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tory oddball tasks. However, small-world cortical functional networks during auditory oddball tasks and their re-
lationships with symptom severity scores in schizophrenia have not yet been investigated. In this study, the
small-world characteristics of source-level functional connectivity networks of EEG responses elicited by an
auditory oddball paradigm were evaluated using two representative graph-theoretical measures, clustering co-
Keywords: efficient and path length. EEG signals from 34 patients with schizophrenia and 34 healthy controls were recorded
Schizophrenia while each subject was asked to attend to oddball tones. The results showed reduced clustering coefficients and
P300 increased path lengths in patients with schizophrenia, suggesting that the small-world functional network is
Functional connectivity disrupted in patients with schizophrenia. In addition, the negative and cognitive symptom components of posi-
Small-worldness tive and negative symptom scales were negatively correlated with the clustering coefficient and positively corre-
Biomarker lated with path length, demonstrating that both indices are indicators of symptom severity in patients with
schizophrenia. Our study results suggest that disrupted small-world characteristics are potential biomarkers
for patients with schizophrenia.
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1. Introduction

Each local brain region has its own functions and is connected with
other brain regions both structurally and functionally, which facilitates
information transfer among distant brain regions (Dosenbach et al.,
2007; Friston, 2011). Information processing through the complex
cortical functional network has been known to be impaired in patients
with schizophrenia, which therefore has been suggested to be a
disrupted cortical and subcortical network disorder. Among neuroimag-
ing modalities, electroencephalography (EEG) has proved to be one of
the most useful tools to investigate brain information processing. Previ-
ous EEG studies reported altered event-related potential (ERP) wave-
forms, disrupted functional connectivity, and reduced source activity
for specific ERP components in patients with schizophrenia
(Pascual-Marqui et al., 1999; Winterer et al., 2003b; Kayser et al.,
2010). For example, reduced P300 amplitude and prolonged P300 laten-
cy have been consistently found in these patients (Potts et al., 1998;
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Mathalon, 2000; van der Stelt et al., 2005). Some studies also reported
disrupted functional connectivity, particularly in the temporo-patietal
junction and fronto-temporal connection (Friston and Frith, 1995;
Schall et al., 1999; Lawrie et al., 2002; Wolf et al., 2007). EEG source im-
aging studies have shown reduced source activities at the left insular,
left postcentral gyrus, and left temporal areas in patients with schizo-
phrenia (Pae et al., 2003; Kawasaki et al., 2007; Wang et al., 2010).
Recently, an increased number of researchers have focused on
changes in the cortical functional connectivity network, because alter-
ations in the cortical connectivity network might provide clues to reveal
the underlying neural mechanisms of schizophrenia. Many of these
studies adopted graph theory to quantify global and local changes in
the cortical functional connectivity network (Stam and Reijneveld,
2007; Bullmore and Sporns, 2009; Rubinov and Sporns, 2010). In partic-
ular, the small-world network has been regarded as one of the most
suitable models to elucidate information transfer in the human brain
(Li et al., 2007; Bolanos et al., 2013). The small-world network is the
middle ground between random network and regular network. The
small-world network is characterized by a higher clustering coefficient
than random networks and a shorter path length than regular networks,
where the clustering coefficient and the path length reflect the amount
of segregation of highly inter-connected units and the amount of inte-
gration of the whole network, respectively (Watts and Strogatz,
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1998). Therefore, the small-world characteristics of the brain allow for
more efficient information transfer among distant brain regions.

In previous EEG studies, patients with schizophrenia consistently
showed disrupted small-world networks characterized by decreased
clustering coefficients and prolonged path lengths in the resting state
(Micheloyannis et al., 2006; Rubinov et al., 2009; Jalili and Knyazeva,
2011) and during the working memory task (Schinkel et al., 2011),
compared to healthy control subjects. However, most EEG network
analysis studies, including these examples, were based on sensor-level
connectivity analysis. Therefore, these studies failed to report specific
cortical regions that contribute to the disruption of the small-world cor-
tical functional network in schizophrenia. This shortcoming was also
noted by De Vico Fallani et al. (2010), who performed the first network
analysis (node degree and network density) of EEG source-level func-
tional connectivity in patients with schizophrenia during the 2-back
working memory task. EEG topographies cannot be directly attributed
to the underlying cortical regions, since sensors may contain informa-
tion from multiple brain sources, some of which might overlap, and to-
pographic maps are sometimes smeared out due to inhomogeneous
conductivity distributions in the human head. This so-called “volume-
conduction effect” can cause spurious connectivity between scalp EEG
channels (Haufe et al., 2013), eventually leading to failure in identifying
the region-specific changes in cortical functional connectivity networks.
In addition, most previous studies also used binary (unweighted) func-
tional networks for the estimation of small-worldness. The use of binary
networks might lead to losses of information about interaction strength
that might be useful to characterize small-world characteristics in pa-
tients with schizophrenia, because arbitrary threshold values are re-
quired to convert the original functional connectivity network into a
binary network.

In the present study, the small-worldness of brain networks was
evaluated using a source-level weighted functional connectivity net-
work analysis. The use of source-level weighted network analysis allows
for observing the alternation of small-world networks in specific local
cortical regions as well as in the global brain network pattern. Moreover,
the use of weighted networks is not only free from ambiguity in deter-
mining threshold values, but can also preserve the unique traits of the
original network without distortion. Although a series of P300 EEG
studies demonstrated that patients with schizophrenia generally show
significant decreases in task performance and brain activity (Kiigler
et al., 1993; Polich and Kok, 1995; Pae et al., 2003; Kawasaki et al.,
2007; Wang et al,, 2010), to the best of our knowledge, auditory oddball
tasks have not been used to investigate changes in small-world cortical
functional networks in patients with schizophrenia. In addition, no
previous studies have investigated the relationships between small-
worldness and symptom severity of patients with schizophrenia.
We hypothesized that the small-worldness of cortical functional con-
nectivity networks would be disrupted during P300 processing of an
auditory oddball task in patients with schizophrenia, and that the
disrupted small-world characteristics would be correlated with symp-
tom severity.

2. Methods
2.1. Participants

Thirty-four patients with schizophrenia (20 males and 14 females)
and 34 healthy controls (14 males and 20 females) were recruited for
this study from the Psychiatry Department of Inje University Ilsan Paik
Hospital. Patients who had diseases of the central nervous system,
medical histories of alcohol and drug abuse, experience with electrical
therapy, mental retardation, or head injuries with loss of consciousness
were excluded from the study by the initial screening interviews. The
patients were diagnosed based on the Structured Clinical Interview for
Diagnostic and Statistical Manual of Mental Disorders, 4th edition
(DSM-IV) Axis I Psychiatric Disorders. Their psychiatric symptoms

were evaluated using the Positive and Negative Syndrome Scale
(PANSS) (Kay et al., 1987). Healthy controls were recruited from the
local community through local newspapers and posters. After an initial
screening using the same criteria, control subjects were interviewed
using the Structured Clinical Interview for DSM-IV Axis II Disorders
(Gibbon et al., 1997). All subjects provided written informed consent,
and the study protocol was approved by the Institutional Review
Board of Inje University Ilsan Paik Hospital. Table 1 presents the demo-
graphic data of patients and healthy controls.

2.2. EEG recording and pre-processing

The stimuli used for the auditory oddball paradigm were composed
of target tones with 1500 Hz tone frequency and standard tones with
1000 Hz tone frequency. The duration of each stimulus was set to
100 ms, and rising and falling times were set to 10 ms. Four-hundred
pure tone stimuli consisting of 15% target tones and 85% standard
tones were presented in random order with an inter-stimulus interval
(ISI) of 1500 ms. The participants were required to press a button
when target tones were presented.

Scalp EEG data were recorded using a NeuroScan SynAmps2 ampli-
fier (Compumedics USA, El Paso, TX, USA) from 62 Ag/AgCl scalp elec-
trodes (FP1, FPZ, FP2, AF3, AF4, F7, F5, F3, F1, FZ, F2, F4, F6, F8, FI7,
FC5, FC3, FC1, FCZ, FC2, FC4, FC6, FT8, T7, C5, C3, C1, CZ, C2, C4, C6, T8,
TP7, CP5, CP3, CP1, CPZ, CP2, CP4, CP6, TP8, P7, P5, P3, P1, PZ, P2, P4,
P6, P8, PO7, PO5, P03, POZ, PO4, PO6, P08, CB1, 01, 0Z, 02, and CB2)
evenly arranged in a head cap according to a modified 10-20 electrode
system. The ground electrode was placed on the forehead and the refer-
ence electrodes were attached at both mastoids. The vertical electrooc-
ulogram (VEOG) channels were located above and below the right eye
and the horizontal electrooculogram (HEOG) channels were placed on
the outer canthus of each eye. EEG data were recorded with a 1 to
100 Hz band-pass filter at a sampling rate of 1000 Hz; with 60 Hz
noise removed using a notch filter.

After recording EEGs, the data were processed using Scan 4.3 soft-
ware (Compumedics USA, El Paso, TX, USA). Eye blink artifacts were
corrected using a linear regression analysis for which correction coeffi-
cients were estimated from averaged maximal eye blinks in time do-
main (Semlitsch et al., 1986). We also rejected other gross artifacts by
visual inspection done by one experienced person who was blind to
the data origin. After artifact rejection, the data were band-pass filtered
at 1 to 55 Hz and epoched from 100 ms before the target stimulus onset
to 900 ms after the target stimulus onset. The epochs were rejected if
they contained significant physiological artifacts (amplitude exceeding
475 pV) at any site over all electrodes. Among the 60 trials of target
stimulus, the numbers of remaining epochs after artifact rejection
were 53.09 + 9.89 for normal controls and 47.59 + 13.86 for patients
with schizophrenia.

2.3. Source localization and connectivity

To estimate the source-level cortical functional connectivity net-
work, time series of source activity were estimated using minimum-
norm estimation (MNE), and the synchronization between each pair
of cortical sources was estimated in terms of phase locking value
(PLV). Values of clustering coefficient and path length were evaluated
for individual cortical functional networks during an auditory oddball
task, and then the correlations between the graph theoretical measures
and the symptom severity scores were evaluated using Pearson's corre-
lation analysis.

Source localization was performed using MNE implemented
in eConnectome toolbox (Biomedical Functional Imaging and
Neuroengineering Laboratory, University of Minnesota, Minneapolis,
MN, USA) (He et al., 2011). A three-layer boundary element method
(BEM) model constructed from the MNI 152 standard template was
used to compute the leadfield matrix. Cortical current density values
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Table 1
Demographic data of patients with schizophrenia and healthy controls.
Schizophrenia patients Healthy controls p
Cases (N) 34 34
Gender (male/female) 14/20 20/14 0.225
Age (years) 3391 + 13.30 34.74 + 13.16 0.798
Education 13.59 + 9.06 13.97 £+ 13.10 0.827
[llness duration (months) 51.88 + 68.64

Dosage of antipsychotics (chlorpromazine equivalents, mg)

Positive and Negative
Syndrome Scale (PANSS)
Positive score
Negative score
General score
Total score

511.10 £ 398.22

20.70 £+ 7.00
19.03 + 645
42.67 + 11.00
82.36 + 2149

at 7,850 cortical vertices were evaluated for every time point of each
epoch. After estimating the cortical current density distribution at
every time point, 314 dipole sources were extracted as evenly as pos-
sible from the original cortical surface model (Fig. 1). The time series
data at each of the 314 cortical locations were band-pass filtered
and divided into five frequency bands (alpha (8-12 Hz), betal
(12-18 Hz), beta2 (18-22 Hz), beta3 (22-30 Hz) and gamma
(30-55Hz)) (Koenig et al., 2001; Park et al., 2008). Lower frequency
bands such as delta (1-4Hz) and theta (4-8Hz) were not considered
in the analysis because only one or two full cycles of these frequency
components were included in the analysis time window (500 ms),
which might cause significant biases in the phase locking analysis
results.

PLV was used to quantify the functional connectivity between all
possible pairs of cortical regions of interest (Lachaux et al., 1999). The
time interval was set from 0 to 500 ms after the target stimulus onset,
which includes the P300 component that showed significant changes
in schizophrenia in our previous ERP study (Kim et al., 2013). We select-
ed the PLV as the measure of synchronization because the PLV ranges
from O to 1, and thus can be directly used to stand for the connection
strength in the weighted network analysis without any further
modifications.

2.4. Network analysis

In this study, we performed weighted network analysis based on
graph theory. A network is composed of several nodes, which are con-
nected to each other by edges. The weighted clustering coefficient
quantifies the functional segregation of a network, and the path length
quantifies the functional integration of the network. The detailed defini-
tions of these terms can be found in a well-organized review article
(Rubinov and Sporns, 2010). To compare the characteristics of the

observed network and the random networks, 1,000 surrogate graphs
were created by randomly reshuffling weights (De Haan et al., 2009).
The clustering coefficient was evaluated for each node (denoted as
local level results), and then averaged across all cortical regions of inter-
est (denoted as global level results). Since path length is defined only at
the global level, ‘local-level’ path length values are not available (Watts
and Strogatz, 1998).

2.5. Statistical analysis

The cortical network characteristics at the global level between pa-
tients with schizophrenia and healthy controls were investigated for
each frequency band using independent ¢t-test without multiple com-
parisons (Micheloyannis et al., 2006; Stam and Reijneveld, 2007; de
Haan et al., 2009). At the local level, group differences were tested
with independent t-test without multiple comparisons (Jalili and
Knyazeva, 2011; Wang et al., 2012). When significant differences were
found in the network measures between two groups, additional correla-
tion analyses were performed to investigate the relationships between
the network measures and the symptom severity scores in schizophre-
nia (Stam and Reijneveld, 2007; Stam et al., 2009). The psychopathology
symptom severity score (PANSS) was divided into five factors: negative,
positive, cognitive, excitement, and depression (Lindenmayer et al.,
1995). The five factors are explained in a more detail in Table 2.

3. Results
3.1. Global level differences of cortical functional networks
The global level values of clustering coefficient and path length are

summarized in Table 3. The clustering coefficient was significantly re-
duced in patients with schizophrenia compared to healthy controls in
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Fig. 1. Distribution of the 314 cortical vertices extracted from the original cortical surface model, which were used for the connectivity analyses. ‘F, ‘L', and ‘R’ represent front view, left view,

and right view, respectively.
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Table 2
Five factors of psychiatric symptoms in the PANSS score.
Negative Emotional withdrawal, apathetic social withdrawal, lack of
spontaneity, poor rapport, blunted affect, active social avoidance
Positive Hallucinations, stereotyped thinking
Cognitive Poor attention, mannerisms and posturing, conceptual
disorganization, difficulty in abstract thinking, disorientation
Excitement Excitement, poor impulse control, hostility, uncooperativeness
Depression Anxiety, guilt feelings, depression and tension

the betal band (0.419 + 0.026 vs. 0.434 + 0.017; t = — 2.820; confi-
dence interval (c.i.) = —0.026 ~ —0.005; p = 0.006). In addition, the
path length was significantly longer in schizophrenia patients than
healthy controls in the betal band (2.720 £ 0.249 vs. 2.563 + 0.197;
t = 2.886; c.i. = 0.048 ~ 0.266; p = 0.005) and beta2 band (2.420 +
0.179vs. 2.310 4 0.190; t = 2.474; ci. = 0.021 ~ 0.199; p = 0.016).

3.2. Local level difference of cortical functional network

Since the global level values of clustering coefficient was significant-
ly different between patients with schizophrenia and healthy controls
only in the betal band, the local level differences of the clustering coef-
ficients in the betal band were investigated. The clustering coefficients
of schizophrenia were decreased in frontal and temporal-parietal
regions (p < 0.01). Fig. 2 shows differences of clustering coefficients
between two groups, represented by node color (blue represents de-
creased clustering coefficients in patients with schizophrenia) and the
node size, which represents the p-value. Note that path length does
not have a local-level value.

3.3. Correlation analysis between network measures and symptomatic
scores

The relationships between network measures and symptom severity
scores were investigated. The correlation analyses were applied only to
pairs of frequency bands and network measures that showed significant
differences between two groups (clustering coefficient in betal band;
path length in betal and beta2 bands). Clustering coefficient showed
negative correlations with the negative component (r = —0.408,p =
0.019; Fig. 3A) and cognitive component (r = —0.389, p = 0.027;
Fig. 3C) in betal band. However, path length was positively correlated
with the negative component (r = 0.381, p = 0.029; Fig. 3B) and cog-
nitive component (r = 0.392, p = 0.024; Fig. 3D) only in the betal
band. No significant correlations were found between network
measures and other sub-components. Table 4 presents the results of
correlation analyses.

Table 3

4. Discussion

This study is the first to investigate the network characteristics of cor-
tical functional connectivity during an auditory oddball paradigm task in
patients with schizophrenia. Our major findings were: (1) clustering co-
efficient is significantly lower and path length is significantly longer in
patients with schizophrenia than healthy controls during P300 process-
ing of the auditory oddball paradigm task; (2) the local clustering coeffi-
cients of patients with schizophrenia were decreased in frontal and
temporal-parietal regions; and (3) negative correlations were found be-
tween the clustering coefficient and the negative and cognitive compo-
nents of PANSS, whereas positive correlations were found between the
path length and the same components of PANSS.

4.1. Global level and local level network

Small-world networks are generally characterized by clustering co-
efficient and path length (Micheloyannis et al., 2006; Liu et al., 2008;
Bullmore and Sporns, 2009). Clustering coefficient represents how
strongly each node is connected with its neighbors, whereas path length
represents how well the network nodes are communicating with each
other. Therefore, decreased clustering coefficient represents loose cou-
pling among network nodes (brain areas), and prolonged path length
implies inefficient connections (delayed information transfer) between
brain regions during information processing.

According to previous fMRI studies, decreased clustering coefficients
were commonly observed in frontal, temporal and occipital areas in pa-
tients with schizophrenia (Li et al., 2007; Liu et al., 2008; Lynall et al.,
2010; Yu et al., 2011b; Wang et al., 2012). In the present study, cluster-
ing coefficients were significantly decreased in frontal and temporal-
parietal areas in patients with schizophrenia, compared to healthy sub-
jects, corresponding well with previous fMRI results. Traditionally,
schizophrenia has been suggested to be a fronto-temporal network dys-
functional disorder (Schall et al., 1999; Lawrie et al., 2002; Wolf et al.,
2007). Our local-level results are in line with this well-established con-
cept of schizophrenia pathology.

The global level network analysis results showed decreased cluster-
ing coefficient and prolonged path length during an auditory oddball
paradigm, which were also observed in previous sensor level small-
world network analyses that used EEG data recorded during the resting
state or a working memory task (Micheloyannis et al., 2006; Rubinov
et al,, 2009). All of results, including ours, explain the pathophysiologi-
cal background underscoring why the latency of P300 in schizophrenia
is generally longer than in healthy controls (Karoumi et al., 2000), be-
cause disruptions of small-world network characteristics, especially
prolonged path length, imply slower information processing and less
efficient information transfer.

Mean clustering coefficient and path length in each frequency band, averaged over all cortical vertices of interest. Bold letters represent significant differences between patients with

schizophrenia (denoted by SPR) and normal controls (denoted by NC).

Frequency band Clustering coefficient Path length
SPR NC t-Statistics SPR NC t-Statistics
(p-value) (p-value)
Alpha 0.474 4+ 0.029 0.480 + 0.027 —0.979 2447 + 0213 2.353 4 0.231 1.748
(8-12 Hz) (0.331) (0.085)
Betal 0419 + 0.026 0.434 + 0.017 —2.820 2.720 + 0.249 2.563 + 0.197 2.886
(12-18 Hz) (0.006+) (0.005++)
Beta2 0.491 £ 0.026 0.497 4+ 0.020 —1.037 2420 + 0.179 2.310 & 0.190 2474
(18-22 Hz) (0.303) (0.016+)
Beta3 0.400 4 0.025 0.400 £ 0.027 —0.089 2.820 4 0.253 2.745 £+ 0.253 1.185
(22-30 Hz) (0.919) (0.240)
Gamma 0.332 4+ 0.028 0.338 & 0.021 —0.932 3.192 4+ 0.280 3.088 + 0.248 1.634
(30-55 Hz) (0.355) (0.107)
** p<0.01.

* p<0.05.
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Fig. 2. The differences of clustering coefficients between schizophrenia and healthy control estimated at the local level: the clustering coefficients of schizophrenia were significantly de-
creased in frontal and temporal-parietal areas. The colors of circles represent the differences of clustering coefficients and the sizes of the circles the p-values. ‘F, ‘L', and ‘R’ represent front

view, left view, and right view, respectively.

4.2. The relationships between graph-theoretical measures and psychiatric
symptom factors

Correlations between network measures (other than small-
worldness) and symptom scores were reported in previous studies
(Yuetal, 2011a; Wang et al., 2012), whereas some other studies did
not find significant relationships between symptomatic scores and net-
work measures (Micheloyannis et al., 2006; Liu et al., 2008). Wang et al.
(2012) found that global efficiency has a negative correlation and path
length has a positive correlation with negative symptom score. Yu
et al. (2011a) also reported that both the global efficiency and local effi-
ciency have negative correlations with negative, positive, and total
symptom scores of PANSS. Interestingly, both studies (Yu et al., 2011a;
Wang et al., 2012) reported correlations between negative symptomatic
scores and network measures. In the present study, the clustering
coefficient and the path length also showed positive and negative
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correlations with negative factor, respectively, supporting the hypothe-
sis that that the negative symptom in patients with schizophrenia might
be closely associated with the disruption of cortical functional connec-
tivity networks. Only the betal frequency band showed correlations
with negative factor both in clustering coefficient and path length,
which coincide well with previous studies that reported close relation-
ships between EEG beta band powers and negative symptoms in schizo-
phrenia (Harris et al., 1999; Gschwandtner et al., 2009).

Recently, some studies of patients with schizophrenia reported sig-
nificantly reduced beta-band synchronization and absolute power com-
pared to healthy controls during cognitive tasks (Uhlhaas et al., 2006,
2008). Considering that beta-band activity is closely related to top-
down and bottom-up processes involved in cognitive functions (Engel
and Fries, 2010), the reduced cortical activity in beta band might reflect
cognitive deficits in patients with schizophrenia. Meanwhile, the P300
ERP component evoked by an auditory oddball paradigm is thought to

B r=0.381, p=0.029
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Fig. 3. The relationships between small-world network measures in the betal band (12-18 Hz) and psychiatric symptom scores (refer to Table 4). ‘Negative factor’ and ‘cognitive factor’

represent negative and cognitive symptom factors, respectively.
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Table 4

The relationships between five factors and global-level small-world network measures in the betal band (12-18 Hz). Significant relationships are marked as bold letters. ‘' represents

Pearson correlation coefficient.

Network measures Negative Positive Cognitive Excitement Depression
r p r p r p r p r p
Clustering coefficient —0.408 0.019* —0.108 0.550 —0.389 0.027* —0243 0173 —0215 0230
Path length 0.381 0.029* 0.126 0485 0.392 0.024" 0.266 0.135 0.133 0461
#* p <001
* p<0.05.
be associated with cognitive processes such as attention allocation and References

immediate memory (Polich, 2012). Therefore, altered P300 characteris-
tics such as reduced peak amplitude, prolonged latency, and reduced
cortical source activity are widely believed to reflect cognitive impair-
ments in patients with schizophrenia (Friston and Frith, 1995; Polich
and Kok, 1995; Mathalon et al., 2000; Pae et al., 2003; Winterer et al.,
2003a; van der Stelt et al., 2005; Kawasaki et al., 2007; Wang et al.,
2010; Polich, 2012; Kim et al., 2014). In the present study, we found
that cognitive factor of PANSS scale in patients with schizophrenia
have negative and positive correlations with the clustering coefficient
and the path length, respectively, in the betal frequency band. These
findings suggest that disorganized small-world cortical functional net-
works during auditory oddball tasks might also reflect cognitive decline
in patients with schizophrenia.

4.3. Limitations

There are some limitations in the present study. First, our patient
sample did not control for the possible confounding effects of antipsy-
chotic drugs. Second, participants did not perform neuropsychological
tests to evaluate cognitive function. Thus, our results might be insuffi-
cient to explain the direct relationships between cognitive function
and small-world network characteristics in patients with schizophrenia.

Despite these limitations, our results are meaningful considering
that our study was the first attempt to analyze the source-level small-
world network in schizophrenia using an auditory oddball task. Our re-
sults demonstrate that source-level network analysis of EEG signals elic-
ited by an auditory oddball P300 paradigm provides information on
dysfunctional cortical network characteristics and also might be used
as potential diagnostic biomarkers in patients with schizophrenia.
More validation studies are still needed to use small-world network
measures as practical diagnostic biomarkers, for example, longitudinal
studies, test-retest reliability check, and validation with more numbers
of patients, all of which we would like to perform in our future studies.

Role of funding source

This work was supported in part by a research fund from Hanyang University
(HY-2012-G) and in part by the Brain Research Program through the National Research
Foundation of Korea (NRF) funded by the Ministry of Science, ICT & Future Planning
(NRF-2013M3C7A1035080). Both funding sources had no further role in study design;
in the collection, analysis and interpretation of data; in the writing of the report; and in
the decision to submit the paper for publication.

Contributors

Miseon Shim designed the study and wrote the manuscript. Seung-Hwan Lee de-
signed the study and wrote the protocol. Do-Won Kim produced the ERP waves and calcu-
lated the current source densities from the data set. Chang-Hwan Im supervised the study
process and manuscript writing. All authors contributed to and have approved the final
manuscript.

Conflict of interest
All the authors declare that they have no conflicts of interest.

Acknowledgments
The authors thank Sun Hae Jeon and Jeong-In Kim for their assistance with the data
collection.

Bolanos, M., Bernat, E.M., He, B., Aviyente, S., 2013. A weighted small world network
measure for assessing functional connectivity. ]. Neurosci. Methods 212 (1),
133-142.

Bullmore, E., Sporns, O., 2009. Complex brain networks: graph theoretical analysis of
structural and functional systems. Nature reviews. Neuroscience 10 (3), 186-198.

De Haan, W., Pijnenburg, Y.A., Strijers, R.L, van der Made, Y., van der Flier, W.M.,
Scheltens, P., Stam, CJ., 2009. Functional neural network analysis in frontotemporal
dementia and Alzheimer's disease using EEG and graph theory. BMC Neurosci. 10
(1), 101.

De Vico Fallani, F., Maglione, A., Babiloni, F., Mattia, D., Astolfi, L., Vecchiato, G., De Rinaldis,
A., Salinari, S., Pachou, E., Micheloyannis, S., 2010. Cortical Network Analysis in Pa-
tients Affected by Schizophrenia. Brain Topography 23 (2), 214-220.

Dosenbach, N.U,, Fair, D.A., Miezin, F.M., Cohen, A.L., Wenger, K.K., Dosenbach, R.A.,
Fox, M.D., Snyder, A.Z., Vincent, ].L., Raichle, M.E., 2007. Distinct brain networks
for adaptive and stable task control in humans. Proc. Natl. Acad. Sci. 104 (26),
11073-11078.

Engel, AK, Fries, P., 2010. Beta-band oscillations—signalling the status quo? Curr. Opin.
Neurobiol. 20 (2), 156-165.

Friston, KJ., 2011. Functional and effective connectivity: a review. Brain Connect. 1 (1),
13-36.

Friston, K., Frith, C.D., 1995. Schizophrenia: a disconnection syndrome? Clin. Neurosci. 3
(2), 89-97.

Gibbon, M., Spitzer, R.L,, First, M.B., 1997. User's guide for the structured clinical interview
for DSM-IV axis II personality disorders: SCID-II. American Psychiatric Pub.

Gschwandtner, U., Zimmermann, R., Pflueger, M.O., Riecher-Réssler, A., Fuhr, P., 2009.
Negative symptoms in neuroleptic-naive patients with first-episode psychosis corre-
late with QEEG parameters. Schizophr. Res. 115 (2-3), 231-236.

Harris, A., Williams, L., Gordon, E., Bahramali, H., Slewa-Younan, S., 1999. Different psy-
chopathological models and quantified EEG in schizophrenia. Psychol. Med. 29 (5),
1175-1181.

Haufe, S., Nikulin, V.V., Miiller, K.-R., Nolte, G., 2013. A critical assessment of connectivity
measures for EEG data: a simulation study. Neurolmage 64, 120-133.

He, B., Dai, Y., Astolfi, L., Babiloni, F., Yuan, H., Yang, L., 2011. eConnectome: a MATLAB
toolbox for mapping and imaging of brain functional connectivity. J. Neurosci.
Methods 195 (2), 261-269.

Jalili, M., Knyazeva, M.G., 2011. EEG-based functional networks in schizophrenia. Comput.
Biol. Med. 41 (12), 1178-1186.

Karoumi, B.b, Laurent, A., Rosenfeld, F., Rochet, T., Brunon, A.-M., Dalery, J., d’Amato, T.,
Saoud, M., 2000. Alteration of event related potentials in siblings discordant for
schizophrenia. Schizophr. Res. 41 (2), 325-334.

Kawasaki, Y., Sumiyoshi, T., Higuchi, Y., Ito, T., Takeuchi, M., Kurachi, M., 2007. Voxel-
based analysis of P300 electrophysiological topography associated with positive
and negative symptoms of schizophrenia. Schizophr. Res. 94 (1-3), 164-171.

Kay, S.R,, Flszbein, A., Opfer, L.A., 1987. The positive and negative syndrome scale (PANSS)
for schizophrenia. Schizophr. Bull. 13 (2), 261.

Kayser, J., Tenke, C.E., Kroppmann, C]J., Fekri, S., Alschuler, D.M., Gates, N.A., Gil, R,,
Harkavy-Friedman, ].M., Jarskog, L.F., Bruder, G.E., 2010. Current source density
(CSD) old/new effects during recognition memory for words and faces in schizophre-
nia and in healthy adults. Int. ]. Psychophysiol. 75 (2), 194-210.

Kim, D.-W., Shim, M., Kim, .-, Im, C-H,, Lee, S.-H., 2014. Source activation of P300 Correlates
with Negative Symptom Severity in Patients with Schizophrenia. Brain Topography 27
(2),307-317.

Koenig, T., Lehmann, D., Saito, N., Kuginuki, T., Kinoshita, T., Koukkou, M., 2001. Decreased
functional connectivity of EEG theta-frequency activity in first-episode, neuroleptic-
ndive patients with schizophrenia: preliminary results. Schizophr. Res. 50 (1-2), 55-60.

Kiigler, C.F.A, Taghavy, A., Platt, D., 1993. The event-related P300 potential analysis of
cognitive human brain aging: a review. Gerontology 39 (5), 280-303.

Lachaux, J.-P., Rodriguez, E., Martinerie, J., Varela, F.J., 1999. Measuring phase synchrony in
brain signals. Hum. Brain Mapp. 8 (4), 194-208.

Lawrie, S.M., Buechel, C., Whalley, H.C,, Frith, C.D., Friston, KJ., Johnstone, E.C., 2002. Re-
duced frontotemporal functional connectivity in schizophrenia associated with audi-
tory hallucinations. Biol. Psychiatry 51 (12), 1008-1011.

Li, W.,, Lin, Y., Liu, Y., 2007. The structure of weighted small-world networks. Phys. A Stat.
Mech. Appl. 376, 708-718.

Lindenmayer, J.-P., Grochowski, S., Hyman, R.B., 1995. Five factor model of schizophrenia:
replication across samples. Schizophr. Res. 14 (3), 229-234.

Liu, Y., Liang, M., Zhou, Y., He, Y., Hao, Y., Song, M., Yu, C,, Liu, H., Liu, Z., Jiang, T., 2008.
Disrupted small-world networks in schizophrenia. Brain J. Neurol. 131 (Pt 4),
945-961.



M. Shim et al. / Schizophrenia Research 156 (2014) 197-203 203

Lynall, M.E., Bassett, D.S., Kerwin, R., McKenna, P.J., Kitzbichler, M., Muller, U., Bullmore, E.,
2010. Functional connectivity and brain networks in schizophrenia. J. Neurosci. 30
(28), 9477-9487.

Mathalon, D.H., 2000. Trait and state aspects of P300 amplitude reduction in schizophrenia:
a retrospective longitudinal study. Soc. Biol. Psychiatry 47, 434-449.

Mathalon, D.H., Ford, ].M., Pfefferbaum, A., 2000. Trait and state aspects of P300 amplitude
reduction in schizophrenia: a retrospective longitudinal study. Biol. Psychiatry 47 (5),
434-449.

Micheloyannis, S., Pachou, E., Stam, CJ., Breakspear, M., Bitsios, P., Vourkas, M., Erimaki, S.,
Zervakis, M., 2006. Small-world networks and disturbed functional connectivity in
schizophrenia. Schizophr. Res. 87 (1-3), 60-66.

Pae, ].S., Kwon, ].S., Youn, T., Park, H.-J., Kim, M.S., Lee, B., Park, K.S., 2003. LORETA imaging
of P300 in schizophrenia with individual MRI and 128-channel EEG. Neurolmage 20
(3), 1552-1560.

Park, Y.-M., Che, H.-],, Im, C.-H., Jung, H.-T., Bae, S.-M., Lee, S.-H., 2008. Decreased EEG syn-
chronization and its correlation with symptom severity in Alzheimer's disease.
Neurosci. Res. 62 (2), 112-117.

Pascual-Marqui, R.D., Lehmann, D., Koenig, T., Kochi, K., Merlo, M.C,, Hell, D., Koukkou, M.,
1999. Low resolution brain electromagnetic tomography (LORETA) functional imag-
ing in acute, neuroleptic-naive, first-episode, productive schizophrenia. Psychiatry
Res. Neuroimaging 90 (3), 169-179.

Polich, J., 2012. Neuropsychology of P300. Oxford handbook of event-related potential
components pp. 159-188.

Polich, J., Kok, A., 1995. Cognitive and biological determinants of P300: an integrative re-
view. Biol. Psychol. 41 (2), 103-146.

Potts, G.F., Hirayasu, Y., O'Donnell, B.F.,, Shenton, M.E., McCarley, R.W., 1998. High-density
recording and topographic analysis of the auditory oddball event-related potential in
patients with schizophrenia. Biol. Psychiatry 44 (10), 982-989.

Rubinov, M., Sporns, O., 2010. Complex network measures of brain connectivity: uses and
interpretations. Neurolmage 52 (3), 1059-1069.

Rubinov, M., Knock, S.A., Stam, CJ., Micheloyannis, S., Harris, A.W., Williams, L.M.,
Breakspear, M., 2009. Small-world properties of nonlinear brain activity in schizo-
phrenia. Hum. Brain Mapp. 30 (2), 403-416.

Schall, U,, Catts, S.V., Karayanidis, F., Ward, P.B., 1999. Auditory event-related potential in-
dices of fronto-temporal information processing in schizophrenia syndromes: valid
outcome prediction of clozapine therapy in a three-year follow-up. Int. ].
Neuropsychopharmacol. 2 (2), 83-93.

Schinkel, S., Zamora-Lopez, G., Dimigen, O., Sommer, W., Kurths, ]., 2011. Functional net-
work analysis reveals differences in the semantic priming task. J. Neurosci. Methods
197 (2), 333-339.

Semlitsch, H.V., Anderer, P., Schuster, P., Presslich, O., 1986. A Solution for Reliable and
Valid Reduction of Ocular Artifacts, Applied to the P300 ERP. Psychophysiology 23
(6), 695-703.

Stam, CJ., Reijneveld, J.C., 2007. Graph theoretical analysis of complex networks in the
brain. Nonlinear Biomed. Phys. 1 (1), 3.

Stam, CJ., De Haan, W., Daffertshofer, A., Jones, B.F., Manshanden, 1., van Cappellen van
Walsum, A.M., Montez, T., Verbunt, ].P., de Munck, J.C., van Dijk, B.W., Berendse, H.
W., Scheltens, P., 2009. Graph theoretical analysis of magnetoencephalographic func-
tional connectivity in Alzheimer's disease. Brain : a journal of neurology 132 (Pt 1),
213-224.

Uhlhaas, PJ., Linden, D.E., Singer, W., Haenschel, C,, Lindner, M., Maurer, K., Rodriguez, E.,
2006. Dysfunctional long-range coordination of neural activity during Gestalt percep-
tion in schizophrenia. J. Neurosci. 26 (31), 8168-8175.

Uhlhaas, P.J., Haenschel, C., Nikoli¢, D., Singer, W., 2008. The role of oscillations and syn-
chrony in cortical networks and their putative relevance for the pathophysiology of
schizophrenia. Schizophr. Bull. 34 (5), 927-943.

van der Stelt, O., Lieberman, J.A., Belger, A., 2005. Auditory P300 in high-risk, recent-onset
and chronic schizophrenia. Schizophr. Res. 77 (2-3), 309-320.

Wang, J., Tang, Y., Li, C, Mecklinger, A, Xiao, Z., Zhang, M., Hirayasu, Y., Hokama, H., Li, H.,
2010. Decreased P300 current source density in drug-naive first episode schizo-
phrenics revealed by high density recording. Int ] Psychophysiol 75 (3), 249-257.

Wang, Q,, Su, T.-P., Zhou, Y., Chou, K.-H., Chen, LY., Jiang, T., Lin, C.-P., 2012. Anatomical in-
sights into disrupted small-world networks in schizophrenia. Neurolmage 59 (2),
1085-1093.

Watts, DJ., Strogatz, S.H., 1998. Collective dynamics of ‘small-world’ networks. Nature
393 (6684), 440-442.

Winterer, G., Coppola, R, Egan, M.F,, Goldberg, T.E., Weinberger, D.R., 2003a. Functional
and effective frontotemporal connectivity and genetic risk for schizophrenia. Biol.
Psychiatry 54 (11), 1181-1192.

Winterer, G., Egan, M.F,, Raedler, T., Sanchez, C,, Jones, D.W., Coppola, R., Weinberger, D.R.,
2003b. P300 and genetic risk for schizophrenia. Arch. Gen. Psychiatry 60 (11), 1158.

Wolf, D.H., Gur, R.C, Valdez, ].N., Loughead, ]., Elliott, M.A., Gur, R.E., Ragland, ].D., 2007.
Alterations of fronto-temporal connectivity during word encoding in schizophrenia.
Psychiatry Res. Neuroimaging 154 (3), 221-232.

Yu, Q, Sui, ], Rachakonda, S., He, H,, Gruner, W., Pearlson, G., Kiehl, KA., Calhoun, V.D,, 2011a.
Altered topological properties of functional network connectivity in schizophrenia dur-
ing resting state: a small-world brain network study. PLoS One 6 (9), e25423.

Yu, Q. Sui, J., Rachakonda, S., He, H., Pearlson, G., Calhoun, V.D., 2011b. Altered small-
world brain networks in temporal lobe in patients with schizophrenia performing
an auditory oddball task. Front. Syst. Neurosci. 5, 7.



