (-23/42) -1.3 (-144/10) 2.6 (-13/10.5) 0.2ab.c NS

P4-T6 2.4 (-5/6) -2.3(-111/19) -0.15 (-18/23) 0.2ab.c NS

*a Significance difference between generalized & focal groups.
*b: Significance difference between generalized & control groups.

*c: Significance difference between focal & control groups.
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Interhemispheric phase lag in the alpha band at
the T5-T6 showed significantly higher phaselag in
the generalized group when compared to the con-
trols (-0.3 vs. -26.5; p=0.04; Table 4). Additionally,
there was a significantly higher phase lag at the T5-
T6 in the focal group as opposed to the controls (-1.8
vS. -26.5; p=0.01; Table 4). At the T5-T6 pair, in the
delta band, there was a substantially lower phase lag
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in the generalized group as opposed to the controls
(-5.4 vs. 2.6; p=0.03; Table 4), and again at the P3-
P4 pair in the theta band, we noted a significantly
lower phase lag in the generalized group as opposed
to the controls (-5 vs. -0.44; p=0.04; Table 4).

Further details regarding study results can be
found in Appendix Il of the supplementary materials.

Table (4): Inter-hemispheric Phase lag in different study groups.

Phase lag Generalized Focal Control p- .
Inter- hemispheric (N=15) (N=15) (N=30) vaue Sg.
Mean = SD Mean + SD Mean = SD
Alpha:
F3-F4 -0.6 (-31/9.2) -33(-31.2/9.4)  -0.8(-3.4/63) 0.3abc NS
P3-P4 1.3(-163/12.7) 1 (-167/180) -0.71 (-27.9/6.7) 0.8abc NS
0.7a NS
T5-T6 -0.3(-179/132.9)  -1.8(-173/165.7) -265(-175.4/91.9) 0.04b*  SS
0.01¢*
Beta:
F3-F4 -11(-59.7/12.9)  0.70 (-11.5/24.4)  1.5(-1.3/3.3) 0.2abc NS
P3-P4 0.4 (-159/19) 06(-163/180)  1.5(-17.3/14.2) 0.9abc NS
T5-T6 -03(-160/177)  -3.6(-169/176)  -25.2(-176.2/171.1) 0.8abc NS
Delta:
F3-F4 -0.01 (-32/3.2) 05(-20.4/19.7)  -0.98(-3.9/5.4) 0.labc NS
P3-P4 -06(-71.2/41)  28(-185/180)  1.1(-2.5/3.2) 002a NS
0.6bc NS
T5-T6 -5.4(-133/80.3)  2.5(-39/162) 2.6 (-11.8/27.2) 0.3 S
0.03b*
Theta:
F3-F4 -3.3(-170/3.9) -31(-19.7/3.3)  -0.38(-10.2/5.8) 07> Ns
P3-P4 -5 (-38/5.6) -36(-137/180)  -0.44(-13.7/406) 0.8ac NS
004b* S
T5-T6 0.6 (-161/172) -06(-168/172)  -09(-1749/1682) 03*"° Ns

*a Significance difference between generalized & focal groups.

*b: Significance difference between generalized & control groups.

*c: Significance difference between focal & control groups.

Discussion

Brain connectivity can be assessed through
EEG by identifying synchronous signals obtained
from two or more EEG electrodes [29]. Connectiv-
ity can either be estimated as effective connectivity
or functional connectivity. Functional connectivity,
unlike the effective estimate, is bi-directional, de-
picting inter-regional activity [30].

In this case-control study, we aimed to investi-
gate the effects of epileptiform discharges on brain
functional connectivity in children with newly di-
agnosed untreated idiopathic epilepsy, quantifying
functional connectivity using coherence and phase
lag degree as EEG parameters.

We analyzed the intrahemispheric coherence
between different selected electrodes over the left
hemisphere (L) and we found significant differ-

ences between the generalized group and the focal
group, as well as between the generalized group and
the controls, regarding the mean coherence between
F3-F7 in the beta frequency band, with values being
the lowest in the generalized epilepsy group (35.8;
p=0.001, p=0.01, respectively). Wijayanto et al.
reported, based on a pediatric dataset with known
epileptic seizures, that there was a significant reduc-
tion in the left intrahemispheric coherence value un-
der ictal conditionscompared to preictal data, with
the lowest coherence value at the F3-F7 electrode
pair in the full band (p<0.0008) [271. Douw et al.
contrasted our findings showed that regarding the
functional connectivity between epileptic and non-
epileptic patients, the beta frequency band did not
show any statistically considerable variations [26] .
Elkholy disputed these findings and noted that the
intrahemi speheric coherence of the alpha band was
comparable between epileptic patients and the con-
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trols; however, it isworth noting that their sample
included medicated patients, a criterion which we
explicitly excluded [187.

Furthermore, we noted that there was a signifi-
cant difference in coherence (L) estimates at F3-F7,
in the delta band, between the generalized group
and the focal group (52.05 vs. 41.1; p=0.04), with
a significant reduction seen in the focal group when
compared to the controls (41.1 vs. 56.7; p<0.001).
Ravish et a., reported that in patients with seizure
activity, there were significantly greater coherence
values within the delta band, than in non-seizure
activity at the left intrahemispheric frontotemporal
level (p<0.05) [257. Wijayanto et al., reported that
under ictal conditions, between the F3-F7 electrode
pairs, left coherence values in the delta band were
significantly lower as opposed to preictal conditions
(p<0.05) [277. Douw et a., described disparate find-
ings, inferring no significant differences regarding
functional connectivity between epileptic, whether
generalized or partial, and controls; however, the
measure of functional connectivity they used was
synchronization likelihood, which might explain
the inconsistent outcomes. Moreover, they included
patients on AEDs and patients with radiological evi-
dence of brain pathology, both of whom we exclud-
ed from our study [267. Elkholy also contradicted
these results with no significant differences noted
between either group regarding the left fronto-pari-
etal coherence. This discrepancy could be explained
by several differencesin their protocol, especialy
the fact that only the frontoparietal coherence was
studied, while our data detected significant differ-
ences of intrahemispheric frontal coherence be-
tween our study groups [1g/.

We found no significant differences concern-
ing the F3-F7 electrode pair at the theta frequency
band (p=0.4). However, we noted a statistically
significant variance of estimated coherence (L)
between the generalized group and the controls,
at the P3-T5 connection (56.1 vs. 43.01; p=0.04).
Douw et al. reported in accordance with our find-
ings that there were substantial differences regard-
ing the functional connectivity between epileptic
and non-epileptic controls in the theta frequency
band, where the epileptic patients demonstrated a
notably higher synchronization likelihood (SL), a
measure of functional connectivity, than those with-
out epilepsy (0.033 vs. 0.028, U=0.005, p<0.001).
Moreover, they noted that these differences were
not observed when comparing patients with gener-
alized epilepsy and those with partial/focal seizures,
which firmly aligns with our findings [267. Elkholy
relayed data under a common protocol, highlighting
asignificantly lower coherence of theta frequency
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(p=0.017) in epileptic patients; however, these find-
ings were noted at the frontal-parietal level, while
ours were noted at the parietal-temporal level [1g.
Wijayanto et a., disputed our findings, showing that
there was a significant reduction at the F3-F7 elec-
trode pairs in the theta band under ictal conditions
unlike preictal ones (p<0.05) [277.

Touching upon the right hemisphere (R), in
terms of intrahemispheric coherence estimates,
we found no considerable differences between
the three groups except across the theta frequency
band, where we observed an appreciable difference
between the generalized group and the controls
at the F4-F8 connection (63.2 vs. 45.7; p=0.001).
Again, at the theta frequency, we highlighted that
the difference of estimated coherence between the
generalized and the controls, at P4-T6, was statisti-
cally substantial (59.1 vs. 46.7; p=0.01). Douw et a.
validated our observations by testing the diagnostic
potential of functional connectivity, although under
adivergent protocol with a disparate measure, and
relaying that theta band SL yielded a significant
sensitivity upgrade to the conventional EEG modél,
elevating the sensitivity from 35% to 58%, and the
accuracy from 67% to 75%; however, the specificity
of the model went down to 91% from 100% after
adding the theta band SL (p<0.001) [267. Opposing
our results, Wijayanto et al., indicated that there
were generally lower right-sided coherence values
under ictal conditions compared to the preictal con-
dition, identifying 10 electrode pairsin the theta
band which demonstrated significant reductionsin
coherence values, with the most notable reduction
being in the F4-F8 electrode pair (p<0.05). Fur-
thermore, they disputed our findings regarding the
bands which were abnormal, as they reported that
the highest reduction of the mean coherence was
observed in the delta band (p=0.0004) [277. Lagarde
et al., reported that there were significant spatial
differences regarding epileptic discharges—ob-
tained mostly from patients with right hemispheric
epileptogenic zones, and the functional connectivity
value, with structures within the epileptogenic zone
(EZ) having significantly higher functional con-
nectivity within themselves than with propagation
zones (PZ; p<0.001). Moreover, they found that EZ
had significantly stronger functional connectivity
with the PZ as opposed to the non-involved zones
(NI1Z; p<0.001) [221.

We evaluated the three groups for interhemi-
spheric coherence at various frequency bands and
observed a significantly higher alpha band inter-
hemispheric coherence at F3-F4, and these differ-
ences were shown to be significant between the gen-
eralized and focal group, as well asthe generalized
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and controls (p=0.01, p=0.007). Additionally, the
P3-P4 a pha band interhemispheric coherence was
significantly higher in the generalized group as op-
posed to the focal group (p=0.007), and consider-
ably lower in the focal group when compared to the
controls (p=0.002). Wijayanto et al., reported that
under ictal conditions, the alpha band showed sig-
nificantly lower interhemispheric coherence values,
at the F3-F4 and the P3-P4 pairs, compared to the
preictal condition (p<0.05), highlighting significant
network disruption in epileptic patients within the
frontal and parietal regions [27].

The interhemispheric coherence of the beta
band showed significant findings across the board,
with a significantly higher coherence at F3-F4 in
the generalized group as opposed to both the focal
group and the controls (p<0.001), and again at the
P3-P4 (p=0.002), and finally at the T5-T6 (p=0.004,
p=0.01). Wijayanto et al., inferred that the inter-
hemispheric coherence, at the F3-F4 and the P3-
P4 pairs, was significantly lower in theictal period
compared with the preictal period, in the aphaband
(p<0.05) [27]. Ravish et d., inferred that in patients
with seizure activity, there were dlightly lower co-
herence values within the beta band than in those
with no seizure activity at the frontotemporal level
in both the right and left hemispheres; however,
these findings did not prove to be of statistical sig-
nificance [25].

When comparing the generalized vs. the focal
group, and the generalized vs. the controls, we un-
derlined significant differences at the delta band,
showing that at F3-F4, P3-P4, and T5-T6, the inter-
hemispheric coherence was significantly higher in
the generalized group as opposed to the focal group,
aswell asthe controls (p<0.001, p<0.001, p<0.001).
Elkholy et al., demonstrated a significantly lower
coherence in the delta band in patients with focal
epilepsy compared to the controls (p=0.045) at the
frontal level [18] . Wijayanto et al., expounded on the
interhemispheric coherence in the delta band, show-
ing that there was a significantly lower value in the
delta band when comparing ictal periods to the pre-
ictal condition (p<0.05), these were noted at the F3-
F4 and the P3-P4 pairs, with the highest reduction in
the F3-F4 pair (p=0.0049) [27].

Our study addressed the phase lag as a measure
of functional connectivity, and we found significant
differences at the intrahemispheric aswell asthein-
terhemispheric level. Our data showed that the left
parieto-temporal phase lag at the alpha band as well
as the beta band (P3-T5), was significantly lower
in the generalized group as opposed to the controls
(p=0.03, p<0.001). Moreover, the beta band showed
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significantly lower parieto-temporal phaselagin
the generalized group as opposed to the focal group
(p=0.007). Adebimpe et a., inferred that epileptics
displayed significantly lower phase locking value
(PLV) in the delta and beta bands when compared
to the controls and those without spike conditions
(p<0.05), which partially aligns with our findings
since we noted no significant findings regarding the
phase lag in the delta band [31]. Endorsing the use
of phase synchrony and coherence as measures of
functional connectivity that can be used to diagnose
and classify epileptic seizures, Matos et al., report-
ed on their development of amodel that yielded
significantly accurate results that utilized IMCOH
(ameasure of EEG coherence) aswell asPLV (a
measure of phase synchronization) to determine the
classification of epileptic seizures, and compared to
the conventional EEG analyses, the model demon-
strated a sensitivity of 74.5%, a specificity of 57.1%,
and an accuracy of 67.1% (AUC=0.649), emphasiz-
ing a significant predictive value of functional con-
nectivity in the diagnosis of epilepsy [32].

Regarding the right intrahemispheric phase lag,
we reported that there was a significantly higher
frontal phase lag at the alpha band in the general -
ized group compared to the focal group (p=0.007),
and a significantly lower parietotemporal phase lag
of the alpha band in the focal group compared to
the controls (p=0.02). Moreover, we found that the
intrahemispheric parietotemporal phase lag at the
beta frequency band was significantly lower in the
focal group as opposed to the controls (p=0.04).
Adebimpe et al., compared patients with childhood
epilepsy regarding phase synchronization and found
that those with spike conditions had significantly
lower PLV in the apha band compared to controls
and those with no spike conditions (K (PLV degree)
=12.12) [31].

We found that the temporal (T5-T6) interhemi-
spheric phase lag showed significant differences be-
tween the three groups at the alpha and delta bands
only, being significantly higher in the generalized
group vs. the controls (p=0.04), as well as the focal
group vs. the controls (p=0.01) in the alpha band,;
however, it was significantly lower at the delta band
compared to the focal group (p=0.03). Lastly, the
theta band showed a significantly lower parietal
phase lag in the generalized group as opposed to
the controls (p=0.04). Adebimpe et al ., reported
on abnormalities detect on functional connectivity
analysis of epileptic patients regarding the PLV of
those with spike conditions as they have shown that
epileptic patients with wave spiked showed signifi-
cantly higher PLV in the alpha and delta bands over
the right centrotemporal region [K (PLV degree)
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=12.45]. Moreover, they showed that theta bands
displayed significantly higher PLV valuesin epilep-
tic patients with spike conditions compared to the
control, which contrasted our finding [31]. Accord-
ing to the work of Ravish et al., phase synchrony
was shown to be higher for seizure cases than those
without seizures, which contrasts our findings. How-
ever, these results were not statistically significant.
Moreover, they did not analyze the PLV of different
frequency bands, and their results regarding phase
synchrony were based on unfiltered frequency data,
which were reported to distort connectivity analysis
[25,33,34] .

Limitations:
Conclusion:

In conclusion, our study illuminated notable
variations in functional connectivity among chil-
dren with newly diagnosed, untreated idiopathic
epilepsy. Through EEG connectivity measures,
namely coherence and phase lag analyses, across
different frequency bands, we observed significant
inter- and intrahemispheric connectivity differenc-
es between generalized, focal, and control groups.
Notably, generalized epilepsy cases exhibited re-
duced coherence, particularly within beta and del-
ta bands, as compared to both focal epilepsy and
controls. This finding was partially in accordance
with previous studies as we observed discrepancies,
most probably owed to divergent methodologies,
evidently concerning selection criteria and analyti-
cal techniques. Our data provide in sights into the
functional connectivity patternsin epilepsy, sug-
gesting that generalized epileptiform activity may
lead to greater disruption in network coherence than
focal activity, while also reflecting on the wide-
spread functional connectivity disruptionsin focal
epilepsy. Moreover, phase lag analysis elucidated
distinctive interhemispheric differencesin the alpha
and delta bands, emphasizing the need for bandpass
filtered analyses to augment our understanding of
epileptiform network synchronization.
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