
ORIGINAL PAPER

Decreased entropy modulation of EEG response to novelty
and relevance in schizophrenia during a P300 task

Alejandro Bachiller • Alba Lubeiro • Álvaro Dı́ez • Vanessa Suazo •
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Abstract The analysis of the interaction between novelty

and relevance may be of interest to test the aberrant salience

hypothesis of schizophrenia (SCH). In comparison with

other neuroimaging techniques, such as functional magnetic

resonance imaging, electroencephalography (EEG) provides

high temporal resolution. Therefore, EEG is useful to ana-

lyze transient dynamics in neural activity, even in the range

of milliseconds. In this study, EEG activity from 31 patients

with SCH and 38 controls was analyzed using Shannon

spectral entropy (SE) and median frequency (MF). The aim

of the study was to quantify differences between distractor

(i.e., novelty) and target (i.e., novelty and relevance) tones in

an auditory oddball paradigm. Healthy controls displayed a

larger SE decrease in response to target stimulus than in

response to distractor tones. SE decrease was accompanied

by a significant and widespread reduction of MF (i.e., a

significant slowing of EEG activity). In comparison with

controls, patients showed a significant reduction of changes

in SE in response to both target and distractor tones. These

differences were also observed in patients that only received

a minimal treatment prior to EEG recording. Furthermore,

significant changes in SE were inversely correlated to posi-

tive and total symptoms severity for SCH patients. Our

findings support the notion that SCH is associated with a

reduced response to both novelty and relevance during an

auditory P300 task.

Keywords Schizophrenia � Shannon entropy � Positive

symptoms � Saliency � Novelty � Relevance

Introduction

The analysis of bioelectrical changes from baseline to the

processing stages of an auditory discrimination task using
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electroencephalographic (EEG) recordings may help to

better understand the dynamic information processing

abnormalities observed in schizophrenia (SCH) [43]. In

particular, exploring aberrant salience correlates in psy-

chosis might be useful [22]. Some studies suggest that

salience could be altered in SCH [11]. Specifically, a

heightened response to novel but irrelevant stimuli [11]

and/or a decreased response to relevant stimuli [17] has

been associated with this syndrome. Therefore, comparing

the response to novelty and relevance between a group of

patients with SCH and healthy controls should be of

interest to the study of this illness. Salience detection is a

short-lived process [28]. Both novelty [16] and salience

[15] detection occur in the few hundred milliseconds fol-

lowing stimulus presentation. Thereby, due to its temporal

resolution, EEG may be a useful tool to study their

respective contributions to SCH.

Auditory event-related potential (ERP) oddball para-

digms are adequate methods for studying novelty and rel-

evance. For that purpose, they include standard (i.e.,

frequent), distractor and target (i.e., infrequent) tones.

Target and distractor tones are randomly interspersed

among a series of standard tones. Distractor tones usually

have the same frequency as target tones and a pitch

between the target and standard tones. Nevertheless, unlike

target tones, distractor tones do not require a response.

Hence, distractor tones only possess a novelty component,

since they are irrelevant for the task. However, target tones

possess both novelty and relevance. A classical approach to

analyzing evoked ERP components is to perform the

grand-average across trials in the time domain. In the

widely used oddball paradigm, the participant is instructed

to respond to the target and ignore the distractor tones.

Event-related cerebral activity can be observed by aver-

aging in the time domain, while cerebral activity not

related to the event is canceled, allowing for the assessment

of amplitude and latency of the corresponding ERP. The

P3a ERP component is related to novelty. Thus, it is

determined from the grand-average amplitude of the

responses to the distractor stimuli. On the other hand, P3b

is also elicited by infrequent tones but, unlike P3a, it is task

relevant. Thereby, P3b is computed from the grand-average

amplitude of the responses to the target stimuli [14, 31].

Previous studies indicate that salience detection may be

impaired in SCH. This impairment should be reflected in a

reduced response to the relevant stimuli of an oddball task

(where the participant is instructed to respond only to the

target stimuli). Indeed, during the performance of this task,

a reduced cerebral activity has been found after the rele-

vant stimuli onset in SCH [9]. That reduced activity was

supported by a decrease in P3b (i.e., the response to the

relevant stimuli) amplitude [9]. However, an overall

reduced response to novelty may also contribute to salience

detection impairment. In oddball tasks, the response to

novelty but not relevance can be assessed by means of the

P3a potential. This potential arises after the presentation of

the distractor stimuli to which the participant should refrain

from responding (i.e., irrelevant). A reduced P3a amplitude

has also been found in SCH [20, 36]. It has been observed

in first episodes [23] and high-risk participants [3, 27].

Classical ERP components analyses have several lim-

itations, like the lack of simultaneous information about

the time and spectral dynamics of oscillatory components

[37, 41]. For this reason, time–frequency analyses are

carried out. Spectral parameters can yield additional

information about time–frequency components of the

response to novelty and relevance. Firstly, the median

frequency (MF) is a classical technique that has been used

to analyze the distribution of the spectral content of a

signal. It summarizes the whole spectral content by means

of a measure of the frequency that comprises 50 % of

signal power [32]. Secondly, the Shannon spectral entropy

(SE) has been computed to gain further insights into the

characterization of the power spectrum. SE quantifies the

degree of disorder of a signal. It is a measure derived

from the original notion suggested by Shannon [41], who

defined entropy as the average amount of information of a

probability distribution. This concept was extended to

EEG power spectral density (PSD) by Inouye et al. [21].

Thus, a high SE value implies a flat, uniform power

spectrum with a broad spectral content (i.e., a more

complex signal), whereas a low SE indicates a power

spectrum with a narrower frequency range (i.e., a more

regular signal). In an auditory oddball approach, SE is

useful for assessing differences in information content and

signal variability average across time. Hence, it can be

helpful for the study of cognitive processing substrates.

Likewise, SE may contribute to improve our under-

standing of the altered cortical processing mechanism in

mental illness, especially when considering task-related

differences between baseline and stimulus response con-

ditions [5].

To date, MF and SE have been barely used in SCH

research. In this regard, Sabeti et al. [39] assessed their

discriminatory ability in comparison with other parameters.

They did not find any differences in SE between a group of

patients and controls during resting-state activity. How-

ever, using a SE-based method, an increased connection

entropy in the gamma band was described in patients with

SCH [40]. In a recent study, our group described a wide-

spread decrease of SE across electrodes in response to the

target tone of an auditory oddball task in healthy controls

[5]. In that work, patients with SCH showed smaller

changes in SE than controls in response to the target tone

[5]. Moreover, changes in SE were associated to clinical

severity [5].
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In the present research, we further explored the altera-

tions in stimulus processing, likely associated with aberrant

salience in SCH. To that end, we studied the changes in SE

between baseline and response to both distractor and target

tones during a P300 task. Furthermore, we analyzed the

responses to relevant (P3b) and novel but irrelevant (P3a)

stimuli of participants from our previous study [5], in order

to compare the differences in responses (i.e., changes in

SE) to novelty and relevance.

Materials and methods

Participants

The cohort of participants enrolled in the study was formed

by 31 patients with SCH and 38 healthy controls. Patients

were diagnosed according to the Diagnostic and Statistical

Manual of Mental Disorders 5th edition [1] criteria and

were divided into 20 chronic stably treated patients (CP)

and 11 minimally treated patients (MTP). Prior to their

inclusion, MTP did not receive any previous treatment

(first episode patients, n = 8) or they had dropped their

medications for longer than 1 month. Owing to an acute

psychotic state of MTP group, a small amount of halo-

peridol (2–4 mg) was administered with a wash-out period

of approximately 24 h before EEG acquisition. The

objective was to minimize the likely bias of only including

patients able to cooperate with the EEG recording during

an acute psychotic episode and without any previous

treatment. The stable patients were previously treated with

atypical antipsychotics: risperidone (12 cases, 2–6 mg/

day), olanzapine (5 cases, 5–20 mg/day), quetiapine (2

cases, 300–600 mg/day), aripiprazole (1 case, 10–15 mg/

day) and clozapine (4 cases, 100–350 mg/day). Four

patients received two different antipsychotics. Doses and

drugs were unchanged during the 3 months preceding EEG

recordings.

The clinical status of the patients was scored using the

Positive and Negative Syndrome Scale (PANSS) [24]. The

intelligence quotient (IQ) was acquired using the Spanish

version of the Wechsler Adult Intelligence Scale 3rd edi-

tion (WAIS-III) [42]. Demographic and clinical charac-

teristics for both groups are shown in Table 1.

The control group was composed of age- and gender-

matched participants. They were recruited through news-

paper advertisements and remunerated for their coopera-

tion. To discard major psychiatric antecedents (personal or

familial) and treatments, they were previously assessed by

a semi-structured psychiatric interview by one researcher

(V. Molina).

The exclusion criteria can be summarized as follows: (1)

total IQ below 70; (2) a history of any neurological illness;

(3) cranial trauma with loss of consciousness; (4) past or

present substance abuse, except nicotine or caffeine; and

(5) the presence of any other psychiatric process or drug

therapy and treatment with drugs known to act on the

central nervous system. We discarded toxic use in patients

and healthy controls with the information gathered in the

interview and a urine analysis.

Written informed consent was obtained from patients,

their families and healthy controls after providing full

written information. The research boards of the Hospitals

of Valladolid and Salamanca endorsed the study according

to The Code of Ethics of the World Medical Association

(Declaration of Helsinki).

Electroencephalographic recording

EEG data were continuously recorded from 17 electrodes

using a BrainVision� (Brain Products GmbH; Munich,

Germany) amplifier system. Electrodes were mounted in an

Table 1 Demographic, clinical,

cognitive and EEG parameters

Values are shown as mean

(standard deviation, SD)

P300 amplitudes are shown in

microvolts (lV)

CP chronic stable patients, MTP

minimally treated patients, NA

not applicable, M male,

F female

Results of between-groups

statistical analyses are shown in

the first column (Kruskal–

Wallis test, * p \ 0.01; **

p \ 0.005)

Patients Controls

CP MTP

Total participants (N) 20 11 38

Age (years) 40.37 (10.36) 33.53 (9.91) 33.65 (13.12)

Sex distribution (M:F) 12:8 7:4 23:15

School years* 6.62 (3.01) 12.47 (2.59) 13.00 (5.74)

PANSS positive 19.26 (5.29) 21.12 (3.99) NA

PANSS negative 22.00 (4.80) 17.00 (4.69) NA

PANSS total 76.26 (15.63) 76.27 (11.37) NA

Total IQ (WAIS-III)** 86.31 (14.94) 82.19 (16.76) 101.94 (12.44)

Number of artifact-free epochs 78.65 (19.78) 69.90 (18.16) 84.47 (9.32)

P3a amplitude (Pz) in lV 2.26 (1.17) 2.63 (1.23) 2.53 (1.36)

P3b amplitude (Pz) in lV** 1.74 (1.21) 2.78 (1.28) 3.39 (1.59)
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electrode cap (Electro-Cap International, Inc.; Eaton, Ohio,

USA) at Fp1, Fp2, F3, F4, F7, F8, C3, C4, P3, P4, O1, O2,

T5, T6, Fz, Pz and Cz. They were placed according to the

revised 10/20 international system. Electrode impedance

was always kept under 5 kX. Participants were instructed

to sit comfortably, relaxed and with their eyes closed to

avoid muscle and eye movements. Thirteen minutes-length

ERP recordings were acquired at a sampling rate of

250 Hz, while the participants underwent a three-stimulus

auditory oddball task. The tones (duration 50 ms, rise and

fall time 5 ms and intensity 90 dB) were presented with

different frequencies: a 500 Hz-tone target; a 1,000 Hz-

tone distractor; and a 2,000 Hz-tone standard stimulus.

Random series of 600 tones consisted of target, distractor

and standard tones with probabilities of 0.20, 0.20 and

0.60, respectively. The participants were asked to press a

button whenever they detected the target tones. P3a and

P3b components represent the evoked response, which is

associated with event-related changes phase-locked to the

stimulus onset [37]. They were defined as the mean of ERP

grand-average amplitude in the 300–400 ms interval from

distractor and target stimuli, respectively.

The recordings were referenced over Cz electrode. Data

were re-referenced to the average activity of all active

sensors [8], since common average reference is less sen-

sitive to microsaccadic artifacts in high-frequency record-

ings [25]. Then, each ERP recording was filtered using a

1–70 Hz finite impulse response (FIR) filter and a 50 Hz

notch filter. Artifact rejection was conducted following a

two-steps approach. Firstly, an independent component

analysis (ICA) was carried out to decompose ERPs in a

total of 17 components [13]. After a visual inspection of

the scalp maps and their temporal activation, the compo-

nents related to eyeblinks were discarded. Secondly, arti-

facts were automatically rejected using an adaptive

thresholding method to remove EEG segments that dis-

played amplitudes exceeding a statistically based local

threshold criterion. EEG recordings were then segmented

into 800 ms-length epochs from -250 ms to 550 ms with

respect to the onset of the stimulus (200 samples per

epoch). The average number of selected epochs for target

condition is shown in Table 1.

Spectral analysis and definition of parameters

Electromagnetic brain recordings can be characterized by

the analysis of their spectral content. Nevertheless, EEG

recordings are nonstationary signals, whose characteristics

may change over time [7]. Nonstationary signal analysis

techniques, such as time–frequency distributions, may be

appropriate to accurately describe their dynamic properties

[4, 33]. In this work, the short-time Fourier transform

(STFT) was used to assess the time–frequency maps of

ERP signals. STFT is a sliding temporal window technique

used to obtain the time evolution of the power spectral

density (PSD). Each 800 ms-length ERP epoch (M = 200

samples) was divided into temporal segments of 168 ms-

length (L = 41 samples) with a 90 % overlapping. Thus,

we obtained 32 time intervals identified by i (i = 1,…,32)

[7]. Finally, the spectral content between 1 and 70 Hz was

selected, and PSD was normalized to a scale from 0 to 1,

leading to the normalized PSD (PSDn).

PSDðiÞn fð Þ ¼ PSDðiÞ fð Þ
P70 Hz

f¼1 Hz

PSDðiÞ fð Þ
; i ¼ 1; . . .; 32 ð1Þ

After the normalization, it follows that

P70 Hz

f¼1 Hz

PSDðiÞ fð Þ ¼ 1, for each i. Consequently, PSDn can

be considered as a probability distribution in the band of

interest [1 70] Hz. This representation provides a suitable

tool for the application of several spectral parameters.

Figure A1 shows four examples of normalized spectro-

grams for distractor and target conditions, corresponding to

a healthy control and a patient with SCH. That figure

depicts the stimulus response percent of change from

baseline.

Spectral entropy (SE)

Entropy is a thermodynamic function whose original

meaning involves uncertainty of information, in terms of

disorder, discrepancy and diversity [6]. Entropy was

adapted to the context of information theory by Shannon

[41]. Hence, SE can be defined as a disorder quantifier. A

uniform spectrum with a broad spectral content (e.g., white

noise) yields a high SE value. On the contrary, a narrow

power spectrum with only a few spectral components (e.g.,

a sum of sinusoids) gives a low SE value [21]. To calculate

SE, we applied the definition of Shannon’s entropy com-

puted over PSDn [33].

SEðiÞ ¼ � 1

logðLÞ �
X70Hz

f¼1Hz

PSDðiÞn fð Þ � log PSDðiÞn fð Þ
� �

;

i ¼ 1; . . .; 32;

ð2Þ

where L is the number of spectral components in the [1, 70]

Hz band.

Median frequency (MF)

Median frequency provides an alternative way to summa-

rize the changes in the spectral content of EEG recordings.

It is defined as the frequency that comprises 50 % of the
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power [32]. MF is calculated from PSDn between 1 Hz and

70 Hz.

XMFðiÞ

f¼1Hz

PSDðiÞn fð Þ ¼ 0:5; i ¼ 1; . . .; 21 ð3Þ

Parameter baseline correction

Baseline correction was carried out in order to obtain a

stimulus-independent characterization. The time–fre-

quency analysis provides a SE and a MF value for each

temporal segment. The baseline and the stimulus response

were defined as the available [-250 0] and [150 550] ms

intervals, respectively. The baseline correction was then

carried out using the ‘percent change from baseline

method’ [37]. For that purpose, a pre-stimulus parameter

mean was firstly obtained as the average of baseline values.

Then, the pre-stimulus parameter mean was subtracted

from the stimulus response values, and the result was

divided by the pre-stimulus parameter mean. Finally, val-

ues were averaged in order to obtain a baseline-corrected

parameter for each participant.

SE ¼
SEðiÞ

�
�
i2response

�SEðiÞ
�
�
i2baseline

SEðiÞ
�
�
i2 baseline

* +

; i ¼ 1; . . .; 32;

ð4Þ

where �h i denotes the temporal average in the baseline and

response windows.

Figure A2 depicts MF and SE baseline-corrected values

for distractor and target conditions, corresponding to a

healthy control and a patient with SCH. This figure illus-

trates time-varying differences between the response to

distractor and target stimulus.

Statistical analyses

The statistical analyses were carried out in a four steps

approach: (1) demographic, clinical and EEG parameters

analysis; (2) exploratory analysis; (3) electrode-level sta-

tistical analysis; and (4) clinical correlation analysis.

Initially, sex distribution, age, completed courses, IQ,

and P3a and P3b amplitudes were compared between

patients and controls.

Thereafter, data distribution was assessed by an

exploratory analysis. The Kolmogorov–Smirnov and Le-

vene tests were used to check for normality and homo-

scedasticity, respectively. The results indicate that

parametric test assumptions did not hold.

To explore the electrode-level differences between

patients and controls, both within- and between-groups

significance maps were computed. In a first step, within-

group differences were assessed using Wilcoxon signed-

rank tests (Bonferroni corrected, a = 0.05/17 elec-

trodes = 0.0029) for the target and the distractor tones,

comparing SE and MF values from baseline [-250 0] ms

and stimulus response [150 550] ms windows. In a second

step, between-groups differences for SE and MF baseline-

corrected values were assessed by means of Mann–Whitney

U tests (Bonferroni corrected, a = 0.05/17 = 0.0029;

trend a = 0.0058). The analyses were complemented in a

second step by further statistical comparisons between both

groups of patients (i.e., CP and MTP) using Mann–Whitney

U tests (uncorrected in this case, given the confirmatory

purpose of this subtest). In order to minimize the possible

influence of chronicity and treatment on spectral parame-

ters, SE and MF were compared between patients and

controls (p level corrected for multiple comparisons).

Thereafter, we assessed whether: (a) the same pattern

appeared in the comparison between MTP and controls,

and (b) no differences were found between both patients

groups. Additionally, stimulus responses to distractor and

target tones were compared in a third step. Wilcoxon

signed-rank tests (Bonferroni corrected, a = 0.05/17 elec-

trodes = 0.0029) were performed to assess within-group

differences for baseline-corrected SE and MF responses to

both stimuli.

Finally, correlations between spectral parameters and

clinical relevance were evaluated by means of stepwise

multivariate linear regressions. PANSS positive, negative

and total scores were used as dependent variables and SE

values at each sensor were introduced as predictive variables.

In addition, the relationship between antipsychotic dose in

mg of chlorpromazine (CPZ) equivalents/day, and change of

MF and SE was assessed using Spearman’s rho coefficients.

Results

Table 1 summarizes demographic, clinical and EEG

parameters, as well as between-group comparisons. Non-

significant differences were found in age or sex distribution

between patients and controls. Total IQ and P3b amplitude

was significantly lower in patients in comparison with

controls. On the contrary, P3a amplitude did not differ

significantly between patients and controls.

Within-group differences

Healthy controls

Healthy controls showed a global SE decrease (except at

occipital electrodes) from baseline to target stimulus

response (Fig. 1a). Likewise, controls displayed a statisti-

cally significant and global MF decrease in all electrodes

(Fig. 2a).
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In response to the distractor tone (Fig. 1b), controls

showed a statistically significant SE decrease, localized

over central, left parietal and posterior frontal regions. In

addition, controls displayed a statistically significant and

widespread MF decrease (Fig. 2b).

In this group, the assessment of the differences between

responses to distractor and target tones revealed a statisti-

cally significant larger SE and MF decrease in response to

target (Fig. 3), including central, frontal and parietal

sensors.

Patients

Patients showed a statistically significant SE decrease from

baseline to target response, mainly localized around Pz

(Fig. 1a). A SE decrease was not observed in the MTP

group considered alone. A MF decrease was observed in

response to target over central and right frontal sensors, but

not in the MTP group considered alone (Fig. 2a).

In response to the distractor tone (Fig. 1b), patients did

not show any statistically significant difference in SE (not

for all patients or for the MTP group considered alone). On

the other hand, patients with SCH exhibited a MF decrease

over anterior central sensors, though this result was not

observed in the MTP group considered alone (Fig. 2b).

In the patients group, statistically significant differences

between target and distractor responses were observed

when analyzing changes in SE. Distractor SE was signifi-

cantly smaller than target SE over a localized region

around Pz (similar results were obtained for both CP and

MTP groups). The MF decrease in patients was signifi-

cantly larger in the target response than in the distractor

response over parieto-central and right frontal electrodes

(Fig. 3).

Fig. 1 SE topographic maps for target (a, c) and distractor (b,

d) stimuli. a SE topographic maps at baseline, active response to

target tone and within-groups statistical analyses; b SE topographic

maps at baseline, active response to distractor tone and within-groups

statistical analyses; c, d topographic maps depicting the difference

between active and baseline SE values for each group and between-

groups statistical analyses for target and distractor tones, respectively.

SE spectral entropy, P patients, CP chronic patients, MTP minimally

treated patients, C controls
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Differences between patients and controls

The between-group analyses of SE response to target

revealed a significantly smaller SE response in patients

with SCH than in controls (both for CP and for MTP

groups assessed separately), over posterior and central

regions, and extending to left parietal and left frontal

sensors (Fig. 1c).

Patients also showed a significantly smaller MF change

in response to target than controls over posterior, central

and left parietal regions (also including right parietal sen-

sors in the MTP group; Fig. 2c).

A slight SE change in response to distractor was

observed. Although statistically significant differences

were obtained, the change in SE was smaller in patients

with SCH than in controls, over posterior and central

regions. MF decrease in response to distractor was

significantly smaller for patients than controls over Pz

(Figs. 1d, 2d).

Clinical relevance

Changes in SE from baseline to target were associated with

positive and total PANSS scores (i.e., the smaller the SE

decrease from baseline to target, the higher the clinical

scores). This finding was in agreement with the results

reported in a previous study [5].

A similar pattern was observed when the SE response to

distractor was analyzed. Hence, the difference in SE

between distractor and baseline segments at C3 was chosen

as a direct predictor of positive (R2 = 0.263; p = 0.021;

b = 0.513, t = 2.53) and total (R2 = 0.242; p = 0.028;

b = 0.492, t = 2.39) PANSS scores in the stepwise

regression (Fig. 4).

Fig. 2 MF topographic maps for target (a, c) and distractor (b,

d) stimuli. a MF topographic maps at baseline, active response to

target tone and within-groups statistical analyses; b MF topographic

maps at baseline, active response to distractor tone and within-groups

statistical analyses; c, d topographic maps depicting the difference

between active and baseline MF values for each group and between-

groups statistical analyses for target and distractor tones, respectively.

MF median frequency, P patients, CP chronic patients, MTP

minimally treated patients, C controls
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Finally, the relations between mean dose, and change in

SE and MF were not statistically significant (q\ 0.15).

Discussion and conclusions

In the present study, we found that bioelectrical responses

to both novelty and relevance during an auditory oddball

task were attenuated in patients with SCH, especially in the

MTP group. In addition, we observed that the amount of

modulation with both target and distractor tones was cor-

related with clinical symptoms. Specifically, patients with

SCH with slight SE changes in response to both distractor

and target tones exhibited increased severe positive and

total symptoms.

On the one hand, the response to the distractor stimuli

involves novelty detection. On the other hand, the response

to the target stimuli is associated with novelty and rele-

vance detection, as well as with response to relevance.

Healthy controls showed a larger modulation of the oscil-

latory activity in response to the target than patients, which

suggests a more intense and/or widespread activation of

cerebral resources in response to relevance. In this group,

both MF and SE displayed a larger response to target in

Fig. 3 Comparison of the percent of change in SE (a) and MF

(b) from baseline to active window for each group. Each row depicts

the percent of change from baseline for distractor and target tones, as

well as the within-group differences between both conditions. SE

spectral entropy, MF median frequency

Fig. 4 Scatterplots showing the association between SE changes in

response to distractor tones during a P300 task and positive (a) and

total (b) PANSS scores. SE changes represent the proportion of

change (SE active-SE baseline/SE baseline). Thereby, more positive

values imply less entropy decrease during the active condition (target

or distractor). These associations are similar to those found with the

responses to target tones in a previous study [5]. SE spectral entropy
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comparison with distractor, over central, parietal and

frontal regions (Fig. 3). This result would indicate that

relevance detection was associated with a slowing of the

spectrum in these areas. In particular, both MF and SE

showed a significant change with target, but not with dis-

tractor tones, over orbitofrontal sensors. This finding seems

coherent with the proposed role for inferior frontal areas in

relevance detection in healthy participants [18]. Moreover,

the large response to target tones for healthy participants

would agree with an increased coherence of relatively

distant regions underlying salience detection, which is in

turn consistent with functional magnetic resonance imag-

ing (fMRI) data [2, 10]. However, the activity modulation

was significantly smaller in patients under both conditions

(in particular in the MTP group) than in controls, which

would suggest that response to both novelty and salience is

flattened in SCH. Nevertheless, this attenuated response

may still contribute to aberrant salience (i.e., by conferring

less relevance to those stimuli that under normal conditions

should be perceived as more salient). Other researchers

reported reduced connectivity in distributed networks

underlying salience processing in SCH [38], which is in

agreement with the reduced response observed in our

patients. Orbitofrontal and anterior cingulate areas are key

components of the salience network [30]. In our study,

sensors over these regions were conspicuously inactive in

response to target tones, indicating a salience detection

malfunction in SCH.

The large and extended entropy decrease in controls for

both conditions can be associated with an irregularity

decrease of the EEG signal during the processing of target

and (to a lesser degree) distractor tones. SE decrease was

accompanied by a similar MF decrease, which suggests an

increasing contribution of low-frequency bands to the EEG

spectrum. The absence of significant P3a amplitude dif-

ferences between patients and controls could be related to

the weak statistically significant results obtained by SE for

distractor tones. In addition, it may be associated with an

improved ability of SE and MF to detect relevant neural

activity differences when compared to amplitude-based

methods. In healthy participants, P3a has been associated

with a transitory increase of theta oscillations [14, 31],

which seems consistent with the observed MF decrease.

Transitory coordination of EEG activity among distant

regions could be mediated by theta rhythms [44]. The

observed MF decrease may support this fact, as well as

previous fMRI studies that obtained a correlation between

target detection in auditory oddball tasks and a spatially

distributed cortical and subcortical activation [2, 10].

In a previous fMRI study, brain activity from CP with

SCH was acquired during a three-tone auditory oddball

task [26]. Their findings indicated that perfusion was

increased in both patients and controls during novel stimuli

as compared to nontarget baseline over limbic–paralimbic

and association cortices, as well as subcortical structures

[26]. These results are in agreement with the EEG spec-

trum modulation across all electrodes observed in our

study. Moreover, also in accordance with our findings, the

results obtained by Laurens et al. [26] showed a widespread

hypoactivation in response to novelty in patients. Never-

theless, they did not detect statistically significant differ-

ences in target versus novel stimuli processing, which may

be due to the limited temporal resolution of fMRI. Cer-

tainly, if any differences between target and distractor

processing are circumscribed to a short temporal window,

they could go undetected with fMRI.

Dopamine signals novelty [34] and relevance [35] in the

cortex. Therefore, the reduced response observed in our

study is consistent with a hypodopaminergic state in the

cortex, as proposed in SCH [12, 29]. Indeed, met/met

homozygotes for the catechol-O-methytransferase (COMT)

gene (with smaller efficacy in degrading synaptic dopa-

mine and, thus, with a longer duration of dopamine in the

synapses) showed an enhanced P3a amplitude at Fz [19]. It

could be possible that a cortical hypodopaminergia

underlies the reduced response to relevance and novelty in

our patients. Nevertheless, this does not imply that hypo-

dopaminergia is common to all patients with SCH.

Potential limitations of the study merit further discus-

sion. All patients with SCH were receiving antipsychotic

treatment that may have flattened their response. Clearly,

our data need to be replicated in untreated and preferably

neuroleptic-naı̈ve patients. However, medication is unli-

kely the only reason for the present findings, since: (1) SE

and MF modulation was smaller in MTP than in CP, and

(2) in our previous study [5], we found that the adminis-

tration of single doses of haloperidol did not modify SE or

MF response to target in a group of healthy participants.

Likewise, it is noteworthy that the cohort of subjects

enrolled in the study was limited. The statistical power

analyses indicated that this sample size is sufficient for

obtaining statistically significant results. Nevertheless, a

large database would be helpful to confirm our findings.

In summary, patients with SCH showed less SE change

in response to both distractor and target tones than healthy

controls. Furthermore, changes in SE were related to

clinical symptoms. These results support the notion that

SCH is associated with a decreased response to both rele-

vance and novelty, which in turn might contribute to the

aberrant salience in this syndrome through a hampered

differentiation between background and salient stimuli.
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