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In this study, we investigate the cross-frequency coupling and functional brain networks in the subjects with temporal
lobe epilepsy (TLE) using interictal EEG signals. The phase to phase synchronization within and across frequency bands
is calculated and a significant difference between the epilepsy and control groups is observed. Compared with the controls,
the epilepsy patients exhibit a stronger within-frequency coupling (WFC) within theta and beta bands, and shows a stronger
cross-frequency coupling (CFC) in the delta–alpha and theta–alpha band pairs, but a weakened CFC in alpha–beta band
pairs. The weakened coupling between alpha and high frequency band reflects a suppression of phase modulation between
the brain regions related to epilepsy. Moreover, WFC and CFC are positively correlated, which is higher in the patients
relative to controls. We further reconstruct functional brain connectivity and find that both WFC and CFC networks show
small-world properties. For the epilepsy, the small-world efficiency is enhanced in the CFC networks in delta–alpha and
theta–alpha band pairs, whereas weakened between alpha and beta bands, which suggests a shift away from the optimal
operating point in the epileptic brain with a new balance between WFC and CFC. Our results may help us to understand the
important role of information communication across different frequency bands and shed new light on the study of pathology
of epilepsy.
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1. Introduction
Epilepsy (EP) is a chronic neurological disorder that is

characterized by recurrent episodes of abnormal neural dy-
namics in the brain. Globally, approximately 50 million pa-
tients suffer from this kind of disease.[1,2] The specific causes
of most epilepsy cases remain unclear. However, neurophysio-
logical research aiming to reveal the generation mechanism of
the epilepsy have never stopped, especially for partial epilep-
sies. Temporal lope epilepsy (TLE), as a common partial
epilepsy, was traditionally thought to originate in specific ar-
eas of the cortex known as the seizure onset zone (SOZ) and
then gradually spread to other areas, known as epileptogenic
zones (EZ).[3] This spreading process typically results in dra-
matic changes in neuronal synchrony in multiple temporal-
spatial scales.[4] Severe epileptic seizures can cause exces-
sive synchronized or abnormal activities in the brain cortex.
These abnormal synchrony dynamics in the brain can impact
function connectivity and information transmission within and
cross different brain regions.[5,6]

Brain functions and dynamics have been widely studied
through brain imaging techniques such as electroencephalo-
gram (EEG), functional magnetic resonance imaging (fMRI),
and positron emission tomography (PET).[7–9] EEG, as a non-
invasive neuroimaging tool, has frequently been utilized to

diagnose different neurological disorders and diseases.[10,11]

Clinically, it has been proven that any pathology in the brain
neurons leaves a signature on EEG signals.[12] Hence, scalp
EEG is often the preferred choice and lots of advanced algo-
rithms have been proposed based on EEG signals to analyse
the abnormality induced by epileptic activity. In addition, the
EEG based method for locating the epilepsy affected brain
area is convenient and EEG signals provide good temporal
resolution.[13] Many linear and nonlinear dynamics analyses
based on EEG signals have revealed the characteristic affects
of epilepsy on brain activity. Quraan et al. applied power spec-
trum density (PSD) on EEG signals recorded from left tempo-
ral lobe epilepsy (LTLE) patients and reported that patients
exhibited higher power in theta band but lower power in high
alpha bands.[14] Heijer et al. explored the functional brain con-
nectivity using EEG signal and found global and focal func-
tional connectivity were negatively correlated.[15]

The transmission of information in the brain is based on
electrophysiological processes and refers to the type of con-
nectivity between neurons.[16,17] The notion of synchroniza-
tion was proposed to describe the functional connectivity be-
tween different neuronal oscillations.[18] Pfurtscheller et al.
investigated event-related synchronization using EEG signals
and found that the brain oscillations were negatively corre-
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lated with their amplitude.[19] Elul et al. demonstrated that the
amplitude of oscillations was proportional to the number of
synchronously active neural elements.[20] Discerning the syn-
chronization of brain oscillations might offer the possibility
of gathering deeper insight into the development of epilep-
tic seizures. Thus, synchronization phenomena in chaotic
system has attracted considerable interest in EEG studies of
epilepsy. Mormann et al. applied mean phase coherence to
investigate the phase synchronization of TLE and observed
the decreased synchronization before the onset of seizure.[21]

Ortega et al. reported that the TLE patients showed less syn-
chronization degree in mesial areas than that in contra-lateral
areas, which may be associated with seizures.[22] In addi-
tion, enhanced synchronization at the end of the seizure has
also been observed in the focal epileptic patients and the in-
creasing synchronization of neuronal activity can be consid-
ered as an emergent self-regulatory mechanism for seizure
termination.[23]

The synchrony between EEG signals occurs not only
within a given frequency range, which is known as within-
frequency coupling (WFC), but also between frequency bands,
which are referred as cross-frequency coupling (CFC). The
CFC was recently considered in neuroscience to play a crucial
role in supporting multiple brain functions, such as memory,
learning and cognition.[24–26] Three different types of CFC are
generally explored in recent studies, where each type repre-
sents a particular interaction pattern between frequency bands,
they are: amplitude to amplitude coupling (AAC), phase to
phase coupling (PPC) and phase to amplitude coupling (PAC).
Li et al. reported that CFC is a feature of the brain’s neural
networks and could effectively extract signals from brains.[27]

Wang et al. found increased theta-to-gamma but decreased
alpha-to-gamma band AAC in fragile X syndrome patients.[28]

Canolty et al. observed robust PAC between high frequency
gamma and low-frequency theta and found cortical activity
was regulated by coupling patterns between low and high fre-
quency bands.[29] In addition to the theta-gamma PAC, en-
hanced PPC among alpha, beta and gamma bands can be found
in continuous mental arithmetic tasks.[30] Importantly, PPC is
able to investigate the functional interaction between different
brain regions across multiple frequency bands. Thus, in this
study, we utilized PPC to explore the abnormality of cross-
frequency synchronization between different regions.

Functional brain connectivity is an important feature
in the study of the alteration of brain functions based on
EEG.[31–33] Given that the electrophysiological dynamical
system comprises numerous neurons, which makes it struc-
turally and functionally connected, network theory is natu-
rally applied to study the brain dynamics. Network theory,
which is also referred to as graph theory, has shown great
promise in exploring the brain impaired network function re-

sulting from neurological diseases.[34,35] Many network met-
rics have been proposed to study network functional dynam-
ics associated with various neurologic disorders.[36–38] The
main outcome of these studies is that interactions in the hu-
man brain possess small world network (SWN) properties,
which are in fact highly clustered like regular lattices and can
be well distinguished from random networks.[39–41] Detailed
network analyses have recently investigated the alteration of
SWN property of brain activities affected by neurological dis-
eases. Pedersen et al. reported that the clustering coefficient
and local efficiency of focal epilepsy patients were signifi-
cantly higher than healthy controls, whereas global efficiency
were not significantly different between two groups and the
increased clustering and local efficiency contributes to the im-
proved SWN property.[42] Ponten investigated how the SWN
property changed during ictal period based on EEG signals
and found the increased SWN feature in the alpha, theta and
delta bands.[43]

The main purpose of this study is to explore cross-
frequency coupling and functional brain networks in epilepsy
patients. Scalp EEG data were collected from patients with
temporal lobe epilepsy during the interictal period and nor-
mal controls. Then, the phase synchronization index (PSI)
was applied to measure the phase synchronization within and
between frequency bands. The synchronization strength in
WFC and CFC cases was first investigated. Then, the re-
gional PSI was computed to explore how functional connec-
tivity is distributed throughout the brain’s regions. Finally, we
constructed WFC and CFC networks and extracted graph the-
ory metrics to investigate the coupling difference within and
across frequency bands.

2. Methodology
2.1. Experimental design and EEG recording

This study’s subjects were recruited via an announcement
at Tangshan Gongren Hospital and consist of 20 right-handed
patients diagnosed with right temporal lobe epilepsy (8 fe-
males and 12 males, aged from 20 to 36) and 18 right-handed
normal controls (10 females and 8 males, aged from 21 to 37).
The determination of seizure lateralization was based on the
presence of unilateral epileptiform activity evidenced by con-
tinuous video-EEG and magnetic resonance imaging (MRI)
assessment. All of the participates were native speakers and
had no reported history of other neurological disorders, neuro-
logical active medication, or any other factor that may affect
EEG activity. All subjects gave their written informed consent
and the experiment was approved by the ethics committee of
Tangshan Gongren Hospital.

About 15 minutes EEG signals were collected after a 3-
min relaxation phase for each subject. During the acquisition,
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the subject was required to sit upright on a comfortable chair
in a semi-dark quiet room and to stay awake with their eyes
closed. In addition, they were told in advance that any move-
ments should be avoided during the experiment, such as body
movements, eye movements and blinks. All EEG signals were
collected by NIHON KOHDEN system. The Ag–AgCl scalp
electrodes were placed according to the international standard
10-20 placement system, EEG data were recorded from the 19
scalp loci (Fp1, Fp2, F7, F3, Fz, F4, F8, T7, C3, Cz, C4, T8,
P7, P3, Pz, P4, P8, O1, and O2). The linked earlobe A1 and
A2 were used as a reference. The EEG data were filtered using
a band-pass filter of 0.5 Hz–70 Hz and the sampling frequency
was 200 Hz.

2.2. Preprocessing

In the offline data preprocessing, the noise in the EEG
data was first filtered out and useful information was extracted
by a band-passed finite impulse digital filter of 0.5 Hz–30 Hz.
Then, the EEG data of each channel was re-referenced to the
average of all channels to remove systematic effects which
might be caused by referencing to a particular channel, es-
pecially in the context of synchronization analysis. Next, we
applied complex Morlet wavelet transform to compute the in-
stantaneous phase in four frequency bands: delta (0.5 Hz–
4 Hz), theta (4 Hz–8 Hz), alpha (8 Hz–15 Hz), and beta
(15 Hz–30 Hz). The complex mother Morlet wavelet has a
Gaussian shape around the central frequency f :

w(t, f ) = (σ2
π)−1/4 e((−t2/2σ2)+3/2π j f t), j =

√
−1 (1)

in which, σ is the standard deviation of the Gaussian envelope
of the mother wavelet. All the processes were performed in
MATLAB 2015b.

2.3. Phase synchronization index

To investigate the phase coupling within and between dif-
ferent frequency bands, the instantaneous phase was computed
from the wavelet coefficients for all electrodes, which is de-
fined as

Φ( f , t) = arg[φ( f , t)], (2)

where φ( f , t) is a complex number. For two EEG signals X
and Y , the generalized phase difference between them is de-
fined as

∆Φ( fm, fn, t) = n ·Φ( fm, t)−m ·Φ( fn, t), (3)

where fm and fn are the center frequencies of signals X and Y .
In addition, m and n are some integers that should satisfy the
condition n · fm = m · fn. In the WFC case with fm = fn, the
phase difference is computed by applying m = n = 1. The n:
m phase synchronization index (PSI) can be defined as

PSI( fm, fn) =
∣∣∣〈e j·(∆Φ( fm, fn,t))

〉∣∣∣ , (4)

where 〈·〉 refers to the averaging across time. Obviously, PSI
is a symmetrical measure (i.e., PSIXY = PSIY X ) and within the
range [0, 1]. In this study, we applied PSI to investigate the ab-
normality of within and cross frequency coupling in the epilep-
tic brain. This procedure generates a 76×76 matrix consisting
of four 19×19 submatrices showing within band synchroniza-
tion and six 19× 19 connectivity submatrices showing cross
band synchronization when considering the symmetry graph
theory metrics.

2.4. Graph theory metrics

The quantified coupling within and across four frequency
bands were used to construct the functional network includ-
ing WFC network and CFC network, as shown in Fig. 1(b).
Since the coupling strength of WFC is much stronger than that
of CFC, we applied proportional threshold on each 19× 19
submatrix. 30% strongest links were preserved to avoid iso-
lated nodes in WFC and CFC and the similar results were also
obtained under other thresholds such as 20% and 40%. Cor-
respondingly, we also constructed random networks that have
the same number of edges and degree distribution as the net-
works that we studied. These reconstructions for random net-
works were carried out 100 times for each individual network.

1 s 
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Fig. 1. EEG data acquisition and schematic presentation of cross frequency
network. (a) 15 seconds time series raw EEG signals (b) the cross-frequency
network between theta and alpha bands. The red lines indicate the functional
connectivity within specific bands, while the blue lines represent the connec-
tivity between different bands ( f1 and f2 ).

In graph theory, the network was represented as a geo-
metric model with a set of nodes (representing processing cen-
ters) and edges (represents the information transition between
nodes). In this context, a number of local and global graph
theory metrics were calculated. Local efficiency was used to
show how efficient the communication is between the node k
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and its neighbor nodes. Local efficiency of node k is defined
as

locE(k) =
1

NGk(NGk −1) ∑
i, j∈Gk

1
li j
, (5)

where li j is the shortest path length between nodes i and j, Gk

is a set containing the neighbor nodes of node k. The local
efficiency of the network is calculated as

locE =
1
N ∑

k
locE(k), (6)

where N is the number of the nodes in the network. Addition-
ally, the integration of information is another important ability
of the brain and it is associated with advanced brain functions
such as learning and memory. We used global efficiency to
represent the integration properties of the brain, which is de-
fined as

gE =
1

N(N−1) ∑
i, j,i 6= j

1
li j
. (7)

In an attempt to quantify small work features, we calculate
small world index σ as[44]

σ = γ ·λ , (8)

where γ , as normalized local efficiency of the network, is com-
puted by

γ =
locE

locErand
, (9)

and λ represents normalized global efficiency of the network
defined as

λ =
gE

gErand
. (10)

where locErand and gErand are the local efficiency and global
efficiency of corresponding random networks, respectively.
In this study, random networks are generated by randomly
reshuffling links according to Maslovs wiring algorithm.[45]

They have the same number of nodes, edges and degree distri-
bution as original networks. To achieve high confidence of the
normalization results, the generation of random networks was
repeated 100 times.

2.5. Statistical analysis

The Wilcoxon rank sum test was applied to evaluate the
group difference in the functional connectivity and graph the-
ory metrics between epilepsy patients and normal controls. A
p value smaller than 0.05 indicates significant difference. We
further used Bonferroni correction for multiple comparisons
as the tests are performed across different frequency bands.
In this paper, the statistical analyses were performed using
SPSS (version 19.0) software package and Brain Connectiv-
ity Toolbox (BCT) was used to calculate the graph metrics
(http://www.brain-connectivity-toolbox.net).

3. Results

Using the measure of PSI, we explored the phase syn-
chronization dynamics within and between different frequency
bands. Figure 2 shows the cross-frequency synchronization
matrix of an epilepsy and control subject, respectively. The
overall cross-frequency matrix consists of four 19× 19 sub-
matrices on the diagonal (WFC) and six 19× 19 off-diagonal
submatrices (CFC). Obviously, the WFC values are larger than
CFC for both epilepsy patient and normal control. However,
a significant difference can be observed between them in the
synchronization level within and between frequency bands.
Compared with the control subject, the epilepsy patient shows
increased WFC within theta and beta bands, but decreased
WFC within alpha band. Additionally, the patient also demon-
strates higher CFC in the delta–alpha and theta–alpha bands,
but lower CFC in the alpha–beta bands. These observations
are further confirmed by statistical results of group difference
in the mean coupling strength (average of a 19× 19 subma-
trices). Table 1 shows the comparison results between two
groups within four frequency bands and in six cases of cross
frequency bands. Significant coupling difference is observed
within theta, alpha and beta bands and in the δ–α and θ–α

band pairs.

Epilepsy

-2.5

-2.0

-1.5

-1.0

-0.5

0

δ θ αβ

δ

θ

α

β

δ

θ

α

β

Control

-2.5

-2.0

-1.5

-1.0

-0.5

0

δ θ αβ

(a) (b)

Fig. 2. Cross frequency synchronization in the epilepsy and control states. (a) The (logarithmic) synchronization matrices for a typical epilepsy patient.
(b) The (logarithmic) synchronization matrices for a control subject. The epilepsy patient shows a significant difference in the synchronization strength
(PSI) within and between frequencies, relative to the control subject.
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Table 1. Average PSI values of both groups for within and gross frequency bands.

Channels Epilepsy group mean±std Control group mean±std p value

δ 0.6475±0.0703 0.6282±0.0820 0.7584
θ 0.6397±0.0613 0.5231±0.0761 0.0124*
α 0.5781±0.0894 0.6778±0.0338 0.0102*
β 0.5239±0.0793 0.4332±0.0265 0.0133*

δ–θ 0.1665±0.0234 0.1655±0.0208 0.9446
δ–α 0.1271±0.0083 0.0988±0.0057 <0.005**
δ–β 0.0868±0.0079 0.0826±0.0086 0.5284
θ–α 0.1441±0.0336 0.1053±0.0156 <0.005**
θ–β 0.0859±0.0197 0.0819±0.0078 0.6384
α–β 0.0997±0.0111 0.1013±0.0057 0.0323*

The distributions of WFC and CFC values were investi-
gated, respectively, for both epilepsy and normal control. The
results are shown in Fig. 3. The WFC values for both epilepsy
and normal control are within the range [0.1 0.9] with mean
values 0.5973 and 0.5656, respectively. While the CFC values
for both subjects are within the range [0.05 0.25] with mean
values 0.1270 for the epilepsy and 0.1148 for the control. It
can be concluded that the averaged coupling strength of the

epilepsy is higher than that of the control for both WFC and

CFC. We extended this analysis to all subjects to investigate

the group difference in mean synchronization strength. Statis-

tical analyses revealed that the epilepsy group shows a signif-

icantly higher synchronization level comparing to the control

group in both mean WFC and CFC with p < 0.01 after correc-

tion.
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Fig. 3. Distribution analysis of within and cross frequency phase synchronization index. (a) and (b) Distribution histogram of PSI for the epilepsy in WFC and
CFC cases, (c) and (d) Distribution histogram of PSI for normal control in WFC and CFC cases. (e) and (f) Boxplot of the mean synchronization strength for
the epilepsy and control groups in WFC case and CFC case. The bin widths of PSI histograms for WFC and CFC are 0.02 and 0.004 respectively. Note that the
epilepsy group show higher mean synchronization strength (PSI) for both WFC and CFC.

We further investigated the difference of coupling capa-

bility of individual channels using regional PSI by averag-

ing PSI values of one channel with all other channels. Fig-

ure 4 presents the regional PSI for the within and cross fre-

quency bands that exhibited statistically significant differ-

ences between the epilepsy and control groups. For the WFC

(Figs. 4(a)–4(c)), regional coupling of the epilepsy group is

stronger than that of normal control in the theta and beta bands,

but weaker in the alpha band. In particular, the electrodes with

significantly higher coupling within theta and beta frequency
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bands are mainly located in frontal and central areas, espe-
cially for FP1, FP2, and Cz. While within alpha frequency
band, the electrodes with significantly coupling difference are
also in frontal and central areas but the coupling strength is
lower than the control. For the CFC (Figs. 4(d)–4(f)), the pa-
tients show stronger regional coupling in δ–α and θ–α band
pairs, but lower coupling between α and β bands. In addition,
significantly stronger regional coupling of the epilepsy group
is within the frontal and central areas between δ and α bands,
and within the central and occipital areas in θ–α band pairs.

Furthermore, we explored the relationship between WFC and

CFC by calculating the Pearson correlation coefficient for all

epochs of EEG from epilepsy and control subjects (Fig. 5).

Clearly, WFC and CFC exhibits a positive correlation for both

epilepsy and control groups, but the former has a larger cor-

relation coefficient (c = 0.6341) than the latter (c = 0.3511).

This difference may be due to the enhanced cross-frequency

coupling strength between alpha and other frequency bands in

the epilepsy group.
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Fig. 4. The regional PSI for individual electrodes in WFC and CFC (a)–(c) The regional PSI for individual electrodes in WFC case, (d)–(e)
The regional PSI for individual electrodes in WFC case (* denotes significant difference before correction and ** denotes significance after
correction). Significant group difference in regional PSI is observed in most channels for both WFC and CFC.

Finally, we constructed weighted functional networks
within and cross frequency bands for both groups. The
strongest 30% coupling strength was preserved to make sure
that there was no isolated node in the network. Graph theory
metrics was applied to gain more insight into the alteration of
WFC and CFC networks in the epilepsy brains. Normalized

local efficiency γ , normalized global efficiency λ , and small
world network (SWN) index σ were calculated and shown in
Fig. 6. It is demonstrated that both WFC and CFC networks
show small-world features as the values of σ are over 1. In the
WFC networks, the SWN index of the epilepsy is larger than
the control in the theta band, but smaller in the alpha band. In

048702-6



Chin. Phys. B Vol. 28, No. 4 (2019) 048702

the CFC networks, the SWN index of the epilepsy is increased
in the δ–α and θ–α band pairs, but decreased between α and
β bands, compared with normal controls. Interestingly, the
alteration of CFC networks is always associated with the al-
pha band. The small-world efficiency is enhanced in the CFC
networks between alpha and low frequency bands, but weak-
ened in the CFC networks between alpha and high frequency

bands in the epilepsy. In addition, we investigated the proper-
ties of two-layer networks containing both within and between
band connections. The SWN index for the epilepsy group is
also increased in the δ–θ and δ–α networks relative to the
control group. This may suggest that the oscillation in alpha
band plays an essential role in information transmission cross
different frequency bands.
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Fig. 5. Within frequency regional PSI versus cross frequency regional PSI and best linear fit (red line) indicates their correlation for epilepsy
and control group, respectively. The epilepsy group shows higher correlation between WFC and CFC compared to the control group.
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4. Discussion
In this paper, we investigated the cross-frequency cou-

pling and functional brain networks in epilepsy patients dur-
ing the interictal period. The phase synchronization index
(PSI) was utilized to quantify the coupling strength between
each pair-wise channel within and across different frequency
bands of EEG. Our results show that a significant difference
of coupling strength between two groups can be observed in
both WFC and CFC. Compared with the normal controls, the
epilepsy patients exhibit stronger WFC coupling within theta
and beta bands, and a stronger CFC coupling in the δ–α and
θ–α band pairs. Importantly, a positive correlation between
WFC and CFC is found, and the correlation is higher in the
epilepsy. We further explored the properties of brain network
based on the coupling within and between frequency bands.
It is demonstrated that both WFC and CFC networks show
small-world properties. We found that for the patients, the
small-world efficiency is enhanced in the CFC networks be-
tween alpha and low frequency band but weakened in the CFC
networks between alpha and high frequency bands, which in-
dicates that oscillation in alpha band plays an essential role in
information communication cross different frequency bands.

A growing body of evidence from the empirical data
shows that altered synchronization from a balanced state can
be associated with various neuropsychiatric disorders.[22,46,47]

As a common neurological disease that results from inter-
mittent abnormal neuronal firing, the abnormalities of syn-
chronization in epilepsy have been investigated in multiple
temporal-spatial scales, which can be also confirmed by the
scalp EEG recorded from the whole brain.[5,12,13] By using
EEG of TLE patients, Bettus and colleagues have reported in-
creased synchronization within the epileptogenic zone, which
was significant in most frequency bands (e.g., theta and
alpha).[13] Horstmann et al. have further reported increased
broad band synchronization in epilepsy patients.[48] In this
work, we found that epilepsy patients exhibit higher synchro-
nization in the theta and beta band but lower synchroniza-
tion in the alpha band. These results are in accordance with
the observations of Quraan’s work, in which epilepsy patients
demonstrated significantly higher synchronization in the theta
band but lower synchronization in alpha band.[14] Therefore,
it is reasonable that abnormal synchronization of EEG can be
an important character for epilepsy.

Apart from the investigation of synchronization within
band, the cross-frequency coupling of EEG has been ex-
plored in previous epileptic studies.[13,14] Guirgis et al. have
found that the phase-amplitude coupling (PAC) strength be-
tween delta and high frequency was higher in the epilepto-
genic zone.[49] Zhang et al. have studied the coupling strength
of multi-channel EEG signals from temporal lobe epilepsy
and observed significantly increased PAC strength in the delta,

theta, and alpha oscillations.[50] However, the CFC analyses
mentioned above were mainly performed on individual elec-
trode or brain areas. In this study, we applied a phase to
phase coupling measurement to calculate the synchrony be-
tween pair-wise channels and cross various frequency bands.
It was shown that the CFC in the epilepsy was significantly
decreased between alpha and high frequency bands. Sim-
ilarly, Ramon also found the cross-frequency couplings be-
tween alpha and gamma bands were decreased in and near
to the seizure area.[51] In fact, the alpha to higher frequency
band interactions are related to the phase modulation of mo-
tor region by premotor region. For instance, finger movement
can cause the suppression of phase-phase CFC to the α–β

band.[52] According to the widely held view that CFC plays
an important role in supporting advanced brain functions such
as memory and cognition,[25,26] the abnormalities of between
band synchronization may also be linked with the epileptiform
activity or dysfunction in epileptic brain.

The within and between frequency couplings should not
be treated separately because they may show some specific
relationship.[53] A recent research integrating cross-frequency
and within band functional interactions has shown that the
strength of cross-frequency connectivity significantly corre-
lates with the averaged magnitude of within band connections,
and the strength of CFC strongly influence the spatial network
similarity across different frequency bands.[54] In our previ-
ous work, the relationship between WFC and CFC has also
been investigated for patients with Alzheimer’s disease (AD).
A significant correlation was observed as a result of declined
cross frequency coupling for AD patients.[55] In this study,
we found that WFC and CFC are positively correlated and
such correlation is higher for the patients. This correlation
difference between epilepsy and the control group can be at-
tributed to a significant enhancement in cross-frequency cou-
plings compared with the within band interactions in epileptic
brain. These findings also imply that it may be a good choice
to analyze the functional interactions across the electrophysi-
ological spectrum in a single framework for the investigation
of brain networks.

Considering the group difference of within and between
band synchronization strength, we further extracted the graph
theory metrics to explore the properties of brain networks con-
structed by the coupling within and cross frequency bands. In
this study, decreased small world properties can be observed in
the alpha network, which is in accordance with Quraan’s study
in which the patients showed deviations toward a random net-
work in the high α band. While for the CFC network that
contains connections within and between frequency bands, the
patients showed elevated small-world properties in delta-alpha
and theta-alpha band pairs. Besides, the epilepsy group also
exhibit improved small-world properties in the delta-alpha net-
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work containing both within and between band connections.
These alterations suggest an enhanced capacity of information
transmission between alpha and low frequency bands, which
may compensate for the suppression within alpha band for
the epilepsy patients. According to the widely held view, the
healthy human brain operates at a transition point that allows
the brain to switch between separation and integration. The
changes in the network properties (for both WFC and CFC
cases) also imply a shift away from the optimal operating point
in the epileptic brain with a new balance between WFC and
CFC. Taken together, our results indicate that the investigation
of cross-frequency functional connectivity can provide more
information about the network abnormalities for the patients
and may facilitate our further understanding of epilepsy and
other neurological diseases.
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