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The complexity change in brain activity in schizophrenia is an interesting topic clinically.

Schizophrenia patients exhibit abnormal task-related modulation of complexity, following

entropy of electroencephalogram (EEG) analysis. However, complexity modulation in

schizophrenia patients during the sensory gating (SG) task, remains unknown. In this

study, the classical auditory paired-stimulus paradigm was introduced to investigate SG,

and EEG data were recorded from 55 normal controls and 61 schizophrenia patients.

Fuzzy entropy (FuzzyEn) was used to explore the complexity of brain activity under

the conditions of baseline (BL) and the auditory paired-stimulus paradigm (S1 and S2).

Generally, schizophrenia patients showed significantly higher FuzzyEn values in the frontal

and occipital regions of interest (ROIs). Relative to the BL condition, the normalized

values of FuzzyEn of normal controls were decreased greatly in condition S1 and showed

less variance in condition S2. Schizophrenia patients showed a smaller decrease in the

normalized values in condition S1. Moreover, schizophrenia patients showed significant

diminution in the suppression ratios of FuzzyEn, attributed to the higher FuzzyEn values

in condition S1. These results suggested that entropy modulation during the process of

sensory information and SG was obvious in normal controls and significantly deficient

in schizophrenia patients. Additionally, the FuzzyEn values measured in the frontal ROI

were positively correlated with positive scores of Positive and Negative Syndrome Scale

(PANSS), indicating that frontal entropy was a potential indicator in evaluating the clinical

symptoms. However, negative associations were found between the FuzzyEn values of

occipital ROIs and general and total scores of PANSS, likely reflecting the compensation

effect in visual processing. Thus, our findings provided a deeper understanding of the

deficits in sensory information processing and SG, which contribute to cognitive deficits

and symptoms in patients with schizophrenia.
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INTRODUCTION

The sensory gating (SG) deficit is considered a core deficit among
patients with schizophrenia. SG is a normal suppression function
of the brain that filters the input of irrelevant information and
is believed to be essential to sustain attention in a changing
environment and for appropriate responses to afferent stimuli
(Braff and Geyer, 1990; Zhu et al., 2013). Schizophrenia patients
have demonstrated deficits in SG, which could lead to sensory
inundation, excess irrelevant sensory information in the brain,
resulting in abnormal information processing, selective attention
and cognitive deficits in patients (Adler et al., 2004; Potter et al.,
2006; Shaikh et al., 2011; Dalecki et al., 2016; Zhu et al., 2017).

In the auditory modality, SG has usually been studied in
a paired-stimulus paradigm: two brief, identical stimuli are
presented with a 400ms stimulus onset asynchrony (Santos et al.,
2010; Sánchez-Morla et al., 2013). However, both stimuli elicit a
positive potential 50ms post-stimulus (P50), and the amplitude
of potential to the second stimulus is normally attenuated. This
phenomenon was considered a measure of input inhibitory,
also called P50 suppression. Previous studies have proven that
patients with schizophrenia showed a smaller amplitude than
normal controls, possibly related to the deficit in SG (Bramon
et al., 2004; Chang et al., 2011; Keil et al., 2016). The P50
suppression impairment reported in schizophrenia was thus
assumed to reflect an inhibitory input impairment and was
argued to be an endophenotype for schizophrenia (Leonard
et al., 1996; Korzyukov et al., 2007; Thaker, 2008; Quednow
et al., 2012). Recently, our study suggested that schizophrenia
patients showed a smaller amplitude to the first stimulus than
that of normal controls, which was attributed to the deficit in
SG (Zhu et al., 2017). The poor SG in schizophrenia patients was
considered to be more related to the diminished processing of
S1 than to the deficient gating of S2 (Blumenfeld and Clementz,
2001; Johannesen et al., 2005).

The electroencephalogram (EEG) contains the dynamic
properties of brain activity (Acharya et al., 2015). Recently,
the dynamic properties were explored by utilizing complexity
analyses such as Shannon entropy (ShEn), approximate entropy
(ApEn), and Lempel–Ziv complexity (LZC) (Li et al., 2008; Akar
et al., 2015; Molina et al., 2017). By analyzing the resting-state
EEG signal, schizophrenia patients showed increased complexity,
associated with a higher variability or “irregularity” in their brain
signals (Akar et al., 2015; Bachiller et al., 2015). Additionally,
a difference was found between schizophrenia patients and
normal controls in the frontal and temporal regions (Sokunbi
et al., 2014). Among complexity analysis approaches, entropy-
based algorithms have been useful and robust estimators to
evaluate EEG regularity or predictability (Takahashi et al., 2010;
Sharma et al., 2015). Entropies measure the probability of a
new pattern in a time series; the greater the probability of
generating a new pattern is, the greater the complexity of the
sequence will be. The entropy with fuzzy structure showed a
great performance, including fuzzy entropy (FuzzyEn) (Chen
et al., 2007) and Inherent fuzzy entropy (Inherent FuzzyEn) (Cao
and Lin, 2018). Moreover, FuzzyEn and Inherent FuzzyEn have
been widely applied in the feature extraction and classification

of EEG signals in the area of Alzheimer’s disease, epilepsy,
migraine and healthcare applications (Cao et al., 2015, 2018a,b,c;
Xiang et al., 2015).

In addition to analyzing the complexity of the resting
state, the complexity of brain activity during information
processing was further analyzed. Normal controls displayed
decreased complexity (entropy) during tasks (Li et al., 2008;
Bachiller et al., 2015; Chu et al., 2017). However, patients
showed a significant reduction in task-related changes compared
with controls. For example, schizophrenia patients showed a
significant reduction in response to both target and distractor
tones in an auditory oddball paradigm using spectral entropy
(SpEn) (Bachiller et al., 2015). By analyzing the EEG signals
evoked by three different types of emotions, the ApEn at
the Fz electrode was significantly associated with the total
scores of Positive and Negative Syndrome Scale (PANSS)
in schizophrenia patients. Furthermore, normal controls and
markedly ill schizophrenia patients could be classified with an
identification as high as 81.5% (Chu et al., 2017). These entropies
and other complex measurements demonstrated that the
dynamic properties were sensitive to the neural activity and state
of the brain, and provided an important approach to investigate
themechanisms of abnormal cognition in schizophrenia patients.
Using the auditory paired-stimulus paradigm, schizophrenia
patients showed deficits in sensory information processing and
SG, contributing to cognitive deficits and symptoms in these
patients (Light et al., 2000; Johannesen et al., 2005; Dalecki et al.,
2016; Zhu et al., 2017). However, the mechanisms of entropy
modulation during the auditory paired-stimulus paradigm in
schizophrenia remain unclear.

In the present study, we used FuzzyEn, a simpler entropy
with a fuzzy structure, and an auditory paired-stimulus paradigm
to analyze the dynamic complexity of EEG signals, between
schizophrenia patients and normal controls, in order to further
investigate the entropy modulation mechanisms of SG in
schizophrenia. Accordingly, we found abnormal SG in the frontal
and occipital regions. FuzzyEn is a useful method to study the
complexity of SG and to look for dynamical evidence of abnormal
SG in patients. It is also a potential way to study the complexity
of the brain diseases.

MATERIALS AND METHODS

Participants
In our study, 61 schizophrenia inpatients [41 men and 20
women, mean age = (37 ± 1.25)] from the Beijing Huilongguan
Hospital participated in the experiment. The patients fulfilled the
diagnostic criteria for schizophrenia according to the Structured
Clinical Interview for the Diagnostic and Statistical Manual
of Mental Disorders, Fourth Edition (DSM-IV) (Guze, 2006).
The exclusion criteria included cardiovascular or neurological
disease, a history of a head injury with loss of consciousness,
physical abnormalities, and meeting DSM-IV criteria for
substance dependence or current mood or anxiety disorders.
They had been treated with the antipsychotic medication of a
stable dose for more than 1 month, and did not take clozapine,
were pregnant or breastfeeding. The average duration of illness
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was 14.22 years. The symptomatology was assessed by the PANSS
(Kay et al., 1987).

Additionally, 55 age- and sex-matched normal controls were
recruited from the staff of the Beijing Huilongguan Hospital
[31 men and 24 women, mean age = (41 ± 1.59)]. None
of the normal controls had any history of mental illness or
substance abuse.

There was no statistically significant difference in age, sex ratio
and education between the normal controls and schizophrenia
patients. All the participants had normal hearing abilities.
The protocol was approved by the ethics committee of the
Beijing HuilongguanHospital, and written informed consent was
obtained from all participants after the procedures had been fully
explained. The demographical and clinical evaluations of the
subjects are listed in Table 1.

Data Recordings
The experiment was implemented in an acoustically and
electrically shielded room. All the subjects were asked to
wash their hair to ensure clean skin. They were seated in a
comfortable chair and were asked to relax and focus their
eyes on the “cross” symbol 80 cm ahead. The recording of
auditory-evoked potentials was performed using the signal
generator and data acquisition system of a fully functional digital
64-channel electroencephalography system (Brain Products,
Germany) complying with the international 10–20 system. The
resistance of all electrodes was <5 k�. EEG was acquired with
a sampling frequency of 500Hz. Eye movements were recorded
via electrooculography using Ag/AgCl disc electrodes that were
placed at the outer canthus and below the right eye.

The classical auditory paired-stimulus paradigm was used in
our previous studies (Tan et al., 2014). The auditory paired-
stimulus paradigm (S1 and S2) was also introduced in this
study, and 60 paired clicks were delivered binaurally through
headphones. The intertrial interval was 10 s with a 500ms
interstimulus interval between S1 and S2. The clicks consisted
of broad-band square waves that were 1ms in duration with
an intensity of 80 dB. Electrical signals from the scalp were
amplified and bandpass filtered with a 0.01–100-Hz analog filter

TABLE 1 | Demographic and clinical variables of the normal controls and

schizophrenia patients.

Characteristics Normal

(n = 55)

Schizophrenia

(n = 61)

t/χ2

value

P-value

Mean age (SE), year 41.29 (1.58) 37.87 (1.24) 0.464 0.597

Male/Female 31/24 41/20

Mean illness course (SE), year 14.22 (1.19)

Mean (SE) age at disease onset 23.89 (0.90)

MEAN (SE) PANSS SCORE

Positive score 19.63 (0.95)

Negative score 18.87 (0.93)

General score 35.12 (1.27)

PANSS, positive and negative syndrome scale.

and without a 50-Hz notch filter. We evaluated SG by computing
the complexity of the auditory-evoked response in the auditory
paired-stimulus paradigm. The experimental process of data
acquisition is shown in Figure 1.

Data Preprocessing
The whole process of data preprocessing was performed on
BrainVision analysis 2.0. First, we chose the average reference
electrode that is commonly used in EEG data preprocessing.
Next, digital filtering used a bandpass of 0.5∼50-Hz and 24
dB/oct. EEG recordings were then segmented into 1,300 ms-
length epochs from −400 to 900ms with respect to the onset of
S1 (60 samples per subject). Baseline correction was performed
using the averaged EEG data from −400 to 0ms before the
S1. Electrooculogram (EOG) exerted great influence on EEG;
thus, ocular correction was necessary to correct the muscle
influence caused by eye movement or blinking. The Artifact
Rejection transform was asked to search the data set for physical
artifacts following segmentation and to remove ormark segments
with artifacts. Then, by enabling individual channel mode, “Bad
Interval” markers were written in channels in which artifacts
occurred. The segments with artifacts were removed and the new
data set only contained the segments without artifacts. Next, we
exported the EEG data of 60 electrodes for further analysis.

FuzzyEn Algorithm
Abundant research has indicated that entropy-based approaches
have revealed novel insights into various brain activities, in order
to understand the temporal dynamics of complexity. FuzzyEn
uses a fuzzy membership function to measure the degree of
similarity of vectors, rather than the two-valued function in
the SampEn-based algorithm, so the calculated entropy values
are continuous and smooth (Chen et al., 2007). Additionally,
compared with ApEn and sample entropy (SampEn), FuzzyEn
has less dependence and sensitivity to phase space dimension and
similarity tolerance. The robustness and continuity of measure
values are therefore better. The algorithm is described below.

The phase-space reconstruction is performed on u(i)
according to the sequence order, and a set of m-dimensional

FIGURE 1 | Auditory paired-stimulus paradigm. In the experimental

procedure, the subject remained quiet and sat in a chair, facing the “cross”

symbol on the front screen, and received paired-clicks through the ears. The

time interval between the two stimuli was 500ms, and 60 repetitions were

conducted. Each test interval was 10 s.
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(m ≤ N − 2) vectors are obtained as follows:

Smi = {u (i) , u (i+ 1) , . . . , u (i+m− 1)} − uo (i) (1)

Fuzzy membership function as follows:

A (x) =

{

1, x = 0

exp
[

−ln(2)( xr )
2
]

, x > 0
(2)

where r is the similarity tolerance.

dmij = d
[

smi , s
m
j

]

=
max

kǫ (0,m− 1)

{∣

∣u
(

i+ k
)

− uo (i) (3)

−
(

u
(

j+ k
)

− uo
(

j
))∣

∣

}

(i, j = 1 ∼ N −m, j 6= i)

dmij , the distance between two vectors smi and smj , is the maximum
difference values between the corresponding elements of the
two vectors. According to the fuzzy membership function, the
similarity degreeDm

ij between two vectors S
m
i and Smj is as follows:

Dm
ij µ

(

dmij , n, r
)

= exp (
−(dmij )

n

r
) (4)

Defining the function ϕ(n, r), and repeating the steps above in
the same manner, a set of (m + 1)-dimensional vectors can be
reconstructed according to the order of sequence, defined as
ϕm+1 (n, r). Finally, the FuzzyEn value for the time series with
a sequence length of N can be expressed as follows:

FuzzyEn (m, n, r,N) = lnϕm (n, r) − ln ϕm+1(n, r) (5)

Generally, too large of a similarity tolerance will lead to a
loss of useful information. However, if the similarity tolerance
is underestimated, the sensitivity to noise will be increased
significantly. In the present study, m = 2 and r = 0.25 × SD,
where SD denotes the standard deviation of the time series (Xiang
et al., 2015). A large FuzzyEn value indicates a more random
time series, whereas a small FuzzyEn value indicates that the time
series is regular.

FuzzyEn Measurement for the
Paired-Stimulus Paradigm
After preprocessing, we exported the data and calculated
the FuzzyEn values using MATLAB 2016b (Figure 2). We
determined the entropy values at baseline (BL, range from −400
to 0ms relative to the onset of S1), S1 (range from 0 to 400ms),
and S2 (range from 500 to 900ms) for controls and patients. Each
channel acquired the corresponding mean value under different
conditions for each subject. Finally, we calculated the FuzzyEn
mean of each group. To more intuitively observe the changes
relative to BL, a normalized method was used, the formula of
which is as follows:

Normalized S =
FuzzyEn(S)− FuzzyEn(BL)

FuzzyEn(BL)
(6)

FIGURE 2 | Experimental flowchart. Signal collection and preprocessing,

FuzzyEn measurement and Analysis. The EEG signals were recorded using 64

channels of the Vision Recorder system, EEG data pre-processing included

re-reference, filtering, segmentation, baseline correction, ocular correction,

and artifact rejection; EEG complexity was estimated using FuzzyEn; then

normalized values and suppression ratios were calculated.

Note: The S indicates the stimulus of S1 or S2.
One indicator of measuring SG is the suppression rate. The

traditional method is to calculate the amplitude generated by S1
to suppress the amplitude generated by S2. In our experiment,
we analyzed the suppression ratio (SR) from the perspective of
complexity as follows:

SR =
FuzzyEn (S2) − FuzzyEn(S1)

FuzzyEn(S1)
(7)

Statistical Analysis
Statistical analysis was performed with SPSS 16.0. For the group
comparisons of the demographic and clinical variables, we
used chi-square tests for categorical variables and independent-
sample t-tests for continuous variables. To explore differences
among conditions, a paired t-test was computed. All p-values
were two-tailed, and the significance level was set to p < 0.05
and corrected using the false discovery rate (FDR) (Benjamini
and Hochberg, 1995) and Bonferroni correction (Armstrong,
2015). Pearson’s r coefficients were computed to investigate
the correlations.
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RESULTS

FuzzyEn Values of EEG During the Auditory
Paired-Stimulus Paradigm
As shown in Figure 3A, FuzzyEn maps of BL, S1, and S2 showed
significantly larger FuzzyEn values in schizophrenia patients than
in normal controls (p < 0.05, corrected) in the frontal and
occipital regions. We further defined two regions of interest
(ROIs), the frontal ROI (AF3, AF4, F1, F2, Fz), and occipital ROI
(Oz, O1, O2), respectively (Figure 3B). By repeated measures
analysis of variance (ANOVA), we found a significant main
effect of group [F(1, 113) > 204.036; p < 0.001] and condition
[F(2, 226) > 14.699; p < 0.001] in these two ROIs. There were
significant group-by-condition interaction effects on the frontal
ROI [F(2, 226) = 12.094; p < 0.001] and occipital ROI [F(2, 226) =
24.297, p < 0.001]. By post hoc test, the schizophrenia patients
showed larger FuzzyEn values than the normal controls in two
ROIs, especially in the frontal ROI (t > 15.159; p < 0.001,
corrected). Such differences in the S1 condition were most
significant (t = 15.845; p < 0.001, corrected).

To exclude the interference of the BL status, we normalized
the FuzzyEn values of S1 and S2 relative to that of BL. The brain
topographic maps of normalized values are shown in Figure 4A.
We found that schizophrenia patients had significantly larger
normalized values of S1 than the normal controls in the frontal
and occipital ROIs (p < 0.05, corrected), values that were in
line with the FuzzyEn maps. However, there were no differences
in the normalized values of S2 (p > 0.2, corrected). We also
exported the normalized values in the frontal and occipital

ROIs (Figure 4B). Repeated measures ANOVA tests also found
significant differences in group [F(1, 113) > 9.495; p < 0.01] and
condition [F(1, 113) > 135.079; p < 0.01]. Importantly, we found
significant group-by-condition interaction effects on the frontal
ROI [F(1, 113) = 67.597; p < 0.001] and occipital ROI [F(1, 113) =
59.878; p < 0.001]. The post hoc test showed significantly larger
normalized values in the S1 condition for schizophrenia patients
than those for normal controls in these two ROIs (t > 8.370; p <

0.001, corrected). By contrast, there were no such differences in
the S2 condition.

Complexity Suppression in Sensory Gating
Based on the theory of SG, the strength of SG was determined
by calculating the gating ratio. A lower gating ratio indicated
weaker SG function. The FuzzyEn map is shown in Figure 5A.
We determined two ROIs (Figure 5B), the frontal ROI (FC1,
FCz, Fz) and occipital ROI (Oz, O1, O2). In these ROIs,
the suppression ratios of normal controls were significantly
higher than those of schizophrenia patients [frontal ROI (t =
8.578; p < 0.001, corrected) and occipital ROI (t = 7.862;
p < 0.001, corrected)].

Correlation of FuzzyEn Values in the
Frontal and Occipital ROIs
Figure 6 shows the correlation of FuzzyEn values between the
frontal and occipital ROIs. Normal controls showed a positive
correlation under all three conditions (r > 0.779; p < 0.001),
while there was no correlation between the two ROIs in patients
with schizophrenia (r < 0.260; p > 0.05). Additionally, no

FIGURE 3 | Brain topography and histogram of FuzzyEn values in three states. Panel (A) shows the topographic map of entropy in the three states of the two groups.

The darker the color in the first two columns was, the greater the entropy would be. The third column took the logarithm of the p-value of the statistical test: the darker

the color was, the greater the difference would be. Panel (B) represents the ROI histograms of the two most significant brain regions. Black represents normal

controls, while red represents schizophrenia patients. ***Less than the significance p-value of 0.001.
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FIGURE 4 | Characteristic distribution of the normalized values for S1 and S2 in each group. Panel (A) shows the topographic map of the normalized values of the

two groups. The darker the color was in the first two columns, the greater the value would be. The third column took the logarithm of the p-value of the statistical test;

the darker the color was, the greater the difference between groups would be. Panel (B) represents the normalized ROI box plot of the two ROIs.

FIGURE 5 | Brain topographic map and ROIs. In (A), the first two plots represent the suppression ratios, and the darker the color was, the greater the suppression

ratio would be. The third plot was the result of the two-sample t-test. The logarithm was taken, and the darker the color was, the greater the difference would be.

Panel (B) shows the ROI histogram, including the frontal ROI and occipital ROI. Black and red represent the suppression ratios of the controls and patients,

respectively. ***Less than the significance p-value of 0.001.

correlation was found in the normalized values and suppression
ratios in the frontal and occipital ROIs, for both normal controls
and schizophrenia patients.

Relationships Between Complexity and
Clinical Features
The PANSS was mainly used to assess the presence or absence
of schizophrenia and the severity thereof (Kay et al., 1987). We

performed correlation analyses between the PANSS scores and
mean FuzzyEn values of electrodes with a significant difference
among the three states (Table 2). The FuzzyEn values showed
positive correlations with positive scores of PANSS (PANSSP) in
Fz and AF3, as well as with negative scores of PANSS (PANSSN)
in AF3 (r > 0.260; p < 0.05). By contrast, the FuzzyEn values
in Oz and O2 (r < −0.263; p < 0.05) exhibited a negative
correlation with the general scores of PANSS (PANSSG) and
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FIGURE 6 | Scatter plots of the associations between the frontal ROI and occipital ROI in normal controls and schizophrenia patients. Black represents normal

controls, and red represents schizophrenia patients. The two ROIs in the normal controls showed a positive correlation. No correlation was found between the two

ROIs in the patients. ***Less than the significance p-value of 0.001.

TABLE 2 | Results of the correlation analyses between the FuzzyEn and PANSSP,

PANSSN, PANSSG, and PANSSTOTAL scores in the patient group.

BL

(r, p)

S1

(r, p)

S2

(r, p)

Fz

PANSSP 0.279, 0.031* 0.260, 0.044* 0.289, 0.025*

AF3

PANSSP 0.260, 0.045* 0.261, 0.044* 0.266, 0.040*

PANSSN 0.274, 0.034* 0.282, 0.029* 0.271, 0.036*

Oz

PANSSG −0.294, 0.023* −0.292, 0.023* −0.299, 0.020*

PANSSTOTAL −0.268, 0.039* −0.263, 0.042* −0.271, 0.037*

O2

PANSSG −0.352, 0.006** −0.356, 0.005** −0.347, 0.007**

PANSSTOTAL −0.272, 0.036* −0.277, 0.032* −0.269, 0.037*

The first number is the Pearson correlation coefficient, and the second number is the

significance. *Less than the significance p-value of 0.05; **Less than the significance

p-value of 0.01.

total scores of PANSS (PANSSTOTAL). No correlation was
found between the PANSS scores and normalized values and
suppression ratios in patients.

DISCUSSION

The abnormality of SG is one of the important mechanisms
in schizophrenia (Bramon et al., 2004; Chang et al., 2011). In
this study, FuzzyEn was used to analyze the dynamic properties
of the EEG signal during the paired-stimulus paradigm,
to detect evidence of the complexity of abnormal entropy
modulation in schizophrenia. We found that schizophrenia
patients showed significantly higher FuzzyEn values in the
frontal and occipital ROIs. Relative to BL, schizophrenia patients
showed a smaller decrease in FuzzyEn values in conditions
S1 and S2 than the normal controls. Moreover, schizophrenia
patients showed significantly diminished suppression ratios

of FuzzyEn, attributed to the higher FuzzyEn values in the
S1 condition. The abnormal FuzzyEn values were positively
associated with PANSSP measured in the frontal ROI; by
contrast, FuzzyEn values were negatively associated with
PANSSG and PANSSTOTAL in the occipital ROI.

Abnormal Entropy in Schizophrenia
EEG signals were complex non-linear dynamic signals (Akar
et al., 2015), and it was challenging to accurately extract the
EEG signal characteristics. In the present study, we found that
schizophrenia patients had obviously higher FuzzyEn values
than the normal controls in the BL and stimuli conditions.
Consistent with previous studies, patients with schizophrenia
had more complex resting-state neural activity and showed
increased complexity across the brain using the LZC, compared
with the normal controls (Fernández et al., 2011). Additionally,
as reported previously using multiscale entropy, schizophrenia
patients had a higher complexity than controls (Takahashi
et al., 2010). The increase in FuzzyEn values indicates that
few neurons participated in the information processing and
increase in dynamic complexity, and is linked to an increase
in the number of simultaneously active states reflecting the
system’s degree of freedom (Bob et al., 2007). Furthermore,
entropy is an indicator of the probability of generating a
new pattern in a time series (Richman and Moorman, 2000;
Chen et al., 2007). Compared with the normal controls, the
brain activity of patients with schizophrenia was more active
and excited, the probability of generating a new pattern of
EEG signals was greater, and the complexity of EEG was
higher(Zhao et al., 2013). FuzzyEn measurement in EEG signals
might be more suitable to capture imperceptible changes in
different physiological and cognitive states of the human brain
(Hosseini and Naghibisistani, 2011; Mu et al., 2017).

Our results showed significant differences in FuzzyEn values
between controls and patients with schizophrenia in the frontal
ROI. Previous studies also found a considerable difference in this
region (Li et al., 2008; Mathalon and Ford, 2008; Nenadic et al.,
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2014; Goldstein et al., 2015). The frontal ROI was responsible
for memory problems that were associated with the regulation
of behavior and cognitive perception (Highley et al., 2001; Yan
et al., 2016a). For schizophrenia patients, the impairment of
metacognitive function might be mediated by the frontal ROI
(Asmal et al., 2016). It was suggested that a disturbance in
dopamine signaling to the prefrontal cortex may underlie the
abnormalities observed in this region, in social cognition studies
of schizophrenia (Sokunbi et al., 2014).

Moreover, a significant difference was also found in the
occipital ROI. It is well-known that the occipital ROI is popularly
associated with the processing of vision (Yanl and Wu, 2010).
Schizophrenia has been associated with an altered structure and
function of the occipital cortex (Bjorkquist and Herbener, 2013).
Patients with schizophrenia might have deficits in their attention
when they were instructed to fixate on the central cross (Dalecki
et al., 2016), thereby causing lower entropy values in the occipital
ROI. Moreover, there is sufficient evidence to support the notion
of a reduction in the overall volume of the occipital ROI in
schizophrenia patients (Bilder et al., 1999).

Abnormal Complexity in the Processing
Stimulus in Schizophrenia
In this study, we found that normal controls showed a
larger decrease in the FuzzyEn values when processing the
S1 stimulus. Such a decrease of complexity in the task
state implied a more intense or widespread activation of the
cerebral resources, reflecting the activated state of ‘internal
concentration’ (Li et al., 2008). Similarly, a previous study
also reported that the entropy decrease in normal controls
could be associated with an irregularity decrease of the
EEG signals during the processing of tones (Bachiller et al.,
2015). The complexity measured by LZC decreases from the
resting state to the tasking state, due to the increase in
synchronization during mental activity (Li et al., 2008). Recently,
Thilakvathi et al. demonstrated that the complexity of brain
activity comes from the neuronal level (Thilakvathi et al.,
2017). The higher the complexity is, the more disordered the
neuron activity will be. Thus, the decreased complexity in
the tasking state might be related to the increase in neuronal
activity synchronization.

However, the FuzzyEn values of S1 in schizophrenia patients
were significantly higher than those in the normal controls.
Compared with the normal controls, after normalization with
BL, the schizophrenia patients also showed a smaller decrease
in the S1 condition. A weak decrease in complexity in the
S1 condition suggested that schizophrenia patients may be
less sensitive to novel or relevant sound stimuli and had a
lower degree of reactivity, consistent with the result of event-
related potential (ERP) in our previous studies (Zhu et al.,
2017). It was previously reported that bioelectrical responses
to both novelty and relevance, during an auditory oddball
task, were attenuated in patients with schizophrenia. The
activity modulation was significantly smaller in schizophrenia
patients than in the controls, suggesting that the response

to both novelty and salience was flattened in schizophrenia
patients. Moreover, other results also showed widespread
hypoactivation in response to novelty in schizophrenia patients
(Laurens et al., 2005).

Deficit of Sensory Gating in Schizophrenia
In normal controls, the FuzzyEn values of S2 showed a smaller
decrease, a finding that was consistent with the FuzzyEn
values of S1. The smaller decrease in S2 was considered as
suppression of SG (Boutros et al., 1993; Greenwood et al.,
2015). Additionally, the phenomenon of suppression was
further confirmed by smaller normalized values in the S2
condition and significant suppression ratios of complexity.
As mentioned above, the decreased complexity was found in
the tasking state. In the S1 condition, the brain’s cognitive
system considered the stimulus as novel and relevant, the
neurons focused on processing this stimulus, and the neuronal
activity became orderly; thus, the probability of a new
pattern was reduced, and the complexity decreased. In the
S2 condition, S1 activates an inhibitory system (Greenwood
et al., 2015), suppressing the response to S2 and filtering
out the irrelevant information. The suppression marked the
order of brain neuron activity decline, and the probability of
a new pattern increased. Thus, these results implied that the
complexity was sensitive to evaluate SG by calculating the
suppression ratio.

We further found that the suppression ratios of complexity
in schizophrenia patients were weak and obviously smaller
than those in normal controls. The reduced suppression ratios
indicated their abnormal SG in the presence of S2 stimuli. A
large body of evidence suggests that a significant proportion
of patients with schizophrenia had SG impairments (Bramon
et al., 2004; Chang et al., 2011). It was theorized that the
positive and perhaps negative symptoms of schizophrenia
resulted from sensory overload and/or impairments in the
response to sensory input within the central nervous system
(Keil et al., 2016). However, we found no difference in the
normalized values of S2 between schizophrenia patients and
the normal controls. The higher FuzzyEn values in the S1
condition were attributed to the abnormal suppression ratios of
complexity in schizophrenia patients. In line with our findings,
Adler et al demonstrated that patients with schizophrenia
had difficulty processing sequentially presented sensory stimuli
(Adler et al., 2004). Some studies showed that SG deficits were
more related to a diminished response to the S1 condition
in schizophrenia patients than to a deficient gating of the
response to the S2 condition (Blumenfeld and Clementz, 2001;
Johannesen et al., 2005; Zhu et al., 2017). Molina et al. thought
the more dynamic (in terms of modulation) regions in the
healthy brain showed hampered dynamics in schizophrenia
(Molina et al., 2017).

Relationships Between Complexity and
Clinical Features
In the present study, we further found that FuzzyEn values
in the frontal ROI (FZ and AF3) showed positive correlations
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with PANSSP and PANSSN. Higher FuzzyEn values and
higher PANSSP or PANSSN scores indicated a more serious
disease (Kay et al., 1987; Leucht et al., 2005; Cerquera et al.,
2017). These findings indicated that the higher complexity
of EEG signals was associated with the more serious clinical
symptoms. Consistent with our result, previous studies have
also reported that the physiological and cognitive states of
the brain could be determined using complexity measurements
in EEG signals (Bachiller et al., 2015; Molina et al., 2017).
These findings indicate that complexity could be a useful
indicator to reveal the physiological states of the brain and
clinical characteristics.

Interestingly, the FuzzyEn values in the occipital ROI (Oz
and O2) exhibited negative correlations with the PANSSG and
PANSSTOTAL. We thought that these negative correlations
were associated with the compensation in visual information
processing (Bjorkquist and Herbener, 2013). The occipital ROI
would show more loading of visual information processing; thus,
the activity of the neurons in the occipital ROI became more
orderly, and the entropy values would decrease. Additionally, we
found correlations between FuzzyEn values in the frontal and
occipital ROIs in normal controls (Figure 6). The schizophrenia
patients with more serious clinical symptoms required more
attention to focus on the central “cross” symbol and more
visual information processing (Dalecki et al., 2016), leading
to the decrease in FuzzyEn values and lack of consistency
of FuzzyEn values across subjects. The negative associations
between FuzzyEn values and clinical symptoms in schizophrenia
patients reflected a phenomenon of compensation in the
occipital ROI to maintain focus on the central “cross”
(Yan et al., 2016b).

No correlation was found between the PANSS scores and
normalized values and suppression ratios in patients. Moreover,
other studies found no relationship between SG deficits and
performance on cognitive tests (Fernã et al., 2013; Sánchez-Morla
et al., 2013). Our results proved that the SG deficits may be an
indicator associated with chronic schizophrenia itself; thus, they
were independent of the severity of the disease (Adler et al., 2004;
Turetsky et al., 2007).

Limitations
There were several limitations in our study. First, all patients
had chronic schizophrenia and were undergoing long-term
treatment with antipsychotics. We could not distinguish whether
the difference in the complexity between the controls and
patients was affected by antipsychotic treatments. Therefore, the
complexity of SG in schizophrenia warrants further investigation
in the first episode, with drug-naïve patients and using a
longitudinal design. Second, we could not correlate the ERP
component of the resting state and SG with the FuzzyEn
values; thus, the relationship between complexity and ERP needs
further research.

Moreover, since EEG is composed of non-linear signals,
EEG complexity is fundamentally mercurial and varying.
Intrinsic modes extracted from empirical mode decomposition
(EMD) would benefit from eliminating noise/trends in
EEG signals (Huang et al., 1998), which can improve EEG

complexity evaluation. So Inherent FuzzyEn, which endows
fuzzy membership function with EMD by eliminating trend
oscillations, has the robustness to noise, non-linear and non-
stable signals. It can also operate EEG signals across a range of
time scales (Cao et al., 2018c). Previous research has shown that
entropies with a fuzzy structure (Inherent FuzzyEn and FuzzyEn)
exhibited better performance, and that the performance of
Inherent FuzzyEn was the best (Cao and Lin, 2018). We will use
the Inherent FuzzyEn to investigate the abnormal SG in patients
of schizophrenic under the auditory paired-stimulus paradigm in
the future.

CONCLUSIONS

In this study, FuzzyEn was used to extract the non-linear
feature of EEG signals under BL and paired stimuli, focused on
the changes in the complexity of SG between normal controls
and schizophrenia patients. In our study, we found that the
FuzzyEn values of schizophrenia patients were higher than
those of the controls, in three conditions in the frontal and
occipital ROIs. The increase in FuzzyEn values represented
an increase in the probability of the time series producing
new patterns in the brain. When processing information in
the stimulus condition, the complexities were reduced in the
normal controls, but few changes occurred in the patients
with schizophrenia. From the perspective of complexity, the
suppression ratios of SG in the controls were significantly
higher than those in patients with schizophrenia. Additionally,
the differences in the complexity of SG were mainly due
to S1. FuzzyEn offered the evidence of abnormal SG in
schizophrenia, and complexity analysis might be an important
way to understand SG in future studies. This study could
facilitate the diagnostic interpretation of the complexity for
schizophrenia conditions.

DATA AVAILABILITY

The datasets generated for this study are available on request to
the corresponding authors.

AUTHOR CONTRIBUTIONS

JX and CT completed the study, performed the experiments, and
wrote the manuscript. BW and ST provided advice and guidance.
YN, TY, DL, RC, HG, XC, and HC revised the manuscript.
JX and BW provided the research ideas. ST provided the
raw data.

FUNDING

This project was supported by the National Natural Science
Foundation of China (61741212, 61876124, and 61873178), the
Natural Science Foundation of Shanxi Province (2015021090,
201601D202042, and 201801D121135), the Key R&D
Program of Shanxi Province (International Science and
Technology Cooperation) (201803D421047), the Natural
Science Foundation for Young Scientists of Shanxi Province,

Frontiers in Neuroinformatics | www.frontiersin.org 9 February 2019 | Volume 13 | Article 4

https://www.frontiersin.org/journals/neuroinformatics
https://www.frontiersin.org
https://www.frontiersin.org/journals/neuroinformatics#articles


Xiang et al. Abnormal Entropy Modulation for Schizophrenia

China (201701D221119), a project funded by the China
Postdoctoral Science Foundation (2016M601287) and
the Shanxi Provincial Foundation for Returned Scholars,
China (2016-037).

ACKNOWLEDGMENTS

Wewould like to thank the Center for Psychiatric Research of the
Huilongguan Hospital in Beijing for providing data.

REFERENCES

Acharya, U. R., Sudarshan, V. K., Adeli, H., Santhosh, J., Koh, J. E.,
Puthankatti, S. D., et al. (2015). A novel depression diagnosis index using
nonlinear features in EEG signals. Eur. Neurol. 74, 79–83. doi: 10.1159/0004
38457

Adler, L. E., Olincy, A., Cawthra, E. M., Mcrae, K. A., Harris, J. G., Nagamoto, H.
T., et al. (2004). Varied effects of atypical neuroleptics on P50 auditory gating
in schizophrenia patients. Am. J. Psychiatry 161:1822. doi: 10.1176/ajp.161.
10.1822

Akar, S. A., Kara, S., Latifoglu, F., and Bilgiç, V. (2015). Analysis of the complexity
measures in the EEG of schizophrenia patients. Int. J. Neural Syst. 26:1650008.
doi: 10.1142/S0129065716500088

Armstrong, R. A. (2015). When to use the Bonferroni correction. Ophthalmic
Physiol. Opt. 34, 502–508. doi: 10.1111/opo.12131

Asmal, L., Plessis, S. D., Vink, M., Chiliza, B., Kilian, S., and Emsley, R.
(2016). Symptom attribution and frontal cortical thickness in first-episode
schizophrenia. Early Interv. Psychiatry 12, 652–659. doi: 10.1111/eip.12358

Bachiller, A., Lubeiro, A., Díez, A., Suazo, V., Domínguez, C., Blanco, J. A.,
et al. (2015). Decreased entropy modulation of EEG response to novelty and
relevance in schizophrenia during a P300 task. Eur. Arch. Psychiatry Clin.

Neurosci. 265, 525–535. doi: 10.1007/s00406-014-0525-5
Benjamini, Y., and Hochberg, Y. (1995). Controlling the false discovery rate: a

practical and powerful approach to multiple testing. J. Royal Statist. Soc. B 57,
289–300. doi: 10.1111/j.2517-6161.1995.tb02031.x

Bilder, R. M., Wu, H., Bogerts, B., Ashtari, M., Robinson, D., Woerner, M., et al.
(1999). Cerebral volume asymmetries in schizophrenia and mood disorders:
a quantitative magnetic resonance imaging study. Int. J. Psychophysiol. 34,
197–205. doi: 10.1016/S0167-8760(99)00077-X

Bjorkquist, O. A., and Herbener, E. S. (2013). Social perception in schizophrenia:
evidence of temporo-occipital and prefrontal dysfunction. Psychiatry Res. 212,
175–182. doi: 10.1016/j.pscychresns.2012.12.002

Blumenfeld, L. D., and Clementz, B. A. (2001). Response to the first stimulus
determines reduced auditory evoked response suppression in schizophrenia:
single trials analysis using MEG. Clin. Neurophysiol. 112, 1650–1659.
doi: 10.1016/S1388-2457(01)00604-6

Bob, P., Susta, M., Chladek, J., Glaslova, K., and Fedor-Freybergh, P. (2007). Neural
complexity, dissociation and schizophrenia.Med. Sci. Monit. 13:HY1.

Boutros, N., Zouridakis, G., Rustin, T., Peabody, C., and Warner, D. (1993). The
P50 component of the auditory evoked potential and subtypes of schizophrenia.
Psychiatry Res. 47, 243–254. doi: 10.1016/0165-1781(93)90082-R

Braff, D. L., and Geyer, M. A. (1990). Sensorimotor gating and schizophrenia:
human and animal model studies. Arch. Gen. Psychiatry 47, 181–188.
doi: 10.1001/archpsyc.1990.01810140081011

Bramon, E., Rabe-Hesketh, S., Sham, P., Murray, R. M., and Frangou, S. (2004).
Meta-analysis of the P300 and P50 waveforms in schizophrenia. Schizophr. Res.
70, 315–329. doi: 10.1016/j.schres.2004.01.004

Cao, Y., Cai, L., Wang, J., Wang, R., Yu, H., Cao, Y., et al. (2015).
Characterization of complexity in the electroencephalograph activity of
Alzheimer’s disease based on fuzzy entropy. Chaos Interdiscipl. J. Nonlin. Sci.
25:1690. doi: 10.1063/1.4929148

Cao, Z., Ding, W., Wang, Y. K., Hussain, F. K., Al-Jumaily, A., and Lin, C.
T. (2018a). Effects of repetitive SSVEPs on EEG complexity using multiscale
inherent fuzzy entropy. arXiv

Cao, Z., Lai, K. L., Lin, T. C., Chuang, C. H., Chou, C. C., and Wang, S. J. (2018b).
Exploring resting-state EEG complexity before migraine attacks. Cephalalgia
38, 1296–1306. doi: 10.1177/0333102417733953

Cao, Z., and Lin, C. T. (2018). Inherent fuzzy entropy for the improvement
of EEG complexity evaluation. IEEETransact. Fuzzy Syst. 26, 1032–1035.
doi: 10.1109/TFUZZ.2017.2666789

Cao, Z., Lin, C. T., Lai, K. L., Ko, L. W., King, J. T., Fuh, J. L., et al. (2018c).
Extraction of SSVEPs-based inherent fuzzy entropy using a wearable headband
EEG in migraine patients. arXiv

Cerquera, A., Gjini, K., Bowyer, S. M., and Boutros, N. (2017). Comparing EEG
nonlinearity in deficit and nondeficit schizophrenia patients: preliminary data.
Clin. Eeg Neurosci. 48, 376–382. doi: 10.1177/1550059417715388

Chang, W. P., Arfken, C. L., Sangal, M. P., and Boutros, N. N. (2011).
Probing the relative contribution of the first and second responses to
sensory gating indices: a meta-analysis. Psychophysiology 48, 980–992.
doi: 10.1111/j.1469-8986.2010.01168.x

Chen, W., Wang, Z., Xie, H., and Yu, W. (2007). Characterization of surface EMG
signal based on fuzzy entropy. IEEETransact. Neural Syst. Rehabil. Eng. 15,
266–272. doi: 10.1109/TNSRE.2007.897025

Chu, W. L., Huang, M. W., Jian, B. L., and Cheng, K. S. (2017). Analysis of
EEG entropy during visual evocation of emotion in schizophrenia. Ann. Gen.
Psychiatry 16:34. doi: 10.1186/s12991-017-0157-z

Dalecki, A., Green, A. E., Johnstone, S. J., and Croft, R. J. (2016). The relevance of
attention in schizophrenia P50 paired stimulus studies. Clin. Neurophysiol. 127,
2448–2454. doi: 10.1016/j.clinph.2016.03.013

Fernã, A., GãMez, C., Hornero, R., and Pez-Ibor, J. J. L. (2013). Complexity and
schizophrenia. Progress Neuropsychopharmacol. Biol. Psychiatry 45, 267–276.
doi: 10.1016/j.pnpbp.2012.03.015

Fernández, A., López-Ibor, M. I., Turrero, A., Santos, J. M., Morón, M. D.,
Hornero, R., et al. (2011). Lempel-Ziv complexity in schizophrenia: a MEG
study. Clin. Neurophysiol. 122, 2227–2235. doi: 10.1016/j.clinph.2011.04.011

Goldstein, M. R., Peterson, M. J., Sanguinetti, J. L., Tononi, G., and Ferrarelli, F.
(2015). Topographic deficits in alpha-range resting EEG activity and steady
state visual evoked responses in schizophrenia. Schizophr. Res. 168, 145–152.
doi: 10.1016/j.schres.2015.06.012

Greenwood, T. A., Light, G. A., Swerdlow, N. R., Calkins, M. E., Green, M. F., Gur,
R. E., et al. (2015). Gating deficit heritability and correlation with increased
clinical severity in schizophrenia patients with positive family history. Am. J.

Psychiatry 173, 385–391. doi: 10.1176/appi.ajp.2015.15050605
Guze, S. B. (2006). Diagnostic and statistical manual of mental disorders, 4th ed.

(dsm-iv). Am. J. Psychiatry 152, 1228–1228. doi: 10.1176/ajp.152.8.1228
Highley, J. R., Walker, M. A., Esiri, M. M., Mcdonald, B., Harrison, P.

J., and Crow, T. J. (2001). Schizophrenia and the frontal lobes: post-
mortem stereological study of tissue volume. Br. J. Psychiatry 178, 337–343.
doi: 10.1192/bjp.178.4.337

Hosseini, S. A., and Naghibisistani, M. B. (2011). Emotion recognition method
using entropy analysis of EEG signals. Int. J. Image Graph. Signal Process. 3,
30–36. doi: 10.5815/ijigsp.2011.05.05

Huang, N. E., Zheng, S., Long, S. R.,Wu,M. C., Shih, H. H., Zheng, Q., et al. (1998).
The empirical mode decomposition and the hilbert spectrum for nonlinear and
non-stationary time series analysis. Proc. Math. Phys. Eng. Sci. 454, 903–995.
doi: 10.1098/rspa.1998.0193

Johannesen, J. K., Kieffaber, P. D., O’Donnell, B. F., Shekhar, A., Evans, J. D., and
Hetrick,W. P. (2005). Contributions of subtype and spectral frequency analyses
to the study of P50 ERP amplitude and suppression in schizophrenia. Schizophr.
Res. 78, 269–284. doi: 10.1016/j.schres.2005.05.022

Kay, S. R., Fiszbein, A., and Opler, L. A. (1987). The positive and
negative syndrome scale (PANSS) for schizophrenia. Schizophr. Bull. 13:261.
doi: 10.1093/schbul/13.2.261

Keil, J., Romero, Y. R., Balz, J., Henjes, M. S., and Senkowski, D. (2016).
Corrigendum: positive and negative symptoms in schizophrenia relate to
distinct oscillatory signatures of sensory gating. Front. Hum. Neurosci. 10:104.
doi: 10.3389/fnhum.2016.00162

Korzyukov, O., Pflieger,M. E.,Wagner,M., Bowyer, S.M., Rosburg, T., Sundaresan,
K., et al. (2007). Generators of the intracranial P50 response in auditory sensory
gating. Neuroimage 35, 814–826. doi: 10.1016/j.neuroimage.2006.12.011

Frontiers in Neuroinformatics | www.frontiersin.org 10 February 2019 | Volume 13 | Article 4

https://doi.org/10.1159/000438457
https://doi.org/10.1176/ajp.161.10.1822
https://doi.org/10.1142/S0129065716500088
https://doi.org/10.1111/opo.12131
https://doi.org/10.1111/eip.12358
https://doi.org/10.1007/s00406-014-0525-5
https://doi.org/10.1111/j.2517-6161.1995.tb02031.x
https://doi.org/10.1016/S0167-8760(99)00077-X
https://doi.org/10.1016/j.pscychresns.2012.12.002
https://doi.org/10.1016/S1388-2457(01)00604-6
https://doi.org/10.1016/0165-1781(93)90082-R
https://doi.org/10.1001/archpsyc.1990.01810140081011
https://doi.org/10.1016/j.schres.2004.01.004
https://doi.org/10.1063/1.4929148
https://doi.org/10.1177/0333102417733953
https://doi.org/10.1109/TFUZZ.2017.2666789
https://doi.org/10.1177/1550059417715388
https://doi.org/10.1111/j.1469-8986.2010.01168.x
https://doi.org/10.1109/TNSRE.2007.897025
https://doi.org/10.1186/s12991-017-0157-z
https://doi.org/10.1016/j.clinph.2016.03.013
https://doi.org/10.1016/j.pnpbp.2012.03.015
https://doi.org/10.1016/j.clinph.2011.04.011
https://doi.org/10.1016/j.schres.2015.06.012
https://doi.org/10.1176/appi.ajp.2015.15050605
https://doi.org/10.1176/ajp.152.8.1228
https://doi.org/10.1192/bjp.178.4.337
https://doi.org/10.5815/ijigsp.2011.05.05
https://doi.org/10.1098/rspa.1998.0193
https://doi.org/10.1016/j.schres.2005.05.022
https://doi.org/10.1093/schbul/13.2.261
https://doi.org/10.3389/fnhum.2016.00162
https://doi.org/10.1016/j.neuroimage.2006.12.011
https://www.frontiersin.org/journals/neuroinformatics
https://www.frontiersin.org
https://www.frontiersin.org/journals/neuroinformatics#articles


Xiang et al. Abnormal Entropy Modulation for Schizophrenia

Laurens, K. R., Kiehl, K. A., Ngan, E. T., and Liddle, P. F. (2005).
Attention orienting dysfunction during salient novel stimulus processing in
schizophrenia. Schizophr. Res. 75, 159–171. doi: 10.1016/j.schres.2004.12.010

Leonard, S., Adams, C., Breese, C. R., Adler, L. E., Bickford, P., Byerley, W., et al.
(1996). Nicotinic receptor function in schizophrenia. Schizophr. Bull. 22:431.
doi: 10.1093/schbul/22.3.431

Leucht, S., Kane, J. M., Kissling, W., Hamann, J., Etschel, E., and Engel,
R. R. (2005). What does the PANSS mean? Schizophr. Res. 79, 231–238.
doi: 10.1016/j.schres.2005.04.008

Li, Y., Tong, S., Liu, D., Gai, Y., Wang, X., Wang, J., et al. (2008). Abnormal EEG
complexity in patients with schizophrenia and depression. Clin. Neurophysiol.
119, 1232–1241. doi: 10.1016/j.clinph.2008.01.104

Light, G. A., Geyer, M. A., Clementz, B. A., Cadenhead, K. A., and
Braff, D. L. (2000). Normal P50 suppression in schizophrenia patients
treated with atypical antipsychotic medications. Am. J. Psychiatry 157:767.
doi: 10.1176/appi.ajp.157.5.767

Mathalon, D. H., and Ford, J. M. (2008). Divergent approaches converge
on frontal lobe dysfunction in schizophrenia. Am. J. Psychiatry 165:944.
doi: 10.1176/appi.ajp.2008.08050735

Molina, V., Bachiller, A., Gomez-Pilar, J., Lubeiro, A., Hornero, R., Cea-Ca-as,
B., et al. (2017). Deficit of entropy modulation of the EEG in schizophrenia
associated to cognitive performance and symptoms. A replication study.
Schizophr. Res. 195, 334–342. doi: 10.1016/j.schres.2017.08.057

Mu, Z., Hu, J., and Min, J. (2017). Driver fatigue detection system using
electroencephalography signals based on combined entropy features. Appl. Sci.
7:150. doi: 10.3390/app7020150

Nenadic, I., Yotter, R. A., Sauer, H., and Gaser, C. (2014). Cortical surface
complexity in frontal and temporal areas varies across subgroups of
schizophrenia. Hum. Brain Mapp. 35, 1691–1699. doi: 10.1002/hbm.22283

Potter, D., Summerfelt, A., Gold, J., and Buchanan, R. W. (2006). Review of clinical
correlates of P50 sensory gating abnormalities in patients with schizophrenia.
Schizophr. Bull. 32, 692–700. doi: 10.1093/schbul/sbj050

Quednow, B. B., Brinkmeyer, J., Mobascher, A., Nothnagel, M.,Musso, F., Gründer,
G., et al. (2012). From the Cover: schizophrenia risk polymorphisms in the
TCF4 gene interact with smoking in the modulation of auditory sensory gating.
Proc. Natl. Acad. Sci. U.S.A. 109, 6271–6276. doi: 10.1073/pnas.1118051109

Richman, J. S., and Moorman, J. R. (2000). Physiological time-series analysis using
approximate entropy and sample entropy. Am. J. Physiol. Heart Circ. Physiol.

278, H2039–H2049. doi: 10.1152/ajpheart.2000.278.6.H2039
Sánchez-Morla, E. M., Santos, J. L., Aparicio, A., García-Jiménez, M. Á.,

Soria, C., and Arango, C. (2013). Neuropsychological correlates of P50
sensory gating in patients with schizophrenia. Schizophr. Res. 143, 102–106.
doi: 10.1016/j.schres.2012.10.017

Santos, J. L., Sánchez-Morla, E. M., Aparicio, A., García-Jiménez, M.
A., Villanueva, C., Martínez-Vizcaíno, V., et al. (2010). P50 gating
in deficit and nondeficit schizophrenia. Schizophr. Res. 119:183.
doi: 10.1016/j.schres.2010.01.010

Shaikh, M., Hall, M. H., Schulze, K., Dutt, A., Walshe, M., and Collier, D. (2011).
Do COMT, BDNF and NRG1 polymorphisms influence P50 sensory gating in
psychosis? Psychol. Med. 41, 263–276. doi: 10.1017/S003329170999239X

Sharma, R., Pachori, R., and Acharya, U. (2015). Application of entropy
measures on intrinsic mode functions for the automated identification of focal
electroencephalogram signals. Entropy 17, 669–691. doi: 10.3390/e17020669

Sokunbi, M. O., Gradin, V. B., Waiter, G. D., Cameron, G. G., Ahearn, T. S.,
Murray, A. D., et al. (2014). Nonlinear complexity analysis of brain fMRI signals
in schizophrenia. PLoS ONE 9:e95146. doi: 10.1371/journal.pone.0095146

Takahashi, T., Cho, R. Y., Mizuno, T., Kikuchi, M., Murata, T., Takahashi,
K., et al. (2010). Antipsychotics reverse abnormal EEG complexity in drug-
naive schizophrenia: a multiscale entropy analysis. Neuroimage 51, 173–182.
doi: 10.1016/j.neuroimage.2010.02.009

Tan, S. P., Cui, J. F., Fan, F. M., Zhao, Y. L., Chen, N., Fan, H. Z., et al.
(2014). Smoking, MATRICS consensus cognitive battery and P50 sensory
gating in a Han Chinese population. Drug Alcohol Depend. 143, 51–57.
doi: 10.1016/j.drugalcdep.2014.06.045

Thaker, G. K. (2008). Neurophysiological endophenotypes across bipolar and
schizophrenia psychosis. Schizophr. Bull. 34:760. doi: 10.1093/schbul/sbn049

Thilakvathi, B., Bhanu, K., and Malaippan, M. (2017). EEG signal complexity
analysis for schizophrenia during rest and mental activity. Biomed. Res. 28, 1–9.

Turetsky, B. I., Calkins, M. E., Light, G. A., Olincy, A., Radant, A. D., and
Swerdlow, N. R. (2007). Neurophysiological endophenotypes of schizophrenia:
the viability of selected candidate measures. Schizophr. Bull. 33, 69–94.
doi: 10.1093/schbul/sbl060

Xiang, J., Li, C., Li, H., Cao, R., Wang, B., Han, X., et al. (2015). The detection
of epileptic seizure signals based on fuzzy entropy. J. Neurosci. Methods 243,
18–25. doi: 10.1016/j.jneumeth.2015.01.015

Yan, T., Bi, X., Zhang, M., Wang, W., Yao, Z., Yang, W., et al. (2016a). Age-related
oscillatory theta modulation of multisensory integration in frontocentral
regions. Neuroreport 27, 796–801. doi: 10.1097/wnr.0000000000000609

Yan, T., Zhao, S., Uono, S., Bi, X., Tian, A., Yoshimura, S., Toichi, M., et al. (2016b).
Target object moderation of attentional orienting by gazes or arrows. Attent.
Percept. Psychophys. 78, 2378–2382. doi: 10.3758/s13414-016-1182-8

Yanl, T., and Wu, J. (2010). Wide-field retinotopy distinguish subregions
of the human MT+ by functional magnetic resonance imaging.
doi: 10.1109/ICCME.2010.5558864

Zhao, Q., Hu, B., Li, Y., Peng, H., Li, L., Liu, Q., et al. (2013). “An Alpha
resting EEG study on nonlinear dynamic analysis for Schizophrenia,” in
International IEEE/EMBS Conference on Neural Engineering. (Lanzhou),
484–488. doi: 10.1109/NER.2013.6695977

Zhu, K. M., Wang, D., and Tan, S. P. (2013). Effects of antipsychotics on P50 of
chronic schizophrenic inpatients in stable stage.Med. J. Chin. Peopl. Health

Zhu, X. L., Tan, S. P., Wang, Z. R., Zhang, J. G., Li, D., Fan, F. M.,
et al. (2017). P50 suppression deficits and psychopathology in Han Chinese
patients with schizophrenia. Neurosci. Lett. 653:346. doi: 10.1016/j.neulet.2017.
06.009

Conflict of Interest Statement: The authors declare that the research was
conducted in the absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Copyright © 2019 Xiang, Tian, Niu, Yan, Li, Cao, Guo, Cui, Cui, Tan and Wang.

This is an open-access article distributed under the terms of the Creative Commons

Attribution License (CC BY). The use, distribution or reproduction in other forums

is permitted, provided the original author(s) and the copyright owner(s) are credited

and that the original publication in this journal is cited, in accordance with accepted

academic practice. No use, distribution or reproduction is permitted which does not

comply with these terms.

Frontiers in Neuroinformatics | www.frontiersin.org 11 February 2019 | Volume 13 | Article 4

https://doi.org/10.1016/j.schres.2004.12.010
https://doi.org/10.1093/schbul/22.3.431
https://doi.org/10.1016/j.schres.2005.04.008
https://doi.org/10.1016/j.clinph.2008.01.104
https://doi.org/10.1176/appi.ajp.157.5.767
https://doi.org/10.1176/appi.ajp.2008.08050735
https://doi.org/10.1016/j.schres.2017.08.057
https://doi.org/10.3390/app7020150
https://doi.org/10.1002/hbm.22283
https://doi.org/10.1093/schbul/sbj050
https://doi.org/10.1073/pnas.1118051109
https://doi.org/10.1152/ajpheart.2000.278.6.H2039
https://doi.org/10.1016/j.schres.2012.10.017
https://doi.org/10.1016/j.schres.2010.01.010
https://doi.org/10.1017/S003329170999239X
https://doi.org/10.3390/e17020669
https://doi.org/10.1371/journal.pone.0095146
https://doi.org/10.1016/j.neuroimage.2010.02.009
https://doi.org/10.1016/j.drugalcdep.2014.06.045
https://doi.org/10.1093/schbul/sbn049
https://doi.org/10.1093/schbul/sbl060
https://doi.org/10.1016/j.jneumeth.2015.01.015
https://doi.org/10.1097/wnr.0000000000000609
https://doi.org/10.3758/s13414-016-1182-8
https://doi.org/10.1109/ICCME.2010.5558864
https://doi.org/10.1109/NER.2013.6695977
https://doi.org/10.1016/j.neulet.2017.06.009
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/neuroinformatics
https://www.frontiersin.org
https://www.frontiersin.org/journals/neuroinformatics#articles

	Abnormal Entropy Modulation of the EEG Signal in Patients With Schizophrenia During the Auditory Paired-Stimulus Paradigm
	Introduction
	Materials and Methods
	Participants
	Data Recordings
	Data Preprocessing
	FuzzyEn Algorithm
	FuzzyEn Measurement for the Paired-Stimulus Paradigm
	Statistical Analysis

	Results
	FuzzyEn Values of EEG During the Auditory Paired-Stimulus Paradigm
	Complexity Suppression in Sensory Gating
	Correlation of FuzzyEn Values in the Frontal and Occipital ROIs
	Relationships Between Complexity and Clinical Features

	Discussion
	Abnormal Entropy in Schizophrenia
	Abnormal Complexity in the Processing Stimulus in Schizophrenia
	Deficit of Sensory Gating in Schizophrenia
	Relationships Between Complexity and Clinical Features
	Limitations

	Conclusions
	Data Availability
	Author Contributions
	Funding
	Acknowledgments
	References


