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Abstract: The aim of the present study was to characterize the neural network 

reorganization during a cognitive task in schizophrenia (SCH) by means of wavelet 

entropy (WE). Previous studies suggest that the cognitive impairment in patients with SCH 

could be related to the disrupted integrative functions of neural circuits. Nevertheless, 

further characterization of this effect is needed, especially in the time-frequency domain. 

This characterization is sensitive to fast neuronal dynamics and their synchronization that 

may be an important component of distributed neuronal interactions; especially in light of 

the disconnection hypothesis for SCH and its electrophysiological correlates. In this work, 

the irregularity dynamics elicited by an auditory oddball paradigm were analyzed through  

synchronized-averaging (SA) and single-trial (ST) analyses. They provide complementary 

information on the spatial patterns involved in the neural network reorganization. Our 

results from 20 healthy controls and 20 SCH patients showed a WE decrease from baseline 

to response both in controls and SCH subjects. These changes were significantly more 

OPEN ACCESS



Entropy 2015, 17 5242 

 

 

pronounced for healthy controls after ST analysis, mainly in central and frontopolar areas. 

On the other hand, SA analysis showed more widespread spatial differences than ST 

results. These findings suggest that the activation response is weakly phase-locked to 

stimulus onset in SCH and related to the default mode and salience networks. Furthermore, 

the less pronounced changes in WE from baseline to response for SCH patients suggest an 

impaired ability to reorganize neural dynamics during an oddball task. 

Keywords: wavelet entropy; schizophrenia; neural reorganization; physiological signal 

processing; neuroscience 

PACS Codes: 89.70.Cf; 87.19.L; 87.19.le; 87.85.Ng 

 

1. Introduction 

Schizophrenia (SCH) is a psychiatric disorder characterized by positive and negative symptoms, 

frequently accompanied by impaired cognitive processing [1]. An early SCH diagnosis is crucial, since 

the longer the period of untreated psychosis, the worse the outcome [2]. In this regard, SCH prevalence 

is estimated around 0.5%–1% [1], although this estimation could be overstated [3]. In addition, life 

expectancy is 11–20 years shorter in SCH patients compared to general population [4]. Therefore, 

SCH characterization is of paramount importance. 

It has been proposed that cerebral substrates in SCH may be modified, at least in some cases, by a 

deficit in neural network reorganization during simple and complex tasks [5]. In this context, several 

studies addressed the characterization of neural disconnectivity abnormalities in SCH [6–11]. Most of 

these studies assessed brain differences by means of structural magnetic resonance imaging  

(MRI) [6,9], functional MRI [10] or diffusion tensor imaging [8,11]. It is noteworthy that neural 

mechanisms underlying cognitive dysfunctions in SCH are related to fast changes in the spatio-

temporal patterns of neuronal modulation [12]. Thus, these techniques do not provide enough time 

resolution to study brain dynamics. On the other hand, electroencephalography (EEG) is a non-invasive 

technique, which provides high temporal resolution in the time range of milliseconds. Therefore, EEG 

can be then used to study fast interactions (e.g., changes from baseline to response windows). In this 

regard, event-related potentials (ERPs) have been used to assess cognitive processing in SCH. A P300 

amplitude reduction [13] and an increase of P300 latency [14] have been usually reported in SCH. In 

addition, several studies showed the robust finding that mismatch negativity (MMN) response is 

diminished in patients with SCH [15,16]. MMN is an important paradigm for SCH research, because it 

could be linked to altered dopaminergic neurotransmission [17]. Nevertheless, it is necessary a deep 

study of the spectral and spatial brain dynamics to further understand the neural substrates underlying 

this pathology [12,18–21]. 

Different entropy measures have been used to describe the alterations in neural modulation 

associated with SCH. Takahashi et al. [22] computed the multiscale entropy. They identified abnormal 

EEG signal complexity patterns in anterior brain areas, which were related to disturbed cortical 

dynamics in SCH. Taghavi et al. [23] analyzed the EEG activity from SCH patients and healthy 
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subjects using approximate entropy. In a recent study, Shannon’s entropy was used to classify controls 

and SCH patients from functional MRI [24]. The results did not show significant differences between 

both groups. However, they only studied resting state conditions, but no dynamical changes during a 

cognitive task. ERPs neural dynamics in SCH were analyzed by Bachiller et al. [25,26] by means of 

spectral entropy. In those studies, a widespread increase of signal regularity was obtained for SCH 

subjects [25,26]. 

It is noteworthy that most of the previous studies used an entropy definition based on short-time 

Fourier transform (STFT). Nevertheless, other time-frequency representations can be also considered. 

In this regard, continuous wavelet transform (CWT) has demonstrated to be a useful tool to perform 

the spectral characterization of ERPs [27]. CWT provides a good time resolution for high frequencies, 

as well as good frequency resolution for short time windows [28]. In addition, CWT is suitable for  

non-stationary time series, like biological signals [29]. In this study, wavelet entropy (WE) was 

calculated from CWT. WE is a particularization of Shannon’s entropy [30]. Hence, WE is useful to 

assess the dynamic irregularity patterns of electrophysiological signals, providing a measure of 

transient features for non-stationary ERP data [31]. 

The aim of the study was to characterize the neural network reorganization as a response to a 

cognitive task in SCH by means of WE. For this purpose, we analyzed the spectral changes elicited by 

an auditory oddball paradigm. Specifically, we assessed the dynamic irregularity patterns through  

synchronized-averaging (SA) and single-trial (ST) analyses. Few studies addressed the characterization 

of neural dynamics considering these two approaches jointly [32]. Furthermore, to the best of our 

knowledge, irregularity patters using these two approaches have never been studied in SCH. 

2. Materials 

2.1. Subjects 

Twenty chronic SCH patients and 20 healthy controls with normal hearing participated in the study. 

SCH patients were diagnosed according to the Diagnostic and Statistical Manual of Mental Disorders, 

5th edition [1] (DSM-V) criteria. The clinical status of the patients was scored using the Positive and 

Negative Syndrome Scale (PANSS) [33]. On the other hand, healthy controls (age- and gender-

matched) were recruited through newspaper advertisements and remunerated for their cooperation. To 

discard major psychiatric antecedents (personal or family background) and current symptoms or 

treatments in the control group, semi-structured psychiatric interviews were performed prior to the 

study. The exclusion criteria can be summarized as follows: (i) neurologic illness or major head trauma 

that would result in abnormal EEG; (ii) electroconvulsive therapy; (iii) past or present alcohol or drug 

abuse, except for nicotine; (iv) for the patients, presence of any other current psychiatric process; and 

(v) for the controls, any current or past psychiatric diagnosis, or current treatment with drugs known to 

act on the central nervous system. Socio-demographic and clinical data for both groups are presented 

in Table 1. 

It is noteworthy that all participants gave their informed consent prior to their participation in the 

study. Moreover, the study protocol was approved by the local Ethics Committee of University 
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Hospitals from Valladolid and Salamanca (Spain) according to the code of ethics of the World Medical 

Association (Declaration of Helsinki). 

Table 1. Socio-demographic and clinical characteristics. Values are shown as mean ± 

standard deviation (SD). NA represents “not applicable”. 

Characteristic SCH Patients Controls 

Age (years)* 35.45 ± 12.07 33.35 ± 12.26 
Gender (Male:Female) 14:6 14:6 

PANSS-Positive 18.87 ± 4.39 NA 
PANSS-Negative 20.93 ± 5.76 NA 

PANSS-Total 74.47 ± 17.70 NA 

* Non-significant differences were found in age (Mann–Whitney U-test, p > 0.05). 

2.2. Recording and Preprocessing of ERP Signals 

Data acquisition was carried out using an EEG system (BrainVision, Brain Products GmbH; 

Munich, Germany). Electrode placement followed the 10/20 system, with 17 electrodes at Fp1, Fp2, 

F3, F4, F7, F8, C3, C4, P3, P4, O1, O2, T5, T6, Fz, Pz and Cz. Impedances were kept below 5 kΩ 

during ERP acquisition. ERP recordings were performed while the participants were sat, relaxed and 

with their eyes closed. The auditory oddball task consisted in random series of 600 tones whose 

duration was 50 ms, intensity being 90 dB and inter-stimulus interval between tones randomly jittered 

between 1.16 and 1.44 s. Three different tones were presented: target (500 Hz tone), distractor (1000 Hz 

tone) and standard (2000 Hz tone) with probabilities of 0.20, 0.20 and 0.60, respectively. 

ERP signals and stimulus markers were continuously recorded at a sampling frequency of 250 Hz, 

during 13 min of auditory oddball task. Data were re-referenced over Cz electrode to the average 

activity of all active sensors in order to minimize the effect of microsaccadic artifacts [34,35]. Then, 

signals were filtered using a band-pass finite impulse response filter with a Hamming window between 

1 and 70 Hz. In addition, a 50 Hz notch filter was used in order to remove the power line artifact. 

Finally, a three-steps artifact rejection algorithm was applied to minimize oculographic and 

myographic artifacts [29]: (i) components related to eyeblinks, according to a visual inspection of the 

scalp maps and their temporal activations from independent component analysis (ICA), were discarded; 

(ii) segmentation into 1 s-length trials ranging from −300 ms before stimulus onset to 700 ms after 

stimulus onset; and (iii) automatic and adaptative trial rejection using a statistical-based thresholding 

method. Only target tones were considered for further analysis. The average number of selected trials 

for target condition was 80.85 ± 20.62 for SCH patients and 88.75 ± 10.12 for healthy controls  

(mean ± SD). 

3. Methods 

ERPs can be analyzed using two different approaches: SA analysis and ST analysis [36,37]. SA 

analysis is based on the averaging of all trials. It provides a measure of the evoked response, which is 

phase-locked to the stimulus onset. On the other hand, ST analysis is useful to jointly analyze the 

evoked and the induced response, which is non-phase-locked to the stimulus onset. This different 
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behavior is related to the phase-resetting hypothesis, which implies an interaction between stimulus-

related response and ongoing activity [38]. In summary, SA suppresses induced responses that are not 

time locked to the stimulus, while ST analyses retain both evoked and induced responses. These two 

methodologies can be helpful to further understand the neural network reorganization in SCH during 

an oddball task [36]. 

In SA analysis, the target trials were firstly averaged over time to obtain the evoked response. Then, 

WE was computed. In ST analysis, WE was calculated for each artifact-free trial. Then, WE was averaged 

across trials. A descriptive diagram of data acquisition and processing steps is shown in Figure 1, both 

for SA (left panel) and ST (right panel) analyses. It is noteworthy that both SA and ST analyses are 

based on similar processing steps, like time-frequency estimation, WE computation and statistical 

analysis. These methods are described in the following sections. 

 

Figure 1. Descriptive diagram corresponding to SA and ST analyses. 
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3.1. Continuous Wavelet Transform 

ERP recordings are non-stationary signals, whose properties may change over time [39]. Hence, 

methods that require stationary time series, like Fourier transform, are not suitable to analyze their 

time-varying properties. CWT provides an alternative way to describe the dynamic properties of ERPs. 

Wavelet analysis relies on the introduction of an appropriate basis of functions. A wavelet is a zero 

mean function characterized by its localization in time (Δt) and frequency (Δf) [40]. In this study, the 

complex Morlet wavelet was chosen as “mother wavelet”, since it provides a biologically plausible fit 

to ERP data [36]. Complex Morlet wavelet is defined as follows [28]: 
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where Ωb is the bandwidth parameter and Ωc represents the wavelet center frequency. In this study, 

both were set to 1, in order to obtain a balanced relationship between Δt and Δf at low frequencies [29]. 

A wavelet family is a set of elementary functions generated by dilations and translations of the 

mother wavelet [41]. Thus, the CWT of each trial is defined as the convolution of the trial, x(t), with a 

scaled and translated version of the complex Morlet wavelet: 
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where s represents the dilation factor (s = {si, i = 1, …, M}), k is the translation factor and * denotes 

the complex conjugation. The dilation factor was set to include frequencies from 1 Hz (s1) to 70 Hz 

(sM) in equally-spaced intervals of 0.5 Hz [29]. 

The wavelet energy is a simple way to represent the magnitude of EEG oscillations at specific 

scales [41]. The wavelet scalogram (WS) summarizes the distribution of the signal energy in the  

time-frequency plane. It is obtained as the squared modulus of the wavelet coefficients [28].  

In this study, WS was normalized (WSn) to range from 0 to 1. Thus, it can be interpreted as a probability 

density function: 

( ) ( )
( )

.
,CWT

,CWT
,WS

2

2

n


=

s

sk

sk
sk  

(3)

Once the WSn was obtained for each target 1 s-length trial, two windows of interest were 

considered: (i) the baseline window, [−300, 0] ms before the stimulus onset; and (ii) the response window, 

[150, 450] ms after stimulus onset [29]. 

On the contrary to the analyses based on Fourier transform, CWT has a variable time-frequency 

resolution [28]. Shorter time windows are related to higher frequencies, while longer time windows are 

associated with lower frequencies [28,42]. It is important to note that ERP signals are finite and  

short-time recordings. Therefore, edge effects are not negligible [40]. A cone of influence (COI) was 

defined in order to avoid edge effects [40]. In the present research, two windows were defined: 

baseline and response (see Figure 1). Thus, the spectral content must be only considered into the time-

frequency regions delimited by their respective COIs. Specifically, spectral content between 4 Hz and 
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70 Hz was considered for further analysis. Thereby, delta band, between 1 and 4 Hz, was not analyzed, 

since it is associated with a wavelet duration of hundreds of milliseconds [29]. 

3.2. Wavelet Entropy 

Shannon’s entropy was defined in 1958 [30]. Similarly, WE provides an estimation of the signal’s 

irregularity. The time-dependent WE can be defined as follows [41]: 
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In the present study, WE(k) was computed for all subjects from −300 ms to 700 ms from stimulus 

onset. Then, WE(k) was averaged in the time domain to obtain a single WE value on each window: 

baseline (i.e., from −300 ms to the stimulus onset) and response (i.e., from 150 ms to 450 ms  

post-stimulus). The following equation summarizes the averaging of WE for each window of interest: 
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where K represents the number of samples in the analyzed window and w denotes the corresponding 

window: baseline (b) or response (r). It is important to note that WE computation for SA analysis  

( SAWE ) was directly obtained, because the synchronized trial averaging was previously carried out. 

However, in the case of WE for ST analysis ( STWE ), WE values were averaged across trials  

(see Figure 1). 

Thus, if a signal has few spectral components, there will be few non-zero energy components in the 

spectrogram. As a consequence, WE will be close to zero. On the other hand, a signal with several 

spectral components, like white noise, will have the energy distributed over the whole time-frequency 

plane. Thus, WSn will be similar for all resolution levels and the WE will yield a maximum value of 1. 

3.3. Statistical Analysis 

A descriptive analysis was initially performed to explore data distribution (normality and 

homoscedasticity). Variables did not meet the parametric assumptions. Hence, nonparametric tests 

were used to analyze the results. Wilcoxon signed-rank test was used to compare baseline and response 

values for within-group analyses. Mann–Whitney U-test was used for between-group analyses. Finally, 

in order to deal with the multiple-comparison problem, p-values obtained from both tests were 

corrected with the false discovery rate (FDR) method [43]. 

4. Results 

4.1. Single-Trial ERP Analysis 

Initially, ST
bWE  and ST

rWE  were averaged over all sensors and trials to obtain a single value per 

subject. Figure 2 summarizes the global results of STWE . Pairwise comparisons indicated that controls 

exhibited a statistically significant decrease of ST
rWE compared to ST

bWE  (p = 7.21 × 10−3, Wilcoxon 

signed-rank test). Non-significant differences were found between baseline and response windows in 
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SCH patients (p > 0.05, Wilcoxon signed-rank test). In addition, non-significant differences were 

found in ST
bWE  and ST

rWE  between both groups (p > 0.05, Mann–Whitney U-test). 

Spatial analyses of the same (un-pooled) data are summarized in Figure 3. It depicts the ST
bWE  and 

ST
rWE  spatial distributions for both groups. Statistical analyses showed a widespread decrease of 
STWE for controls from baseline to active response. Although this decrease can also be observed in 

SCH patients, it was less evident. Non-significant differences were found either in the baseline or in 

the response window between both groups. Nevertheless, between-group analysis showed a more 

pronounced STWE  decrease for controls than for SCH patients. Controls showed a widespread 

decrease of STWE , while SCH patients only exhibit a slight and non-significant decrease. The most 

significant differences between both groups were found in central regions (Mann–Whitney U-test). 

 

Figure 2. Mean and standard errors corresponding to the grand-average STWE  across subjects 

for each group (controls and SCH patients) in the baseline and the response windows. 

 

Figure 3. Sensor-level topographic maps of the statistics computed for STWE  between 

controls and SCH patients. Right column shows within-group differences from baseline to 

response windows (Wilcoxon signed-rank test), whereas bottom row shows between-group 

differences for each window (Mann–Whitney U-test). The corrected p-values are obtained 

controlling FDR. 
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4.2. Synchronized-Averaging ERP Analysis 

In a first step, SA
bWE  and SA

rWE  were averaged over all sensors to obtain a single value per subject. 

Figure 4 depicts the boxplots corresponding to the grand-averaged SAWE  values for each group. In the 

case of the controls, SA
rWE  was significantly lower than SA

bWE  (p = 8.86 × 10−8, Wilcoxon  

signed-rank test). Significant differences were also found between baseline and response windows in 

SCH patients (p = 1.40 × 10−4, Wilcoxon signed-rank test). Between-group comparisons showed  

non-significant differences in SA
bWE  (p > 0.05, Mann–Whitney U-test). Nevertheless, comparisons for 

SA
rWE  values between both groups showed significant differences (p = 8.32 × 10−3, Mann–Whitney  

U-test). 

Spatial patterns of un-pooled SAWE  are summarized in Figure 5. SA
bWE  and SA

rWE  are depicted 

for both groups. Within-group analyses showed a widespread decrease of SAWE  for controls from 

baseline to active response. This reduction affects to more regions that in ST analysis. Changes in 
SAWE  were significant in all channels (Wilcoxon signed-rank test). This SAWE  decrease can also be 

observed in SCH patients, but it was less widespread again. Regarding between-group analysis, non-

significant differences were found in the baseline window, but these differences were significant in the 

response window, mainly in central and frontal electrodes (Mann-Whitney U-test). Decrease in SAWE  

values is more evident for controls group than for SCH patients. However, SCH patients also exhibit a 

widespread decrease of SAWE , though this reduction is less significant, especially in left parieto-

occipital regions. 

 

Figure 4. Mean and standard errors corresponding to the grand-average SAWE  across 

subjects for each group (controls and SCH patients) in the baseline and the response windows. 

5. Discussion 

In this study, we analyzed neural dynamics in SCH during an auditory oddball task by means of WE. 

We found that SCH patients showed lower changes in their irregularity patterns during the active response 

compared to controls for the two analyzed approaches: ST and SA. This abnormal spectral modulation 

suggests that a neural network reorganization deficit can be associated to SCH [44]. ST and SA 

analyses provided complementary information on the spatial patterns of neural network reorganization. 

SA approach captures stimulus-evoked processes whose oscillations were phase-synchronized from 

experimental events [36]. Neurophysiological evidences have linked evoked power to sensory 

registration procedures, as well as “top-down” cognitive processing during the active perception [36,37]. 
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On the other hand, ST approach obtains event-related changes in ERP activity that are time-locked, but 

not phase-locked to the stimulus onset. Brain’s information processing is characterized by oscillations 

at various frequencies reflecting multiple neural processes at the same time [36]. Therefore, ST analysis 

may provide a measure of integrative and dynamically adaptive information processing [36,37]. 

 

Figure 5. Sensor-level topographic maps of the statistics computed for SAWE  between 

controls and patients. Right column shows within-group differences from baseline to 

response windows (Wilcoxon signed-rank test), whereas bottom row shows between-group 

differences for each window (Mann–Whitney U-test). The corrected p-values are obtained 

controlling FDR. 

ST results showed a significant WE decrease from baseline to response window in controls (central 

and frontopolar areas) and SCH patients (only in central areas). Between-group analyses did not show 

statistically significant differences during the baseline and the response windows. These findings are 

consistent with previous studies, which found similar spatial patterns using spectral entropy [25,26] or 

analyzing the power in different frequency bands [45]. 

Regarding SA results, WE exhibits a similar behavior to ST analysis: (i) widespread decrease from 

baseline to response window for both groups; (ii) more pronounced modulation for controls compared 

to SCH patients; and (iii) non-significant between-group differences in the baseline window. However, 

SA analysis showed that several brain regions were involved in the neural network reorganization: 

central, frontal and temporal areas. This result can be due to the fact that only evoked response is 

considered in SA analysis. If the induced response was similar in baseline and response windows, it 

could contribute to reduce within-group differences in ST analysis. The oscillatory activity, which was 

observed in SA analysis, is related to the long-range cortical oscillatory events [46]. On the contrary, 

the smaller change in irregularity that we observed in ST analysis should correspond to a strong  

phase-locked variation, partially canceled out by some components non-phase-locked. Likewise, ST 
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analysis is a useful tool to study phase/synchrony of ERPs [36]; nevertheless, WE is related to the 

power spectrum distribution. In this regard, phase synchronization was suggested as a key mechanism 

of dynamical neuronal communication, and can provide a useful measure of neural integration in 

sensory task-relevant procedures [47]. These findings are consistent with another study that showed 

greater differences between controls and SCH patients in the assessment of the evoked response than in the 

evaluation of the total response (induced and evoked) in delta band [32]. Therefore, the significant 

reduction of the irregularity in the evoked response for controls and the less evident difference in the 

evoked response for SCH patients reveals that activation response is weakly phase-locked to stimulus in 

schizophrenia. 

It is important to understand the reasons of WE reduction from baseline to active response in ST 

and SA analyses. Previous studies found a reduction of the P300 amplitude in SCH patients, which 

was related to a decrease of relative power in alpha frequency band [42,48]. An increase of power in 

theta band during the P300 window has also been reported [49]. It was associated to the transitory 

coordination of EEG activity among distant regions [50]. In addition, high frequency bands are more 

influenced by the induced response than low frequency bands [51]. Thus, following these previous 

studies, it can be inferred that evoked response produced an increase in the concentration of low-frequency 

power (mainly around theta band [49]) at the expense of alpha and higher frequencies during the 

response window [42,48,51]. This result causes a reduction of the WS uniformity, mainly related to a 

decrease in power in the alpha band [48]. Although, the present study did not focus on spectral changes 

in specific frequency bands, these previous findings could provide a reasonable explanation for the 

decrease in WE that we observed. Low frequencies, like alpha band, are related to long-range 

interactions [20], suggesting that impaired activation response of long-range interactions might 

contribute to the pathological process. The lower irregularity reduction in the cognitive response of 

SCH patients seems to be associated with an abnormal information processing, as well as it could be 

related to the disrupted integrative functions of local and distributed neural circuits [32]. This result 

suggests that SCH is accompanied by a disrupted network reorganization of neural functions 

responsible of the P300 generation, mainly in long-range interaction. 

Previous studies reported interesting findings regarding tone comparisons in SCH [25,52]. Their 

conclusions support the notion that bioelectrical responses to both distractor and target tones during an 

oddball task were attenuated in SCH patients compared to controls. In the present study, similar 

findings were found using WE. Thus, widespread significant differences were only found in the study 

of the target tone when comparing between-groups responses. In addition, higher differences between 

target and standard tones were obtained for controls than for SCH patients when target and standard 

tones were compared during the response window. Other studies reported similar results [25,36,52]. 

The standard tone is more likely to occur than the target tone, but lacks the novelty and relevance that 

characterize the target. Therefore, while the standard tone is similarly processed by SCH patients and 

controls, the target tone produces a diminished response in SCH patients compared to controls [25]. 

These outcomes are in line with the disconnection hypothesis in SCH. This hypothesis poses the idea 

that the SCH pathology is expressed at the modulation level of the associative plasticity for memory, 

which is more related to target than to non-target tones [5]. 

The default mode network (DMN) is an important brain network, which is active at rest, but  

de-activates during the performance of most cognitive tasks [53]. The middle-line of the brain includes 
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the main cerebral areas associated with DMN [54]. A larger activity in this network is consistent with 

the spatial patterns at baseline window in both SA and ST approaches (Figures 3 and 5). During the 

performance of a cognitive task, salience network is active. Some studies suggest that aberrant activity 

related to salience network can play a cardinal role in psychosis [55]. This network mainly includes 

insula an anterior cingulate cortex [55,56]. Figures 3 and 5 show that the main differences in a 

cognitive response appear in these regions. However, this modulation process is more evident in the 

control group, suggesting that SCH patients show an impaired ability for reconfiguring functional 

brain networks during a cognitive task. It is noteworthy that our analyses are based on low-density 

EEG recordings. High-density EEG would be desirable to infer accurate spatial conclusions on neural 

networks, like DMN or salience networks. 

Some limitations of the study merit special attention. It could be appropriate to increase the sample 

size, including patients with other pathologies different than SCH, like bipolar disorder. The study of 

the delta band could be interesting to complement the reported results. For that purpose, it would be 

necessary to change the acquisition protocol in order to increase the window length. Nevertheless, 

some studies reported the difficulty of including delta band, since the response window must contain a 

minimum number of oscillation periods to obtain an accurate spectral estimation [47,57,58]. Likewise, 

other entropy measures, like multiscale entropy, could provide further information on the neural 

dynamics associated with SCH. Other features related to connectivity or cross-frequency coupling 

could complement the information obtained from WE. In this regard, ST analysis would merit special 

attention, since a deeper study of the phase and synchrony of the signals would be required. 

6. Conclusions 

ST and SA analyses provided complementary information on dynamic patterns of irregularity 

during a cognitive task. The less pronounced difference in the cognitive response in ST analysis 

suggests that the active response is weakly phase-locked to stimulus in SCH, mainly in long-range 

interactions. It is noteworthy that both evoked and induced responses involve the coordinated activity 

of different brain regions, including dynamic neural networks associated with resting (DMN) and 

cognitive performance (salience network). In addition, WE proved to be an appropriate measure to 

characterize ERP dynamics. Hence, WE between-group differences evidenced that irregularity patterns 

observed in ERP can be associated with an abnormal network reorganization in SCH during an 

auditory oddball task. 
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