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Abstract 

 

Background: To examine whether Mismatch Negativity (MMN) Responses are impaired in participants at 

clinical high-risk for psychosis (CHR-P) and first episode psychosis (FEP) patients and whether MMN-

deficits predict clinical outcomes in CHR-Ps.  

Methods: Magnetoencephalography (MEG) data were collected during a duration-deviant MMN-paradigm 

for a group of 116 CHR-P participants, 33 FEP patients, (15 antipsychotic-naïve), a psychosis-risk-negative 

group (CHR-N: n=38) with substance abuse and affective disorder and 49 healthy controls (HC). Analysis of 

group differences of source-reconstructed event-related fields as well as time-frequency and inter-trial-phase-

coherence (ITPC) focused on bilateral Heschl’s gyri and superior temporal gyri.  

Results: Significant MMNm responses were found across participants in bilateral Heschl’s gyrus and superior 

temporal gyri. However, MMN-amplitude as well as time-frequency and ITPC-responses were intact in CHR-

P and FEP-patients relative to HC. Furthermore, MMN-deficits were not related to persistent attenuated 

psychotic symptoms nor transitions to psychosis in CHR-Ps.  

Conclusions: Our data suggest that MMNm responses in MEG-data are not impaired in early-stage psychosis 

and may not predict clinical outcomes in CHR-P participants.   
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Introduction 

 

Mismatch negativity (MMN) is an event-related potential/field (ERP/ERF) elicited when the brain detects a 

random violation of an established pattern of sensory input (1). Auditory MMN-generators have been 

localized in the superior temporal gyri as well as frontal regions (2) and have been shown to depend on N-

methyl-D-aspartate (NMDA) receptor mediated glutamatergic transmission (3).  

Several models have been proposed to explain the generation of MMN-responses, such as the predictive 

coding framework (2, 4, 5) and passive adaption to repeated stimuli (6-8). Passive adaptation models of MMN 

responses account for deviant responses in terms of an oscillatory or rebound response. However, the MMN-

response to omitted sounds is more difficult to accommodate within this model (9, 10). 

In schizophrenia (ScZ)-patients, MMN amplitudes and its neuromagnetic counterpart MMNm have been 

consistently found to be reduced (11), correlate with impaired social functioning (12, 13), cognitive deficits 

(14), and reductions in grey matter (15). In addition, several studies have examined whether MMN-deficits 

are present in early-stage psychosis. Clinical high-risk for psychosis (CHR-P) criteria have been developed 

based on the presence of attenuated psychotic symptoms (APS) (16, 17) as well as in relationship to the basic 

symptom (BS) concept proposed by Huber and colleagues (18). Overall, approx. 22% of CHR-P participants 

will develop a first-episode of psychosis (FEP) within a 3-year period (19). 

Several studies have reported MMN deficits in CHR-Ps (20-39), while other studies have reported intact 

MMN-responses (40-47). Moreover, there is evidence that reduced MMN-responses predict transition to 

psychosis in CHR-P participants (48) (but see (22, 40) ) as well as persistence of APS (29) and functional 

outcomes (21). Meta-analytic evidence suggests that MMN responses to pitch-deviants are not impaired in 

FEPs while duration deviants are associated with a small-to-medium effect size (Cohen’s d = 0.47) (11).  

More recently, impaired MMN-responses have been linked to deficits in neural oscillations (49). Specifically, 

it has been proposed that MMN generation primarily reflects activity in theta (4-7Hz) frequency band (50), 

and that the MMN component involves an oscillatory phase reset characterized by increased intertrial phase 

coherence (ITPC) (51). However, there is also evidence for the contribution of alpha-band oscillations in the 
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encoding of standard stimuli (52). Currently, it is unclear, however, whether neural oscillations are impaired 

during MMN-processing in CHR-Ps (33). 

To address whether MMN responses and the associated oscillatory components are impaired in early-stage 

psychosis, we applied a state-of-the-art MEG approach in a sample of CHR-Ps (n = 116) as well as FEP-

patients (n = 33). In addition, we recruited 38 participants with substance abuse and affective disorder (clinical 

high-risk negative, CHR-N) as well as a group of healthy controls (n = 49). MEG-data were analysed at both 

sensor- and source-level for MMN amplitude, spectral power, and intertrial-phase coherence (ITPC) and 

correlated with clinical and neurocognitive variables (43). We predicted that FEP and CHR-P participants 

would be characterized by a reduction in both MMNm amplitude as well as decreased low-frequency spectral-

power and deficient ITPC responses in auditory regions given the existing findings in ScZ-patients (33, 52), 

which would be closely linked to clinical outcomes in CHR-Ps.  

 

  

Jo
urn

al 
Pre-

pro
of



 6 

Methods and Materials 

 

Participants 

A total of 236 participants were recruited as part of the Youth Mental Health Risk and Resilience study (YouR) 

(53). CHR-P participants were recruited from the general community through an online-screening approach 

(54). Study participants were divided into the following groups: 1) 116 participants that met CHR-P criteria, 

(2) 38 participants characterized by non-psychotic disorders, viz. affective disorders (n=11), anxiety disorders 

(n=16), eating disorders (n=1), and/or substance abuse (n=10) (CHR-N), 3) 33 patients with FEP (15 

antipsychotic-naïve) and, 4) 49 healthy controls (HC) without an axis I diagnosis or family history of 

psychosis. 

CHR-P status was established according to ultra-high risk criteria of the Comprehensive Assessment of At 

Risk Mental States (CAARMS) Interview (16) and the Cognitive Disturbances (COGDIS) and Cognitive-

Perceptive (COPER) basic symptoms criteria, Schizophrenia Proneness Instrument, Adult version (SPI-A) 

(55). The Structured Clinical Interview for DSM-5 (SCID) (56) were used to assess FEP patients and the 

Positive and Negative Symptom Scale (PANSS) (57) was employed to assess current psychopathology. For 

all groups except FEP-patients, cognition was assessed with the Brief Assessment of Cognition in 

Schizophrenia (BACS) (58) (see Tables 1-3).  

The study was approved by the ethical committees of University of Glasgow and the NHS Research Ethical 

Committee Glasgow & Greater Clyde. All participants provided written informed consent. 

 

INSERT_TABLE_1 

INSERT_TABLE_2 

INSERT_TABLE_3 

 

Clinical Follow-Up  
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CHR-P participants were re-assessed at regular intervals (3, 6, 9, 12, 18, 24, 30 and 36 months) to examine 

persistence of attenuated psychotic symptoms (APS) up to 12 months and transition to psychosis (see 

Supplement, and Table S1). 

Stimuli and Task   

Auditory stimuli trains consisting of sequences of 5 harmonic tone complexes consisting of 440 Hz and 880 

Hz sinusoids were presented. The tones in the standard (STD) sequence were 80 ms in duration with 7 ms 

ascending and descending ramps and a 150 ms sound onset asynchrony between consecutive tones within a 

sequence and were presented with 60% probability. Deviant (DEV) sequences contained a duration deviant 

tone of 40 ms at the last position and were presented with 20% probability. The 5th tone was omitted in 20% 

of sequences but the results are not reported here. The inter sequence interval (ISI) were randomly jittered 

between 700 to 1000 ms. All sounds were presented at the default sound level of 81 dB unless a participant’s 

hearing was impaired (increased sound level to 93 dB) or too sensitive (decreased to 71 dB).  

The auditory stimuli were presented in three blocks, each block consisting of 200 trials and lasting 

approximately five minutes. The trials were presented in pseudorandomized order so that each block started 

with three standard sequences before delivering the first deviant/omission sequence and two deviant sequences 

were never presented consecutively. The auditory stimuli were presented binaurally via MEG-compatible 6-

meter-long plastic tubes attached to earplugs using an Etymotic ER-30 system (Etymotic Research, Inc. United 

States of America). The MEG tasks were presented using Presentation® software (Version 18.0, 

Neurobehavioral Systems, Inc., Berkeley, CA). 

 

INSERT_FIGURE_1 

 

Visual letter detection task 

The auditory paradigm was combined with a visual letter detection task to control for differences in attention. 

The visual stimuli consisted of 20 target letters (X) among 100 non-target letters (R, S, T, U, V, W, Y, Z) that 

were pseudo-randomly interspersed within the auditory series. Visual stimuli were always presented during 
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standard trials and were time-locked to the presentation of the first sound with an onset jitter difference 

between auditory and visual stimulation of 10-90 ms (in 10 ms steps), and a duration of 150 ms. Visual targets 

were always presented during extra inserted standard trials that were removed for further analyses. The font-

size was increased when necessary for participants with poor vision. Viewing distance was approximately 80 

cm. 

 

Neuroimaging 

MEG-data were acquired at baseline from a 248-channel 4D-BTI magnetometer system (MAGNES® 3600 

WH, 4D-Neuroimaging, San Diego), recorded at 1017.25 Hz sampling rate, with online low pass filter of 400 

Hz pass band. Prior to the MEG-recording, the head-shape and five head position indicator (HPI) coils were 

digitized using a Polhemus Fastrack digitizer. Head position was recorded at the beginning and the end of 

each block. For subject-specific source localization of MEG activity, T1 anatomical scans (3D MPRAGE 

sequences) were collected on a Siemens Trio Tim 3T-scanner (192 slices, voxel size 1 mm3, 

FOV=256x256x176 mm3, TR=2250 ms, TE=2.6 ms, FA=9°).  

 

MEG Data Analysis 

MEG data were analysed with MATLAB (2020b; The MathWorks, Inc., Natick, MA) using the open-source 

FieldTrip Toolbox version 20201201 (http://www.fieldtriptoolbox.org/). Continuous MEG data were epoched 

into 2000 ms (700 ms pre-stimulus to 1300 ms post-stimulus) segments, filtered to remove power-line noise 

(50, 100, 150 Hz) using a discrete 50 Hz Fourier transform filter. Faulty sensors with large signal variance or 

flat signals were removed and data were downsampled to 250 Hz. Artifact-free data were created by removing 

trials with excessive transient muscle activity, slow drift, or superconducting quantum interference device 

jumps using visual inspection and applying independent component analysis (ICA) based detection and 

removal of components containing eye blink, eye movement, and electrocardiographic artifacts from the MEG 

signals. 

Evoked response fields (ERF) were computed on -0.7s to 1.3s long epochs, low pass filtered at 20 Hz using 

fourth order Butterworth infinite impulse response (IIR) filter two pass-reverse, and baseline corrected (-200 
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to 0 ms). For sensor level analyses, ERF data were transformed to planar gradient configuration using the 

nearest neighbour method to facilitate the topographical interpretation of the data. The duration MMNm 

response was computed by subtracting the waveform of the standard sequence from the waveform of the 

deviant sequence. Latencies of MMNm response refer to the onset of the first tone of the sequence of five 

tones rather than the onset of deviant tone (600 ms). 

 

MEG Source analysis 

The main analyses focused on data transformed into source space because regional specificity at each sensor 

is compromised by field spread through inputs from multiple sources and interindividual differences in 

temporal cortex folding (59). The basic source level analysis steps included the following: (1) identification 

of regions activate during MMNm response and (2) analyses of subset of these regions for main group effects 

(HC, CHR-N, CHR-P, FEP). 

MEG data were co-registered with the individual T1 MRI scans, using anatomical landmarks (nasion, bilateral 

preauricular points) and head-shape data collected using a Polhemus 3D Fasttrack digitization system 

(Polhemus, Colchester, VT) , followed by an automatic co-registration procedure with the ICP algorithm (60). 

A single-shell volume conductor model was utilized for individual head models. The head model was further 

warped into a three-dimensional template grid (5 mm resolution grid) in Montreal neurological institute (MNI) 

coordinates to normalize the source position and reduce individual differences. 

Whole brain source localisation of evoked responses was performed using Linearly Constrained Minimum 

Variance (LCMV) beamformer implemented in Fieldtrip. LCMV beamformer estimates weights that linearly 

map the MEG sensors to source space. Sources were estimated for both conditions using common filter 

weights, thus ensuring that differences in source activity were not related to spatial filter differences. Twenty 

Hz low pass filtered evoked responses between 765 to 785 ms post onset of tone sequence (i.e. 165-185 ms 

post onset of the last tone in the sequence) for both conditions in all participants were inverted using this 

common filter approach. 

Source-space (virtual electrode) data were extracted for each voxel of a ROI defined in Automated Anatomical 

Labelling (AAL) atlas using the BrainNet Viewer software (61), followed by warping into individual 
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normalized MRI to extract signals at a brain region. The LCMV beamformer was used to compute the source-

space data with the covariance matrix based on the time window from -700 to 1300 ms. The regularization 

value of the covariance matrix was set to 5%. Finally, time series computed separately for each voxel within 

a ROI were then combined into one time series per ROI using the singular value decomposition (SVD) 

component across the single-voxel data, which represents the dominant source orientation. 

To assess potential condition and group differences in duration MMNm amplitudes, artifact-free virtual 

channel time-series were extracted at four pre-specified ROIs for each participant. Selected ROIs were defined 

for the left and right Heschl’s gyri (HES), and superior temporal gyri (STG) based on the AAL atlas. The 

selection of these ROIs was based on source localization results of the same data across participants from all 

groups. Absolute values were used to avoid cancellation across trials due to arbitrary signs and thus possible 

opposite polarities.  

 

Time Frequency representation 

Time-frequency representations (TFRs) were computed on timeseries extracted from each virtual electrode 

separately using the multi-taper-method convolution algorithm implemented in Fieldtrip with Hanning tapers 

ranging from 1 to 30 Hz with a sliding 500-ms time-window, in step size of 10 ms and frequency resolution 

of 0.25 Hz. Corresponding intertrial phase coherence (ITPC) activity was computed from Fourier output. All 

data were expressed as a relative change (relch) from baseline activity (−400 to 0 ms). 

 

Statistical Analyses  

To evaluate sensor-level MMNm responses, ERFs were averaged between 765 ms to 785 ms post onset of the 

first tone in the sequence (i.e. 165 to 185 ms post onset of the deviant tone or MMNm time window) and 

subjected to a non-parametric Monte-Carlo permutation based (n=1000 random draws) dependent sample t-

test (α=0.025, one sided, cluster-corrected) in Fieldtrip. To evaluate the main effect of group, a permutation-

based (n=2000) F-test (α=0.05, cluster corrected) was conducted on the same data. 

The cortical regions underlying MMNm response were identified via a permutation based (n=1000) dependent 

sample t-test (α=0.05, one-sided DEV > STD, FDR-corrected) using source activity in the MMNm time 
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window on entire cohort. The ROIs underlying main effect of condition (DEV>STD) were identified using a 

permutation based (n=2000) dependent sample t-test (α=0.05, FDR-corrected) on the difference in ERF for 

DEV and STD sequences averaged over MMNm time window. The ROIs underlying group differences in 

MMNm responses were identified using a permutation based (n=2000) F-test (α=0.05, FDR-corrected) on the 

same data.  

An F-test was conducted on responses to standards in these ROIs to identify any group differences. Next, 

virtual electrodes showing differences in MMNm ERF response between groups (APS-P vs APS-NP; CHR-

P-Transition vs CHR-P-No-Transition; FEP-Medicated vs FEP-Unmedicated) were identified using a 

permutation based (n=2000) independent sample t-test (α=0.025, two-sided, FDR-corrected) on ERF data 

averaged over MMNm time window. 

The ROIs exhibiting main effect of condition (DEV > STD) in theta band power enhancement (or phase reset) 

were identified using a permutation based (n=2000) dependent sample t-test (α=0.05, FDR-corrected) on the 

difference in spectral power (or ITPC) between DEV and STD conditions averaged over 650 to 900 ms 

window post onset of the first tone in the tone sequence (i.e. 50 to 300 ms post onset of the last tone in the 

sequence) and 4 to 8 Hz frequency band. The ROIs underlying group differences were identified using a 

permutation based (n=2000) F-test (α=0.05, FDR-corrected) on this same data. A similar F-test was conducted 

on responses to standards in alpha (8-12 Hz) band in these ROIs to identify any group differences. 

Next, virtual electrodes showing differences in MMNm theta band power (or phase reset) response between 

groups (APS-P vs APS-NP; CHR-P-Transition vs CHR-P-No-Transition; FEP-Medicated vs FEP-

Unmedicated) were identified using a permutation based (n=2000) independent sample t-test (α=0.025, two-

sided, FDR-corrected) on the difference in spectral power (or ITPC) between DEV and STD conditions 

averaged over 650 to 900 ms window post onset of the first tone in the tone sequence (i.e. 50 to 300 ms post 

onset of the last tone in the sequence) and 4 to 8 Hz frequency band. 

 
Correlations of MMNm amplitude with cognitive and clinical measures in CHR-Ps 

Stepwise linear regression was used to identify significant correlations between MMNm amplitudes (averaged 

over 20 ms around grand average peak MMN), BACS composite scores and individual subtests, APS severity 

as well as social and role global functioning scores in the CHR-P group. 
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Results  

 

 

 

 
Demographic/Clinical Data and Task Performance 

The FEP group had significantly more male participants than the HC (p = 0.004), CHR-N (p = 0.002), and 

CHR-P groups (p < 0.001) (Table 1). Patients with FEP were significantly older than CHR-Ps (p = .015). 

CHR-P participants had significantly fewer years of education (p = 0.032) and significantly lower BACS 

composite (p = 0.014), token motor (p < 0.001), and symbol coding (p = 0.002) scores than HC participants. 

The FEP, CHR-P, and CHR-N groups had significantly lower GAF scores than HCs and each other 

(all p values < 0.001). CHR-Ps group had also lower scores than the HC group in global role functioning (p < 

0.001). Both CHR-P and CHR-N groups were also characterized by lower social functioning (CHR-N, p = 

0.003; CHR-P, p < 0.001). Task performance i.e., accuracy and false alarm rates, were similar across groups. 

(Table 1). 

 

Follow-up Outcomes 

Follow-up data were available for 110 of the 116 CHR-P individuals (see Supplementary Material). Thirty-

four CHR-P subjects continued to meet APS criteria at 12 months (APS-P), whereas 39 CHR-P subjects did 

not (APS-NP). The APS-P group scored significantly higher on CAARMS severity (p = 0.001) at baseline 

(p = 0.028) (Table S2) compared with APS-NPs. A total of 13 participants (11.2%) made a transition to 

psychosis (mean follow-up period: = 18 months) (Table S3). Compared to the CHR-P-NT group, transitioned 

CHR-P-T subjects had significantly lower GAF (p = 0.034) and GF social scores (p = 0.023) at baseline. 

 

Sensor-level MMNm responses 

Jo
urn

al 
Pre-

pro
of

https://www.sciencedirect.com/topics/medicine-and-dentistry/global-assessment-of-functioning
https://www.sciencedirect.com/science/article/pii/S000632232101177X?via%3Dihub#appsec1
https://www.sciencedirect.com/science/article/pii/S000632232101177X?via%3Dihub#appsec1
https://www.sciencedirect.com/science/article/pii/S000632232101177X?via%3Dihub#appsec1


 13 

Evoked responses to deviants were greater than for standards over right temporal sensors (Supplementary 

Figure 1) across all participants viz. t(235) = 1927.3 (p < 0.002, cluster corrected) during the MMNm interval 

in the entire sample as well as within each group independently showing a robust MMNm response. However, 

there was no main effect of group i.e. F(3,232) values below 11.5, for any of the clusters (p-value = 0.55). 

 

Source-level MMNm responses 

A main effect of condition for MMN-responses was observed in bilateral auditory cortical regions, viz. 

Heschl’s Gyrus and Superior Temporal Gyrus (Figure 1). A main effect of condition (DEV > STD) was found 

for evoked responses from all the 4 ROIs during MMNm window in the entire cohort viz. t(235) values above 

4.6, for any of the ROIs (p-values, 2e-6, 9e-6, 0, and 0 for LHES, LSTG, RHES, RSTG respectively). There 

were no group differences for evoked responses in these 4 ROIs (Table 4). In addition, there were no group 

differences in response to standards. There were no group differences for any of the clinical subgroup 

comparisons viz. APS-P vs. APS-NP; CHR-P Transitioned vs Non-Transitioned; FEP-Medicated vs FEP-

UnMedicated patients (see Supplementary Table S4). 

 

INSERT_FIGURE_2 

INSERT_TABLE_4 

 

Source-level spectral responses 

A main effect of condition (DEV > STD) was found in theta (4-8) power and ITPC during the MMNm window 

(650-900 ms) in the entire cohort for all ROIs viz. theta power: t(235) values above 6.4, for any of the ROIs 

(p-values, 9e-12, 8e-10, 0, and 0 for LHES, LSTG, RHES, RSTG respectively); theta ITPC: t(235) values 

above 4.2, for any of the ROIs (p-values, 4e-5, 2e-5, 2e-10, and 8e-11 for LHES, LSTG, RHES, RSTG 

respectively). Similar to ERF-responses, there were no group differences in theta (4-8 Hz) power for MMN-
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responses (Table 4, Supplementary Figure 3); alpha (8-12 Hz) response to standards. Moreover, ITPC-data 

also showed no group differences in theta band to MMNm (Table 4, Supplementary Figure 4) nor alpha band 

ITPC response to standards. There were no group differences for any of the clinical subgroup comparisons 

viz. APS-P vs. APS-NP; CHR-P Transitioned vs Non-Transitioned; FEP-Medicated vs FEP-UnMedicated 

patients (see Supplementary Table S5 for theta power and Table S6 for theta ITPC). 

 

INSERT_FIGURE_3 

 

Correlations of MMNm amplitude with cognitive and clinical measures in CHR-Ps 

Stepwise linear regression between MMNm peak amplitudes in bilateral auditory cortices and CAARMS and 

SPI-A total scores, social and role global functioning in the CHR-P sample revealed no significant 

correlations. Processing speed was positively correlated with duration deviant MMNm peak amplitude in right 

Heschl’s gyrus (p = .031), but it did not survive corrections for multiple comparisons, however.   

 

  Jo
urn

al 
Pre-

pro
of



 15 

Discussion  

 

We examined MMN-responses during duration deviants in MEG-data in FEP- and CHR-P groups to 

investigate whether early-stage psychosis is characterized by impaired MMNm and corresponding spectral 

responses. In addition, we tested whether MMNm-data predicted clinical outcomes in CHR-Ps. Our results 

show that MMNm, spectral power as well as ITPC in CHR-P and FEPs were intact. Moreover, there were no 

robust relationships between MMNm-data and clinical outcomes in CHR-Ps.  

MMNm responses were source localized to bilateral Heschl’s gyrus and Superior Temporal Gyrus. This is 

consistent with prior findings (31, 33, 38) employing MEG that found MMNm-related activity in auditory 

cortical regions bilaterally (2). However, as in previous MEG-studies (31, 33, 38), we failed to detect frontal 

MMNm generators which has been reported in some EEG-analyses (62-64). One reason for the absence of 

frontal sources in our data could be the fact that MEG is not very sensitive to  radially oriented generators 

(65).  

In terms of group differences, MMNm responses were intact in CHR-Ps and FEP-groups. The absence of 

MMNm deficits in CHR-Ps is in agreement with previous findings (40-47) but see (20-38). As regards FEP-

patients, some studies suggested also intact MMN (44, 66-71) while others observed impaired MMN-

responses (22, 32, 34, 45, 72, 73). There was only modest evidence for a reduction in MMN-amplitudes in 

our data with the largest differences between FEP and HC seen in the left Heschl’s gyrus which is consistent 

with prior findings (74) but these effects did not reach statistical significance. Our results are in agreement 

with a meta-analysis, suggesting that the size of MMN-deficits may not differ between CHR-Ps and FEP-

schizophrenia patients (11), highlighting that pronounced impairments in MMN may only occur at later illness 

stages (74).  

A novel aspect of our study is the investigation of spectral power and ITPC changes during MMN-responses 

in early-stage psychosis. Bilateral primary and secondary auditory cortices showed theta power enhancement 

and theta phase resetting during MMN responses as observed in previous studies (52). However, there were 

no deficits in theta/alpha-band responses to deviants and standards n in both FEPs and CHR-Ps. A recent study 

(33) that investigated MMN and spectral responses in MEG-data reported reduced MMNm responses  in both 

Jo
urn

al 
Pre-

pro
of



 16 

CHR-Ps and FEPs as well as a deficit in theta-band ITPC in CHR-Ps but these results did not survive 

correction for multiple comparisons, however. 

Conflicting evidence exists whether reduced MMN-amplitudes in CHR-Ps can also predict clinical outcomes. 

EEG-measured MMN-responses predicted transition to psychosis in CHR-Ps (29, 30, 36, 45-47) as well as 

persistence of APS (29).  However, other studies (22, 40, 42) did not confirm these findings, suggesting that 

the prognostic potential of MMN for predicting clinical outcomes in early-stage psychosis remains unclear. 

Consistent with this perspective, MMN-responses as well as spectral power and ITPC-correlates in our study 

did not predict transition to psychosis nor robustly persistence of APS. Thus, we could only observe trend-

level effect between reduced MMN-responses and persistence of APS.  

There are several potential variables that must be considered given the findings in our study. Firstly, we 

examined neuromagnetic MMN-responses whereas the majority previous studies examined EEG-data (20-30, 

32, 34-37, 40-47). MEG and EEG differ in their sensitivity to the spatial orientation of the underlying 

generators. Whereas MEG is largely insensitive to radial sources, EEG is sensitive to all orientations, although 

the amount of cortex truly silent to MEG may be relatively small (65). Moreover, we  previously demonstrated 

that MEG-recorded 40Hz Auditory Steady State Responses (ASSRs) (75) as well as during a visual grating 

task (76) were characterized by significant differences between CHR-Ps, FEPs and controls as well as 

predicted clinical outcomes in CHR-Ps. 

Secondly, we recruited CHR-Ps who were self-referred from the general population. There is evidence to 

suggest that recruitment of CHR-Ps outside clinical pathways is associated with a dilution of psychosis-risk 

(77-80). Indeed, the number of transitions in our sample (11%) was somewhat lower than in previous clinical 

cohorts (19). However, we have also shown that CHR-P participants in our sample share many clinical and 

neurocognitive features than CHR-Ps recruited from clinical pathways (81). Moreover, a large study (46) with 

n = 580 CHR-Ps also showed no MMN deficit but only in those who later transitioned to psychosis. 

Finally, the majority of previous MMN studies employed duration deviants that were longer in duration than 

standard tones (21-25, 27, 29-36, 38, 46, 47). In contrast, we employed deviants that were characterized by 

shorter tones than standards. Indeed, Atkinson, Michie (20) showed that the effect size of MMN deficit in 

CHR-Ps and FEPs was smaller for shorter compared to longer deviants.  
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Summary 

 

Our findings show that MNNm as well as its spectral and ITPC correlates in CHR-P and FEP-patients are 

intact. Furthermore, MEG-responses in our study did not predict clinical outcomes in CHR-Ps. Taken together, 

our data suggests that deficient MMNm may not be a reliable biomarker for early-stage psychosis.  
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Figure Legends 

 

Figure 1: Experimental Paradigm and Regions of Interest 

A) Task paradigm showing standard sequences, duration deviant and omission sequences. B) Source-

localized, whole-brain areas of evoked responses during duration deviant MMNm across all participants. 

Colour indicates t-values, false discovery rate–corrected brain activity. C) Location of virtual electrodes used 

for group differences - Heschl’s Gyrus (HES) and Superior Temporal Gyrus (STG) bilaterally. 

 

Figure 2. ERF-Responses in Auditory Cortex   

Event related fields (ERFs) computed on time series extracted from virtual electrodes placed in bilateral 

auditory cortices for different participant groups. In each subpanel, first vertical line marks the onset of first 

tone in the sequence at 0 ms while second vertical line marks the onset of the last tone at 600 ms; the dotted 

vertical lines mark the time window where the duration deviant Mismatch Negativity (MMN) was identified 

(765 to 785 ms). Top row - Left Heschl’s Gyrus (LHES); second row - Left Superior Temporal Gyrus (LSTG); 

third row - Right Heschl’s Gyrus (RHES); bottom row - Right Superior Temporal Gyrus (RSTG); Leftmost 

column – Healthy Controls (HC); second column – Clinically High-Risk Negative (CHR-N); third column – 

Clinically High Risk for Psychosis (CHR-P); rightmost column – First Episode Psychosis (FEP) groups.  

 

Figure 3. Time Frequency Analysis in Auditory Cortex 

Time frequency decomposition: spectral power and Inter Trial Phase Coherence (ITPC) of time series 

extracted from virtual electrodes placed in bilateral auditory cortices for different participant groups. In each 

subpanel, first vertical line marks the onset of first tone in the sequence at 0 ms while second vertical line 

marks the onset of the last tone at 600 ms; in spectrograms white horizontal lines mark the theta band (4-8 

Hz). Top row - Left Heschl’s Gyrus (LHES); second row - Left Superior Temporal Gyrus (LSTG); third row 

- Right Heschl’s Gyrus (RHES); bottom row - Right Superior Temporal Gyrus (RSTG); Leftmost column – 

Time frequency decomposition results from Healthy Controls (HC); second column – Time frequency 

decomposition in theta band from all 4 sub-groups: HC, Clinically High Risk Negative (CHR-N), Clinically 
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High Risk for Psychosis (CHR-P), First Episode Psychosis (FEP) patients; third column – ITPC from Healthy 

Controls; rightmost column – ITPC results in theta band from all 4 sub-groups: HC, CHR-N, CHR-P, FEP 
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Table 1 Demographics, Clinical Data, and Task Performance 

Characteristics HC CHR-N CHR-P FEP Group 

effect a 

Post Hoc 
comparisons 

Number of 
participants 

49 38 116 33 – – 

Age, years,  
mean (SD) 

23 (3.6) 23 (4.7) 22 (4.5) 24 (4.5) H3 = 10.1,  
p = .018 

FEP > CHR-
P: p = .015 

Sex, 
male/female, 
n (% male) 

16/33 
(32.7%) 

11/27 
(28.9%) 

34/82 
(29.3%) 

22/11 
(66.7%) 

χ2
3 = 16.9,  
p = .001 

FEP > HC: p = 
.002 
FEP > CHR-
N: p = .001 
FEP > CHR-
P: p < .001 

Education, years, 
mean (SD) 

17 (3.0) 16 (3.5) 15 (3.2) 15 (2.8) H3 = 9.9,  
p = .019 

CHR-P < 
HC: p = .032 

BACS, Mean (SD) b 

Verbal memory 52 (8.7) 0.01 
(1.1) 

−0.36 
(1.3) 

NA – – 

 Digit sequencing 21 (2.1) 0.14 
(1.2) 

−0.16 
(1.5) 

NA – – 

 Token motor 81 
(11.6) 

−0.66 
(1.1) 

−1.01 
(1.3) 

NA H2 = 20.7,  
p < .001 

CHR-P < 
HC: p < .001 

 Verbal fluency 59 
(13.9) 

−0.22 
(1.0) 

0.05 
(1.3) 

NA – – 

 Symbol coding 74 
(11.8) 

0.00 
(1.3) 

−0.58 
(1.1) 

NA H2 = 15.8,  
p < .001 

CHR-P < 
HC: p = .002 
CHR-P < CHR-
N: p = .013 

 Tower of London 19 (1.7) 0.15 
(1.3) 

−0.15 
(1.5) 

NA – – 

 Composite score 304 
(24.2) 

−0.15 
(1.2) 

−0.62 
(1.4) 

NA H2 = 9.6,  
p = .008 

CHR-P < 
HC: p = .014 

CAARMS, Mean (SD) 

 Unusual thought 
content 

0 (0.1) 1 (1.2) 2 (2.0) NA – – 

 Non-bizarre 
ideas 

0 (0.4) 1 (1.1) 3 (1.8) NA – – 

 Perceptual 
abnormalities 

0 (0.5) 1 (1.3) 3 (1.5) NA – – 

 Disorganized 
speech 

0 (0.1) 1 (0.9) 1 (1.4) NA – – 

 Total severity 
score 

1 (2.4) 6 (6.1) 30 
(18.0) 

NA H2 = 
125.2,  
p < .001 

CHR-N > 
HC: p = .01 
CHR-P > 
HC: p < .001 
CHR-P > CHR-
N: p < .001 

GAF, mean (SD) 88 (6.4) 70 
(12.8) 

58 
(13.8) 

39 
(13.7) 

H2 =140.8,  
p < .001 

All 
contrasts p < 
.005 

GF Role, mean 
(SD) 

8.6 
(0.8) 

8.1 
(0.8) 

7.4 
(1.2) 

NA H2 = 50.5,  
p < .001 

CHR-P < 
HC: p < .001 
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Characteristics HC CHR-N CHR-P FEP Group 

effect a 

Post Hoc 
comparisons 

CHR-P < CHR-
N: p = .002 

GF Social, mean 
(SD) 

8.8 
(0.4) 

8.2 
(0.8) 

7.4 
(1.3) 

NA H2 = 62.0,  
p < .001 

CHR-N < 
HC: p = .003 
CHR-P < 
HC: p < .001 
CHR-P < CHR-
N: p = .003 

Medication, n (%) c 

 None 48 
(98%) 

27 
(71%) 

60 
(52%) 

14 
(42%) 

– – 

 Antidepressants 0 11 
(29%) 

46 
(40%) 

15 
(45%) 

– – 

 Mood stabilizers 0 0 5 (4%) 0 – – 

 Antipsychotics 0 0 2 (2%) 18 
(55%) 

– – 

 Other 1 (2%) 2 (5%) 17 
(15%) 

7 (21%) – – 

MEG Trials, Total 
Included, Mean 
(SD) 

217.2 
(12.8) 

219.2 
(16) 

214.8 
(15.1) 

215.8 
(9.8) 

H = 1.01, 
p < .39 

 

Task Performance 

Accuracy, % 97.4% 
(2.2%) 

97.4% 
(2.9%) 

95.8% 
(6%) 

95.2% 
(5.7%) 

H = 2.47, 
p < .063 

 

False alarm % 3.6% 
(1.4%) 

3.7% 
(1.2%) 

4.5% 
(3.7%) 

4.5% 
(1.8%) 

H = 1.72, 
p < .163 

 

       

 

HC – Healthy Controls group; CHR-N – Clinically High Risk Negative group; CHR-P – Clinically High 

Risk for Psychosis group; FEP – First Episode Psychosis patients; SD – standard deviation 

a  - Except for sex statistical testing, which are based on χ2 tests, all other tests are based on 

nonparametric Kruskal-Wallis H-tests: α = 0.05, two-sided, adjusted for ties, post hoc Bonferroni-

corrected for multiple comparisons. 

b - BACS scores for clinical groups were standardized to control group data, controlled for sex. 

c - Multiple categories possible. 

 

Table 2 FEP-Specific Clinical Data 

Psychopathology FEP 

PANSS, Mean (SD)  

Positive 20 (8.0) 

 Negative 16 (9.2) 

 Cognitive 21 (9.2) 

 Excitement 9 (4.5) 

 Depression 11 (5.8) 
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Psychopathology FEP 

 Total score 77 (28.3) 

DSM-5/SCID-IP, n  

 Schizophrenia 10 

 Schizophreniform disorder 3 

 Schizoaffective disorder 1 

 Psychotic disorder NOS 13 

 Brief psychotic disorder 1 

 Mood disorders with psychotic symptoms 4 

 Delusional disorder 1 

FEP, first-episode psychosis; NOS, not otherwise specified; PANSS, Positive and Negative Syndrome 

Scale; SCID-IP, Structured Clinical Interview for DSM-5 Axis I Disorders-Patient Edition. 

 

Table 3 CHR- and HC-Specific Clinical Data 

Characteristics HC CHR-N CHR-P 

CHR-P Categories 

SPI-A, n (%) [COGDIS/COPER/both items] 0 0 30 (26%) 
[4/15/11] 

 CAARMS, n (%) [APS-/GRFD-criteria] 0 0 31 (27%) [29/2] 

 CAARMS+SPI-A, n (%) [COGDIS/COPER/both 
items] 

0 0 55 (47%) 
[8/22/25] 

SPI-A Severity, Mean (SD) 0 0 11 (11.6) 

MINI Categories, n (%)* 

 Depressive/mood disorders 0 (0%) 11 (29%) 75 (65%) 

 Anxiety disorders/PTSD/OCD 0 (0%) 16 (42%) 85 (73%) 

 Drug/alcohol abuse/dependence 2 (4%) 10 (26%) 39 (33%) 

 Eating disorders 0 (0%) 1 (2%) 9 (8%) 

* Multiple categories possible for comorbidities. 

APS, attenuated psychotic symptom; CAARMS, Comprehensive Assessment of At-Risk Mental States; 

CHR-N, Clinical High Risk Negative group; CHR-P, Clinical High Risk for Psychosis group; COGDIS, 

Cognitive Disturbances; COPER, Cognitive-Perceptive basic symptoms criterion; GRFD, genetic risk 

and functional decline; HC, healthy control; MINI, Mini-International Neuropsychiatric Interview; OCD, 

obsessive-compulsive disorder; PTSD, posttraumatic stress disorder; SPI-A, Schizophrenia Proneness 

Instrument, Adult version. 
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Table 4 Virtual electrode - ERF, theta band spectral power enhancement, theta band ITPC enhancement 
- statistical results in the entire group 
 

ROI 

Main effect of group statistics on virtual electrodes 

ERF Theta band power Theta band ITPC 

F(3,232) p-value F(3,232) p-value F(3,232) p-value 

Left HES 1.088 0.36 0.19 0.9 0.49 0.69 

Left STG 0.79 0.5 0.43 0.73 1.17 0.32 

Right HES 0.0287 0.99 0.67 0.57 0.71 0.54 

Right STG 0.115 0.95 0.36 0.78 0.33 0.8 

 
HES – Heschl’s Gyrus; STG – Superior Temporal Gyrus; ERF – Evoked Response Field; Theta band 4-8 
Hz; ITPC – Inter Trial Phase Coherence; * - denotes significance after correcting for multiple comparisons. 
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