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Introduction

The human brain is considered as a large-scale complex net-
work, which is simultaneously segregated and integrated via 
specific patterns of connectivity.1,2 A network that has locally 
well-connected clusters and efficient global connections is 
called small-world network.3 This property can be observed 
in various networks such as electric power grid, spread of 
infection, and social network.4,5 A normal human brain is of 
a small-world network as revealed by graph theory, which is 
a mathematical tool to quantify characteristics of network 
topology.1 It has been reported that changes of efficiency, 
organization, or small-worldness of the brain network  
occur in various neurological and psychiatric disorders.2,6,7 
Therefore, graph measures are probable markers of disease 
and can contribute to our understanding of how pathological 
processes lead to neurological impairments.8
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Abstract
Epilepsy is a disease marked by hypersynchronous bursts of neuronal activity; therefore, identifying the network characteristics 
of the epileptic brain is important. Juvenile myoclonic epilepsy (JME) represents a common, idiopathic generalized epileptic 
syndrome, characterized by spike-and-wave discharge (SWD) electroencephalographic (EEG) waveforms. We compare herein 
the network properties of periods of SWD and baseline activity using graph theory. EEG data were obtained from 11 patients 
with JME. Functional cortical networks during SWD and baseline periods were estimated by calculating the coherence between 
all possible electrode pairs in the delta, theta, alpha, beta and gamma bands. Graph theoretical measures, including nodal 
degree, characteristic path length, clustering coefficient, and small-world index were then used to evaluate the characteristics 
of epileptic networks in JME. We also assessed short- and long-range connections between SWD and baseline networks. 
Compared to baseline, increased coherence was observed during SWD in all frequency bands. The nodal degree of the SWD 
network, particularly in the frontal region, was significantly higher compared to the baseline network. The clustering coefficient 
and small-world index were significantly lower in the theta and beta bands of the SWD versus baseline network, but the 
characteristic path length did not differ among networks. Long-range connections were increased during SWD, particularly 
between frontal and posterior brain regions. Our study suggests that SWD in JME is associated with increased local (particularly 
in frontal region) connectivity. Furthermore, the SWD network was associated with increased long-range connections, and 
reduced small-worldness, which may impair information processing during SWD.
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Epilepsy is a disease of functionally and/or structurally aber-
rant connections between neurons and groups of neurons at the 
systems level.9 The initiation of seizures or ictogenesis is emer-
gent properties of aberrant neuronal connections. In partial epi-
lepsy, it has been well known that synchrony increases on the 
smallest and largest spatial scales in the beginning of focal sei-
zure.10 Therefore, during epileptic seizures, hypercorrelated and 
functionally segregated brain areas are reintegrated into more 
collective brain dynamics.10 Similar to this, the functional neural 
network changes during generalized seizures. Altered thalamo-
cortical network in idiopathic generalized epilepsy (IGE) has 
been implicated as an underlying pathophysiological mecha-
nism.11-14 Cortico-cortical network is also important for initiation 
and propagation of spike-and-wave discharge.14-17 Therefore, 
generalized seizures have cortical onset and the thalamus has an 
essential role in the recruitment of a network comprising frontal, 
parietal and occipital cortex and the default mode network. 
Furthermore, unlike in partial epilepsy, it has been reported that 
preexisting functional and anatomical networks that normally 
serve highly important physiological functions take part in the 
ictogenic mechanisms in IGEs.18

Juvenile myoclonic epilepsy (JME), which represents the 
most common idiopathic IGE syndrome,19,20 is characterized 
by myoclonic jerks on awakening, generalized tonic-clonic sei-
zures, and less frequent absence seizures. On EEG, JME typi-
cally consists of bilateral, synchronous, widespread spikes, or 
polyspikes, and wave complexes (known as spike-and-wave 
discharges or SWDs), which are commonly assumed to occur 
without lateralization or localization.21 In the previous study, 
we reported the ictogenesis are initiated in the precuneus and 
sustained by a network involving the frontal cortex, precuneus, 
and thalamus in JME. However, it remains unclear how these 
brain regions are organized, and tell us little about the underly-
ing mechanism that drives these changes in connectivity. 
Although increased functional connectivity in the delta band 
has been reported during the baseline state in patients with 
JME,15 no study has investigated network topology during the 
ictal state in this population.

We compared herein the characteristics of SWD network 
topology and baseline networks in JME patients, with the aim 
of further elucidating the mechanisms underlying SWD. First, 
we evaluated nodal degree, because it has been frequently 
reported that local network properties are important in general-
ized epilepsy.3 Second, graph theoretical measures, including 
clustering coefficient (Cp), characteristic path length (Lp) and 
small-worldness, were evaluated in different frequency bands. 
Cp and Lp are related to local and global efficiency of network, 
respectively.22 Third, the regional connectivity of the 2 differ-
ent states was estimated and compared.

Methods

Subjects

Eleven patients with a clinical diagnosis of JME were included; 
the diagnosis was based on the electroclinical criteria of the 
International League Against Epilepsy.23 The inclusion criteria 

were as follows: (1) typical clinical history of JME with onset of 
myoclonic jerks and generalized seizures in adolescence, (2) no 
evidence of neurological abnormality and intellectual decline, (3) 
apparent spike (or polyspike) and wave discharges on a normal 
background rhythm on the previously standard international 10-20 
EEG system, and (4) normal MRI findings on visual inspection. 
The study protocol was approved by the local ethical committee.

EEG Recording

Routine waking and sleep EEG recordings were recorded from 
each patient, for approximately 1 hour, using a 64-channel digi-
tal EEG machine (Grass Technologies, Quincy, MA, USA). An 
electrode cap with sintered Ag/AgCl electrodes (Quick-Cap, 
Compumedics Neuroscan, Charlotte, NC, USA) was used and 
impedance was maintained below 10 kohm. An average mas-
toid reference was employed. The sampling rate was 1600 Hz, 
and the bandpass filter was set at 0.3 to 70 Hz.

Selection of SWD and Interictal EEG

An epilepsy specialist (KJ) visually inspected whole EEG record-
ings and selected epochs. All SWDs were bilateral and wide-
spread at a frequency of 2 to 5 Hz. The onset of SWD was defined 
as the first large transition in SWD signals.20 Epochs of SWD 
were extracted from −100 to 900 ms, and the spike onset time was 
0 ms. One-second baseline epochs with no abnormalities were 
selected during waking and resting states while patients closed 
their eyes. The number of epochs selected is listed in Table 1.

Connectivity and Graph Theoretical Analysis

A graph is a set of nodes and links.4 In the present research, 
electrodes corresponded nodes and a link between two nodes 
was defined by calculating functional connectivity between 
EEG signals of two electrodes. Functional connectivity during 
SWD and baseline periods was evaluated by coherence, which 
reflects a level of functional signal communication between 
different areas of the brain.24 To avoid potential volume con-
duction effects,25 coherence was computed after applying the 
surface Laplacian using the CSD Toolbox.26,27 Coherence val-
ues of all possible electrode pairs were then calculated for delta 
(0-4 Hz), theta (4-8 Hz), alpha (8-13 Hz), beta (13-30 Hz), and 
gamma (30-50 Hz) bands. To construct undirected and 
unweighted graphs, electrode pairs with upper 10% coherence 
values were selected to represent the links of the graphs, such 
that the mean nodal degree was approximately K = 6.

In the present study, nodal degree, Cp, Lp, and small-world 
index (SWI) were used for graph measures. Nodal degree is the 
number of links incident to the other vertices, so a region with 
high nodal degree could be a hub of the network.4 If neighbors of 
a given node were also neighbors of each other, they were consid-
ered to be a cluster. Cp can be obtained by averaging fraction of 
clusters in the graph and this measure represents local efficiency 
of information transfer of a network.28 Lp which is the mean 
shortest path between possible node-pairs has reciprocal relation-
ship to global efficiency of the network.28,29 For significance of 
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Cp and Lp compared to random network, we created 100 surro-
gate random networks with an identical nodal degree, and nor-
malized Cp and Lp.5 Then, we yielded SWI defined as the 
proportion of Cp to Lp.1 A network can be called small-world if 
SWI is larger than 1, and high SWI network is well-balanced 
between local processing and global integration.4 Degree, Cp, 
and Lp were calculated using the Brain Connectivity Toolbox.1

Coherence was divided into short- and long-range connec-
tions, in terms of distance between electrodes.30 A short-range 
connection was defined as coherence between an electrode and 
any adjacent electrode no more than 2 steps apart; all other con-
nections were defined as long-range.

To investigate regional connectivity, six scalp regions were 
distinguished as follows: frontal (F3, F1, Fz, F2, F4), central 
(C3, C1, Cz, C2, C4), parietal (P3, P1, Pz, P2, P4), occipital 
(O1, Oz, O2), left temporal (FT7, T7, Tp7) and right temporal 
(FT8, T8, TP8) regions. The number of connections between 2 
subregions was normalized by the number of all possible con-
nections between them.

Statistical Analysis

The Wilcoxon signed-rank sum test was used to assess differ-
ences between graph theoretical measures (coherence, nodal 
degree, Cp, Lp and SWI), because the Kolmogorov-Smirnov 
test indicated that no measures were normally distributed.31 A 
value of P = .05 was taken to indicate statistical significance. 
All analyses were performed using the MatLab 7.1 (MathWorks, 
Natick, MA, USA).

Results

Patients and EEG Characteristics

Patients’ clinical and EEG data are summarized in Table 1. All 
patients showed good seizure outcomes with 1 or 2 antiepileptic 
drugs (AEDs) administered. Valproate and levetiracetam were 
the most commonly prescribed AEDs. Epochs were selected 

from the EEG in 2- to 5-Hz SWDs. Among patients, the number 
of epochs ranged between 4 and 32 (mean 12.8 ± 9.4).

Nodal Degree

The nodal degree of the SWD network, at each coherence 
value, was significantly higher for all frequency bands com-
pared with the baseline network (Figure 1). The topographic 
distribution of the nodal degree indicated that it was signifi-
cantly higher in frontal regions, at all frequency bands in the 
SWD versus baseline network (Figure 2). This frontal nodal 
degree prominence was more evident in lower frequency 
bands, such as the delta and theta bands.

Clustering Coefficient, Characteristic Path Length, 
and Small-World Index

The Cp values of the SWD network were significantly lower 
compared with those of the baseline network, in the theta and beta 
bands, whereas Lp did not differ among networks. Consequently, 
SWI values in the theta and beta bands were significantly lower 
during the SWD versus baseline period (Figure 3).

A representative example (patient 7) of topographic distri-
butions, in the theta band of the baseline and SWD networks, is 
shown in Figure 4. In the baseline period, the network con-
sisted primarily of short-range connections and small-size clus-
ters, whereas in the SWD network there were few short-range 
connections and clusters but an increased number of long-range 
connections, particularly between frontal and parietal regions.

In the SWD network, the frontal region exhibited the high-
est degree of connectivity with other scalp regions. The nor-
malized number of connections between frontal and other 
subregions in the theta and beta bands is shown in Figure 5. 
The normalized number of connection was increased in all 
tested regions and more patients showed increased regional 
connectivity with frontal region of SWD network except right 
temporal region in theta band. Especially, connectivity between 
frontal and parietal regions did not decrease any of the patients.

Table 1. Clinical Characteristics of Patients.

Patient No. Sex Age (Years) Onset (Years) No. of Epoch AEDs

1 Male 42 13 6 LMT, VPA
2 Male 19 16 12 LEV
3 Female 24 22 32 LEV
4 Male 19 16 7 VPA
5 Male 24 18 14 LEV
6 Male 32 30 21 ZNS
7 Female 17 12 6 VPA, LEV
8 Male 19 19 4 VPA
9 Male 13 12 4 LEV, VPA
10 Male 28 10 25 LEV, OXC
11 Female 24 11 10 LEV
Mean 24.8 16.7 12.8  
SD 7.6 6.0 9.4  

Abbreviations: AED, antiepileptic drug; LEV, levetriracetam; LMT, lamotrigine; OXC, oxcarbazepine; VPA, valproate; ZNS, zonisamide.
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Discussion

We investigated differences in the topology of functional net-
works, during SWD and baseline periods, in patients with JME 
using graph theory. Our main findings were as follows: the 

SWD network, in comparison with the baseline state, was char-
acterized by (1) increased nodal degree in frontal regions; (2) a 
smaller clustering coefficient, but with no change in character-
istic path length resulting in a decreased SWI; and (3) a reduced 

Figure 1. Mean coherence values in accordance with coherence threshold. In all bands, values during spike-and-wave discharge (SWD) are 
higher versus baseline. “+” indicates statistical significance.

Figure 2. Averaged nodal degree distributions during spike-and-wave discharge (SWD) (top), baseline (middle) periods, and the difference 
between the two periods (bottom). While the SWD network is characterized by a significantly higher nodal degree in frontal regions 
compared to baseline (denoted by ), the baseline network has a significantly higher nodal degree in central and posterior regions (denoted 
by ). The colored section represents the averaged nodal degree.
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number of short-range, and increased number of long-range 
connections, mainly between frontal and posterior regions.

The overall increase in nodal degree in the SWD versus 
baseline network, at an identical threshold level of coherence, 
indicates that average coherence increased during SWD. This 
accords with previous reports indicating that SWD reflects 
increased synchronization.3,21 The involvement of frontal 
region during SWD, in patients with IGE, including JME, has 
also been reported frequently. During SWD periods in JME 
patients, EEG activity predominantly occurs in the fronto-cen-
tral area.32,33 EEG and MEG studies also indicate that frontal 
region possess a current source during SWD;20,34 furthermore, 
frontal deactivation of the BOLD (blood oxygen level– 
dependent) signal has been observed after SWD onset.35

In addition to local behavior in the frontal region, its con-
nectivity with other regions is also important to understand the 
pathophysiology of SWD. In our study, frontal nodal connec-
tivity was significantly increased in the SWD network, mainly 
attributable to long-range connections between frontal and 

posterior brain regions. This fronto-parietal connection is 
important for attentional network, and cognitive impairments 
of patients with IGE were reported in previous studies.36,37 
Hence, abnormality of fronto-parietal connection during SWD 
may interfere with proper function of attentional system.

While the clustering coefficient of the SWD network was sig-
nificantly lower compared to the baseline network, in the theta 
and beta bands, characteristic path length did not differ among 
networks, which may explain the decreased SWI values in the 
theta and beta bands. A smaller clustering coefficient in the SWD 
network results from reduced local connectivity compared with 
baseline. In contrast, the characteristic path length, indicative of 

Figure 3. Clustering coefficient (Cp), characteristic path length (Lp), and small-world index (SWI) of the spike-and-wave discharge (SWD) 
and baseline periods. In the theta and beta bands, the Cp and SWI of SWD are smaller versus baseline. However, Lp does not differ 
between periods.

Figure 4. Increased long-range connectivity in spike-and-wave 
discharge (SWD). The upper and lower left panels show the 
baseline and SWD networks, respectively, of patient 7 in the theta 
frequency. The networks exhibit an identical mean nodal degree  
(K = 6). Change in long-range connectivity is shown in right panel. 
The number of long-range connections is significantly increased in 
the delta, theta, alpha and beta bands.

Figure 5. Change in the density of the connection to the frontal 
region in the theta (upper panel) and beta (lower panel) bands. Each 
line corresponds to a different patient. On the x-axis, the numbers 
before the upward- and downward-pointing arrows correspond to 
the numbers of patients with increased and decreased connections 
to the frontal region. The y-axis denotes the normalized number of 
connections to the frontal region.
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global connections, did not differ significantly between the base-
line and SWD. As shown in Figure 4, many nodes were con-
nected to adjacent nodes during the baseline period, such that 
network was characterized by a high number of small-sized clus-
ters. During SWD, long-range connectivity was enhanced, and 
small clusters were dissolved; therefore, connections between 
frontal and other subregions were increased (Figure 5). In par-
ticular, connections between frontal and parietal regions in the 
theta band were significantly increased, supporting the involve-
ment of the parietal region in IGE.35,38

The lowered SWI that we observed suggest that epileptic 
signals are transferred across distant regions directly, instead of 
via well-organized and small-world functional networks, which 
results in less efficient information processing during SWD. 
Numerous reports indicated that patients with IGE, including 
absence epilepsy and JME, exhibit a degree of cognitive 
impairment.36,37 Neuropsychological testing has revealed sub-
tle dysfunctions in several cognitive domains, including frontal 
executive and nonverbal memory function.39 These cognitive 
impairments have been corroborated by imaging studies indi-
cating reductions in gray matter volume in the supplementary 
motor area and posterior cingulate cortex, and reductions in 
fractional anisotropy in the underlying white matter of the cor-
pus callosum.39,40

Increased relative theta power in patients with IGE has been 
reported,41 and theta band power and coherence may indicate 
theta oscillation in the thalamo-cortical network,42 a key com-
ponent of IGE pathophysiology.20,43 Therefore, our data sup-
ports the notion that theta and beta band connectivity might 
play an important role in the JME network.

Our study had several limitations. First, only a small number 
of patients were included; further studies including a larger 
number of subjects are required to validate our results. Second, 
all patients were taking AEDs, which may have affected brain 
oscillation and networks. Furthermore, connectivity among cor-
tical current sources was not considered. We adopted a surface 
Laplacian approach to reduce volume current effects, but EEG 
signals are not entirely reflective of neuronal activity occurring 
underneath the electrode.44 Previous studies have employed 
source-level connectivity analysis.45,46 However, this approach 
can result in the acquisition of different source distributions, 
because inverse algorithms are selected by the researcher. 
Multiple sources may be problematic because connectivity is 
typically calculated using pairwise or multivariate analyses. 
One of other limitation is related to time resolution: SWD rep-
resents a dynamic state, but we used coherence to estimate con-
nectivity during a single second. Good time resolution represents 
a particular advantage of EEG; therefore, it is important to 
employ a suitable connectivity measure. A final limitation of 
this study is inconsistent results of graph theoretical analysis on 
epilepsy. According to the article of Kramer and Cash,47 con-
nectivity and graph theoretical measures of researches on epi-
lepsy cannot show identical results. We expect that elaborate 
analysis will show more helpful information about underlying 
mechanism of epilepsy.

Conclusion

We compared herein the connectivity and network characteris-
tics of baseline and SWD periods in patients with JME, and 
observed increased functional connectivity during SWD, par-
ticularly in the frontal region. SWD networks were associated 
with increased long-range connectivity, particularly between 
frontal and posterior brain regions, and decreased small-world-
ness that impaired the efficiency of information processing 
during SWD.
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