Elkholy Egypt J Neurol Psychiatry Neurosurg
https://doi.org/10.1186/541983-023-00727-2

(2023) 59:122

The Egyptian Journal of Neurology,
Psychiatry and Neurosurgery

RESEARCH  OpenAcess
®

Check for
updates

Disruption of EEG resting state functional
connectivity in patients with focal epilepsy
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Abstract

Background Epilepsy is a network disease and EEG could be used to evaluate dynamic inter-regional connectiv-
ity. The aim of the current study is to explore disruption of resting state EEG functional connectivity in focal epilepsy
using coherence and phase lag degree. This cross-sectional study included 30 patients with focal epilepsy and 30
matched healthy controls. One to two minutes of EEG segmented into 2-s epochs during awake eye-closed state
were analyzed using fast Fourier transform to yield four frequency bands: delta, theta, alpha and beta. Coherence
and phase lag degree were computed between each pair of 19 EEG electrodes and were assessed at the intra-
hemispheric (frontal-parietal and frontal-temporal) and inter-hemispheric (frontal, temporal and parietal) levels. The
frequency of interictal epileptiform discharges (IEDs) was calculated from a 60-min EEG recording session.

Results Compared to healthy controls, patients had lower theta coherence at left frontal-parietal (P=0.017), lower
delta coherence at inter-frontal (P=0.045), higher theta phase lag at right frontal-parietal (P=0.01) and lower delta
phase lag at inter-temporal (P=0.046) levels. Patients with left-sided epilepsy had lower theta coherence at left fron-
tal-parietal (P=0.026), higher theta phase lag at right frontal-parietal (P <0.001), higher delta phase lag at right fron-
tal-temporal (P=0.036) and higher theta phase lag at inter-parietal (P=0.028) levels. The frequency of IEDs correlated

with phase lag of delta (P=0.036, r=0.406) and theta (P=0.005, r=0.513).

Conclusions Patients with focal epilepsy had significant interictal functional connectivity disruption detected
by coherence and phase lag degree of delta and theta waves and correlated with frequency of IEDs.
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Background
The human brain is the most complex biological system
known, and it was shown that it operates as a system of
coupled oscillatory units and multistate dynamic net-
work system. Epilepsy is one of the most complex patho-
logical manifestations of this system [1].

Epilepsy affects more than 50 million people with
about one-third of the patients having intractable sei-
zures despite medical management [2]. Epilepsy is now

*Correspondence:

Mostafa M. Elkholy

mostafaelkholy@med.bsu.edu.eg

! Department of Clinical Neurophysiology (Neuro-Diagnostic

and Research Center), Faculty of Medicine, Beni-Suef University, Hadayek
AlAhram-Gate(3)-132(S), Giza 12522, Egypt

@ Springer Open

established as a network disease with hyperexcitable neu-
ronal networks [3]. For advancing epilepsy management,
it is necessary to understand the pathophysiological basis
of epilepsy generation and spread [4, 5].

The gold standard for assessing brain electrical activ-
ity is the electroencephalogram (EEG), which measures
the brain electrical fluctuations of wide range frequencies
with very high temporal resolution. These brain oscilla-
tions appear to be coupled both in time and space. The
EEG could be recorded during resting wakefulness to
measure spontaneous brain fluctuations or with different
types of stimulation to provoke any task-related changes
in the brain waves [1].

EEG could be used to measure functional connectiv-
ity which refers to the statistical interdependence or
synchronization between time series of different brain
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regions. It represents the temporal correlation between
spatially remote neurophysiological signals [5]. Among
the largely used functional connectivity measures are
coherence and phase lag. Coherence assesses linear
relation between the amplitude of two signals in the
frequency domain, while phase lag measures averaged
instantaneous phase differences between two time series
[6].

The study of brain connectivity and network character-
istics in epileptic patients has many clinical implications.
First, it will help to objectively explore pathophysiologi-
cal mechanisms involved in seizure initiation and propa-
gation which may help in introducing novel therapeutic
interventions (pharmacological and non-pharmacolog-
ical) [5, 7]. Second, theta band functional connectivity
was demonstrated as a useful diagnostic tool to predict
seizure recurrence in those patients with first unpro-
voked seizure and normal conventional EEG [8].

Regarding epilepsy management, neurophysiological-
derived functional brain connectivity was successfully
used to predict patient responsiveness to certain AEDs
[9, 10], epilepsy surgery planning [11, 12] and non-inva-
sive localization of epileptogenic zone [13], in addition to
its prognostic value to predict seizure and neurocognitive
outcome following epilepsy surgery [14, 15]. Disrupted
brain networks and functional connectivity in epileptic
patients may play a role in the devastating cognitive and
neuropsychological affection in those patients [16, 17].
Lastly, connectivity analysis was used in preictal predic-
tion of epileptic seizures using partial directed coherence
[18] and automatic seizure detection using effective brain
connectivity metrics [19].

A few previous studies have analyzed the resting state
EEG functional connectivity of patients with focal epi-
lepsy and the results were somewhat inconsistent regard-
ing specific characterization of the disrupted networks in
such patients [10, 20].

In our previous study, we concluded that patients with
focal epilepsy had transient dynamic changes in EEG
functional connectivity related to the interictal epilepti-
form discharges (IEDs) [21], however it is unclear if this
disruption is persistent in resting brain states regardless
of the occurrence of IEDs.

The aim of this study is to explore any significant dis-
ruption of resting state EEG functional connectivity in
focal epilepsy using coherence and phase lag degree.

Methods

This cross-sectional case control study was performed on
60 individuals (patients and controls of equal number).
The study protocol was approved from the local ethical
committee of faculty of Medicine, Beni-Suef University
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and an informed consent was obtained for experimenta-
tion with human subjects.

Thirty patients were retrospectively selected from the
patient archives fulfilling the following inclusion criteria:
a. age older than 16 years, b. patients complaining of focal
epilepsy with EEG evidence of focal interictal epilepti-
form discharges (focal spikes or sharp waves followed
by focal slow waves), c. EEG is technically optimum
and suitable for selection of sufficient amount of epochs
showing awake recordings. Another 30 EEG records were
selected from age- and sex-matched healthy controls.

Nineteen gold disc electrodes were placed on the sub-
ject’s scalp using electrode paste; according to the inter-
national 10/20 system of electrode placement at electrode
locations FP1, FP2, F7, F3, FZ, F4, F8, T3, C3, CZ, C4, T4,
T5, P3, PZ, P4, T6, O1 and O2, in addition to reference
and ground electrodes placed at the forehead and bilat-
eral aural reference electrodes. The impedances of the
electrodes were always below 5 kohms.

Raw EEG signals were recorded using Natus, Neurow-
ork EEG system (Nicolet EEG V32 amplifier) with a fre-
quency band of 1-70 Hz. The data were recorded using a
sampling rate of 512 Hz.

During the 60-min session of EEG recording, the sub-
ject was lying supine during a state of relaxed wakeful-
ness in a silent environment. An EEG technician was
following the recording to monitor the signal quality,
minimize any eye and muscle artifacts.

EEGs were reviewed visually to extract high-quality
recorded segments during awake eye-closed state with-
out any visually screened eye or muscle artifacts and
without any visible epileptiform discharges. The total
duration of these segments ranged between 4 and 8 min.

The frequency of interictal epileptiform discharges
(IEDs) was calculated by counting the number of IEDs
divided by the minutes of EEG recording. IEDs were
defined according to the operational definition proposed
by international federation of clinical neurophysiol-
ogy (IFCN) which included six criteria: bi- or tri- pha-
sic spikes or sharp waves, asymmetrical, different from
background, slow after-wave, disrupted surrounding
background activity and corresponding dipole on voltage
maps [22].

All participants in the two study groups had their
extracted EEG segments imported into the NeuroGu-
ide software (NeuroGuide, Deluxe 3.2.1, 2021, Applied
NeuroScience, St. Petersburg, Florida, USA) in depart-
ment of Clinical Neurophysiology (Neuro-Diagnostic
and Research Center), faculty of Medicine, Beni-Suef
University. The data were digitally re-sampled at a
sampling rate of 256 Hz, filtered at a 1-30 Hz interval,
and re-referenced to connected ear reference. Another
manual selection procedure was conducted to obtain
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2-s epochs with a total duration of 1-2 min of EEG
without any visible artifacts. To ensure high-quality
selection, split-half reliability and test—retest reliability
tests were performed, and only total records with val-
ues > 90 and 95%, respectively, were selected for further
spectrum analysis [23].

The entire number of selected EEG segments under-
went power spectrum analysis utilizing the fast Fourier
transform (FFT) with a 25% sliding window approach
of Kaiser and Sterman [24]. As a result, each of the 19
recording locations’ average power spectral values for the
various frequency bands are produced. Delta (1-<4 Hz),
theta (4—<8 Hz), alpha (8—12 Hz), and beta (13-25 Hz)
were the frequency ranges that were utilized.

Analysis of functional brain connectivity included EEG
coherence and phase lag degree. Coherence, which is
equal to a squared correlation coefficient, is a measure-
ment of the consistency of phase differences over time. It
depends on how many degrees of freedom were utilized
to calculate how consistent the phase differences were. It
ranges from 1 (constant phase differences in successive
epochs) to 0 (random phase differences) [25]

Phase lag is an analytical measure that can be com-
puted for every instant of time between two channels
[26]. Absolute phase lag has a () sign to denote the
direction of the relationship (lead/lag) between the two
channels and has a range of 0-180°. But according to
other studies, “a simple coherence and phase analysis
cannot separate magnitude and direction in the absence
of Directed Transfer Functions (DTF) using Multivariate
Auto-Regression” [27]. Because of this, the magnitude of
the inter-relation was represented by the absolute value
of the phase difference rather than its (+) sign.

Using the paired cross-spectrum method to compare
each individual EEG channel to each of the remaining 18
channels, EEG coherence and phase lag degree were cal-
culated, producing pairs of inter-electrode values of con-
nectivity measures in the four specified frequency bands.

EEG coherence and phase lag were measured at the
intra and inter-hemispheric levels as follows: a. intra-
hemispheric (fronto-parietal, F3-P3 and F4-P4 and
fronto-temporal, F3-T3 and F4-T4); b. inter-hemi-
spheric (frontal, F3—F4, parietal, P3—-P4, and temporal,
T3-T4).

G*Power 3.1.9.2 (2014) was used to compute the sam-
ple size (t-test) with an 80% study power [28]. The sta-
tistical package for social science (SPSS) Version 25.0
was used to analyze the data (IBM Corp. Released 2017.
IBM SPSS Statistics for Windows, Version 25.0. Armonk,
NY: IBM Corp.). In order to compare quantitative data,
independent t tests or Mann—Whitney U tests were
used, as appropriate. Quantitative variables were repre-
sented as mean, standard deviation, and 95% confidence
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Table 1 Disease duration and frequency of epileptiform
discharges of the patients

Mean SD Median IQR 95% Cl for mean
Disease duration 6.8 75 33 103 39/96
(years)
Frequency of IEDs 117 1.7 047 123 053/18
Peak frequency (Hz) 9.6 054 96 088 94/98

IEDs interictal epileptiform discharges, SD standard deviation, /QR inter-quartile
ratio, Cl, confidence interval

Table 2 Location of epileptiform discharges and AED intake of
the patients

Patients (n=30)

Frequency Percentage

Side of IED

Right 6 20

Left 14 46.7

Bilateral 10 333
Location of IEDs

Temporal 20 (15 left, 5 right) 66.6

Frontal 9 (5 left, 4 right) 30

Parietal 1 (left) 33
AED intake

Yes 18 60

No 12 40

IEDs interictal epileptiform discharges, AED anti-epileptic drugs

interval, or as median and inter-quartile range (IQR), as
appropriate.

Chi-square tests were used to compare qualitative vari-
ables that were reported as numbers and percentages.
Pearson correlation was used to correlate two continu-
ous variables, otherwise Spearman correlation was used.
In every test, a P-value less than 0.05 was regarded as
significant.

Results

The patient group included 30 patients with focal epi-
lepsy (15 males, their mean age was 28.6+9.6 years). The
control group included 30 participants and their ages and
sexes were matched to those of the patients (P=0.94 and
0.796, respectively). Tables 1 and 2 show other clinical
and EEG features of the individuals.

The epileptic patients had statistically significant lower
coherence of theta frequency at the left frontal-parietal
level (P value 0.017) and delta frequency at the inter-
hemispheric fontal level (P value 0.045) (Figs. 1 and 2).

The epileptic patients had statistically significant higher
phase lag degree of theta frequency at the right fron-
tal-parietal level (P value 0.01) and lower phase lag delta
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Fig. 2 Interhemispheric frontal coherence of the epileptic patients and controls

frequency at the inter-hemispheric temporal level (P
value 0.046) (Figs. 3 and 4).

The effect of epileptic discharges side on functional
connectivity measures was explored by comparing the
epileptic patients with left-sided epileptiform discharges
with matched controls. The patients had statistically sig-
nificant lower coherence of theta frequency at the left
frontal—parietal level (P value 0.026). (Additional file 1:
Figure S1).

Epileptic patients with left-sided epileptiform dis-
charges had statistically significant higher phase lag
degree of theta frequency at the right frontal-parietal
level (P value<0.001), delta frequency at right frontal—
temporal level (P value 0.036) and theta frequency at the
inter-hemispheric parietal level (P value 0.028) (Addi-
tional file 1: Figures S2-S4).

The frequency of epileptic discharges showed sig-
nificant correlation with phase lag degree of delta
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Fig. 4 Interhemispheric temporal phase lag degree of the epileptic patients and controls

(P=0.036, r=0.406) and theta (P=0.005, r=0.513) fre-
quency over the right hemisphere.

The EEG peak frequency showed significant corre-
lation with alpha coherence at the inter-hemispheric
temporal level (P=0.000, r=— 0.448), alpha phase
lag over the left frontal-temporal level (P=0.038,
r=— 0.275) and theta phase lag over the right frontal—-
temporal level (P=0.005, r=— 0.388).

No significant correlation was found between age,
disease duration and both connectivity measures.

Discussion

This cross-sectional observational study was designed to
determine any differences in resting state EEG functional
connectivity between patients with focal epilepsy and
matched healthy controls, using coherence and phase lag
degree measures.

The current study showed significant alterations of
functional connectivity in the form of reduced coher-
ence in the patient group at both intra-hemispheric (left
frontal-parietal) and inter-hemispheric (frontal) levels.
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Moreover, the epileptic patients showed higher phase
lag degree at both intra-hemispheric (right frontal-
parietal) and inter-hemispheric (temporal) levels. Also,
the patients with left-sided focal epilepsy showed sig-
nificantly lower coherence at the intra-hemispheric level
(left frontal—parietal) and higher phase lag degree at both
intra-hemispheric (right frontal-parietal and frontal—
temporal) and inter-hemispheric (parietal) levels. These
connectivity alterations were restricted to the delta and
theta frequency bands.

Earlier studies have investigated different aspects of
disrupted networks and connectivity in patients with
focal and generalized epilepsy. Margherita and colleagues
found increased global efficiency (measured by partial
directed coherence) in patients with focal epilepsy and
demonstrated alterations of functional connectivity in
whole brain and in specific resting state networks [29].

Furthermore, in their systematic review and meta-anal-
ysis, Eric van Diessen and his colleagues concluded the
presence of less optimal interictal network organization
in patients with focal epilepsy in the form of increased
average path length (marker of reduced network integra-
tion) and increased average clustering coefficient (more
segregated interictal networks). These alterations were
more evident in the theta frequency band [30].

At the same time, even in benign focal epilepsy such
as Rolandic epilepsy, Hyun-soo choi and his colleagues
demonstrated lower weighted phase lag index and longer
characteristic path length in lower alpha and beta bands.
They concluded decreased connectivity, integration, and
efficiency of resting state functional connectivity in these
epileptic children [31].

Moreover, Azeez and colleagues reported functional
disruption in children with rolandic epilepsy in the form
of increased theta, alpha and reduced beta lagged phase
synchronization. They proved reduced functional seg-
regation and integration together with loss of local and
long-distance functional connections [32].

Unfortunately, the comparison among different con-
nectivity and network studies is not applicable due to
wide variation in choice of connectivity measures, net-
work structure and metrics, modality (EEG, MEG,
fMRI,...), recording electrodes, and selection of different
patient populations [7, 29].

Although there is no clear explanation for the altered
connectivity and network disruption in epileptic brains,
there are, however, potential pathophysiological mecha-
nisms that could explain such disruption. These include
axonal swelling, demyelination, Wallerian degeneration,
cortical hypometabolism and cortical neuronal cell death
(30, 33].

Whether the seizures cause abnormal connectivity
or seizures occur as an epiphenomenon due to altered
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networks is unclear, however there is emerging evi-
dence that the frequent seizure recurrence leads to det-
rimental effects on both brain structural and functional
integration and may cause disruption of long range
subcortical—cortical connectivity [14, 30].

Considering our conclusion ‘in a previous study’
of disruption in EEG functional connectivity in close
temporal relation to the occurrence of IEDs [21] and
the finding of a connectivity disruption in resting EEG
(not including IEDs) in the current study, it seems that
these IED-related transient changes accumulate along
the disease course into a more persistent connectivity
disruption that could be explained by plasticity-related
reorganization of epileptic brain networks [33].

The altered connectivity in this study was restricted
to the delta and theta frequency bands. This is consist-
ent with the concept of frequency specific epileptic net-
work disruption in previous studies [7, 30, 32]. Theta
and delta activity are rhythms that are not present nor-
mally in adults during wakefulness, and their presence
either visually or even by quantitative spectral and con-
nectivity analysis denotes diffuse grey matter dysfunc-
tion in cortical and subcortical areas as well as partial
deafferentation of cerebral cortex [34]. These abnormal
rhythms were reported to occur in various neuropsy-
chiatric diseases including epilepsy [35].

In the current study, isolated comparison of the
left-sided epileptic patients showed similar connectiv-
ity alterations to those detected in comparison of the
whole patients’ group. Moreover, the coherence and
phase lag changes in epileptic patients were bilateral,
multifocal and occurred at both intra- and inter-hemi-
spheric levels. This may support the idea of widespread
nature of connectivity disruption in epileptic networks
which is not restricted to the epileptic focus location [4,
5, 14].

Other studies showed differential impact of the epilep-
tic focus lateralization with greater burden of connectiv-
ity changes in left lateralized epilepsies [36]. Moreover,
some studies demonstrated that patients with mesial
temporal lobe epilepsy had increased connectivity in
temporal region and decreased connectivity in frontal
and parietal regions outside the zone of epileptogenic
focus [37, 38].

In the current study the connectivity measures showed
no significant correlation with age and disease duration,
however phase lag degree had significant correlation with
the frequency of interictal epileptiform discharges point-
ing to their detrimental effect on the brain networks.
Similarly, Eric van Diessen and his colleagues found in
their review no significant association between patients
age, disease duration and network organization [30]. The
rate of interictal epileptiform discharges was found to
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increase connectivity strength in infantile spasm patients
[39].

There are some limitations that should be highlighted.
First, the patient population was heterogenous regard-
ing etiology, semiology, disease duration, location of the
epileptogenic focus, intake of anti-epileptic drugs (AED)
and prognosis. Second, there was no analysis of the possi-
ble effects of AEDs on the connectivity measures. Lastly,
this study did not include correlation of connectivity
measures with neuropsychological and cognitive abilities
which are frequently affected in epileptic patients.

Conclusions

Patients with focal epilepsy had significant disruption
of EEG resting state functional connectivity detected by
coherence and phase lag degree. Such disruption was
specific in delta and theta frequency bands and correlated
with the frequency of interictal epileptiform discharges.
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