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Abstract
The study of non-clinical individuals with schizotypal traits has been considered to provide a

promising endophenotypic approach to understanding schizophrenia, because schizophre-

nia is highly heterogeneous, and a number of confounding factors may affect neuropsycho-

logical performance. Here, we investigated whether deficits in explicit verbal memory in

individuals with schizotypal traits are associated with abnormalities in the local and inter-

regional synchrony of brain activity. Memory deficits have been recognized as a core prob-

lem in schizophrenia, and previous studies have consistently shown explicit verbal memory

impairment in schizophrenic patients. However, the mechanism of this impairment has not

been fully revealed. Seventeen individuals with schizotypal traits and 17 age-matched, nor-

mal controls participated. Multichannel event-related electroencephalograms (EEGs) were

recorded while the subjects performed a continuous recognition task. Event-related spectral

perturbations (ERSPs) and inter-regional theta-band phase locking values (TPLVs) were

investigated to determine the differences in local and global neural synchrony between the

two subject groups. Additionally, the connection patterns of the TPLVs were quantitatively

analyzed using graph theory measures. An old/new effect was found in the induced theta-

band ERSP in both groups. However, the difference between the old and new was larger in

normal controls than in schizotypal trait group. The tendency of elevated old/new effect in

normal controls was observed in anterior-posterior theta-band phase synchrony as well.

Our results suggest that explicit memory deficits observed in schizophrenia patients can

also be found in non-clinical individuals with psychometrically defined schizotypal traits.
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Introduction
Memory deficits have been recognized as a core problem in schizophrenia [1, 2]. In particular,
explicit verbal memory dysfunction in schizophrenic patients has attracted considerable inter-
est and has provided evidence for the role of the medial temporal lobe (MTL) and prefrontal
cortex (PFC) in explicit verbal memory [3, 4]. Evidence of abnormalities in these structures in
schizophrenic patients has been accumulating [5–8]. Furthermore, recent neuroimaging stud-
ies have reported an association between explicit verbal memory impairments and structural/
functional abnormalities in left medial temporal areas in schizophrenic patients [9–11]. For
example, van Erp et al. (2008) observed significant correlations between left hippocampal vol-
ume and performance on the California Verbal Learning Test in schizophrenic patients.

Schizophrenia is highly heterogeneous, and a number of confounding factors, such as anti-
psychotic drugs and the length of illness and hospitalization, may affect neuropsychological
performance. Thus, the study of patients with schizotypal personality disorder and non-clinical
individuals with schizotypal traits has been considered to provide a promising endophenotypic
approach to understanding schizophrenia [12]. In particular, studies of non-clinical individuals
with psychometrically defined schizotypal traits have drawn attention because both neuroim-
aging and neuropsychological evidence support the idea that schizotypy in healthy populations
and schizophrenia are fundamentally related [13]. For example, non-clinical individuals who
obtained high scores on the Schizotypal Personality Questionnaire (SPQ) [14] exhibited
reduced gray matter density in the insula and dorsolateral prefrontal gyrus and weaker func-
tional connectivity between regions within the medial frontal gyrus than those who obtained
low scores on the SPQ [15]. In addition, a significant negative association between activation in
the left/right middle temporal gyrus and the SPQ score and a positive correlation between acti-
vation in the left inferior frontal gyrus and the SPQ score were observed during a reading task.
Additionally, compared with those who obtained low scores, individuals who obtained high
SPQ scores showed cognitive deficits, including executive function [16, 17] and conscious
memory [18]. Based on previous studies suggesting that nonclinical schizotypy is not affected
by the confounding factors, and subtle cognitive abnormalities precede the first psychotic epi-
sode [19], we anticipated that an investigation on the memory function of nonclinical individu-
als with schizotypal traits would provide valuable insight into the neuropathology underlying
schizophrenia, and we have been trying to elucidate its neural basis [20]. Here, we tried to
investigate whether the deficits in explicit verbal memory function associated with schizotypal
traits are due to abnormal cortical rhythm.

Although previous studies have consistently shown explicit verbal memory impairment in
schizophrenic patients, the mechanism of this impairment has not been fully revealed due to the
complicated processing of memory, which consists of multiple components, such as encoding,
storage, and retrieval. In fact, some studies have reported that memory impairment in schizo-
phrenic patients is due to an encoding deficit [21], a retrieval problem [22], or both [23]. Others
have insisted that the memory impairment of these patients is related to rapid forgetting [24].

Event-related potentials (ERPs), the electrical recordings of brain activity that are time-
locked to external events, have been widely used to investigate memory function due to the
high temporal resolution of this technique. Numerous studies have shown that ERPs elicited
by repeated items (old) are generally more positive-going than ERPs elicited by new items
(new); this phenomenon has been referred to as the old/new or repetition effect. The old/new
effect is known to begin at approximately 250–300 ms and to last until 700–800 ms after stimu-
lus onset [25]. A number of ERP studies of explicit verbal memory in schizophrenic patients
have reported a reduction in the old/new effect, i.e., reduced ERP amplitude differences
between new and old stimuli [26–28]. For example, Baving et al. (2000) observed a smaller old/
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new effect in the parietal region in schizophrenic patients than in normal controls 250–400 ms
after stimulus onset. Kayser et al. (2009) found a significantly lower old/new effect in lateral
temporoparietal sites in schizophrenic patients. Similarly, in a recent ERP study, we observed
explicit verbal memory deficits in college students with schizotypal traits [20]. We investigated
explicit verbal memory using a continuous recognition task, and compared with normal con-
trols, individuals with schizotypal traits exhibited a significantly lower old/new effect 550–650
ms after stimulus onset. During this period, significantly stronger ERP amplitudes for old
words than for new words were observed only in the normal controls. The dual-process model
of recognition memory suggests that recognition memory consists of the earlier assessment of
stimulus familiarity and the later recollection of the details associated with a previous episode
[29, 30]. Based on this model, we concluded that recollection capabilities during the later
period (550–650 ms here) were lower in individuals with schizotypal traits [20].

Beyond conventional averaged ERPs, the analysis of neural oscillations reflecting the syn-
chrony of local neuronal activity has drawn significant attention in neurocognitive studies
using electroencephalogram (EEG) and magnetoencephalogram (MEG) recordings. Enhance-
ment of the oscillatory rhythm in the theta band (4–8 Hz) has been observed during memory
tasks in a number of EEG [31] and MEG studies [32]. For instance, Gevins et al. (1997)
reported a significant correlation between theta-band power and working memory (WM) load;
i.e., theta-band rhythm increased in proportion to increased WM load. Prominent theta
rhythms (recorded by MEG) were found in the MTL and PFC [32] during the encoding and
retrieval of explicit memory. The enhancement of theta-band power in local field potentials of
the rodent hippocampus was observed during the maintenance condition of a WM task [33].
In addition, inter-regional synchrony of neural oscillations, which signifies the functional inte-
gration of multiple neuronal assemblies [34, 35], has been investigated in various cognitive
functions, including memory. Coherence between the theta-band rhythms of the frontal and
posterior regions was observed during WM tasks [36]. Phase synchrony between frontal and
posterior theta rhythms was observed during successful information encoding [37, 38]. In line
with these results from normal subjects and with the putative role of theta rhythm in memory
and cognitive control, a reduction in theta power during memory functions was observed in
patients with schizophrenia [39]. Notably, neither an increase in theta power during WM tasks
nor a theta power-WM load correlation was observed in schizophrenic patients, contrary to
those observed in normal controls. Additionally, frontal-temporal coherence in the theta band
during talking was significantly diminished in schizophrenic patients [40].

The purpose of the current study was to investigate whether the deficits in explicit verbal
memory observed in individuals with schizotypal traits in our previous study are associated
with oscillation abnormalities and the inter-regional synchrony of brain activity. Specifically,
we expected that the observation of a reduced old/new effect in individuals with schizotypal
traits would be accompanied by a reduced old/new effect in theta-band oscillations and inter-
regional synchrony.

Materials and Methods

Participants
The characteristics of the participants employed in this study were presented in our previous
study [20]. A total of 34 female college students without any history of psychiatric or neurologi-
cal disorders were recruited from a pool of 610 students based on their scores on the Korean
version of the SPQ [41]. The schizotypal trait group (n = 17) was composed of the individuals
who obtained the highest 3% of the distribution of scores (score range: 36–53), and the control
group (n = 17) consisted of those who obtained average scores (score range: 14–23) on the
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SPQ. The two groups did not differ in age (20.7±1.53 years for the schizotypal trait group,
20.07±2.02 years for the control group, F(1,32) = 1.20, p = 0.317) or duration of education
(14.20±1.86 years for the schizotypal trait group, 13.07±1.98 years for the control group, F
(1,32) = 1.61, p = 0.117). The SPQ scores of the schizotypal trait group were significantly higher
than those of the control group (42.35±6.47 for the schizotypal trait group, 17.29±3.72 for the
control group, F(1,32) = 191.61, p<0.001).

All participants were right-handed, and none of the participants were taking medication at
the time of testing. Written informed consent was obtained from all participants after they
were provided with a complete description of the study. The study was approved by the Sung-
shin Women’s University Institutional Bioethics Review Board.

The continuous recognition task
The continuous recognition task used to measure explicit verbal memory function was
described in our previous study [20]. A total of 380 Korean words (nouns for animals and
plants) were used as stimuli. These stimuli were arranged into two blocks of trials. In each
block, 50 words were presented only once (new), and 140 words were repeated following one
to five intervening words (old). The participants continuously viewed a series of words and
were required to press one of the two response buttons according to the type of word presented
(old or new).

The stimuli were presented on a computer monitor within foveal vision for 200 ms and
were subtended at a vertical visual angle of 2.29° and a horizontal visual angle of 3.43°. A cross-
hair (+) was displayed on the screen for 500 ms as a fixation point prior to the presentation of
each stimulus. The inter-stimulus interval was 2000 ms. A block of 10 practice trials was
administered prior to the experimental session.

Electrophysiological recording procedures
EEGs were recorded using a 64-channel Geodesic Sensor Net connected to a 64-channel ampli-
fier (Net Amp 300: Electrical Geodesics, Eugene, OR, USA). Each electrode was referenced to
Cz and adjusted until the impedances were less than 50 kO [42]. Eye movements and blinks
were monitored with electrodes placed near the outer cantus and beneath the left eye.

The EEGs were recorded using a 0.1–100 Hz analog bandpass filter and a sampling rate of
250 Hz. After the completion of data collection, the EEGs were segmented into 1500 ms epochs,
including a 500 ms prestimulus baseline with respect to stimulus onset. The epochs contami-
nated by artifacts, such as eye blinks and eye movements, were excluded from further analysis.
(The threshold for artifact rejection was ± a peak-to-peak amplitude of 70 μV.) An average-ref-
erence transformation was used to minimize the effects of reference site activity [43].

Event-related spectral perturbation (ERSP)
To examine the temporal evolution of spectral characteristics by ERSP, a continuous wavelet
transform (CWT) using the Morlet wavelet was applied to the data of each single trial as
described in [44] (frequency range from 1 to 100 Hz, in 1 Hz steps). The number of cycles for
the CWT linearly increased according to frequency: from 4 at the lowest frequency (1 Hz) to
8.75 at the highest frequency (100 Hz; see [45]). This method provides better frequency resolu-
tion at high frequency, and it is better matched to the linear scale adopted for the visualization
of time-frequency maps [45]. Induced (i.e., non-phase locked) theta-band activity (TBA) was
obtained by averaging the ERSP patterns from each single trial [46].

The ERSP map of each single trial was normalized using surrogate ERSP maps obtained
from 500 surrogate data that were obtained by adding random phases to each original single
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trial in the frequency domain so that the phase was randomized but the amplitude was pre-
served, as illustrated in [47]. The mean and standard deviation (SD) within each specific time-
frequency window were calculated from the ERSP maps of the 500 surrogate data points. The
normalized ERSP map was obtained by subtracting the mean ERSP map from the original
ERSP map and then dividing it by the SD.

Theta-band phase locking value (TPLV)
Inter-regional phase synchrony in the theta band was quantified by calculating the theta band
phase locking value (TPLV) [34]. Single-trial ERP signals were first transformed into narrow-
band signals in the theta band through bandpass filtering (4–8 Hz). The instantaneous phase ϕ
(t) for each time point t was calculated from the narrowband signal x(t) and its Hilbert trans-
form as follows [34, 46]:

�ðtÞ ¼ arctan
~xðtÞ
xðtÞ ð1Þ

The PLV between two electrodes, j and k, was calculated for each time point, t, by averaging
the phase difference over N trials as follows [34]:

PLVj; k; t ¼ 1

N

XN

n¼1

exp½if�jðt; nÞ � �kðt; nÞg�
�����

����� ð2Þ

Here, N represents the total number of trials, and n denotes a specific trial. ϕj(t, n) desig-
nates the phase of the signals from electrode j at time t of the nth trial.

We selected only 20 non-adjacent electrodes out of 64 (Fp1, Fp2, F7, F3, Fz, F4, F8, C3, Cz,
C4, T3, T4, T5, P3, Pz, P4, T6, O1, Oz, and O2). The selected electrodes were distributed
sparsely in space to alleviate volume conduction problems among neighboring electrodes [34].
We also verified that the electrode pairs located close together showed the tendency to yield a
less significant connection. To identify electrode pairs with significant phase synchrony, we
used a double-threshold strategy based on two criteria [48]. The first step involved checking
whether the PLV change under investigation was meaningful with respect to the PLVs of the
surrogate data, which were obtained from random trial shuffling [34]. The surrogate data were
obtained from 200 random trial shuffles for each electrode pair. Using the distribution of the
PLVs calculated from the surrogate data, the significance level could be obtained as explained
by [34, 49]. The significance level was set to 5%; i.e., the phase synchrony was determined to be
significantly increased if it was higher than the fifth percentile of the PLVs of the surrogate
data. The second criterion was to determine whether the PLV increased significantly during
task execution compared to the prestimulus baseline PLV. After obtaining the baseline distri-
bution of PLVs during the 300 ms period (75 samples) before stimulus onset, the level of signif-
icance was set to 5%, the same as that of the first step. In other words, we determined whether
phase synchrony grew significantly higher than the fifth percentile of the PLVs obtained from
the EEG during the prestimulus period.

Graph theory analysis of the phase synchrony maps
The spatial pattern of inter-regional phase synchrony can be visualized as a graph consisting of
nodes and edges. Thus, the spatial pattern can be quantitatively analyzed using graph theory
measures [50]. The nodes of the graph are determined by the electrodes included in the phase
synchrony analysis, and the edges are determined by the electrode pairs showing significant
phase synchrony. The graph can be quantitatively characterized by a symmetric adjacency
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matrix. The undirected binary element aij of the adjacency matrix represents a connection
between nodes i and j, and it is designated as 1 or 0 depending on the presence or absence of a
significant connection between the two nodes.

A set of numerical measures describing the properties of the graph can be derived from the
adjacency matrix [50]. The clustering coefficient, C, is used as an index of local connectivity
and is defined by the following equation:

C ¼ hci ¼ 1

N

XN

i¼1

ci ð3Þ

where ci is the ratio of the number of existing edges between neighbors, which are connected to
electrode i by an edge. The maximum possible number of edges between neighbors is repre-
sented by i. C can be interpreted as a measure of the network’s resilience to error because in the
case of high clustering, even if a node is lost, its neighbors remain connected.

In addition to the measure of local connectedness, the characteristic path length, L, can pro-
vide an important measure to characterize global connectedness and is defined as follows:

L ¼ 1

NðN � 1Þ
X

i;j2N;i 6¼j

di;j ð4Þ

where the path length, and di, j is the minimum number of edges that must be traversed to go
from node i to node j. Because L is the average path length between all possible pairs of N
nodes, it represents global connectivity, which describes how well integrated a graph is and
how easy and fast it is to transport information in the network [51]. The Brain Connectivity
Toolbox (http://www.brain-connectivity-toolbox.net), an open-access MATLAB network anal-
ysis toolbox, was used to calculate these graph theory measures.

To determine whether the TPLV pattern corresponded to a ‘small-world network’ [52],
which is known to be the optimal structure for inter-regional communication [53, 54], we
applied the method of [55]. The network small-worldness, S, is computed by the ratio of the
normalized clustering coefficient (Cnorm) and the characteristic path length (Lnorm) as follows:

S ¼ Cnorm

Lnorm

¼ C=Crand

L=Lrand

ð5Þ

where Crand and Lrand are the C and L derived from random networks, respectively. One hun-
dred random networks with identical degree distributions were generated as the experimental
TPLV network for each subject to calculate Crand and Lrand.

Graph theory measures are dependent on the number of edges in each graph; thus, they
may be significantly affected by the number of connections rather than by the spatial pattern of
the graph itself. This problem can be alleviated by adjusting the number of significant connec-
tions so that the number is identical for both types of words in each group, as suggested by
[56]. The changes in S as a function of the average number of edges connected with each node,
which is called the degree, or K, were determined, and the optimal value of K was determined
so that the difference between the two types of words was maximized.

Statistical analysis
The response times (RTs) and error rates were subjected to mixed-design, repeated-measures
analysis of variance (ANOVA) with word type (old/new) as a within-subject factor and group
(the schizotypal trait group and the normal control group) as a between-subjects factor. Green-
house-Geisser corrections were employed when the sphericity assumption was not satisfied,
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and the corrected p-values and degrees of freedom were reported. The variables that showed
significant main effects were further analyzed with post hoc pairwise comparisons using a
paired-sample t-test, with p-values corrected by the false discovery rate (FDR) method to
address the multiple comparisons problem.

Based on the visual inspection of the grand average and individual ERSP maps, five 100-ms
time intervals for the period from 250 to 750 ms after stimulus onset and four regions of inter-
est (ROIs), i.e., frontal (Fz, F3, F4), central (Cz, C3, C4), parietal (Pz, P3, P4), and occipital (Oz,
O1, O2), were selected. The mean amplitude of the spectral power in the theta band (4–8 Hz)
in each interval and ROI was calculated and analyzed using mixed-design, repeated-measures
ANOVA with ROI (frontal, central, parietal, and occipital areas) and word type as the within-
subject factors and group as a between-subjects factor.

Five 100 ms intervals were selected for statistical analysis of the TPLVs from 250 to 750 ms
after stimulus onset, as performed for the ERSPs. The mean number of significant connections
at each interval was calculated and analyzed using mixed-design, repeated-measures ANOVA
with word type as a within-subject factor and group as a between-subjects factor.

Based on the dual-process model of recognition memory, we focused on the network char-
acteristics during two temporal intervals devoted to ‘familiarity’ and ‘recollection’ processing
(i.e., 250–550 and 550–750 ms, respectively). The small-worldness, S, which was calculated
from a TPLV graph at the optimal degree, K, was analyzed using mixed-design, repeated-mea-
sures ANOVA with word type as a within-subject factor and subject group as a between-sub-
jects factor.

Possible correlations between the EEG measures, including TBA, TPLV, and S, and the
behavioral measures were explored within each group by Pearson’s correlation coefficient. In
particular, we investigated the correlation between the old/new difference in the EEG measures
and the old/new difference in the behavioral measures to elucidate the association of the EEG
measures with recognition memory function, i.e., the old/new effect.

Results

Behavioral results
A significant interaction effect for group × word type was observed for response time (F(1,32)
= 7.18, p<0.05). The control group responded more rapidly to the old words than to the new
words (538.31 ms vs. 551.42 ms), whereas the schizotypal trait group responded significantly
more slowly to the old words than to the new words (565.17 ms vs. 533.61 ms). A main effect
of word type and an interaction between group × word type were found for error rate (F(1,32)
= 4.08, p<0.05). The old words elicited more errors than the new words. The control group
exhibited no difference in the error rate between the old and new words, whereas the old words
elicited more errors than the new words in the schizotypal trait group.

Event-related spectral perturbation (ERSP) in the theta band
The ERSP maps and time courses of the induced TBA averages for three central electrodes (C3,
Cz, and C4) are shown in Fig 1. The spatial distribution of the induced TBA during the 350–
450 ms and 650–750 ms intervals is shown in Fig 2.

Significant main effects were found for word type and ROI. The old words elicited signifi-
cantly higher theta power than did the new words at 350–450 ms (F(1,32) = 7.31, p = 0.011)
but lower theta power than did the new words at 650–750 ms (F(1,32) = 16.37, p<0.001). With
respect to the ROIs, the TBA was highest in the frontal area during all time intervals. The
smallest TBA was observed in the parietal area during the 250–350 ms interval (F(3,96) = 4.79,
p = 0.009, ε = 0.736) and in the occipital area during the 350–450 ms (F(3,96) = 13.34,
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p<0.001, ε = 0.725), 450–550 ms (F(3,96) = 29.05, p<0.001, ε = 0.733), 550–650 ms (F(3,96) =
45.38, p<0.001, ε = 0.737), and 650–750 ms intervals (F(3,96) = 63.97, p<0.001, ε = 0.731).

An interaction effect of word type × ROI was observed during all time intervals (F(3,96) =
5.39, p = 0.005, ε = 0.752, F(3,96) = 6.97, p = 0.002, ε = 0.655, F(3,96) = 7.01, p = 0.003, ε =
0.579, F(3,96) = 6.20, p = 0.005, ε = 0.593, and F(3,96) = 4.78, p = 0.009, ε = 0.740 for 250–350,
350–450, 450–550, 550–650 and 650–750 ms, respectively).

Although neither a significant interaction between word and group nor a main effect of
group was observed, a stronger old/new difference was observed in the control group; as the
time-frequency map shows, the old/new difference in the TBA was much larger for the controls
(red arrows, third column of Fig 1). We performed a post hoc pairwise comparison between the
old and new word types in the central regions within each group at each temporal point and
found significant differences between the two word types only in the controls during the 250–
550 ms and 650–750 ms periods (denoted in the rightmost column of Fig 1). As shown in the
rightmost panels of Fig 1, in the control group, the old words elicited higher TBA than the new
words in the central area during the 250–550 ms period (t(16) = -4.41, p = 0.002, t(16) = -5.00,
p = 0.001, and t(16) = -4.01, p = 0.004, FDR corrected, for 250–350, 350–450, and 450–550 ms,
respectively). However, in the schizotypal trait group, a significant old/new difference was not
found at any interval. During the 550–750 ms interval in the control group, the old words elic-
ited lower TBA than the new words in the occipital area at 550–650 ms (t(16) = 3.25, p = 0.02)
and in all areas at 650–750 ms (t(16) = 2.14, p = 0.048, t(16) = 2.51, p = 0.031, t(16) = 2.79,

Fig 1. Event-related spectral perturbation (ERSP) in the theta band. Time-frequency activation patterns for the 1–60 Hz signal for the new and old words
and the contrast between them (old-new) for the (a) schizotypal trait group and (b) control group. Each ERSPmap was obtained by averaging the ERSPs at
three central electrodes (C3, Cz, and C4). The rightmost panels show the time courses of the averaged induced TBA (averaged from 4–7 Hz) for the new and
old words (***: p<0.005, *: p<0.05, post hoc pairwise comparison with FDR correction). The induced TBA started to increase at ~100 ms and peaked at
~400–500 ms post-stimulus. Prominent differences in the induced TBA between the old and new words were observed throughout the five 100 ms time
intervals over the period from 250 to 750 ms in both groups. However, the difference in TBA between the old and new words was altered at ~650 ms. (The old
words elicited higher TBA at 250–650 ms but lower TBA at 650–750 ms compared to the new words.) As the contrast ERSPmaps (3rd columns) show, during
the 250–550 ms interval, a prominent old/new difference was observed in both groups. However, the difference seemed to be much weaker for the
schizotypal trait group, as indicated by the red arrows.

doi:10.1371/journal.pone.0148272.g001

Abnormal Neural Synchronies in Individuals with Schizotypal Traits

PLOS ONE | DOI:10.1371/journal.pone.0148272 February 3, 2016 8 / 18



p = 0.026, and t(16) = 5.24, p<0.001, FDR corrected, for frontal, central, parietal, and occipital
areas, respectively). However, in the schizotypal trait group, a similar effect was found only in
the occipital area during the 650–750 ms interval (t(16) = 2.81, p = 0.050, FDR corrected).

The correlation between TBA and behavioral responses was investigated within each ROI in
each group for the 350–450 ms period, when the old/new difference in TBA was largest. Signifi-
cant correlations between the old/new difference in TBA in frontal regions and the old/new dif-
ference in error rates were observed in the control group (r = -0.50, p = 0.040) but not in the
schizotypal trait group (r = -0.36, p = 0.16).

Table 1 shows the mean amplitude of induced TBA for the old and new words in both
groups at each time interval.

Theta-band PLV (TPLV) and graph theory analysis
Fig 3 shows the temporal evolution of the inter-regional TPLVs (averaged across subjects
within each group). Significant TPLVs occurred primarily between the anterior and posterior
regions for both word types in both groups. Significant anterior-posterior TPLVs are denoted
with red lines. (The Fp1, Fp2, F7, F3, Fz, F4, F8, T5, P3, Pz, P4, T6, O1, Oz, and O2 electrodes
were used.) Significant TPLVs among other regions are designated with gray lines. In both
groups, the most apparent old/new difference in TPLVs was observed during the 250–550 ms
interval (Fig 3, right panels), when the old words elicited higher TPLVs than the new words.

Significant main effects were found for word type and group. The old words elicited signifi-
cantly more TPLV connections than the new words at 250–550 ms (F(1,32) = 13.83, p = 0.001,
F(1,32) = 14.91, p = 0.001, and F(1,32) = 5.45, p = 0.026 for 250–350, 350–450, and 450–550
ms, respectively). With respect to group, the number of TPLV connections was significantly
greater in the schizotypal trait group during all time intervals (F(1,32) = 27.09, p<0.001, F

Fig 2. Topographical distributions of theta-band activity (TBA). Topographical maps of induced TBA for the new and old words and the contrast between
them (old-new) during the 350–450 and 650–750 ms intervals in the (a) schizotypal trait and (b) control groups. The induced TBA was centered in the
frontocentral region. The largest old/new difference was observed in the frontocentral area during an early period (350–450 ms) and in the frontal and parietal
areas during later periods (650–750 ms).

doi:10.1371/journal.pone.0148272.g002
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(1,32) = 113.68, p<0.001, F(1,32) = 141.66, p<0.001, F(1,32) = 96.44, p<0.001, and F(1,32) =
49.06, p<0.001 for 250–350, 350–450, 450–550, 550–650 and 650–750 ms, respectively). The
interaction effect of word type × group was not significant during any of the time intervals. In
addition, the TPLV connections and behavioral measures within each group were not signifi-
cantly correlated during any of the time intervals.

Fig 4 shows the network small-worldness, S, as a function of degree, K, at two time intervals
within each group. During the 250–550 ms period, neither group exhibited a significant old/
new difference in S at any K. During the 550–750 ms period, the S was significantly higher for
the old words than for the new words at several degrees (Ks) in the control group. The optimal
K was defined as 3.3, which showed the largest difference between the two word types (t(16) =
-2.66, p = 0.017 by paired-sample t-test). However, the schizotypal trait group did not show a
significant old/new effect in S at any K during the 550–750 ms period.

A significant main effect of word type or group was not observed at this time interval, and
neither was an interaction effect for word type × group. However, we observed that the level of
old/new difference in S explicitly differed between the two groups, as shown in the right panels
of Fig 4; thus, we performed a post hoc pairwise comparison between the two word types within
each group. The S was significantly higher for the old words than for the new words only in the
control group (t(16) = -2.66, p = 0.017 by paired-sample t-test). The correlations between the
network small-worldness and the behavioral measures within each group were not significant
during the 550–750 ms interval.

Discussion
Our results suggest that explicit memory deficits in subjects with schizotypal traits are associ-
ated with abnormal theta-band neuronal synchrony, supporting and extending our recent find-
ings from conventional ERP analysis [20]. We observed the trends of differentiation in theta-
band rhythm and inter-regional phase synchrony between the control and schizotypal trait
groups. An old/new effect was found in the induced theta-band ERSP in both groups. However,
the difference between the old and new tended to be elevated in normal controls. The tendency

Table 1. The mean amplitude of the theta-band activity (TBA) induced by new and old words in the schizotypal trait and control groups.

Schizotypal trait (n = 17)

250–350 ms 350–450 ms 450–550 ms 550–650 ms 650–750 ms

ROI New Old New Old New Old New Old New Old

F 0.25 (0.25) 0.18 (0.19) 0.29 (0.32) 0.24 (0.28) 0.32 (0.33) 0.26 (0.30) 0.32 (0.30) 0.24 (0.28) 0.33 (0.26) 0.23 (0.24)

C 0.15 (0.28) 0.18 (0.32) 0.20 (0.40) 0.27 (0.45) 0.21 (0.40) 0.29 (0.46) 0.18 (0.31) 0.22 (0.37) 0.18 (0.21) 0.16 (0.26)

P 0.09 (0.22) 0.11 (0.24) 0.10 (0.30) 0.15 (0.34) 0.09 (0.31) 0.15 (0.37) 0.08 (0.27) 0.09 (0.32) 0.11 (0.20) 0.07 (0.23)

O 0.18 (0.19) 0.18 (0.21) -0.02 (0.11) 0.00 (0.15) -0.13 (0.12) -0.12 (0.15) -0.15 (0.15) -0.20 (0.15) -0.11 (0.18) -0.20 (0.15)

Control (n = 17)

250–350 ms 350–450 ms 450–550 ms 550–650 ms 650–750 ms

ROI New Old New Old New Old New Old New Old

F 0.11 (0.20) 0.10 (0.19) 0.14 (0.28) 0.14 (0.25) 0.20 (0.32) 0.18 (0.28) 0.24 (0.29) 0.20 (0.24) 0.31 (0.22) 0.24 (0.18)

C -0.01 (0.13) 0.06 (0.16) -0.01 (0.15) 0.10 (0.21) 0.01 (0.17) 0.10 (0.22) 0.02 (0.15) 0.04 (0.18) 0.05 (0.12) 0.01 (0.12)

P -0.01 (0.13) 0.04 (0.12) 0.00 (0.15) 0.05 (0.16) 0.00 (0.16) 0.03 (0.18) 0.00 (0.14) -0.01 (0.17) 0.04 (0.12) -0.02 (0.12)

O 0.12 (0.13) 0.14 (0.16) -0.10 (0.15) -0.08 (0.15) -0.20 (0.16) -0.21 (0.17) -0.21 (0.16) -0.27 (0.16) -0.14 (0.17) -0.26 (0.16)

All values are represented as the mean, with the standard deviation in parentheses. The mean values were obtained by averaging the theta power

amplitude at each ROI (F: frontal, C: central, P: parietal, O: occipital areas) during each time period.

doi:10.1371/journal.pone.0148272.t001
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of elevated old/new effect in normal controls was observed in anterior-posterior theta-band
phase synchrony as well.

As described in the result, the interaction between word type and group were not significant,
and the tendency of weaker old/new effect in schizotypal trait group was found by pairwise
comparisons between word types within each group. Hence, the abnormality in theta-band
ERSP and inter-regional phase synchrony associated with schizotypal trait should be character-
ized further in the future studies. Nevertheless, it would be meaningful in that we provided the
possibility for the first time. We expect that these results may provide valuable insight into the
mechanisms of memory dysfunction due to schizophrenia.

We observed the old/new effect in the theta-band rhythm and inter-regional phase syn-
chrony in the theta-band during the 250–750 ms interval, and the effects were smaller in the
schizotypal trait group than in the normal control group. That is, based on the pairwise compar-
isons between the old and new word types for each group, the old/new effect in induced TBA

Fig 3. Inter-regional theta-band PLVs (TPLVs). Spatiotemporal pattern of TPLVs for the new and old words for (a) the schizotypal trait group and (b) the
control group. Red: significant TPLVs between anterior and posterior regions (the Fp1, Fp2, F7, F3, Fz, F4, F8, T5, P3, Pz, P4, T6, O1, Oz, and O2
electrodes were used); gray: among other regions. The time (in ms) written below each map indicates the 100 ms interval from which the TPLV was
calculated. The right panels show the time courses of the mean number of significant connections across subjects within each group (error bar: standard
error). In both groups, the most apparent old/new difference in the TPLVs occurred during the 250–550 ms interval, when the old words elicited higher TPLVs
than the new words (*: p<0.05, ***: p<0.005).

doi:10.1371/journal.pone.0148272.g003
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was found throughout the 250–750 ms interval in the control group, but it was apparent for
only limited temporal intervals in the schizotypal trait group. It is well recognized that theta-
band rhythm and synchrony play important roles in memory [57–59]. For example, theta
rhythm is selectively increased during the encoding/retrieval of new information [57], and the
coupling of theta-band activity within the MTL and rhinal-hippocampal interactions contrib-
utes to successful memory formation [58, 59]. The role of the theta rhythm in frontal areas in
the memory process has also been demonstrated [32, 60]. In addition to being observable in the
ERP, the old/new effect was also observable in the theta-band activity [61]. The relationship
between explicit verbal memory performance and theta power has also been reported [38]. Bav-
ing et al. showed that the old/new effect in ERPs was lower in schizophrenic patients than in
normal controls [26]. In addition, theta rhythm abnormalities in schizophrenic patients have
been observed during resting-state and memory functions [39, 62, 63]. Our results regarding the
old/new effect on theta power and its decrease in the schizotypal trait group are in accordance

Fig 4. The network small-worldness (S) of the theta-band phase locking value (TPLV) maps as a function of degree (K). (a) The schizotypal trait and
(b) control groups. Blue solid line: new word. Red dotted line: old word. Shaded area: standard error. Based on the dual-process model of recognition
memory, we focused on networks during the two temporal intervals related to ‘familiarity’ and ‘recollection’ processing (i.e., the 250–550 and 550–750 ms
intervals, respectively). Within each group, the S values for the old and new words were statistically compared at each K from 3 to 7. During the 250–550 ms
period, both groups did not reveal that any S was significantly higher for the old words than for the new words at several degrees (Ks; between 3 and 5) only
in the control group (▼: p<0.05 by paired-sample t-test). The optimal Kwas defined as 3.3, which showed the largest difference between the two types of
words. However, the schizotypal trait group did not show a significant old/new effect in S at any K during the 550–750 ms period.

doi:10.1371/journal.pone.0148272.g004
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with these previous findings. Furthermore, we observed that comparable old/new effects and
inter-group differences in the old/new effect also occurred in inter-regional phase synchrony.
The old/new effect in inter-regional TPLVs was noteworthy only for normal controls during
limited time intervals (the 550–750 ms intervals, as shown by graph theory analysis). The impli-
cations of phase synchrony in memory processes have been acknowledged and are attributed to
its facilitation of neural communication and promotion of neural plasticity [57, 59, 64].

The most crucial difference between the findings from our previous ERP study and those of
the present study is that the temporal periods showing old/new effect abnormalities were
altered for the theta rhythm. The meaning of the temporal period of the abnormalities may be
understood based on the dual process model of recognition memory, which suggests that per-
formance on recognition memory tests reflects the assessment of stimulus “familiarity” and the
“recollection” of details pertaining to a previous episode [29, 30]. These models assume that
familiarity processing, which is automatic, occurs earlier and that more controlled recollection
processing occurs later, during recognition memory. ERP studies have provided evidence in
support of this model, such as a mid-frontal old/new effect in early periods (300–500 ms) and a
left parietal old/new effect in a later period (500–700 ms), which represent familiarity and rec-
ollection, respectively [65–67]. Neuroimaging studies have demonstrated that the brain regions
involved in the familiarity and recollection aspects of recognition memory are different to
some extent. Structures in the MTL, including the hippocampus [68] and the parietal lobe [69],
are considered to play important roles in recollection, whereas the prefrontal cortex is crucial
in familiarity processing [70, 71].

In previous studies, the old/new effect was reduced during the 500–700 ms interval but not
in the 300–500 ms interval (based on ERP studies of recognition memory) in schizophrenic
patients or non-clinical individuals with schizotypal traits [20, 25]. This finding led to the con-
clusion that recognition memory deficits in schizophrenia spectrum disorders, including
schizophrenia, originate from deficits in recollection/retrieval. However, contrary to this con-
clusion, our current theta-band rhythm results also showed reduced old/new effects during ear-
lier intervals (250–550 ms). This finding may indicate that the deficits in explicit verbal
memory associated with schizotypal traits are caused by abnormal familiarity processing and
by abnormal recollection processing. These results also suggest the limitation of conventional
averaged ERP analysis and the necessity/usefulness of rhythm analyses.

In the current study, the theta rhythm was highest in the mid-frontal region throughout per-
formance of the task for both groups and word types, and the inter-group difference in the old/
new effect in theta activity was most evident in the bilateral frontal areas (Fig 3). These results are
in line with the acknowledged importance of frontal theta rhythm in explicit memory processing
and the well-known deficit in synaptic-level frontal lobe function and its influence on the theta
rhythms associated with schizophrenia spectrum disorders [39, 61, 72, 73]. The theta rhythm
reflected in the EEG results from hippocampal inhibitory theta rhythm, which is transferred to
the cortex by limbic-hippocampal-cortical re-entrant loops. It was suggested that the reduction
of prefrontal dopamine receptor activation in schizophrenia, together with decreased NMDA
and GABA signaling, may lead to unfocused cortical activation and reduced recurrent inhibition,
which in turn results in the reduction of the signal-to-noise ratio of the theta-band activity in
schizophrenia [73]. In line with these hypotheses, the old/new effect in the TBA was diminished,
and it was not correlated with the behavioral measures in the schizotypal trait group.

Although the detailed mechanisms underlying frontal theta rhythm generation are not fully
understood, frontal theta rhythms are associated with the encoding of information [74] and
reinforcement learning [75]. Frontal theta power increases during information encoding to
predict the subsequent successful recall of information [76]. A correlation between frontal
theta oscillations and working memory load has also been reported [31, 60]. Thus, theta
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activity seems to be crucial in the explicit memory tasks in our study, and the reduced old/new
effect in the TBA in the schizotypal trait group during the 250–550 ms period may indicate
that these individuals may have difficulties in familiarity processing during recall.

The old/new difference in inter-regional phase synchrony was most apparent during the 250–
550 ms interval in both groups, and higher connectivity for the old words was observed. Skinner
and Fernandes (2007) suggested the importance of the network consisting of frontal and parietal
areas in recognition memory; these areas are involved in the retrieval/encoding and storage of
information, respectively [77]. In line with this suggestion, we observed significant TPLVs
between the anterior and posterior regions, including frontal and parietal areas. However, due to
the inherent limitation of the spatial resolution, the exact location of the greatest connectedness
could not be identified by the surface EEG-based method used in our study. Phase synchrony
analysis at the level of cortical current sources may be useful to alleviate this problem, and thus,
this seems worth trying in further studies [78, 79]. Nevertheless, the sensor-level analysis adopted
in our study provides useful information for comparisons between conditions and/or subject
populations [80, 81]. For example, a significant increase in TPLV during 250–550 ms was
observed in schizotypal trait group as compared to normal controls regardless of word type.
Memory processing has been thought to be sensitive to precise modulations of theta-band syn-
chronization in widely distributed brain regions [64, 82]. Accordingly, the increased TPLVs
observed in our study may reflect interference in the modulation of theta activity during memory
retrieval, which in turn results in recognition memory dysfunction. This hypothesis is supported
by a previous study that showed that resting-state functional connectivity in the theta band was
elevated and correlated with verbal memory deficits in schizophrenia patients [83].

Furthermore, surface EEG-based inter-regional phase synchrony analysis could provide
additional valuable information when combined with graph theory measures of network pat-
terns [56, 84]. For example, by pairwise comparisons between old and new word types for each
group, the differences in theta-band inter-regional phase synchrony between the old and new
words was found only in the control group from the network small-worldness during the 550–
750 ms interval, whereas the inter-group comparison was difficult to interpret using visual
inspection of the phase synchrony map alone. This finding may indicate that individuals with
schizotypal traits have difficulty in both the familiarity and recollection processing components
of recognition memory, resulting from dysfunction in coordinated network activity. The graph
theory analysis revealed that the TPLV networks corresponded to a small-world network and
that the measure of ‘small-worldness’ was greater for the old words than for the new words
only in the normal controls. It can be hypothesized that the functional cortical network for
word recognition is more efficient in terms of inter-regional communication in the normal
controls. It would be meaningful to perform a similar analysis in schizophrenia patients
because several previous studies have shown that small-worldness was disrupted in schizophre-
nia patients during resting-state and cognitive tasks [85, 86].

In summary, we found that the deficits in explicit verbal memory in individuals with schizo-
typal traits were associated with abnormalities in theta-band rhythm and inter-regional syn-
chrony. The old/new difference was diminished in the schizotypal trait group for both theta
rhythm and inter-regional phase synchrony. This finding supplements our previous results of
reduced old/new effects in the ERP waveform during a later period devoted to recollection
because the trends suggesting inter-group differences in theta power and TPLVs were found
during an earlier period, which implies that familiarity processing and recollection processing
were impaired in the schizotypal trait group. Our results suggest that explicit memory deficits
shown in schizophrenia patients can also be observed even in non-clinical individuals with psy-
chometrically defined schizotypal traits. Therefore, these results support previous findings sug-
gesting that explicit memory dysfunction is a core problem associated with schizophrenia.
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Supporting Information
S1 File. Numerical values of the induced theta-band activity (TBA) shown in Table 1. The
TBA for each individual was obtained by averaging the amplitude of the theta-band power at
each ROI (F: frontal, C: central, P: parietal, O: occipital areas). Five Excel worksheets are
included, corresponding to the five temporal periods: 250–350 ms, 350–450 ms, 450–550 ms,
550–650 ms, and 650–750 ms.
(XLSX)

S2 File. Numerical values of the graph theory measures (at degree, K = 3.3) of the theta-
band phase locking value (TPLV) pattern during the 550–750 ms period described in Fig 4.
One Excel worksheet is included, corresponding to the temporal period of 550–750 ms.
(XLSX)
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