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Individuals at clinical high risk (CHR) for psychosis exhibit a compromised mismatch
negativity (MMN) response, which indicates dysfunction of pre-attentive deviance
processing. Event-related potential and time-frequency (TF) information, in combina-
tion with clinical and cognitive profiles, may provide insight into the pathophysiology
and psychopathology of the CHR stage and predict the prognosis of CHR individuals.
A total of 92 individuals with CHR were recruited and followed up regularly for up to
3 years. Individuals with CHR were classified into three clinical subtypes demon-
strated previously, specifically 28 from Cluster 1 (characterized by extensive negative
symptoms and cognitive deficits), 31 from Cluster 2 (characterized by thought and
behavioral disorganization, with moderate cognitive impairment), and 33 from Cluster
3 (characterized by the mildest symptoms and cognitive deficits). Auditory MMN to
frequency and duration deviants was assessed. The event-related spectral perturba-
tion (ERSP) and inter-trial coherence (ITC) were acquired using TF analysis. Predictive
indices for remission were identified using logistic regression analyses. As expected,
reduced frequency MMN (fMMN) and duration MMN (dMMN) responses were
noted in Cluster 1 relative to the other two clusters. In the TF analysis, Cluster
1 showed decreased theta and alpha ITC in response to deviant stimuli. The regres-
sion analyses revealed that dMMN latency and alpha ERSP to duration deviants,
theta ITC to frequency deviants and alpha ERSP to frequency deviants, and fMMN
latency were significant MMN predictors of remission for the three clusters. MMN
variables outperformed behavioral variables in predicting remission of Clusters 1 and
2. Our findings indicate relatively disrupted automatic auditory processing in a certain
CHR subtype and a close affinity between these electrophysiological indexes and
clinical profiles within different clusters. Furthermore, MMN indexes may serve as

predictors of subsequent remission from the CHR state. These findings suggest that
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1 | INTRODUCTION

Over the past two decades, great efforts have been exerted on under-
standing the symptoms and prognosis of individuals at clinical high
risk (CHR) for psychosis. Those at CHR state typically manifest atten-
uated psychotic symptoms, functional deficits, and neurocognitive
impairments (Salazar de Pablo et al., 2020). Moreover, CHR patients
are at an increased risk of developing a psychotic disorder; 22% over-
all within 3 years (Fusar-Poli et al., 2020). However, psychotic experi-
ences combined with depression and anxiety can be heterogenous,
and the CHR concept has been criticized for observing multidimen-
sional psychopathology in the youth (van Os & Guloksuz, 2017). To
tackle this issue, our previous work has combined clinical symptom
ratings with cognitive features to derive three CHR subtypes by
applying canonical correlation analysis and cluster analysis (Zhang
et al.,, 2020). The resulting subtypes showed promise for distinguish-
ing clinical outcomes and might provide insights into the psychopa-
thology of the CHR state. The three clusters generated are the
following: Cluster 1, characterized by extensive negative symptoms
and cognitive deficits, potentially has the highest risk for conversion
to psychosis; Cluster 2, characterized by thought and behavioral disor-
ganization, with moderate cognitive impairment; and Cluster 3, charac-
terized by the mildest symptoms and cognitive deficits.

Elicited by infrequent deviant sounds within a sequence of
repeated standard stimuli, auditory mismatch negativity (MMN) is an
event-related potential (ERP) that occurs in the auditory cortex and
frontal region. The MMN is thought to reflect pre-attentive detection
of sound changes and the process of automatic attention shifts
towards auditory deviance (Naatanen & Kahkonen, 2009). It has been
consistently observed that compared with healthy controls, CHR indi-
viduals exhibit amplitude reductions in response to both frequency
and duration deviants (Atkinson et al., 2012; Perez et al., 2014), which
are associated with worse symptoms, impaired general and cognitive
function, increased risk for conversion to psychosis, and decreased
rate of remission from the CHR state (Bodatsch et al., 2011; Higuchi
et al., 2013; Kim et al., 2018; Koshiyama et al, 2018; Shin

the auditory MMN response is a potential neurophysiological marker for distinct

clinical subtypes of CHR.

event-related spectral perturbation, inter-trial coherence, mismatch negativity, remission,

et al., 2012). All these findings suggest that MMN is a core indicator
of the pathophysiology of the CHR state.

While capturing stimulus-locked changes in the electroencephalo-
gram (EEG) activities, analysis of MMN in the temporal domain tends
to ignore the individual response and variability of activities across tri-
als (Roach & Mathalon, 2008). In the meantime, with time-frequency
(TF) decomposition, additional information including the magnitude of
the EEG response (event-related spectral perturbation, ERSP) and
phase-resetting of the activities (inter-trial coherence, ITC) can be
obtained, which extends findings from the physiological aspect to the
neural circuit level (Kantrowitz et al., 2016). The MMN response has
been closely related to neural oscillations in theta and alpha bands,
which may reflect local-circuit interactions involving somatostatin-
type interneurons (Womelsdorf et al., 2014). A recent study has dem-
onstrated an increased variability in response to deviant and standard
stimuli in CHR individuals (Shin et al., 2015). Furthermore, a decre-
ment in the theta and alpha ITC in deviant condition and a decreased
theta ITC in response to the standard stimuli have also been noted in
the CHR population (Sehatpour et al., 2020; Shin et al., 2015). Gener-
ally, previous studies have reported deficits in neural activities in the
low frequency range, which may suggest impaired early stage infor-
mation processing and local plasticity in response to auditory stimuli
(Kantrowitz et al., 2016).

Since the validity of the CHR criteria, much attention has been paid
to the prediction of the transition rate, which descended substantially
from the initially reported 54% at 1 year (Miller et al., 2002) to 22% in
3 years (Fusar-Poli et al., 2020). Given the fact that a large proportion of
CHR individuals do not convert to psychosis, and the nonconverters sus-
tain long-term poor function despite the mitigation of attenuated symp-
toms (Addington et al, 2011), more recent studies have focused on
predicting remission from the CHR status. Although the predictors of
remission have not been adequately studied, research using neurocogni-
tive profiles (Lee et al., 2014), neuroimaging data (Egerton et al., 2014;
de Wit et al,, 2017), or EEG measures (Fujioka et al., 2020; Hamilton
et al., 2019) has shown potential and promise in predicting remission.

Previous research has linked MMN with positive symptom scores
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(Shin et al, 2009) and functional status (Revheim et al, 2014) and
showed its capacity to predict remission from the CHR state (Fujioka
et al., 2020). Taken together, MMN could be a reliable tool among the
candidate biomarkers for predicting remission. By studying specific
predictive indices of remission from the CHR state, it is possible to
distinguish remitters who show resilience in the course of developing
psychosis and hence provide insights into the mechanisms underlying
the disease (Ferrarelli & Mathalon, 2020). In addition, the identification
of nonremitters will facilitate the development of more active interven-
tions and optimization for better individualized care.

To date, most studies have examined MMN activity in individuals
with CHR only in the temporal domain. Furthermore, previous
research has not examined the contribution of neuro-oscillatory
responses in MMN to remission from the CHR state. ERP and TF
information, in combination with clinical and cognitive features, will
probably shed light on the neurophysiological deficits and psycho-
pathological alterations of the CHR state.

In the current study, we proposed to investigate MMN activity in
both temporal and TF domains and explore the predictors of remis-
sion among our three clinical subtypes (Zhang et al., 2020). Just like
the conventional ERP analysis, we obtained the MMN amplitude and
latency. In TF decomposition, the ERSP and ITC in the theta and alpha
frequency bands were acquired. Moreover, a correlation analysis was
performed between the clinical profiles and EEG features, where sig-
nificant group differences were observed. Lastly, we aimed to deter-
mine whether baseline characteristics and MMN features would
predict remission from the CHR state. We predicted diminished MMN
amplitude, theta, and alpha ERSP and ITC in Cluster 1 relative to the
other two clusters. We also hypothesized that MMN features, where

group differences existed, would predict later remission.

2 | METHODS

2.1 | Participants

Ninety-two CHR individuals aged 13-35 years and 41 demographically
similar healthy control participants (HC) were recruited from the Shang-
Hai At Risk for Psychosis extended program. All the CHR participants
were drug-naive before enrollment and met the criteria of prodromal
states based on the Structured Interview for Prodromal Symptoms/Scale
of Prodromal Symptoms (SIPS/SOPS) (Miller et al., 2002; Zheng
et al., 2012). They fulfilled at least one of the following three syndromes:
(1) attenuated positive symptom syndrome, (2) brief limited intermittent
psychotic syndrome, or (3) genetic risk and deterioration syndrome. The
overall level of functioning was evaluated using the Global Assessment
of Functioning (GAF) (Jones et al., 1995). The drop GAF was measured
as the baseline GAF score from the highest in the past year. The exclu-
sion criteria included the diagnosis of psychotic disorders based on the
Diagnostic and Statistical Manual of Mental Disorders-IV (DSM-IV), neu-
rological disorders (such as delirium, dementia, stroke, and epilepsy), seri-
ous head injury, substance dependence or abuse, and severe somatic
diseases (such as myocardial infarction and renal failure). The HC having
a past or current DSM-IV Axis | disorder or a first-degree relative with a

psychotic disorder were excluded. Further details of the recruitment pro-
cedure have been provided in previous publications (Wu et al., 2019;
Zhang et al., 2014). This study was approved by the institutional review
board of the Shanghai Mental Health Center (SMHC). The individuals
signed the written informed consent prior to enrollment; individuals
younger than 18 years of age provided informed consent signed by
themselves and their legal guardians.

In the previous study, canonical variates were derived from a
canonical correlation analysis of clinical symptoms and cognitive dys-
functions, and used for hierarchical clustering to produce CHR sub-
types (Zhang et al., 2020). Three subtypes emerged. The 92 CHR
samples in this study included 28 individuals from Cluster 1, 31 from
Cluster 2, and 33 from Cluster 3. All participants were instructed to
avoid strenuous exercises, cigarettes, alcohol, coffee, or others stimu-
lants 4 h prior to the EEG recording.

After baseline assessment and EEG recording, the CHR participants
were followed up routinely, wherein the research team did not interfere
with the routine clinical treatment procedures at SMHC. They were reas-
sessed by follow-up telephone calls semiannually and face-to-face inter-
views annually with SIPS. All participants received follow-up for at least
2 years, except for 1 participant from Cluster 1 who lost contact, 8 from
Cluster 1, 2 from Cluster 2, and 2 from Cluster 3 who chose to discon-
tinue contact within 1 year (of the 92 CHR individuals, 70 had a follow-
up period of 2 years). Of these participants, 37 also repeated neurophysi-
ological assessment (Supplementary Methods). Remission from the CHR
state was defined as having a score of less than three on the SOPS-
positive subscale and 60 or more on the GAF at the last follow-up. The
clinical outcome was mainly determined by face-to-face interviews,
partly by telephone interviews, and information from the clinician's
reports. Among those from Cluster 1, 11 remitted from the CHR state,
21 from Cluster 2, and 22 from Cluster 3.

2.2 | Stimuli and procedure

The MMN paradigm consisted of 675 standard tones (1000 Hz,
50 ms), 75 frequency deviant tones (1500 Hz, 50 ms), and 75 duration
deviant tones (1000 Hz, 100 ms). The auditory stimuli (75 dB sound
pressure level) were presented randomly through headphones with a
500 ms stimulus onset asynchrony. Participants were instructed to
ignore auditory stimuli while watching a silent cartoon.

The participants were seated in an acoustically attenuated and
dimly lit chamber with electric shielding. EEG signals were recorded
from an elastic cap containing 64 scalp electrodes, digitized at
1000 Hz, referenced to the tip of the nose, and filtered between
0.016 and 200 Hz (Brain Products Inc., Bavaria, Germany). The imped-
ance of the electrodes was maintained below 5 kQ.

2.3 | Preprocessing and ERP analysis

Data were preprocessed and analyzed offline using EEGLAB
(Delorme & Makeig, 2004), ERPLAB (Lopez-Calderon & Luck, 2014),
and customized MATLAB scripts (MathWorks, Inc., Natick, MA, USA).
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EEG data were band-pass filtered between 0.1 and 30 Hz with a zero-
phase-shift 1IR Butterworth filter (24 dB/Oct) and re-referenced to
averaged mastoid electrodes (TP9 and TP10). Ocular blink artifacts
were also removed from the data using an independent component
analysis.

Continuous data were segmented into epochs of —100 to 400 ms
time locked to stimulus onsets and baseline corrected using the
100-ms pre-stimulus period. Epochs with voltages exceeding +75 pV
were rejected. The means and standard deviations of the numbers of
remaining epochs for standard, frequency, and duration stimuli were
as follows: Cluster 1 (582 +39.5, 65.1+4.7, 65.1+5.5), Cluster
2 (595 + 33.1, 65.6 £ 5.0, 65.8 + 5.0), and Cluster 3 (593 + 23.2, 66.0
+ 3.5, 66.2 + 3.5). There were no group differences in the number of
epochs for three types of stimuli (all p > .26 for F). For each partici-
pant, separate averages were calculated for each stimulus type. MMN
was obtained by subtracting ERP waves elicited by standard stimuli
from the waves in response to the frequency stimuli (fMMN) or dura-
tion stimuli (IMMN), and its peak was identified as the most negative
wave trough at Fz observed in the grand average. Based on grand
average difference waves, individual MMN peak amplitude and

latency were measured in the time window of 100-280 ms.

24 | TF decomposition

For TF analysis, EEG data were divided into epochs of 1.5 s (0.5 s pre-
stimulus to 1 s post-stimulus) and baseline corrected using 0.1 s pre-
stimulus. Segments with amplitudes exceeding +75 pV were rejected.
A Morlet wavelet-based technique was used to decompose the data
to extract the ERSP and ITC. The number of wavelet cycles varied
from 3 at 4 Hz to 15 at 40 Hz. One hundred log-spaced frequencies
and 200 timepoints were generated, and the window size used was
417 samples wide. ERSP and ITC were computed for frequency band
activities including theta (4-7 Hz) and alpha (8-12 Hz) in Fz, as they
were demonstrated to play a major role in MMN dysfunction (Lee
et al., 2017). The data were averaged separately over the two distinct
frequency bands in a 100 ms time interval centered around 200 ms
(standard tones), 100 ms (frequency deviants), and 180 ms (duration

deviants), thus yielding a mean value for each participant per band.

2.5 | Neurocognitive assessment

All participants completed the neurocognitive assessments at baseline
using the Chinese version of the Measurement and Treatment Research
to Improve Cognition in Schizophrenia (MATRICS) Consensus Cognitive
Battery (MCCB) (Shi et al., 2013). The validated Chinese version of the
MCCB (Shi et al.,, 2015) performed in the current study covered six cog-
nitive domains: speed of processing, attention/vigilance, working mem-
ory, verbal learning, visual learning, and reasoning and problem solving.
Since most of the participants were less than 18 years old, the social cog-

nition domain was excluded from the analysis.

2.6 | Statistical analysis

All statistical analyses were conducted using SPSS version 25 (SPSS
Inc., Chicago, IL, USA). Group differences in the MMN amplitude and
latency were examined via a two-way repeated measures analysis of
variance (ANOVA), with group (Cluster 1, Cluster 2, and Cluster 3) as
the between-participants factor and deviant type (frequency and
duration) as the within-participants factor. Repeated measures
ANOVA was also performed to assess group effects in ERSP and ITC
in the theta and alpha frequencies. Statistical tests were 2-tailed, with
an alpha level of p = 0.05. Partial eta squared (qu) was reported for
the group effect sizes. Bonferroni adjustment was used for multiple
comparisons in the post hoc analysis. Moreover, EEG variables with
group differences were associated with clinical symptoms and func-
tional levels using Pearson's correlations. Since the correlation analysis
aimed to provide broader information about the relationships
between research variables within distinct clinical subtypes, we
reported the traditional Pearson's r and p values without multiple
comparison adjustment. Bonferroni-corrected p values (pagjusted) Were
provided as well. To further identify the predictive value of MMN in
CHR remission, baseline MMN variables were entered into binary
logistic regression models with the forward selection method. For
comparison, we also performed logistic regressions with baseline
behavioral variables, including clinical and neurocognitive characteris-
tics. The analysis of MMN variables at follow-up is described in the

Supplementary Methods.
3 | RESULTS
3.1 | Participant characteristics

The characteristics of the 92 individuals with CHR are shown in
Table 1. Sex, age, and years of education matched well between
the groups. At baseline, GAF differed significantly, with Cluster
1 being worse than Cluster 2 and Cluster 3. For symptom ratings,
Cluster 1 had more serious negative symptoms than the other two
clusters and experienced greater disorganization symptom severity
than Cluster 3. For neurocognitive assessment, Cluster 1 performed
significantly worse than Cluster 2 and Cluster 3 in all six MCCB
domains. Regarding the follow-up characteristics, the three clusters
did not differ in terms of the medications prescribed or the olanza-
pine equivalent dosages. However, Cluster 1 had a significantly
shorter follow-up duration than Cluster 2 and Cluster 3. Moreover,
Cluster 1 had more severe positive symptoms and functional
impairment than the other two clusters at the 1-year and 2-year
timepoints. CHR-R did not differ from CHR-NR in terms of demo-
graphic, clinical, and neurocognitive measures within each subtype
at baseline, nor did they differ in the medication use during the
follow-up period (see Table S1, all p > .05 for »2 or t). Comparison
of HC and three clusters are shown in Table S2 and Supplementary

Results.
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TABLE 1

Cluster 1(A) (n = 28) Cluster 2(B) (n = 31) Cluster 3(C) (n = 33) y?/F¢

Baseline characteristics

Sex, male [n (%)] 12 (42.9) 12(38.7)
Age, years [mean (SD)] 18.8 (5.3) 18.1 (5.0)
Education, years, [mean (SD)] 9.5(2.4) 9.7 (2.5)
Family history? [n (%)] 2(7.1) 3(9.7)

Structured interview of prodromal syndromes (SIPS/SOPS) [mean (SD)]

Highest GAF in past year 77.1(2.6) 78.9 (3.1)
Baseline GAF 499 (7.5) 54.4 (7.8)
Drop GAF® 27.3(6.6) 24.5 (6.4)
Positive symptoms total 10.1 (3.9) 9.3(3.3)
Negative symptoms total 16.2 (6.0) 11.6 (5.6)
Disorganization symptoms total 8.0(3.2) 6.7 (3.4)
General symptoms total 8.6 (3.2) 10.2 (2.5)
SIPS/SOPS total 42.9 (11.5) 37.7 (10.2)

MATRICS consensus cognitive battery (MCCB) domains® [mean (SD)]

Speed of processing 41.0 (6.5) 54.0 (5.9)

Attention/vigilance 37.2(7.0) 48.7 (7.2)

Working memory 38.6 (10.5) 45.0 (8.6)

Verbal learning 39.0(8.7) 48.5 (9.4)

Visual learning 45.6 (7.0) 60.5 (5.3)

Reasoning and problem solving 45.2 (9.5) 53.4 (9.4)
Follow-up characteristics

Months follow-up [mean (SD)] 18.3 (8.6) 23.2(7.3)

Conversion [n (%)] 12 (44.4) 7 (22.6)

Remission [n (%)] 11 (40.7) 21 (67.7)
Medication use

Antipsychotics [n (%)] 25(92.6) 26 (83.9)

Antidepressants [n (%)] 3(11.2) 8(25.8)

Olanzapine equivalents [mean (SD)] 5.4 (3.4) 4.3 (5.7)
Positive symptoms total [mean (SD)]

One-year 7.4 (4.9) 3.7 (3.1)

Two-year 6.3(3.8) 3.7 (3.0)
GAF [mean (SD)]

One-year 60.3 (10.6) 68.6 (10.8)

Two-year 60.9 (7.0) 69.4(8.7)

@Family history: having at least one first-degree relative with psychosis.

Baseline demographic, clinical, neurocognitive, and follow-up characteristics of three clinical subtypes

p value Post hoc contrast®
15 (45.5) 0.301 .860
19.5(5.3) 0.615 .543
10.9 (2.8) 2736 .070
3(9.1) 0.129 1.000
78.8 (6.0) 1517 225
56.4 (5.4) 6.914  .002* B*, C*> A
22.4(5.8) 4.648 .012* A>C*
9.3 (3.0) 0.650 .524
11.3(5.1) 7.267 .001* A > B* C*
5.1(2.7) 6.521 .002* A>C*
9.4 (2.8) 2284 .108
35.1(8.8) 4.641 .012* A>C*
56.5 (6.8) 49424 <.001** B**, C*>A
57.2(7.0) 56.822 <.001** B**,C**>A;C>B**
52.6 (6.5) 20.261 <.001** B*, C*>A;C>B*
49.6 (9.0) 12.250 <.001** B**, C*>A
56.5 (6.8) 42269 <.001** B**,C*>A;B>C*
58.0(10.7) 12.811 <.001** B* C*>A
229 (4.3) 4.729 .011* B*, C*> A
4(12.1) 9.516 .045*
22 (66.7)
29 (87.9) 1.022 610
9(27.3) 2.664 264
3.9 (3.0) 1.085 .342
3.8 (3.6) 8.747  <.001** A >B**, C**
2.2(1.7) 15430 <.001** A>B* C*
70.7 (9.4) 8.468 <,001** B* C*>A
75.6 (4.8) 33.922 <.001** B**,C*>A;C>B*

Drop GAF: GAF (Global Assessment of Functioning) score baseline from highest in the past year.

“MCCB Domains: T scores.

d;(2/F: Analyzed with Pearson y? tests, one-way analysis of variance.
€Adjustment for multiple comparisons: Bonferroni.

*p < .05; **p < .001.

3.2 | Response to deviants

3.2.1 | ERPanalysis

Grand average topographic maps, waveforms, and mean amplitude
values for fMMN and dMMN for the three clusters are shown in

Figure 1. Repeated measures ANOVA of MMN amplitude revealed a
significant group effect (Fpg0 = 35.982, p <.001, npz = 0.447) that
was qualified by a significant group x deviant type interaction
(F2.89 = 4.330, p = .016, np2 = 0.089). Significant differences among
the three clusters frequency deviant
(Fo89 = 14.404, p <.001, ;1,,2 = 0.245), with Cluster 1 showing

were found in the
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FIGURE 1 (a) Scalp topography
demonstrating mean mismatch negativity
(MMN) voltage around the peak latency
+20 ms (indicated by the shaded regions
in the waveform plots) for three clusters.

MMN difference waveforms at Fz for Cluster 1
each deviant type. (b) Means and standard
errors for MMN amplitudes at Fz
Cluster 2
Cluster 3
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reduced amplitude relative to Cluster 2 (p <.001) and Cluster
3 (p = .001). In addition, there was a significant group effect in the
duration deviant (Fogo = 27.262, p <.001, ’7p2 = 0.380), and the
amplitude of Cluster 1 was smaller than that of Cluster 2 (p <.001)
and Cluster 3 (p < .001). Regarding the MMN latency, the repeated
ANOVA demonstrated a significant group effect
(Fo89 = 3.288, p = .042, np2 = 0.069) with no group x deviant type
interaction (Fog9 = 2.468, p = .091, npz = 0.053). The MMN latency
was shorter for Cluster 1 than for Cluster 2 (p = .013). The MMN

measures are presented in Table 2.

measures

Duration

3.22 | TF decomposition

Grand average plots and mean theta and alpha values of ITC and ERSP
are presented in Figures 2, S1, and S2. Concurrent with the conven-
tional decomposition results, auditory stimulus-related activity was
most prominent within the theta (4-7 Hz) and alpha (8-12 Hz) fre-
quency bands. In theta ITC analysis, a significant group effect was
found (Fpg9 = 8.454, p < .001, 7,2 = 0.160) with no group x deviant
type interaction (Fog9 = 1.473, p = .235, ’7p2 = 0.032), and Cluster
1 showed a lower ITC than Cluster 2 (p <.001) and Cluster
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3 (p = .026). Similarly, there was a significant group effect for alpha
ITC (Fo89 = 3.889, p = .024, 11,,2 = 0.080) with no group x deviant
type interaction (Fogo = 1.889, p = .157, 55,2 = 0.041), and Cluster
1 had decreased ITC compared to Cluster 2 (p = .025). In the ERSP
analysis, there was a group difference (F,g0 = 3.167, p = .047,
npz = 0.066) with no group x deviant type interaction (F g = 1.143,
p = .324, npz = 0.025) in the theta band, and the theta ERSP in Clus-
ter 1 was trend-level lower than in Cluster 2 (p = .075). No significant
group effect was found in alpha ERSP (Fyg9 = 2.390, p = .098,
np? = 0.051). The TF values are summarized in Table 2.

3.3 | Response to standards

3.3.1 | ERPanalysis

In accordance with prior research, there was a P1 response
(Sehatpour et al., 2020) that did not reach significance among groups
(Fo89 = 0.381, p = .684) in response to standard tones in the time

3.3.2 | TF decomposition

No significant between-group difference was found regarding standard
ITC in the theta band (Fpg9 = 0.677, p = .511) or alpha band
(F2,89 = 0.663, p = .518). There were no significant group differences in
the standard ERSP in the theta band (F,go = 0.005, p = .995) or alpha
band (F2g9 = 0.008, p = .992). When responses to standards were added
to the stimulus types with deviants, neither standard ERSP nor ITC in
two bands contributed to difference among three subtypes.

Grand average topographic maps, waveforms, and plots of ERSP
and ITC for HC at baseline, and three clusters at follow-up are
depicted in Figures S3-S5. Analysis of MMN at follow-up in three
clusters is presented in Tables S3 and S4, and Supplementary Results.

3.3.3 | Correlation and regression

In Cluster 1, fMMN amplitude was trend-level associated with GAF at
baseline (r = —0.365, p = .056) (Pagjustea = 1) and drop GAF

domain. (r = 0.364, p = .057) (padjustea = 1). Moreover, fMMN amplitude was
TABLE 2 Baseline descriptive statistics for MMN and time-frequency values in three clinical subtypes
Mean (SD) Cluster 1 Cluster 2 Cluster 3
Amplitude (pv)
Standard 1.16 (1.07) 1.38(1.03) 1.32(1.01)
fMMN —1.50(1.14) —3.33(1.45) —2.82(1.39)
dMMN —2.48(1.54) —5.86(2.18) —4.80(1.57)
Latency (ms)
fMMN 178.71 (42.87) 185.23 (32.07) 176.42 (36.79)
dMMN 187.43 (34.09) 213.55(10.12) 203.70 (20.32)
Event-related spectral perturbation (dB)
Theta
Standard 0.35(0.60) 0.36 (0.62) 0.37(0.53)
Frequency 0.35(1.23) 0.39 (0.75) 0.58 (0.79)
Duration 0.31(0.95) 0.98 (1.24) 0.73 (1.07)
Alpha
Standard 0.20 (0.56) 0.18 (0.64) 0.22(0.37)
Frequency 0.04 (0.93) 0.30(0.82) 0.44 (0.89)
Duration 0.64 (0.68) 1.00(1.34) 0.32(0.92)
Inter-trial coherence
Theta
Standard 0.18(0.11) 0.20 (0.08) 0.21 (0.07)
Frequency 0.21(0.11) 0.26 (0.10) 0.24 (0.09)
Duration 0.25 (0.10) 0.36 (0.10) 0.32(0.12)
Alpha
Standard 0.14 (0.07) 0.15 (0.09) 0.16 (0.08)
Frequency 0.19 (0.10) 0.23 (0.09) 0.25 (0.10)
Duration 0.25(0.10) 0.33(0.14) 0.28(0.11)

Abbreviations: dMMN, duration mismatch negativity; fMMN, frequency mismatch negativity.
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FIGURE 2 (a) Grand-averaged
plots of inter-trial coherence (ITC) in
response to frequency and duration
deviant stimuli at Fz. (b) Means and
standard errors for theta and alpha
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significantly correlated with baseline GAF (r = —0.601, p < .001) (paqg-
justed = -022) (Figure 3a), drop GAF (r = 0.598, p <.001) (paq-
justed = -025), baseline negative symptoms (r = 0.542, p = .002)

fMMN Latency (ms)

(Pagjustea = .056) (Figure 3b), and baseline SOPS total scores
(r = 0461, p = .009) (pagjustea = 0.252) in Cluster 2. In addition,
dMMN amplitude in Cluster 2 was correlated with GAF at baseline
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TABLE 3 Significant predictors of remission in three clinical subtypes
Remission Significant predictors R? Wald (1) Exp (B) p 5% dl
Lower Upper
Part 1: MMN variables
Cluster 1 dMMN latency 0.578 6.267 1.070 012 1.015 1.128
Alpha ERSP to duration deviants 4127 0.127 .042 0.017 0.930
Cluster 2 Theta ITC to frequency deviants 0.625 6.913 1.9e-9 .009 6.3e—16 0.006
Alpha ERSP to frequency deviants 5.016 6.729 .025 1.269 35.692
Cluster 3 fMMN latency 0.175 3.729 0.977 .053 0.955 1.000
Part 2: Behavioral variables
Cluster 1 SOPS disorganization score 0.408 4.587 2.219 .032 1.070 4.601
Cluster 2 SOPS positive score 0.630 4.341 0.558 .037 0.323 0.966
Cluster 3 SOPS positive score 0.240 3.560 0.689 .059 0.468 1.015

Abbreviations: IMMN, duration mismatch negativity; ERSP, event-related spectral perturbation; fMMN, frequency mismatch negativity; ITC, inter-trial

coherence; SOPS, scale of prodromal symptoms.

TABLE 4 Performances of logistic regressions using MMN or
behavioral variables alone in three clinical subtypes
Subtype Sensitivity Specificity Accuracy
Part 1: MMN variables
Cluster 1 0.818 0.875 0.852
Cluster 2 0.952 0.800 0.903
Cluster 3 0.909 0.273 0.697
Part 2: Behavioral variables
Cluster 1 0.636 0.750 0.704
Cluster 2 0.857 0.800 0.839
Cluster 3 0.909 0.455 0.758

Abbreviation: MMN, mismatch negativity.

(r = —0.419, p = .019) (pagjustea = -532). In Cluster 3, significant asso-
ciations were also observed in fMMN latency with drop GAF
(r = 0.379, p = .030) (pagjusted = -84) (Figure 3c) and baseline general
symptoms (r = 0.361, p = .039) (pagjustea = 1) (Figure 3d).

In the binary logistic regression models, there were distinct pre-
dictive variables for the remission of each cluster. The significant pre-
dictors are presented in Table 3. In models with MMN variables,
dMMN latency (Exp (B) = 1.070, p = .012) and alpha ERSP to duration
deviants (Exp (B) = 0.127, p = .042) produced a prediction effect in
the remission of Cluster 1. Theta ITC to frequency deviants (Exp
(B) = 1.9e — 9, p = .009) and alpha ERSP to frequency deviants (Exp
(B) = 6.729, p = .025) were predictors for Cluster 2. fMMN latency
(Exp (B) = 0.977, p = .053) was the only predictor for Cluster 3. Table 4
summarizes the performances of the logistic regressions. In Cluster
1, models with MMN variables outweighed models with behavioral
variables regarding sensitivity (0.818), specificity (0.875). MMN vari-
ables also outperformed behavioral variables by higher sensitivity
(0.952) in predicting remission of Cluster 2. However, prediction using
MMN variables had a disadvantage in specificity (0.273) in Cluster
3. The ROC curves for each cluster are plotted in Figure 4.

4 | DISCUSSION

This study investigated automatic auditory processing using temporal
and TF analysis, and its contribution to predicting subsequent remis-
sion from the CHR state within three CHR clinical subtypes. As
expected, in response to frequency and duration deviants, Cluster
1 showed deficits in MMN amplitude, along with a decrease in theta
ITC compared with the other two clusters. Moreover, a shorter MMN
latency and a smaller alpha ITC were observed in Cluster 1, in contrast
to Cluster 2. As for responses to standard stimuli, no significant differ-
ences in ERPs or TF domain were found between clusters. We also
found certain MMN variables related to GAF scores and clinical symp-
toms among the three clusters. Furthermore, there were distinct
MMN predictors of remission for each cluster, that is, AIMMN latency
and alpha ERSP to duration deviants for Cluster 1, theta ITC and alpha
ERSP to frequency deviants for Cluster 2, and fMMN latency for Clus-
ter 3. MMN variables outperformed behavioral variables in predicting
remission of Clusters 1 and 2.

Cluster 1, the group with the highest transition rate, had reduced
fMMN and dMMN amplitudes compared to the other two clusters.
This is consistent with previous studies in the CHR population, dem-
onstrating the relationship between reduced MMN amplitude and
increased likelihood of converting to frank psychosis (Bodatsch
et al., 2011; Lavoie et al., 2018). We identified the fMMN amplitude
in Cluster 1 trend-level correlated with the GAF score at baseline. The
fMMN and dMMN amplitude of Cluster 2 also correlated with the
baseline GAF. These findings are in line with previous work suggesting
correlations between MMN and global functioning in the CHR popu-
lation (Friedman et al., 2012; Salisbury et al., 2017). The deficits in the
MMN response of Cluster 1 may indicate the impaired process of
encoding the NMDAR-mediated “prediction” (Wacongne, 2016), or
discriminating frequency and duration deviance from the sensory-
memory traces formed by the repeated stimuli (N4itanen et al., 2011).
Resting-state functional connectivity studies suggested that fMMN
correlates with local circuits within the primary and secondary
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auditory cortex, while somatomotor networks are involved in proces-
sing timing and thus the dMMN activity (Cacciaglia et al., 2015;
Kantrowitz et al, 2015). Hence, the dysfunction of the MMN
response can hint at the corresponding disrupted functional connec-
tivity between the distinct cortical regions in Cluster 1. Furthermore,
the relative reduction of fMMN and dMMN amplitudes may be asso-
ciated with the loss of gray matter in Heschl's gyrus (Rasser
et al., 2011), which has been linked to thalamic glutamate levels
(Stone et al., 2009).

For TF measures, Cluster 1 showed a compromised theta and alpha
ITC under the deviant condition relative to the other clusters, while no
significant group difference was found in ERSP. This suggests that ITC
better captured the group effect of the neural response to deviants than
the overall activity power, and it has been illustrated before that ITC was
sensitive even to small power differences (van Diepen & Mazaheri,
2018). According to previous studies (Jones, 2009; Lakatos et al., 2020),
thalamic afferents to the auditory cortex can be divided into the core
(lemniscal) and the matrix (nonlemniscal) projections. The core neurons
project narrowly to layer 4 and drive inputs to induce activity power and
reset phase and may primarily be involved in the fMMN generation. By
comparison, the matrix neurons project mainly into the superficial corti-
cal layers and modulate cortical activation to change the ITC and proba-
bly play an important role in the generation of dMMN (Viaene
et al.,, 2011). Therefore, the relative decrease in the ITC in Cluster 1 may
be associated with disturbances in the core versus matrix inputs from
the thalamus to the auditory cortex. In addition, a deficit in theta band
activity may preferentially involve cortico-cortical interaction in the
MMN response (Recasens et al., 2014), while a deficit in the alpha activ-
ity reflects activity in the thalamo-cortical pathway (Potes et al., 2014).
The impaired neural activities of Cluster 1 in the two frequencies may
thereby signify a dysfunction in both afferent and interactive processes.

In analyzing responses to standard stimuli, we did not observe dif-
ferences between clusters in ERPs or in the TF decomposition.

Response to standards is deemed to play a crucial part in the

mnemonic template underlying the early stage of auditory processing
(Naitanen et al., 2007). Furthermore, it is deemed to reflect inputs to
the auditory cortex (Naatanen & Kahkonen, 2009). In this scheme, the
current result may be tentatively interpreted as a similar function level
of the three clusters in memory trace creation and initial input
processing.

In a previous study, Kim et al. (2018) explored predictors of
prognosis in individuals in the CHR state using demographic, clini-
cal, and MMN amplitude data. Logistic regression analysis indicated
that MMN amplitude at Fz was a significant predictor of remission
among CHR individuals. Given the lack of TF information, our study
extended previous reports by performing TF analysis and entering
these values into the regression. We found distinct predictors for
each cluster, namely dMMN latency and alpha ERSP to duration
deviants for Cluster 1, theta ITC to frequency deviants and alpha
ERSP to frequency deviants for Cluster 2, and fMMN latency for
Cluster 3. Interestingly, the fMMN amplitude, which showed a
close affinity with global functioning, failed to act as a significant
variable in the predictive models. We tentatively attributed this to
the adopted remission criteria incorporating both symptom amelio-
ration and functional improvement in the current study. In predict-
ing remission within clusters, MMN indexes performed better than
behavioral variables in Clusters 1 and 2, with satisfactory sensitivity
and specificity (all greater than or equal to 0.8). The MMN index
also had a high sensitivity in Cluster 3 despite the low specificity.
These results indicate that within the framework of clinical sub-
types, MMN variables could be powerful objective markers for later
remission, which may facilitate optimization of clinical management
in the CHR population. However, since there are distinct MMN
generators neuro-anatomically (Rissling et al., 2014) and functional
connectivity statuses between cortical regions (MacLean &
Ward, 2014), which may contribute to heterogeneity across CHR
patients, further prediction of remission should also take into

account the neural circuits triggering the MMN response.
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This study has several strengths and limitations. Strengths include
its complete clinical data, psychotropic medication-naive sample
before enrollment, a relatively long time granularity to document clini-
cal outcomes, and novelty in exploring automatic auditory processing
in distinct CHR subtypes across temporal and frequency domains.
However, this study also has several limitations. First, the relatively
small to medium sample size restricted our ability to generalize the
findings, including the predictive values. Moreover, the follow-up
period varied among CHR individuals, which may be attributed to
early withdrawal of the high function individuals; this could cause
potential bias in the prediction, and thus, the results should be inter-
preted with caution. In addition, other important measures, including
structural and functional magnetic resonance imaging and biochemical
indices of blood, are required to further elucidate the neural mecha-
nisms associated with the pathogenesis of the CHR state.

In summary, our study observed relatively diminished responses
to deviant stimuli during automatic auditory processing in Cluster
1. Additionally, temporal and frequency EEG profiles of distinct clinical
subtypes were related to important clinical aspects, including global
functioning, negative symptoms, and general symptoms. Moreover,
we found distinct MMN indexes of three clusters to predict the sub-
sequent remission from the CHR state. The findings of this study will
help to identify more specific neurophysiological and neurocognitive
targets for effective therapy, and in turn, allow the scope of the target
population at the CHR stage to be specified for active intervention.

ACKNOWLEDGMENTS

This study was supported by National Natural Science Foundation of
China (82151314, 81901832, 81871050, 82171497), Science and
Technology Commission of Shanghai Municipality (19441907800,
197ZR1445200, 17411953100, 16JC1420200 No. 2018SHZDZX01,
19410710800, 19411969100, 19411950800), Shanghai Clinical
Research Center for Mental Health (19MC1911100), The Clinical
Research Center at Shanghai Mental Health Center (CRC2018ZD01,
CRC2018ZD04), and “To the youth” Psychological class for middle
school students (21DZ2300400).

CONFLICT OF INTEREST

The authors declare no conflict of interest.

DATA AVAILABILITY STATEMENT
The data that support the findings of this study are available from the
corresponding author upon reasonable request.

ORCID

TianHong Zhang "= https://orcid.org/0000-0002-5379-7119

REFERENCES

Addington, J., Cornblatt, B. A., Cadenhead, K. S., Cannon, T. D.,
McGlashan, T. H., Perkins, D. O., Seidman, L. J., Tsuang, M. T,
Walker, E. F., Woods, S. W., & Heinssen, R. (2011). At clinical high risk
for psychosis: Outcome for nonconverters. The American Journal of
Psychiatry, 168(8), 800-805.

Atkinson, R. J., Michie, P. T., & Schall, U. (2012). Duration mismatch nega-
tivity and P3a in first-episode psychosis and individuals at ultra-high
risk of psychosis. Biological Psychiatry, 71(2), 98-104.

Bodatsch, M., Ruhrmann, S., Wagner, M., Miller, R., Schultze-Lutter, F.,
Frommann, 1, Brinkmeyer, J, Gaebel, W. Maier, W,
Klosterkoétter, J., & Brockhaus-Dumke, A. (2011). Prediction of psycho-
sis by mismatch negativity. Biological Psychiatry, 69(10), 959-966.

Cacciaglia, R., Escera, C., Slabu, L., Grimm, S., Sanjuan, A., Ventura-
Campos, N., & Avila, C. (2015). Involvement of the human midbrain
and thalamus in auditory deviance detection. Neuropsychologia, 68,
51-58.

de Wit, S., Ziermans, T. B., Nieuwenhuis, M., Schothorst, P. F., van
Engeland, H., Kahn, R. S., Durston, S., & Schnack, H. G. (2017). Individ-
ual prediction of long-term outcome in adolescents at ultra-high risk
for psychosis: Applying machine learning techniques to brain imaging
data. Human Brain Mapping, 38(2), 704-714.

Delorme, A., & Makeig, S. (2004). EEGLAB: An open source toolbox for
analysis of single-trial EEG dynamics including independent compo-
nent analysis. Journal of Neuroscience Methods, 134(1), 9-21.

Egerton, A., Stone, J. M., Chaddock, C. A., Barker, G. J., Bonoldi, I.,
Howard, R. M., Merritt, K., Allen, P., Howes, O. D., Murray, R. M.,
McLean, M. A, Lythgoe, D. J.,, O'Gorman, R. L., & McGuire, P. K.
(2014). Relationship between brain glutamate levels and clinical out-
come in individuals at ultra high risk of psychosis. Neuropsychopharma-
cology:  Official ~ Publication of the American College of
Neuropsychopharmacology, 39(12), 2891-2899.

Ferrarelli, F., & Mathalon, D. (2020). The prodromal phase: Time to
broaden the scope beyond transition to psychosis? Schizophrenia
Research, 216, 5-6.

Friedman, T., Sehatpour, P., Dias, E., Perrin, M., & Javitt, D. C. (2012). Dif-
ferential relationships of mismatch negativity and visual P1 deficits to
premorbid characteristics and functional outcome in schizophrenia.
Biological Psychiatry, 71(6), 521-529.

Fujioka, M., Kirihara, K., Koshiyama, D., Tada, M., Nagai, T., Usui, K,
Morita, S., Kawakami, S., Morita, K., Satomura, Y., Koike, S., Suga, M.,
Araki, T., & Kasai, K. (2020). Mismatch negativity predicts remission
and neurocognitive function in individuals at ultra-high risk for psycho-
sis. Frontiers in Psychiatry, 11, 770.

Fusar-Poli, P., Salazar de Pablo, G., Correll, C. U., Meyer-Lindenberg, A.,
Millan, M. J.,, Borgwardt, S., Galderisi, S., Bechdolf, A., Pfennig, A.,
Kessing, L. V., van Amelsvoort, T., Nieman, D. H., Domschke, K.,
Krebs, M. O., Koutsouleris, N., McGuire, P., Do, K. Q., & Arango, C.
(2020). Prevention of psychosis: Advances in detection, prognosis, and
intervention. JAMA Psychiatry, 77(7), 755-765.

Hamilton, H. K., Roach, B. J., Bachman, P. M., Belger, A., Carrion, R. E,,
Duncan, E. Johannesen, J. K, Light, G. A, Niznikiewicz, M. A,
Addington, J., Bearden, C. E., Cadenhead, K. S., Cornblatt, B. A,
McGlashan, T. H., Perkins, D. O., Seidman, L. J., Tsuang, M. T,
Walker, E. F., Woods, S. W., ... Mathalon, D. H. (2019). Association
between P300 responses to auditory oddball stimuli and clinical out-
comes in the psychosis risk syndrome. JAMA Psychiatry, 76(11), 1187 -
1197.

Higuchi, Y., Sumiyoshi, T., Seo, T., Miyanishi, T., Kawasaki, Y., & Suzuki, M.
(2013). Mismatch negativity and cognitive performance for the predic-
tion of psychosis in subjects with at-risk mental state. PLoS One, 8(1),
e54080.

Jones, E. G. (2009). Synchrony in the interconnected circuitry of the thala-
mus and cerebral cortex. Annals of the New York Academy of Sciences,
1157,10-23.

Jones, S. H., Thornicroft, G., Coffey, M., & Dunn, G. (1995). A brief mental
health outcome scale-reliability and validity of the Global Assessment
of Functioning (GAF). The British Journal of Psychiatry: The Journal of
Mental Science, 166(5), 654-659.

Kantrowitz, J. T., Epstein, M. L., Beggel, O., Rohrig, S., Lehrfeld, J. M.,
Revheim, N., Lehrfeld, N. P., Reep, J., Parker, E., Silipo, G.,


https://orcid.org/0000-0002-5379-7119
https://orcid.org/0000-0002-5379-7119

WU ET AL.

WILEY_L 5%

Ahissar, M., & Javitt, D. C. (2016). Neurophysiological mechanisms of
cortical plasticity impairments in schizophrenia and modulation by the
NMDA receptor agonist b-serine. Brain: A Journal of Neurology, 139(Pt
12), 3281-3295.

Kantrowitz, J. T., Hoptman, M. J.,, Leitman, D. I, Moreno-Ortega, M.,
Lehrfeld, J. M., Dias, E., Sehatpour, P., Laukka, P., Silipo, G., &
Javitt, D. C. (2015). Neural substrates of auditory emotion recognition
deficits in schizophrenia. The Journal of Neuroscience: The Official Jour-
nal of the Society for Neuroscience, 35(44), 14909-14921.

Kim, M., Lee, T. H,, Yoon, Y. B,, Lee, T. Y., & Kwon, J. S. (2018). Predicting
remission in subjects at clinical high risk for psychosis using mismatch
negativity. Schizophrenia Bulletin, 44(3), 575-583.

Koshiyama, D., Kirihara, K., Tada, M., Nagai, T., Fujioka, M., Koike, S.,
Suga, M., Araki, T., & Kasai, K. (2018). Association between mismatch
negativity and global functioning is specific to duration deviance in
early stages of psychosis. Schizophrenia Research, 195, 378-384.

Lakatos, P., O'Connell, M. N., Barczak, A., McGinnis, T., Neymotin, S.,
Schroeder, C. E., Smiley, J. F., & Javitt, D. C. (2020). The thalamocorti-
cal circuit of auditory mismatch negativity. Biological Psychiatry, 87(8),
770-780.

Lavoie, S., Jack, B. N., Griffiths, O., Ando, A., Amminger, P., Couroupis, A.,
Jago, A., Markulev, C., McGorry, P. D., Nelson, B. Polari, A,
Yuen, H. P., & Whitford, T. J. (2018). Impaired mismatch negativity to
frequency deviants in individuals at ultra-high risk for psychosis, and
preliminary evidence for further impairment with transition to psycho-
sis. Schizophrenia Research, 191, 95-100.

Lee, M., Sehatpour, P., Hoptman, M. J, Lakatos, P., Dias, E. C,
Kantrowitz, J. T., Martinez, A. M., & Javitt, D. C. (2017). Neural mecha-
nisms of mismatch negativity dysfunction in schizophrenia. Molecular
Psychiatry, 22(11), 1585-1593.

Lee, T. Y., Shin, Y. S., Shin, N. Y., Kim, S. N., Jang, J. H., Kang, D. H., &
Kwon, J. S. (2014). Neurocognitive function as a possible marker for
remission from clinical high risk for psychosis. Schizophrenia Research,
153(1-3), 48-53.

Lopez-Calderon, J., & Luck, S. J. (2014). ERPLAB: An open-source toolbox
for the analysis of event-related potentials. Frontiers in Human Neuro-
science, 8, 213.

Maclean, S. E., & Ward, L. M. (2014). Temporo-frontal phase synchroniza-
tion supports hierarchical network for mismatch negativity. Clinical
Neurophysiology: Official Journal of the International Federation of Clini-
cal Neurophysiology, 125(8), 1604-1617.

Miller, T. J., McGlashan, T. H., Rosen, J. L., Somjee, L., Markovich, P. J.,
Stein, K., & Woods, S. W. (2002). Prospective diagnosis of the initial
prodrome for schizophrenia based on the structured interview for pro-
dromal syndromes: Preliminary evidence of interrater reliability and
predictive validity. The American Journal of Psychiatry, 159(5),
863-865.

Naatanen, R., & Kihkoénen, S. (2009). Central auditory dysfunction in
schizophrenia as revealed by the mismatch negativity (MMN) and its
magnetic equivalent MMNm: A review. The International Journal of
Neuropsychopharmacology, 12(1), 125-135.

Naatanen, R. Kujala, T. Kreegipuu, K. Carlson, S., Escera, C,
Baldeweg, T., & Ponton, C. (2011). The mismatch negativity: An index
of cognitive decline in neuropsychiatric and neurological diseases and
in ageing. Brain: A Journal of Neurology, 134(Pt 12), 3435-3453.

N3itanen, R., Paavilainen, P., Rinne, T., & Alho, K. (2007). The mismatch
negativity (MMN) in basic research of central auditory processing: A
review. Clinical Neurophysiology: Official Journal of the International
Federation of Clinical Neurophysiology, 118(12), 2544-2590.

Perez, V. B., Woods, S. W., Roach, B. J., Ford, J. M., McGlashan, T. H.,
Srihari, V. H., & Mathalon, D. H. (2014). Automatic auditory processing
deficits in schizophrenia and clinical high-risk patients: Forecasting
psychosis risk with mismatch negativity. Biological Psychiatry, 75(6),
459-469.

Potes, C., Brunner, P., Gunduz, A., Knight, R. T., & Schalk, G. (2014). Spatial
and temporal relationships of electrocorticographic alpha and gamma
activity during auditory processing. Neurolmage, 97, 188-195.

Rasser, P. E., Schall, U., Todd, J., Michie, P. T., Ward, P. B., Johnston, P.,
Helmbold, K., Case, V., Soyland, A., Tooney, P. A., & Thompson, P. M.
(2011). Gray matter deficits, mismatch negativity, and outcomes in
schizophrenia. Schizophrenia Bulletin, 37(1), 131-140.

Recasens, M., Grimm, S., Capilla, A., Nowak, R., & Escera, C. (2014). Two
sequential processes of change detection in hierarchically ordered
areas of the human auditory cortex. Cerebral Cortex, 24(1), 143-153.

Revheim, N., Corcoran, C. M., Dias, E., Hellmann, E., Martinez, A,
Butler, P. D., Lehrfeld, J. M., DiCostanzo, J., Albert, J., & Javitt, D. C.
(2014). Reading deficits in schizophrenia and individuals at high clinical
risk: Relationship to sensory function, course of illness, and psychoso-
cial outcome. The American Journal of Psychiatry, 171(9), 949-959.

Rissling, A. J., Miyakoshi, M., Sugar, C. A,, Braff, D. L., Makeig, S., &
Light, G. A. (2014). Cortical substrates and functional correlates of
auditory deviance processing deficits in schizophrenia. Neurolmage
Clinical, 6, 424-437.

Roach, B. J., & Mathalon, D. H. (2008). Event-related EEG time-frequency
analysis: An overview of measures and an analysis of early gamma band
phase locking in schizophrenia. Schizophrenia Bulletin, 34(5), 907-926.

Salazar de Pablo, G., Catalan, A., & Fusar-Poli, P. (2020). Clinical validity of
DSM-5 attenuated psychosis syndrome: Advances in diagnosis, prog-
nosis, and treatment. JAMA Psychiatry, 77(3), 311-320.

Salisbury, D. F., Polizzotto, N. R., Nestor, P. G., Haigh, S. M., Koehler, J., &
McCarley, R. W. (2017). Pitch and duration mismatch negativity and
premorbid intellect in the first hospitalized schizophrenia spectrum.
Schizophrenia Bulletin, 43(2), 407-416.

Sehatpour, P., Avissar, M., Kantrowitz, J. T., Corcoran, C. M., De
Baun, H. M,, Patel, G. H., Girgis, R. R., Brucato, G., Lopez-Calderon, J.,
Silipo, G., Dias, E., Martinez, A., & Javitt, D. C. (2020). Deficits in pre-
attentive processing of spatial location and negative symptoms in sub-
jects at clinical high risk for schizophrenia. Frontiers in Psychiatry, 11,
629144,

Shi, C.,, He, Y., Cheung, E. F.,, Yu, X., & Chan, R. C. (2013). An ecologically
valid performance-based social functioning assessment battery for
schizophrenia. Psychiatry Research, 210(3), 787-793.

Shi, C, Kang, L., Yao, S., Ma, Y., Li, T., Liang, Y., Cheng, Z., Xu, Y., Shi, J.,
Xu, X., Zhang, C., Franklin, D. R, Heaton, R. K., Jin, H., & Yu, X. (2015).
The MATRICS Consensus Cognitive Battery (MCCB): Co-norming and
standardization in China. Schizophrenia Research, 169(1-3), 109-115.

Shin, K. S., Kim, J. S., Kang, D. H., Koh, Y., Choi, J. S., O'Donnell, B. F.,
Chung, C. K., & Kwon, J. S. (2009). Pre-attentive auditory processing in
ultra-high-risk for schizophrenia with magnetoencephalography. Bio-
logical Psychiatry, 65(12), 1071-1078.

Shin, K. S, Kim, J. S, Kim, S. N, Hong, K. S., O'Donnell, B. F.,
Chung, C. K., & Kwon, J. S. (2015). Intraindividual neurophysiological
variability in ultra-high-risk for psychosis and schizophrenia patients:
Single-trial analysis. NPJ Schizophrenia, 1, 15031.

Shin, K. S., Kim, J. S, Kim, S. N.,, Koh, Y., Jang, J. H, An, S. K,
O'Donnell, B. F., Chung, C. K., & Kwon, J. S. (2012). Aberrant auditory
processing in schizophrenia and in subjects at ultra-high-risk for psy-
chosis. Schizophrenia Bulletin, 38(6), 1258-1267.

Stone, J. M., Day, F., Tsagaraki, H., Valli, I., McLean, M. A, Lythgoe, D. J.,
O'Gorman, R. L., Barker, G. J., McGuire, P., & OASIS. (2009). Glutamate
dysfunction in people with prodromal symptoms of psychosis: Rela-
tionship to gray matter volume. Biological Psychiatry, 66(6), 533-539.

van Diepen, R. M., & Mazaheri, A. (2018). The caveats of observing inter-
trial phase-coherence in cognitive neuroscience. Scientific Reports,
8(1), 2990.

van Os, J., & Guloksuz, S. (2017). A critique of the “ultra-high risk” and
“transition” paradigm. World Psychiatry: Official Journal of the World
Psychiatric Association (WPA), 16(2), 200-206.



4 | WILEY

WU ET AL

Viaene, A. N., Petrof, |., & Sherman, S. M. (2011). Synaptic properties of
thalamic input to layers 2/3 and 4 of primary somatosensory and audi-
tory cortices. Journal of Neurophysiology, 105(1), 279-292.

Wacongne, C. (2016). A predictive coding account of MMN reduction in
schizophrenia. Biological Psychology, 116, 68-74.

Womelsdorf, T., Valiante, T. A., Sahin, N. T., Miller, K. J., & Tiesinga, P.
(2014). Dynamic circuit motifs underlying rhythmic gain control, gating
and integration. Nature Neuroscience, 17(8), 1031-1039.

Wu, G, Gan, R, Li, Z., Xu, L., Tang, X., Wei, Y., Hu, Y. G, Cui, H. R, Li, H. J.,
Tang, Y. Y., Hui, L, Liu, X. H., Li, C. B.,, Wang, J. J,, & Zhang, T. H.
(2019). Real-world effectiveness and safety of antipsychotics in indi-
viduals at clinical high-risk for psychosis: Study protocol for a prospec-
tive observational study (ShangHai at risk for psychosis-phase 2).
Neuropsychiatric Disease and Treatment, 15, 3541-3548.

Zhang, T., Li, H., Woodberry, K. A, Seidman, L. J., Zheng, L., Li, H.,
Zhao, S. S., Tang, Y. Y., Guo, Q. Lu, X, Zhuo, K. M., Qian, Z. Y.,
Chow, A, Li, C. B., Jiang, K. D., Xiao, Z. P., & Wang, J. J. (2014). Prodro-
mal psychosis detection in a counseling center population in China: An
epidemiological and clinical study. Schizophrenia Research, 152(2-3),
391-399.

Zhang, T., Tang, X., Li, H., Woodberry, K. A, Kline, E. R,, Xu, L., Cui, H. R,,
Tang, Y. Y., Wei, Y. Y, Li, C. B, Hui, L, Niznikiewicz, M. A,
Shenton, M. E., Keshavan, M. S., Stone, W. S., & Wang, J. J. (2020).
Clinical subtypes that predict conversion to psychosis: A canonical

correlation analysis study from the ShangHai at risk for psychosis pro-
gram. The Australian and New Zealand Journal of Psychiatry, 54(5),
482-495.

Zheng, L., Wang, J., Zhang, T., Li, H., Li, C., & Jiang, K. (2012). The Chinese
version of the SIPS/SOPS: A pilot study of reliability and validity. Chi-
nese Mental Health Journal, 26, 571-576.

SUPPORTING INFORMATION
Additional supporting information can be found online in the Support-

ing Information section at the end of this article.

How to cite this article: Wu, G., Tang, X., Gan, R., Zeng, J., Hu,
Y., Xu, L., Wei, Y., Tang, Y., Chen, T, Liu, H., Li, C., Wang, J., &
Zhang, T. (2022). Automatic auditory processing features in
distinct subtypes of patients at clinical high risk for psychosis:
Forecasting remission with mismatch negativity. Human Brain
Mapping, 43(18), 5452-5464. https://doi.org/10.1002/hbm.
26021



https://doi.org/10.1002/hbm.26021
https://doi.org/10.1002/hbm.26021

	Automatic auditory processing features in distinct subtypes of patients at clinical high risk for psychosis: Forecasting re...
	1  INTRODUCTION
	2  METHODS
	2.1  Participants
	2.2  Stimuli and procedure
	2.3  Preprocessing and ERP analysis
	2.4  TF decomposition
	2.5  Neurocognitive assessment
	2.6  Statistical analysis

	3  RESULTS
	3.1  Participant characteristics
	3.2  Response to deviants
	3.2.1  ERP analysis
	3.2.2  TF decomposition

	3.3  Response to standards
	3.3.1  ERP analysis
	3.3.2  TF decomposition
	3.3.3  Correlation and regression


	4  DISCUSSION
	ACKNOWLEDGMENTS
	CONFLICT OF INTEREST
	DATA AVAILABILITY STATEMENT

	REFERENCES


