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Background
A variety of cognitive functions are consistently impaired in schizophrenia patients, 
among which executive dysfunction is the most critical cognitive impairment. Executive 
function is often seen as a significant high cognitive processing function that integrates 
flexible coordination of various processes to achieve a specific goal [1]. The prefrontal 
cortex plays an important role in executive control, and damage to the prefrontal cor-
tex causes syndromes such as poor judgment, planning, and decision-making, which is 
characteristic of executive function degradation. A group of specific executive tests (the 
Wisconsin Card Sorting Test, Verbal Fluency Test, and Iowa Gambling Task) revealed 
deficits in patients with frontal lobe lesions compared with healthy controls [2]. Lovs-
tad demonstrated that damage to the lateral prefrontal cortex (LPFC) particularly causes 
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cognitive executive function deficits, while orbitofrontal cortex (OFC) injury is more 
strongly associated with self-reported dysexecutive symptoms in everyday living [3]. By 
comparing patients with lesions in different regions of the PFC, Ami found that damage 
to the left ventrolateral PFC impairs performance on the Stroop task and attention shift-
ing tasks. In contrast, performance on the spatial search task depended on several PFC 
regions other than the left ventrolateral PFC [4].

Abnormal neuronal electrophysiological signals, especially electroencephalogram 
(EEG) signals, mainly appeared in the frontal cortex of schizophrenia patients [5]. 
Compared with healthy controls, patients with schizophrenia showed higher levels of 
delta and theta activity in the frontal region [6]. In drug-naive schizophrenia patients, 
gamma-band omega complexity was significantly higher, especially in the right fron-
tal region [7]. Similarly, a higher complexity value was calculated at lower frequencies 
for drug-naive schizophrenia subjects compared with healthy controls using the mul-
tiscale entropy method [8]. In addition, EEG dimensional complexity in schizophrenia 
was lower than that in healthy controls [9]. In EEG studies, abnormal brain activity in 
schizophrenia patients can be detected using nonlinear analysis algorithms such as 
dimensional complexity [10], correlation dimension (D2) [11], Lempel_Ziv complexity 
(LZC) [12], approximate entropy (ApEn) [13], mutual information (MI) [14], and fractal 
dimension (FD) [15]. Among these algorithms, FD is applicable to nonlinear analysis of 
non-stationary and transient time series data like EEG signals [16], but FD has several 
limitations in stationary, noise-free, and long time series data. FD is related to entropy, 
which is directly related to the amount of signal information. Moreover, FD can be sim-
ply interpreted as the sinuosity, roughness, or the degree of irregularity of signals; thus, 
it is feasible to use FD to reveal the nonlinear information of EEG signals.

Since executive dysfunction is the most critical cognitive impairment, it is especially 
important to study the characteristics of EEG signals in schizophrenia patients dur-
ing executive function tasks. Many executive function tasks have been widely studied 
in schizophrenia patients [17, 18]. Executive functions are divided into two types, i.e., a 
cool executive function that may be associated with relatively abstract and decontextual-
ized tasks, and a hot executive function that uses a high degree of emotional involvement 
[19]. Cool executive function that is unrelated to emotional arousal is more objective 
and appropriate for studying executive function in schizophrenia patients because the 
emotional reaction of schizophrenia patients is often inconsistent with their inner expe-
rience [20]. At present, the research methods for cool executive function include search 
tasks, rule application tasks, conflict tasks, problem-solving tasks, and work memory 
tasks. However, studies of cool executive function using the analysis of EEG signals 
showed task-based and inconsistent results that cannot identify intrinsic defects in pre-
frontal function that contribute to poor performance in schizophrenia patients.

The present study diagnosed schizophrenia or evaluated the degree of damage to exec-
utive function in schizophrenia patients using cool executive tasks in complement with 
an evaluation of the complexity EEG data. We selected three cool executive tasks with 
different task difficulties, namely, the Trail Making Test-A (TMT-A) to estimate a more 
primitive consciousness movement rate, the Trail Making Test-B (TMT-B) to estimate 
quick visual search, visual space sorting, and cognitive set transfer functions, and the 
Tower of Hanoi task to estimate the ability to generate rules and make a plan based on 
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those rules. Using an analysis of the FD of EEG signals in the frontal lobes of schizophre-
nia patients in comparison with healthy controls during the performance of different 
cool executive tasks, we intend to reveal new insight into the nature of schizophrenia.

Methods
Subjects and EEG recording

Seventeen first-episode schizophrenia patients who satisfied the DSM-IV diagnostic cri-
teria-based structured clinical interview for DSM disorders (SCID) were enrolled from 
the Henan Psychiatric Hospital of China. The patients in this study were not treated with 
any medications; none had abused or depended on psychoactive substances, and none 
had a history of electroconvulsive therapy, mental retardation or dementia, other psy-
chiatric or neurological diseases, or severe somatic diseases. The symptom severity was 
assessed using the positive and negative syndrome scale (PANSS). At the same time, 17 
healthy controls matched for sex, age, and dominant side were also enrolled; none had 
psychiatric illness or a family history of psychiatric illness, other brain organic disease, 
or severe somatic diseases. The demographic and clinical characteristics of participants 
are shown in Table 1.

The hospital ethics committee approved the study and all participants gave written 
informed consent. The data acquisition experiment was conducted from December 2014 
to March 2015, and was performed in a quiet and light controlled room where the par-
ticipants sat comfortably in a chair to perform three cool executive function tasks, i.e., 
the TMT-A, TMT-B, and the Tower of Hanoi task.

For the TMT-A task, subjects must quickly link numbers (1–25) in an increasing order 
with a pen, and in the process, the pen point must remain in contact with the paper. For 
the TMT-B task, subjects must quickly link numbers (1–13) and letters (A–M) accord-
ing to an alternating sequence. The reaction time, which is the time subjects spent on 
every task, and the error number, which is calculated based on the errors in the numbers 
and letters that are linked, were used to evaluate the performance of the subjects in the 
two tasks. The Tower of Hanoi task used three tower bases that respectively had three 
wood blocks with different diameters. When moving the wood blocks, subjects should 
follow the following three rules: (1) one block can be moved per step; (2) the block must 
be placed on one of the three tower bases or the subjects’ hand; and (3) the lager blocks 
cannot be placed on top of the small blocks. In addition, the subjects need to move the 
blocks from the initial position to a target position. The performance of the subjects was 
evaluated based on the time to finish the task and their total operative steps.

Table 1 Demographical and clinical situations about all participants

Schizophrenia patients Health controls

Participants 17 17

Male/female 10/7 10/7

Age 27.95 ± 7.02 24.84 ± 4.05

Course of the disease (month) 17.90 ± 7.12 –

Dominant hand All right All right

PANSS (total) score ≥60 –
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During the experimental session, each subject performed three experimental tasks in 
a specific order from the TMT-A task, TMT-B task to the Tower of Hanoi task, accord-
ing to the task difficulty degree. Moreover, between two trials, the subject had a rest 
for 10 min. The practice time varied among individuals and tasks, and lasted between 
10 and 200 s. Meanwhile, the EEG recording time for the subject was equal to his/her 
practice time, in order to estimate the FD complexity of EEG data during the whole task 
period. Therefore, the length of EEG data for estimating FD values also varied among 
individuals and tasks. In addition, before performing the tests in each task, the subjects 
had to clearly understand the tasks and were not provide any training to avoid the poten-
tial influence for reaction time due to task proficiency.

According to the 10–20 international system, the EEG data were recorded though 14 
electrodes (FP1, FPz, FP2, AF3, AF4, F7, F5, F3, F1, Fz, F2, F4, F6, and F8) that were 
mounted on the scalp with a 64-channel EEG cap, and 1000 Hz was sampled with a low 
pass filter of 125 Hz. The recorded data size for each subject was dependent on the time 
spent on the executive function tasks.

Modified wavelet packet threshold applied to electrooculography (EOG) artifact removal

For EEG analysis, a critical problem is that signals are susceptible to physiological arti-
facts in data recording [21]. In the present study, EEG data that was recorded from the 
frontal lobes was severely contaminated by EOG artifacts. Therefore, removing EOG 
artifacts is essential for further EEG analysis. For better analysis of the EEG signals, the 
sampling frequency was reduced to 128 Hz to reduce data redundancy. The useful EEG 
data is often present in the low frequency band; thus, our sampling frequency ensured 
the retention of the useful EEG data. The Independent Component Analysis (ICA) algo-
rithm is often used to separate EOG artifacts from EEG data [22, 23]. However, as a 
batch algorithm, ICA must be performed on all of the data with an adequate number of 
signals, and its computation is extremely complex and time-consuming. In contrast, the 
wavelet threshold algorithm can remove EOG artifacts from single-channel data with 
the advantage of multi-resolution analysis of wavelet transforms [24]. Nevertheless, the 
traditional wavelet threshold method using some soft and hard threshold functions for 
threshold wavelet coefficients cannot be uniformly compressed in positive and negative 
directions. Therefore, we used a modified adaptive threshold technique to process wave-
let packet coefficients decomposed from the schizophrenia EEG signals in the frontal 
lobe in the first two nodes of the third layer, which includes the EOG artifacts.

where, Thr(i,j) is the modified adaptive wavelet packet threshold in the j-th node of the 
i-th layer, N(i,j) is the length of the wavelet packet coefficients, and σ(i,j) is the correction 
factor.
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where, median(|C(i,j)|) is the median of the absolute value of wavelet coefficients, c is 
the empirical factor, set to 0.6, and is the modulated wavelet packet coefficient that 
overcomes the shortcoming that wavelet packet coefficients in traditional hard and 
soft threshold algorithms cannot be uniformly compressed in positive and negative 
directions.

FD

Based on fractal geometry, a measuring tool for complex systems, FD reflects the irregu-
larity of complex shapes, which is extremely intensive in data scaling, especially biologi-
cal data [25]. With the advantage of measuring the self-similarity of signals, FD has been 
widely used in analyzing the complexity of nonlinear signals. Many algorithms have been 
used to calculate FD, such as Petrosian, Katz, Higuchi, and box-counting. In the present 
study, the box-counting algorithm is applied to the FD estimation of the EEG data.

The box-counting algorithm calculates FD as follows: [26]

where, ɛ is the side length of boxes, N(ɛ) is the number of contained boxes computed 
from the difference between the maximum and minimum amplitudes of the data divided 
by the changed side length ɛ, as follows

where, N(ɛ) is the sum of contained boxes, xɛ is the time series of data with length L. For 
calculating the FD, according to the least-square procedure, the slope of log2(N(ɛ)) ver-
sus log2(1/ɛ) is obtained.

Statistical analysis

Group differences between the first-episode schizophrenia patients and healthy controls 
were analyzed by using independent sample t test using the MATLAB statistical tool-
box. A repeated-measures analysis of variance (ANOVA) on one factor was conducted 
to determine whether there was a statistical significance between two groups in terms 
of FD values during all different experimental tasks. The independent variables included 
a between-subjects factor, the groups as the first-episode schizophrenia patients and 
healthy controls, and within-subject variable, three different experimental tasks as the 
TMT-A, TMT-B, and the Tower of Hanoi task. Therefore, the groups and the experi-
mental tasks were the main variables. The dependent variable was the FD. Hence, using 
a repeated measure ANOVA in the nonlinearity measure has been investigated statisti-
cally as a result of interaction between the participant groups and experimental tasks. 
Before ANOVA, the homogeneity of the slopes between the groups was assessed with a 
Levene test. If the slopes were homogeneous, ANOVA was performed.
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Results
For preprocessing of EEG data in the frontal lobes, it is important to remove the EOG 
artifacts. Therefore, a wavelet packet transform (WPT) was used to decompose each 
EEG signal at level three using Daubechies wavelets of order four, which are more adap-
tive for the detection of changes in the EEG signals.

Figure 1 shows the EOG artifacts focused on the wavelet packet coefficients in the first 
two nodes of the third layer, which were processed using a modified adaptive threshold 
technique. Finally, the EEG signals with the EOG artifacts removed were reconstructed 
using an inverse wavelet packet transform (IWPT). Figure  2 shows a comparison 
between the EEG signals in patient channels (FP1, FPz, FP2) with and without the EOG 
artifacts.

The FD values and the standard deviation values calculated from the preprocessed 
EEG signals of first-episode schizophrenia patients and healthy controls during the per-
formance of three cool executive tasks are respectively shown in Tables 2, 3, and 4. Here, 
it was revealed that the FD values of the patients were higher than those of the healthy 
controls during the performance of TMT-A and TMT-B tasks. A t test showed that this 
difference was statistically significant for most channels of TMT-B task, but for only two 
channels (F5, F7). Comparisons between the means of the FD values calculated from the 
frontal lobe EEG signals during the TMT-A/B tasks in patients and controls are respec-
tively shown in Figs. 3 and 4. The largest differences were found in the left frontal lobe 
(F7) during the performance of both TMT-A/B tasks, and the corresponding scatter-
plots of both patients and controls in channel F7 were shown in Fig. 5.

Table 4 shows that the FD values in patients and controls were approximately equal 
in each channel during the performance of the Tower of Hanoi task. The t test found no 
statistically significant difference in each channel. Figure 6 shows the average FD com-
plexity of the patients and controls in each channel.

Fig. 1 The wavelet packet coefficients in the third layer of EEG signal in a patient PF1 channel
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Fig. 2 The comparison between the EEG signals in a patient channels (FP1, FPz, FP2) with and without EOG 
artifacts

Table 2 Comparison of  the FD values calculated from  EEG signals in  frontal lobes dur-
ing manipulation of the TMT-A task between patients and the controls (mean ± SD)

* Statistically significant difference

Channels The patients The controls P value

FP1 1.5749 ± 0.0422 1.5513 ± 0.0389 0.100

FPz 1.5771 ± 0.0427 1.5531 ± 0.0399 0.101

FP2 1.5755 ± 0.0463 1.5543 ± 0.0405 0.166

AF3 1.5796 ± 0.0465 1.5685 ± 0.0315 0.421

AF4 1.5755 ± 0.0463 1.5641 ± 0.0321 0.413

F7 1.6042 ± 0.0315 1.5735 ± 0.0318 0.008*

F5 1.5990 ± 0.0293 1.5760 ± 0.0312 0.034*

F3 1.5988 ± 0.0370 1.5851 ± 0.0377 0.293

F1 1.6018 ± 0.0343 1.5899 ± 0.0239 0.249

Fz 1.6040 ± 0.0336 1.5853 ± 0.0292 0.094

F2 1.5972 ± 0.0425 1.5867 ± 0.0277 0.397

F4 1.5946 ± 0.0473 1.5858 ± 0.0310 0.524

F6 1.5885 ± 0.0471 1.5724 ± 0.0248 0.221

F8 1.5886 ± 0.0469 1.5686 ± 0.0254 0.132
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Different results obtained from a comparison between the patients and controls were 
generated for the three executive tasks of different difficulties. Therefore, the FD values 
of the EEG signals for the three different executive tasks were analyzed using a repeated-
measure ANOVA with one between-subjects (patient versus control group) and one 
within-subjects (experimental tasks) variable. No significant interactions between the 
two variables were found for all channels in FD values. There was a significant main 
effect of group for FD values in all channels. However, no significant main effect of the 
experimental tasks was found for all channels in FD values, as shown in Table 5.

Table 3 Comparison of  the FD values calculated from  EEG signals in  frontal lobes dur-
ing manipulation of the TMT-B task between patients and the controls (mean ± SD)

* Statistically significant difference

Channels The patients (±SD) The controls (±SD) P value

FP1 1.5942 ± 0.0342 1.5493 ± 0.0371 0.001*

FPz 1.5943 ± 0.0357 1.5486 ± 0.0364 0.001*

FP2 1.5939 ± 0.0343 1.5484 ± 0.0343 0.001*

AF3 1.5971 ± 0.0354 1.5598 ± 0.0349 0.004*

AF4 1.6002 ± 0.0331 1.5575 ± 0.0332 0.000*

F7 1.6171 ± 0.0404 1.5666 ± 0.0492 0.003*

F5 1.6063 ± 0.0482 1.5677 ± 0.0410 0.017*

F3 1.5911 ± 0.0563 1.5664 ± 0.0360 0.138

F1 1.6068 ± 0.0357 1.5768 ± 0.0315 0.014*

Fz 1.6051 ± 0.0337 1.5811 ± 0.0272 0.029*

F2 1.6049 ± 0.0336 1.5697 ± 0.0381 0.007*

F4 1.5934 ± 0.0488 1.5598 ± 0.0523 0.062

F6 1.6018 ± 0.0367 1.5702 ± 0.0281 0.020*

F8 1.6060 ± 0.0394 1.5757 ± 0.0265 0.013*

Table 4 Comparison of  the FD values calculated from  EEG signals in  frontal lobes 
during  manipulation of  the Tower of  Hanoi task between  patients and  the controls 
(mean ± SD)

Channels The patients The controls P value

FP1 1.5969 ± 0.0392 1.5861 ± 0.0268 0.352

FPz 1.5970 ± 0.0399 1.5885 ± 0.0272 0.471

FP2 1.5984 ± 0.0384 1.5909 ± 0.0273 0.518

AF3 1.6038 ± 0.0398 1.5971 ± 0.0275 0.570

AF4 1.6024 ± 0.0464 1.5937 ± 0.0277 0.511

F7 1.6282 ± 0.0312 1.6121 ± 0.0309 0.142

F5 1.6162 ± 0.0482 1.6040 ± 0.0357 0.409

F3 1.6091 ± 0.0465 1.6067 ± 0.0339 0.867

F1 1.6148 ± 0.0362 1.6134 ± 0.0305 0.907

Fz 1.6158 ± 0.0411 1.6179 ± 0.0290 0.860

F2 1.6152 ± 0.0368 1.6084 ± 0.0492 0.652

F4 1.6134 ± 0.0400 1.6062 ± 0.0385 0.596

F6 1.6104 ± 0.0441 1.6006 ± 0.0405 0.505

F8 1.6171 ± 0.0418 1.6159 ± 0.0263 0.916
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In this paper, we have made the scatterplots of FD values in F7 channel both patients 
and controls during the performance of TMT-A, TMT-B and the Tower of Hanoi tasks 
respectively in Fig.  5. Meanwhile, with FD values of in F7 channel during the perfor-
mance of TMT-A task, TMT-B task and the Tower of Hanoi tasks respectively as X axis, 
Y axis and Z axis, a three-dimension scatterplot was drawn in Fig.  5. It revealed that 
during the performance of TMT-B task, the data points of both patients and controls 
were more concentrated and only minority data points overlapped each other between 
the two groups. However, during the performance of TMT-A task and the Tower of 
Hanoi task, the data points of both patients and controls were more scattered and over-
lapped each other between the two groups, especially for the Tower of Hanoi task. Those 
results were consistent with the results of statistical analysis for FD values between two 
groups in Tables  2, 3 and 4. Meanwhile, the three-dimension scatterplot revealed the 
results that with all the FD values of three tasks as the features, the data points had less 

Fig. 3 Comparison between the means of FD values calculated from EEG signals in frontal lobes during 
manipulation of the TMT-A task between patients and control

Fig. 4 Comparison between the means of FD values calculated from EEG signals in frontal lobes during 
manipulation of the TMT-B task between patients and controls
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overlap each other between the two groups, which is consistent with a significant main 
effect of group for FD values in all channels using a repeated-measure ANOVA with one 
between-subjects (patient versus control group) and one within-subjects (experimental 
tasks) variable.

To better analyze the difference in the FD values between the patients and controls, 
we recorded the reaction time and error number of subjects while they solved the three 
tasks. The statistical analysis of these data are shown in Table  6, indicating that com-
pared with the controls, patients spent more time on the three tasks, with statistical dif-
ferences based on a t test (P = 0.013, 0.001, and 0.001). Moreover, the error number of 
patients during the performance of the TMT-B task is higher than the controls, with 

Fig. 5 Scatter plot with FD values of in F7 channel during the performance of TMT-A task, TMT-B task and the 
Tower of Hanoi tasks respectively

Fig. 6 Comparison between the means of FD values calculated from EEG signals in frontal lobes under the 
Tower of Hanoi task between patients and controls
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statistical difference based on a nonparametric independent sample t test (P = 0.015). 
Nevertheless, no statistical difference in the error number was found between the 
patients and controls during the performance of the TMT-A task and the Tower of 
Hanoi task (P = 0.333 and 0.874, respectively).

Discussion
In recent years, complexity estimators have been increasingly applied to analyze the 
EEG data of schizophrenia patients. However, both increased and decreased values for 
complexity estimators have been reported, which might be due to medication effects, 
age effects, or different algorithms of complexity estimators [27]. Considering these fac-
tors, the subjects selected for this study were first-episode schizophrenia patients who 
were drug-naïve and aged 27.95 ± 7.02 years. In addition, we used an FD algorithm as 
a complexity estimator, with the advantage of measuring the self-similarity of the sig-
nals. In schizophrenia, executive dysfunction is a critical impairment and is associated 
with abnormal neuronal electrophysiological activities of the prefrontal areas [28]. The 
EEG signals analyzed in the present study were recorded in the frontal lobes of selected 

Table 5 A repeated-measures ANOVA with  one between-subjects (patient versus  control 
group) and one within-subjects (experimental tasks) variable

Channel A repeated-measures ANOVA

The main effect of group The main effect of group Interaction

F P F P F P

FP1 26.02 0.0000 0.6 0.5484 0.92 0.4031

FPz 26.26 0.0000 0.32 0.7247 0.93 0.3965

FP2 25.17 0.0000 0.31 0.7337 1.19 0.309

AF3 15.45 0.0002 0.17 0.8465 1.44 0.2414

AF4 22.52 0.0000 0.6 0.5521 2.45 0.0913

F7 29.15 0.0000 0.06 0.9414 0.66 0.5205

F5 17.4 0.0001 0.00 0.9982 0.42 0.6575

F3 5.75 0.0184 1.01 0.3668 0.17 0.8407

F1 13.98 0.0003 0.18 0.8377 0.88 0.4161

Fz 13.21 0.0005 0.03 0.9703 0.09 0.9176

F2 14.44 0.0003 0.19 0.8272 1.34 0.2662

F4 7.32 0.0081 0.94 0.3941 0.78 0.4633

F6 12.63 0.0006 0.25 0.7788 0.48 0.6215

F8 15.02 0.0002 1.38 0.2575 0.25 0.7822

Table 6 Comparison of the task performance between patients and controls (mean ± SD)

* Statistically significant difference

The Tower of Hanoi TMT-A TMT-B

Reaction 
time

Operative 
steps

Reaction  
time

Error  
number

Reaction  
time

Error  
number

Controls 34.12 ± 18.55 9.32 ± 3.132 36.76 ± 14.24 0.24 ± 0.59 75.68 ± 25.17 0.28 ± 0.792

Patients 60.76 ± 42.39* 10.19 ± 3.71 60.29 ± 18.92* 0.24 ± 0.70 132.52 ± 64.68* 1.57 ± 2.52*



Page 12 of 14Yu et al. BioMed Eng OnLine  (2016) 15:131 

patients during the performance of three cool executive function tasks to explore execu-
tive function impairment in first-episode schizophrenia patients.

Artifact removal from the EEG signals before analysis is extremely important for fur-
ther EEG analysis. The EEG data in the present study were severely contaminated by 
EOG artifacts. Therefore, the first task was to remove the EOG artifacts from the EEG 
data. In previous studies, many methods have been proposed to remove EOG artifacts, 
such as principal component analysis (PCA), independent component analysis (ICA), 
and wavelet transforms (WT). In the present study, we used a modified adaptive wavelet 
packet threshold technique to remove EOG artifacts from single channel data, with the 
advantage of multi-resolution analysis; Fig.  2 shows that the EOG artifacts have been 
removed from the EEG signals in the frontal lobe channels.

Complexity estimators have been widely used for EEG analysis of schizophrenia 
patients, and these estimators have performed well. The present study used an FD algo-
rithm to estimate the complexity of the EEG data in the frontal lobes of first-episode 
schizophrenia patients and healthy controls during the performance of three cool execu-
tive function tasks. In the present study, patient FD values that were calculated from the 
EEG data during the performance of the TMT-A and TMT-B tasks were higher than 
those of the healthy controls, and this difference was statistically significant for most 
channels for TMT-B task, but only two channels (F7 and F5) for TMT-A task. This result 
is consistent with previous research showing that increased irregularity in neurophysi-
ological activity of schizophrenia patients generated EEG data with increased complex-
ity, especially in the frontal lobes [27]. Moreover, this result is consistent with the fact 
that patients that spent more time on the TMT-A and TMT-B tasks than the controls, 
with a statistical difference in a t test (respectively P =  0.013 and 0.001). In addition, 
the error number for patients during the performance of the TMT-B task was higher 
than that in the controls, with a statistical difference in a nonparametric independent 
sample t test (P = 0.015). Therefore, we estimated that cool executive function exhibits 
some deficits in first-episode schizophrenia patients. However, there was no difference 
in the FD values calculated from the EEG data during the performance of the Tower of 
Hanoi task between the patients and controls; this finding is consistent with the results 
showing no statistically significant difference in operative steps for the Tower of Hanoi 
task between the patients and controls, which may be related to less damage to planning 
and working memory ability in first-episode schizophrenia patients. Moreover, we esti-
mated that the level of difficulty of executive tasks may strongly influence the complexity 
of the EEG data; but this finding was not consistent with the results that no significant 
main effect of the experimental tasks was found for all channels in FD values, which is 
consistent with a study showing that the level of task difficulty had little influence on 
patient performance [29]. Meanwhile, the scatterplot of FD values in F7 channel dur-
ing TMT-B task were more concentrated and only minority data points overlapped each 
other between the two groups, but not for the other two tasks, were consistent with the 
results of statistical analysis for FD values between two groups, and the three-dimension 
scatterplot showed the same results of a significant main effect of group for FD values in 
all channels using a repeated-measure ANOVA, which cannot better reveal the differ-
ence of FD values between the two groups. Therefore, in future study, we should select 
the more appropriate cool executive tasks and increase the number of subjects to clearly 
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discriminate the complexity of EEG signals between tasks. Moreover, we found small 
differences in the FD values between patients and controls, which is similar to a previous 
study by Akar [30], and may be related to less damage to executive function in first-epi-
sode schizophrenia patients. However, the difference in the FD values between normal 
and schizophrenia subjects is in the opposite direction in these two studies. The conflict 
may be due to the patients’ clinical status, symptom severity, medication, or age status. 
Moreover, a previous study by Akar focused on the effect of noise on the complexity of 
the EEG data, while our study focused on the effect of the task status on the complexity 
of the EEG data. Therefore, more complexity measures should be used to estimate the 
complexity of EEG signals in schizophrenia patients so that larger differences may be 
found between the patients and controls, which can be applied to clinical diagnosis for 
schizophrenia and even other psychiatric disorder in the future.

Conclusion
Our results demonstrate that the complexity of frontal EEG signals measured using FD 
was different in first-episode schizophrenia patients during the manipulation of execu-
tive function. Moreover, cool executive function exhibited little damage in first-episode 
schizophrenia patients. However, our study has some limitations. First, the EEG data in 
our study were recorded from the frontal lobes, but not any other brain areas. Second, 
the relevant EEG data of the first-episode schizophrenia patients should be recorded for 
analysis after a period of medication treatment. Therefore, in future studies, it will be 
informative to estimate cool executive function in first-episode schizophrenia patients 
with and without medication treatment using nonlinear analysis of EEG data from sev-
eral brain areas. In this manner, a medical standard may be developed to diagnose schiz-
ophrenia or the degree of damage to executive function in schizophrenia patients.

Authors’ contributions
YY and HXZ carried out the molecular genetic studies, participated in the sequence alignment and drafted the manu-
script. YJS carried out the immunoassays. QQR participated in the sequence alignment. WR participated in the design of 
the study and performed the statistical analysis. CQJ conceived of the study, and participated in its design and coordina-
tion and helped to draft the manuscript. All authors read and approved the final manuscript.

Author details
1 Department of Biomedical Engineering, Xinxiang Medical University, Xinxiang, Henan, People’s Republic of China. 
2 Department of Psychology, Xinxiang Medical University, Xinxiang, Henan, People’s Republic of China. 3 Department 
of Life Sciences and Technology, Xinxiang Medical University, Xinxiang, Henan, People’s Republic of China. 

Acknowledgements
This study has received kind and generous support from the National Natural Science Foundation of China (61305147, 
81571315) and the Natural Science Foundation of Henan Province (152102310357, 152102210126).

Competing interests
The authors declare that they have no competing interests.

Ethics approval and consent to participate
Ethical approval was given by the medical ethics committee of Xinxiang Medical University with the following reference 
number: (20140910). And all participants were explained the experimental content and gave written informed consent.

Data availability statement
The datasets analyzed during the current study are not publicly available due to the further analysis of the datasets 
being doing in our research but are available from the corresponding author on reasonable request.

Received: 18 January 2016   Accepted: 16 November 2016



Page 14 of 14Yu et al. BioMed Eng OnLine  (2016) 15:131 

References
 1. Funahashi S. Neuronal mechanisms of executive control by the prefrontal cortex. Neurosci Res. 2001;39:147–65.
 2. Roca M, Parr A, Thompson R, Woolgar A, Torralva T, Antoun N, et al. Executive function and fluid intelligence after 

frontal lobe lesions. Brain. 2010;133:234–47.
 3. Løvstad M, Funderud I, Endestad T, Due-Tønnessen P, Meling TR, Lindgren M, et al. Executive functions after orbital 

or lateral prefrontal lesions: neuropsychological profiles and self-reported executive functions in everyday living. 
Brain Inj. 2016;26:1586–98.

 4. Tsuchida A, Fellows LK. Are core component processes of executive function dissociable within the frontal lobes? 
Evidence from humans with focal prefrontal damage. Cortex. 2013;49:1790–800.

 5. Breakspear M. The nonlinear theory of schizophrenia. Aust N Z J Psychiatry. 2006;40:20–35.
 6. Kaplan AI, Borisov SV, Zheligovskiĭ VA. Classification of the adolescent EEG by the spectral and segmental character-

istics for normals. Zh Vyssh Nerv Deiat Im P Pavlova. 2005;55:478–86.
 7. Kikuchi M, Hashimoto T, Nagasawa T, Hirosawa T, Minabe Y, Yoshimura M, et al. Frontal areas contribute to 

reduced global coordination of resting-state gamma activities in drug-naïve with schizophrenia. Schizophr Res. 
2011;130:187–94.

 8. Takahashi T, Cho RY, Mizuno T, Kikuchi M, Murata T, Takahashi K, et al. Antipsychotics reverse abnormal EEG complex-
ity in drug-naive schizophrenia: a multiscale entropy analysis. Neuroimage. 2010;51:173–82.

 9. Lee YJ, Zhu YS, Xu YH, Shen MF, Zhang HX, Thakor NV. Detection of non-linearity in the EEG of schizophrenia 
patients. Clin Neurophysiol. 2001;112:1288–94.

 10. Peng H, Hu B, Li L, Ratcliffe M, Zhai J, Zhao Q, et al. A study on validity of cortical alpha connectivity for schizophre-
nia. Conf Proc IEEE Eng Med Biol Soc. 2013;2013:3286–90.

 11. Carlino E, Sigaudo M, Pollo A, Benedetti F, Mongini T, Castagna F, et al. Nonlinear analysis of electroencephalogram 
at rest and during cognitive tasks in patients with schizophrenia. J Psychiatry Neurosci. 2012;37:259–66.

 12. Fernández A, López-Ibor MI, Turrero A, Santos JM, Morón MD, Hornero R, et al. Lempel-Ziv complexity in schizophre-
nia: a MEG study. Clin Neurophysiol. 2011;122:2227–35.

 13. Alaraj M, Fukami T, Ishikawa F. Effects of subject’s wakefulness state and health status on approximated entropy dur-
ing eye opening and closure test of routine EEG examination. Adv Mol Imaging. 2012;5:75–94.

 14. Na SH, Jin SH, Kim SY, Ham BJ. EEG in schizophrenic patients: mutual information analysis. Clin Neurophysiol. 
2002;113:1954–60.

 15. Raghavendra BS, Dutt DN, Halahalli HN, John JP. Complexity analysis of EEG in patients with schizophrenia using 
fractal dimension. Physiol Meas. 2009;30:795–808.

 16. Pradhan N, Dutt DN. A nonlinear perspective in understanding the neurodynamics of EEG. Comput Biol Med. 
1993;23:425–42.

 17. Fleming K, Mosko OA, Vovan B, Chen E, Jin Y, Potkin SG. Electrophysiology of differential cognitive load: an EEG study 
examining the frontal cortex. Schizophr Res. 1997;24:232–3.

 18. Ferrarelli F, Riedner BA, Peterson MJ, Tononi G. Altered prefrontal activity and connectivity predict different cognitive 
deficits in schizophrenia. Hum Brain Mapp. 2015;36:4539–52.

 19. Zelazo PD, Müller U. Executive function in typical and atypical development. In: Goswami U, editor. Blackwell hand-
book of childhood cognitive development. Oxford: Blackwell Publishers; 2002. p. 445–69.

 20. Marsh P, Beauchaine TP, Williams B. Dissociation of sad facial expressions and autonomic nervous system responding 
in boys with disruptive behavior disorders. Psychophysiology. 2008;45(1):100–10.

 21. Jung TP, Makeig S, Humphries C, Lee TW, McKeown MJ, Iragui V, et al. Removing electroencephalographic artifacts 
by blind source separation. Psychophysiology. 2000;37:163–78.

 22. Gao JF, Yang Y, Lin P, Wang P, Zheng CX. Automatic removal of eye-movement and blink artifacts from EEG signals. 
Brain Topogr. 2010;23:105–14.

 23. Sameni R, Gouy-Pailler C. An iterative subspace denoising algorithm for removing electroencephalogram ocular 
artifacts. J Neurosci Methods. 2014;225:97–105.

 24. Nguyen H, Musson J, Li F, Wang W, Zhang G, Xu R, et al. EOG artifact removal using a wavelet neural network. Neuro-
computing. 2012;97:374–89.

 25. Accardo A, Affinito M, Carrozzi M, Bouquet F. Use of the fractal dimension for the analysis of electroencephalo-
graphic time series. Biol Cybern. 1997;77:339–50.

 26. Phothisonothai M, Nakagawa M. Fractal-based EEG data analysis of body parts movement imagery tasks. J Physiol 
Sci. 2007;57:217–26.

 27. Fernández A, Gómez C, Hornero R, López-Ibor JJ. Complexity and schizophrenia. Prog Neuropsychopharmacol Biol 
Psychiatry. 2013;45:267–76.

 28. Dirnberger G, Fuller R, Frith C, Jahanshahi M. Neural correlates of executive dysfunction in schizophrenia: failure to 
modulate brain activity with task demands. Neuroreport. 2014;25:1308–15.

 29. Goldberg TE, Saint-Cyr JA, Weinberger DR. Assessment of procedural learning and problem solving in schizophrenic 
patients by Tower of Hanoi type tasks. J Neuropsychiatry Clin Neurosci. 1990;2:165–73.

 30. Akar SA, Kara S, Latifoğlub F. Investigation of the noise effect on fractal dimension of EEG in schizophrenia patients 
using wavelet and SSA-based approaches. Biomed Signal Process Control. 2015;18:42–8.


	Estimation of the cool executive function using frontal electroencephalogram signals in first-episode schizophrenia patients
	Abstract 
	Background: 
	Methods: 
	Results: 
	Conclusions: 

	Background
	Methods
	Subjects and EEG recording
	Modified wavelet packet threshold applied to electrooculography (EOG) artifact removal
	FD
	Statistical analysis

	Results
	Discussion
	Conclusion
	Authors’ contributions
	References




