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Background: Deficits of mismatch negativity (MMN) in patients with schizophrenia have been demonstrated many times and there is growing evidence that alterations of MMN already exist in individuals at risk for psychosis. The present study examines differences in MMN between subjects fulfilling ultra-high risk (UHR) or only basic symptoms criteria and it addresses the question, if MMN source analysis can improve prediction of transition to psychosis.

Methods: The MMN to duration, frequency, and intensity deviants was recorded in 50 healthy controls and 161 individuals at risk for psychosis classified into three subgroups: only basic symptoms (n = 74), only ultra-high risk (n = 13) and persons who fulfill both risk criteria (n = 74). Based on a three-source model of MMN generation, we conducted an MMN source analysis and compared the amplitudes of surface electrodes and sources among the three groups.

Results: Significant differences in MMN generation among the four groups were revealed at surface electrodes Cz and C4 (p < 0.05) and at the frontal source (p < 0.001) for duration deviant stimuli. The 15 subjects from the risk groups who subsequently developed a manifest psychosis had a significantly lower MMN amplitude at frontal source (p = 0.019) without showing significant differences at surface electrodes. Low activity at frontal MMN source increased the risk of transition to manifest disease by the factor 3.12 in UHR subjects.

Conclusion: MMN activity differed significantly between subjects presenting only basic symptoms and subjects which additionally meet UHR criteria. The largest differences between groups as well as between individuals with and without transition were observed at the frontal source. The present results suggest that source analysis is more sensitive than surface electrodes in psychosis risk prediction by MMN.
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1. Introduction

Several studies suggest a continuum of severity of psychotic symptoms ranging from subclinical psychotic symptoms (SPS) without treatment indication up to manifest schizophrenia (1–3). While SPS are common in the general population (4), schizophrenia is a rare disease with a lifetime prevalence of 0.4–0.7% (5, 6). SPS often are temporary and subtle, and only a small amount of persons with those symptoms really develop a clinically relevant psychotic disorder (7). The prodromal period of psychosis is large and subtle psychopathological changes as well as cognitive impairment can occur years before a manifest schizophrenia is diagnosed (8).

Two approaches are especially common in the field of early recognition of psychosis. Basic symptoms (BS) as subtle, subclinical disturbances in amongst others thinking and stress tolerance are an integral part of psychosis and appear through several stages of the disorder (9). While they are not specific for psychosis, a meta-analysis (10) revealed a higher conversion rate than samples established by ultra-high risk criteria. Subjects with ultra-high risk (UHR) for conversion to psychosis show attenuated psychotic symptoms (APS), brief limited intermittent psychotic symptoms (BLIPS) or trait vulnerability criteria additionally to the basic SPS and are thus also selected by clinical criteria only in current practice. Individuals with UHR have a greatly increased risk of imminent transition to a manifest psychotic disorder. However, the exact risk of transition has varied across studies (11). A recent meta-analysis shows that approximately 15 to 25% of individuals at risk for psychosis will transition to a manifest psychotic disorder within 1 to 3 years (12).

The two risk approaches complement each other. The UHR criteria were designed to detect an imminent risk for transition into a manifest schizophrenic disease. Whereas basic symptom criteria were developed with the aim of identifying the potential risk for a psychotic illness as early as possible, ideally before functional impairments occur (10). It is assumed that in some affected persons basic symptoms occur earlier in the course of the disease and that additionally attenuated psychotic symptoms (APS) and brief limited intermittent psychotic symptoms (BLIPS) occur later in the course (11). However, there are also cases with no or only mild basic symptoms which still fulfil the UHR criteria and thus have also a high risk of transition. Thus, individuals with only basic symptoms are at lower risk of imminent transition to psychosis than individuals who meet both BS and UHR criteria and those who meet UHR criteria only.

At present, clinical early recognition – as usual in general clinical diagnostic in psychiatry – is mainly based on psychopathological symptoms. Thus, UHR criteria as well as basic symptom criteria are mainly based on psychopathological symptoms. Finding biomarkers that may help to identify individuals with an increased risk of conversion to psychosis at an early stage of disease is important, because early intervention may prevent or delay the conversion to psychosis (13).

The mismatch negativity (MMN) is a component of the auditory evoked event-related potential that occurs in response to any discriminable change in an ongoing uniform acoustic stimulation, typically in the range of 100–250 ms after the stimulus (14). The MMN can be observed even in the absence of attention or in sleeping subjects, as it is generally considered to reflect the outcome of a pre-conscious change detection mechanism (15).

MMN deficiency is one of the most robust findings in schizophrenia (16). Already in the at risk state of psychosis with impairment in cognitive functions and attenuated psychotic symptoms, a MMN deficiency can be observed (17). Bodatsch et al. (18) showed that in particular the amplitude of the duration MMN is reduced in at-risk subjects, which are later converted to a manifest psychosis compared with nonconverters. Shaikh et al. (19) found that the MMN amplitude of individuals with an “at-risk mental state” was reduced compared with healthy controls. A recent large study with 580 individuals at risk for psychosis found that MMN amplitude deficits were sensitive to future psychosis conversions, particularly those not taking antipsychotic medication at baseline (20).

Several studies found an association between decreased MMN in manifest psychosis and daily functioning, social functioning and cognitive impairment (21–23). Research has suggested that duration MMN amplitude correlates with global functioning already in early stages of psychosis (24). Only few studies found an association between psychotic symptoms and changes in MMN. For instance, Donaldson et al. (25) found transdiagnostic associations between reduced duration MMN and psychotic symptoms like auditory hallucinations and disorganization. A recent study of first-episode schizophrenic patients found a correlation between duration MMN at baseline and symptom severity after 3 years, thus MMN may also be used as a predictor of remission in schizophrenia (26).

Predictive coding theories suggest that the perceptual system is a set of hierarchically organized generative models where each model provides predictions about the state of the level below. The difference between model prediction and the actual input lead to a prediction error. Event-related potentials elicited by deviant stimuli are thought to be a correlate of prediction error at an intermediate level in the hierarchy. The repetition of standard stimuli leads to suppression of prediction error and reduction of the MMN wave. When a deviating stimulus is presented a prediction error is generated again and the MMN wave emerges (27, 28). MMN can thus be thought to reflect this underlying predictive coding process. The predictive coding framework can be used to explain both MMN reduction in psychosis and development of psychotic symptoms (25, 29).

There is also evidence that in individuals at ultra-high-risk for psychosis the amplitude of the MMN induced by a frequency-deviant sound decreases with transition to psychosis (30). It can be concluded that alterations in the MMN could be useful to determine which subjects at risk are most likely to develop a psychosis and to initiate risk-adapted prevention in the clinical work. Furthermore, it has been suggested by Kim et al. (31), that in subjects at clinical high risk MMN could be used not only as predictor of transition to psychosis but also as a predictor of remission regardless of transition.

The present non-invasive electrophysiological study examines MMN in subjects at risk for psychosis fulfilling ultra-high risk (UHR) or/and basic symptoms criteria. It addresses the questions if there are differences in MMN between the different risk criteria and if MMN source analysis can improve prediction of transition to psychosis.



2. Methods


2.1. Subjects and assessment

Individuals at risk for psychosis were recruited as part of the multimodal ZInEP (Zurich Program for Sustainable Development of Mental Health Services) early recognition study (32). Subjects were recruited by a study website, advertisements in newspapers and flyers or a clinical therapist assigned the subjects to the study center. At study baseline amongst others psychopathology and neuropsychology were measured and EEG was recorded (33, 34). All interviews, cognitive testing and EEG measurement were administered by experienced and extensively trained psychologists and psychiatrists.

Inclusion criteria for the present study were individuals aged 13–35 years, sufficient German speaking ability, fulfilling at least one of the following psychosis risk criteria: (1) basic symptoms (BS), with at least one cognitive-perceptive (COPER) basic symptom or at least two cognitive disturbances (COGDIS) basic symptoms, assessed by the adult (35) or children-youth (36) version of the Schizophrenia Proneness Interview (SPI-A/SPI-CY), (2) ultra-high-risk status for psychosis (UHR) was rated by the Structured Interview for Prodromal Syndromes - SIPS (37), with at least one attenuated psychotic symptom, or at least one brief limited intermittent psychotic symptom, or a positive state–trait criterion (reduction in global assessment of functioning of >30% in the past year, plus either schizotypal personality disorder or first degree relative with psychosis).

The two groups were created to distinguish between individuals with a general risk (BS) and individuals with imminent risk (UHR) of transition to manifest schizophrenia (11, 38). All subjects at risk were followed up over 3 years as part of the ZInEP early recognition study (32, 39) to detect transitions in a manifest psychotic disorder. Transition to psychosis was defined according to ICD-10 criteria for schizophrenia. The diagnosis schizophrenia was made if at least one so-called Schneider’s first rank symptom or at least two other symptoms of schizophrenia were present for most of the time during an episode lasting for at least 1 month.

Exclusion criteria were: estimated premorbid IQ < 80, meeting DSM-IV criteria for current substance dependence, any psychotic disorder confirmed by research diagnostic interviews, and/or any medical condition known to affect the brain.

Healthy controls matching age and gender were included in the study. A Mini-International Neuropsychiatric Interview (40) was used to assure the absence of any mental illness in control subjects.

The study was approved by the ethics committee of the canton Zurich and carried out in accordance with the Declaration of Helsinki. All participants gave their written informed consent after receiving a detailed description of the study and in case of minors the written informed consent was obtained from their parents too.



2.2. EEG recording

Subjects were tested in a quiet laboratory, sitting in a comfortable chair. EEG data were recorded using a BrainAmp amplifier and Brain Vision Recorder Software. Thirty-two Electrodes were applied to the scalp by well-trained professionals and held in position by a nylon cap (BrainCap MR32 standard; EASYCAP, Herrsching-Breitbrunn, Germany). EEG channels were referenced to FCz, scalp electrode impedance was kept below 10 k. An EOG electrode was positioned below the right eye and ground was positioned at AFz. The sampling rate was 500 Hz. A band-pass filter of 0.1 to 100.0 Hz (12 dB/ octave rolloff each) was applied to collect the data. 2,400 acoustic stimuli were presented binaurally by headphones and Presentation software (Neurobehavioral Systems, Inc., San Pablo, CA, United States). During recording, participants were instructed to relax and watch a soundless movie clip of “Mr. Bean” presented on an easily visible screen to distract attention away from the acoustic stimuli. The acoustic stimuli included 1896 standard (1,000 Hz, 100 ms, 80 dB; 79% of total stimuli), 168 duration-deviant (1,000 Hz, 50 ms, 80 dB; 7% of total stimuli), 168 frequency-deviant (1,200 Hz, 100 ms, 80 dB; 7% of total stimuli), and 168 intensity-deviant tones (1,000 Hz, 100 ms, 70 dB; 7% of total stimuli), which were applied in a pseudo-random sequence without recurring order as one continuous block. There were at least two standard stimuli between each deviant stimulus and the stimulus onset asynchrony was 500 ms. The participant was observed closely during the 20 min of EEG-recording.



2.3. Data preprocessing and analysis

The recorded EEG files were edited using Brain Electrical Source Analysis (BESA) software, version 5.3. The EEGs were re-referenced to an average reference. Before averaging the EEGs, a filter with the low cut-off of 1 Hz and a high cut-off of 20 Hz (both 12 dB/ octave) was applied. Then each EEG file was divided into 500 ms epochs including a 100 ms pre-stimulus baseline interval and blinking artefacts were eliminated. All trials with amplitudes exceeding 120 V were discarded, all EEG files were visually examined and if the horizontal or vertical EOG channels detected eye movement, the corresponding EEG epoch was declined. Subject providing less than 60% accepted trials were excluded from the study. The included trials were averaged individually for each subject and each condition (standard and deviant in duration, frequency or intensity). Afterwards individual standard and MMN average waveforms were calculated for every subject and every condition. The standard average waveform was subtracted from the particular deviant waveforms, namely duration, frequency or intensity, resulting in the respective MMN waveforms. The MMN waveforms at six centrally positioned surface electrodes (Fz, F3, F4, Cz, C3, and C4) (41) were examined and the peak MMN amplitude and latency were determined. Peak amplitude was detected within a window of 150–250 ms post-stimulus. This was performed for each group of subjects and each condition separately.



2.4. Source analysis

For the Source Analysis we used the BESA spatiotemporal source analysis tool in accordance with the BESA tutorial by Hoechstetter et al. (42). We assumed a source model with two symmetric regional sources temporal in the auditory cortex, based on knowledge that MMN is generated in the primary auditory cortex, and a third regional source located in the frontal cortex, as it is suitable for MMN (43, 44), assuming a contribution in generating MMN made by the right frontal cortex. We used MRI image CLARA (“Classical LORETA Analysis Recursively Applied”), an iterative application of the LORETA (“Low-resolution electromagnetic tomography”) algorithm, in which the source space is implicitly reduced in each iteration. Using the grand average of all subjects a source model was created for each condition. Then the event related potentials of each subject were used together with the source model acquired before out of the grand averages to asses individual MMN source activity for each participant and each condition so that potential differences among the study groups could be evaluated.



2.5. Statistical analysis

Demographic and clinical characteristics were analyzed using Chi-square statistics for categorical variables and one-way analysis of variance (ANOVA) for continuous variables. Distribution of MMN surface activity (Fz, F3, F4, Cz, C3, and C4) and MMN source activity (RS1, RS2, and RS3) were compared across groups using one-way ANOVAs. Pairwise group comparisons were performed using Bonferroni post-hoc comparisons for continuous data. Unadjusted and adjusted (for demographic and clinical variables) logistic regression models were conducted for subjects meeting the UHR criteria to estimate transition probability according to MMN source activity in the duration condition. For regression analyses measures of MMN source activity were inverse coded and, as well as other continuous variables, centered to sample mean (z-transformed).

All statistical analyses were performed using STATA/SE 16.0 (StataCorp LP, TX, United States).




3. Results


3.1. Sample

One-hundred sixty-one individuals at risk for psychosis could be included in the study. Of these, n = 74 subjects fulfilled only the basic symptom (BS) criteria and n = 13 were classified as only ultra-high risk (UHR), while n = 74 met both UHR and BS criteria. The control group consisted of 50 healthy controls matched by age and gender (see Table 1). The UHR only and the combined UHR&BS group were significant younger and reported more positive symptoms on the SIPS than the only BS group. The combined UHR&BS group had more SIPS negative symptoms and lower functioning than the BS group.



TABLE 1 Demographic and clinical characteristics of the study sample.
[image: Table1]



3.2. MMN surface amplitudes

Grand average MMN surface waveforms for duration, frequency and intensity deviants are displayed in Figure 1. Mean peak amplitudes (±standard deviation) for the duration deviant condition are presented for the six examined electrodes in Table 2. No significant differences in MMN surface amplitudes were found when comparing the whole risk group with the control group. In comparison across all subgroups, significant amplitude differences were found at electrodes Cz and C4. Bonferroni-corrected pairwise post-hoc comparisons revealed significantly lower amplitude in the BS group compared with the UHR&BS group (significant for electrode Cz). No significant group differences at surface electrodes were found for the two other deviant conditions intensity and frequency.

[image: Figure 1]

FIGURE 1
 Grand average MMN surface waveforms for duration, frequency and intensity deviants in microvolts at electrode Fz. HC, healthy controls; BS, basic symptom group; UHR, ultra-high-risk group (UHR&BS + only UHR).




TABLE 2 MMN peak amplitudes (μV) and source activity (nAm) ± standard deviation.
[image: Table2]



3.3. MMN source activity

The BESA source localization revealed three regional sources (RS): one in the left superior temporal lobe (RS1), one in the right superior temporal lobe (RS2), and a third in the anterior cingulate gyrus (RS3). Transferred to the Talairach space, the first two sources were based in the primary auditory cortices (Brodmann 41) on the left and right transverse temporal gyri and the third source in the anterior cingulate area (Brodmann 24).

Comparing MMN Source activity between individuals at risk and healthy controls group differences were found only in the duration condition for the activity of the frontal regional source (RS3; Table 2). Source activity was significantly lower in individuals at risk compared to controls (RS3-posthoc: CON > BS, p < 0.001; CON > UHR&BS, p < 0.001; CON > UHR, p = 0.024).

Correlation analyses between demographic variables, functioning and MMN source activity in the duration condition found gender to be linked to lower activity in the right temporal source (RS2), while age was linked to lower activity in the left temporal source (RS1; Table 3). Higher activity in the left temporal source (RS1) was positively associated to activities in the two other sources (RS2 & RS3). Baseline global functioning (GAF) was not bi-variately related to any other study variable.



TABLE 3 Correlation analysis of the three MMN sources activity in the duration condition with age, sex, and global functional level.
[image: Table3]



3.4. Transition versus no transition

The fifteen individuals with transition to manifest schizophrenia did not differ from subjects at risk without transition in MMN activity at surface electrodes. With respect to MMN source activity, a significant difference was found only at the frontal source (RS3) in the duration condition with a lower MMN source activity in subjects with transition (F = 5.601; p = 0.019) (Figure 2).

[image: Figure 2]

FIGURE 2
 MMN source activity in nAm for duration deviants. Comparison of individuals with (n = 15) and without transition (n = 146) to manifest schizophrenia. RS1, left regional source; RS2, right regional source; RS3, frontal regional source. *p < 0.05.


Table 4 shows the results from logistic regression models estimating the transition probability in subjects fulfilling the UHR criteria according to MMN source activity in the duration condition, sex, age, psychopathology and global functioning. Unadjusted models revealed lower frontal source (RS3) activity to increase the likelihood for F20 transition by the factor 3.12, while no other predictor was linked to F20 transition. Effect for RS3 increased after adjusting for all other variables, while age as well as SIPS positive symptoms were also found to be linked to transition in the adjusted model.



TABLE 4 Results of logistic regression models estimating transition probability in UHR individuals.
[image: Table4]




4. Discussion

In recent years, several studies have shown the predictive value of MMN for assessing the risk of transition in individuals at risk for psychosis (18–20, 45–49). The present study extends the existing knowledge by examining differences in MMN between different risk groups, subjects fulfilling only basic symptoms, subjects who meet both BS and UHR criteria and subjects only at ultra-high-risk for psychosis. In addition, a source analysis of MMN was performed to determine whether evaluation of source activity can improve risk assessment. Three different deviant stimuli (duration, frequency, intensity) in a traditional constant standard MMN paradigm involving the same high probability standard stimulus throughout the whole sequence were used in the study. Significant differences could be detected only for duration deviants.

Subjects from the only basic symptoms group had a significantly lower MMN amplitude compared to the group fulfilling both UHR & BS in the analysis of the surface electrodes. No significant differences were found between persons at risk for psychosis and controls at surface electrodes. However, when the underlying source activity of MMN was examined, significant differences were found at the frontal source between controls and all three risk groups.

Dipole modeling studies as well as fMRI and PET investigations have shown that in addition to both temporal generators, a frontal generator is also involved in the development of MMN (50–55). Some authors assign the frontal components of MMN the role of directing attention on detection of changes in sensory processing areas (56, 57). Within the framework of hierarchical predictive coding theory, it is assumed that the MMN reflects an error signal. This error signal occurs when a sensory input does not match the prediction for that input (58). Frontal mechanisms are thought to underlie the coding of the predicted representation, which then acts on sensory processing regions (59).

The results of the present study suggest that particularly the frontal components of MMN are disturbed in the risk state for psychosis. All three risk groups showed significantly lower MMN activity at frontal source compared to healthy controls. The fact that this change was already detectable in the only BS group indicates that changes in MMN occur already early in the course of the disease. Disturbances of frontal brain functions belong to the typical characteristics of the schizophrenic disease (60, 61). Consistent with this is the finding that individuals with transition to manifest schizophrenia showed the strongest alterations at the frontal MMN source already in the risk state.

During the observation period of 3 years after MMN examination, 15 participants developed a manifest schizophrenic disorder. Individuals with transition already differed at the time of study inclusion by significantly lower activation of the frontal MMN source from individuals in the risk state of psychosis who did not develop manifest schizophrenia during the observation period. Due to the limited follow-up period of 3 years, only a very small number of transitions (n = 3) could be observed in the only BS group. The analysis of transition probability was therefore limited to those individuals who met UHR criteria. The logistic regression model showed that low activity at the frontal MMN source more than tripled the probability of transition in UHR subjects. Transferred to the average transition risk of 15 to 25% within 3 years (12), this could mean that individuals who are at risk for psychosis and additionally have low activity at the frontal MMN source might have a risk of about 45 up to over 75% of transition into manifest psychosis.

A limitation of the study is that localization of sources by EEG is imprecise. This may account for the different localization of frontal MMN source in various studies [e.g., middle frontal gyrus, left, right, or bilateral inferior frontal gyrus and anterior cingulum (50–52, 62, 63)]. However, this variability in the location of the frontal source could also stem from variations in the degree of attentional focus on the stimuli (59). A further limitation arises from the circumstance that some of the individuals in the at-risk state were already receiving antipsychotic medication. However, the average chlorpromazine equivalent was relatively low at 26.3 mg per day. Another limitation is the relatively low transition rate of 9.3 percent, which is still in line with other early recognition studies (12, 39).

The present study found significant changes only for duration deviant stimuli. This is in line with other studies which reported stronger MMN changes in individuals at risk for psychosis to duration deviant stimuli compared to frequency deviant stimuli (18, 64). A possible explanation could be that processing of duration changes requires more complex brain functions than processing of frequency changes, and more complex processes can already be affected by discrete brain dysfunctions as they are present in risk states for psychosis.



5. Conclusion

Consistent with the existing literature, the present study was able to confirm MMN alterations in individuals at risk for psychosis. Through analysis of the underlying source activity, these changes could be attributed primarily to the frontal MMN source. Alterations in the frontal components of MMN appear to be particularly relevant for predicting a transition to manifest schizophrenic disorder. Even if MMN is not suitable as a sole biomarker of psychosis, it may contribute additional information about the risk of transition in individuals fulfilling ultra-high risk (UHR) for psychosis.



Data availability statement

The datasets presented in this article are not readily available because they are not publicly available. Requests to access the datasets should be directed to the the corresponding author karsten.heekeren@uzh.ch.



Ethics statement

The study was reviewed and approved by the Ethics committee of the canton of Zurich (KEK-ZH-Nr. E-63/2009). Written informed consent was obtained from all participants and participants’ parents/legal guardians for their participation in this study.



Author contributions

TA, AT, SW, WR, WK, and KH designed the study and wrote the protocol. TA and FH collected the data. TA, MM, and KH analyzed the data. TA drafted the manuscript. TA, MM, AT, FH, ES, SW, WR, WK, and KH discussed the results and reviewed the manuscript, making critical revisions. All authors contributed to the article and approved the submitted version.



Funding

The Zurich Program for Sustainable Development of Mental Health Services (ZInEP) was supported by a private donation. The donor had no further role in the experimental design, collection, analysis, interpretation of data, writing, and submitting this paper for publication.



Acknowledgments

We thank the ZInEP team and the participants who enrolled in this study, without whom this work would not have been possible.



Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.



Publisher’s note

All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.



References

 1. Rössler,W, Vetter,S, Müller,M, Gallo,WT, Haker,H, Kawohl,W , et al. Risk factors at the low end of the psychosis continuum: much the same as at the upper end? Psychiatry Res. (2011) 189:77–81. doi: 10.1016/j.psychres.2011.02.019 

 2. Linscott,RJ, and van Os,J. An updated and conservative systematic review and meta-analysis of epidemiological evidence on psychotic experiences in children and adults: on the pathway from proneness to persistence to dimensional expression across mental disorders. Psychol Med. (2013) 43:1133–49. doi: 10.1017/S0033291712001626 

 3. van Os,J, and Reininghaus,U. Psychosis as a transdiagnostic and extended phenotype in the general population. World Psychiatry. (2016) 15:118–24. doi: 10.1002/wps.20310 

 4. Schultze-Lutter,F, Schimmelmann,BG, and Michel,C. Clinical high-risk of and conversion to psychosis in the community: a 3-year follow-up of a cohort study. Schizophr Res. (2021) 228:616–8. doi: 10.1016/j.schres.2020.11.032

 5. Rössler,W, Riecher-Rössler,A, Angst,J, Murray,R, Gamma,A, Eich,D , et al. Psychotic experiences in the general population: a twenty-year prospective community study. Schizophr Res. (2007) 92:1–14. doi: 10.1016/j.schres.2007.01.002 

 6. Rössler,W, Ajdacic-Gross,V, Haker,H, Rodgers,S, Müller,M, and Hengartner,MP. Subclinical psychosis syndromes in the general population: results from a large-scale epidemiological survey among residents of the canton of Zurich, Switzerland. Epidemiol Psichiatr Soc. (2015) 24:69–77. doi: 10.1017/S2045796013000681 

 7. Fusar-Poli,P, Bonoldi,I, Yung,AR, Borgwardt,S, Kempton,MJ, Valmaggia,L , et al. Predicting psychosis: meta-analysis of transition outcomes in individuals at high clinical risk. Arch Gen Psychiatry. (2012) 69:220–9. doi: 10.1001/archgenpsychiatry.2011.1472

 8. Ruhrmann,S, Schultze-Lutter,F, Salokangas,RK, Heinimaa,M, Linszen,D, Dingemans,P , et al. Prediction of psychosis in adolescents and young adults at high risk: results from the prospective European prediction of psychosis study. Arch Gen Psychiatry. (2010) 67:241–51. doi: 10.1001/archgenpsychiatry.2009.206 

 9. Schultze-Lutter,F, Debbané,M, Theodoridou,A, Wood,SJ, Raballo,A, Michel,C , et al. Revisiting the basic symptom concept: toward translating risk symptoms for psychosis into neurobiological targets. Front Psych. (2016) 7:9. doi: 10.3389/fpsyt.2016.00009 

 10. Schultze-Lutter,F, Michel,C, Schmidt,SJ, Schimmelmann,BG, Maric,NP, Salokangas,RK , et al. EPA guidance on the early detection of clinical high risk states of psychoses. Eur Psychiatry. (2015) 30:405–16. doi: 10.1016/j.eurpsy.2015.01.010 

 11. Fusar-Poli,P, Borgwardt,S, Bechdolf,A, Addington,J, Riecher-Rössler,A, Schultze-Lutter,F , et al. The psychosis high-risk state: a comprehensive state-of-the-art review. JAMA Psychiat. (2013) 70:107–20. doi: 10.1001/jamapsychiatry.2013.269 

 12. Salazar de Pablo,G, Radua,J, Pereira,J, Bonoldi,I, Arienti,V, Besana,F , et al. Probability of transition to psychosis in individuals at clinical high risk: an updated meta-analysis. JAMA. Psychiatry. (2021) 78:970–8. doi: 10.1001/jamapsychiatry.2021.0830 

 13. McGorry,PD. The recognition and optimal management of early psychosis: an evidence-based reform. World Psychiatry. (2002) 1:76–83.

 14. Rosburg,T, Kreitschmann-Andermahr,I, and Sauer,H. Mismatch negativity in schizophrenia research. An indicator of early processing disorders of acoustic information. Nervenarzt. (2004) 75:633–41. doi: 10.1007/s00115-003-1674-3 

 15. Sculthorpe,LD, Ouellet,DR, and Campbell,KB. MMN elicitation during natural sleep to violations of an auditory pattern. Brain Res. (2009) 1290:52–62. doi: 10.1016/j.brainres.2009.06.013

 16. Näätänen,R, Shiga,T, Asano,S, and Yabe,H. Mismatch negativity (MMN) deficiency: a break-through biomarker in predicting psychosis onset. Int J Psychophysiol. (2015) 95:338–44. doi: 10.1016/j.ijpsycho.2014.12.012 

 17. Murphy,JR, Rawdon,C, Kelleher,I, Twomey,D, Markey,PS, Cannon,M , et al. Reduced duration mismatch negativity in adolescents with psychotic symptoms: further evidence for mismatch negativity as a possible biomarker for vulnerability to psychosis. BMC Psychiatry. (2013) 13:45. doi: 10.1186/1471-244X-13-45 

 18. Bodatsch,M, Ruhrmann,S, Wagner,M, Müller,R, Schultze-Lutter,F, Frommann,I , et al. Prediction of psychosis by mismatch negativity. Biol Psychiatry. (2011) 69:959–66. doi: 10.1016/j.biopsych.2010.09.057

 19. Shaikh,M, Valmaggia,L, Broome,MR, Dutt,A, Lappin,J, Day,F , et al. Reduced mismatch negativity predates the onset of psychosis. Schizophr Res. (2012) 134:42–8. doi: 10.1016/j.schres.2011.09.022 

 20. Hamilton,HK, Roach,BJ, Bachman,PM, Belger,A, Carrión,RE, Duncan,E , et al. Mismatch negativity in response to auditory deviance and risk for future psychosis in youth at clinical high risk for psychosis. JAMA Psychiat. (2022) 79:780–9. doi: 10.1001/jamapsychiatry.2022.1417 

 21. Baldeweg,T, Klugman,A, Gruzelier,J, and Hirsch,SR. Mismatch negativity potentials and cognitive impairment in schizophrenia. Schizophr Res. (2004) 69:203–17. doi: 10.1016/j.schres.2003.09.009

 22. Wynn,JK, Sugar,C, Horan,WP, Kern,R, and Green,MF. Mismatch negativity, social cognition, and functioning in schizophrenia patients. Biol Psychiatry. (2010) 67:940–7. doi: 10.1016/j.biopsych.2009.11.024 

 23. Light,GA, Swerdlow,NR, Thomas,ML, Calkins,ME, Green,MF, Greenwood,TA , et al. Validation of mismatch negativity and P3a for use in multi-site studies of schizophrenia: characterization of demographic, clinical, cognitive, and functional correlates in COGS-2. Schizophr Res. (2015) 163:63–72. doi: 10.1016/j.schres.2014.09.042 

 24. Koshiyama,D, Kirihara,K, Tada,M, Nagai,T, Fujioka,M, Koike,S , et al. Association between mismatch negativity and global functioning is specific to duration deviance in early stages of psychosis. Schizophr Res. (2017) 195:378–84. doi: 10.1016/j.schres.2017.09.045 

 25. Donaldson,KR, Novak,KD, Foti,D, Marder,M, Perlman,G, Kotov,R , et al. Associations of mismatch negativity with psychotic symptoms and functioning transdiagnostically across psychotic disorders. J Abnorm Psychol. (2020) 129:570–80. doi: 10.1037/abn0000506 

 26. Nakajima,S, Higuchi,Y, Tateno,T, Sasabayashi,D, Mizukami,Y, Nishiyama,S , et al. Duration mismatch negativity predicts remission in first-episode schizophrenia patients. Front Psych. (2021) 12:777378. doi: 10.3389/fpsyt.2021.777378 

 27. Winkler,I, and Czigler,I. Evidence from auditory and visual event-related potential (ERP) studies of deviance detection (MMN and vMMN) linking predictive coding theories and perceptual object representations. Int J Psychophysiol. (2012) 83:132–43. doi: 10.1016/j.ijpsycho.2011.10.00 

 28. Döring,C, Müller,M, Hagenmuller,F, Ajdacic-Gross,V, Haker,H, Kawohl,W , et al. Mismatch negativity: alterations in adults from the general population who report subclinical psychotic symptoms. Eur Psychiatry. (2016) 34:9–16. doi: 10.1016/j.eurpsy.2016.01.001 

 29. Rentzsch,J, Shen,C, Jockers-Scherübl,MC, Gallinat,J, and Neuhaus,AH. Auditory mismatch negativity and repetition suppression deficits in schizophrenia explained by irregular computation of prediction error. PLoS One. (2015) 10:e0126775. doi: 10.1371/journal.pone.0126775 

 30. Lavoie,S, Jack,BN, Griffiths,O, Ando,A, Amminger,P, Couroupis,A , et al. Impaired mismatch negativity to frequency deviants in individuals at ultra-high risk for psychosis, and preliminary evidence for further impairment with transition to psychosis. Schizophr Res. (2018) 191:95–100. doi: 10.1016/j.schres.2017.11.005 

 31. Kim,M, Lee,TH, Yoon,YB, Lee,TY, and Kwon,JS. Predicting remission in subjects at clinical high risk for psychosis using mismatch negativity. Schizophr Bull. (2017) 44:575–83. doi: 10.1093/schbul/sbx102

 32. Theodoridou,A, Heekeren,K, Dvorsky,D, Metzler,S, Franscini,M, Haker,H , et al. Early recognition of high risk of bipolar disorder and psychosis: an overview of the ZInEP early recognition study. Front Public Health. (2014) 2:166. doi: 10.3389/fpubh.2014.00166 

 33. Gerstenberg,M, Theodoridou,A, Traber-Walker,N, Franscini,M, Wotruba,D, Metzler,S , et al. Adolescents and adults at clinical high-risk for psychosis: age-related differences in attenuated positive symptoms syndrome prevalence and entanglement with basic symptoms. Psychol Med. (2016) 46:1069–78. doi: 10.1017/S0033291715002627 

 34. Metzler,S, Dvorsky,D, Wyss,C, Müller,M, Traber-Walker,N, Walitza,S , et al. Neurocognitive profiles in help-seeking individuals: comparison of risk for psychosis and bipolar disorder criteria. Psychol Med. (2014) 44:3543–55. doi: 10.1017/S0033291714001007 

 35. Schultze-Lutter,F, Addington,J, Ruhrmann,S, and Klosterkötter,J. Schizophrenia proneness instrument, adult version (SPI-A). Rome: Giovanni Fioriti (2007).

 36. Schultze-Lutter,F, and Koch,E. Schizophrenia proneness instrument, child and youth version (SPI-CY). Rome: Giovanni Fioriti (2010).

 37. McGlashan,T, Walsh,B, Woods,S, Rosen,J, Hoffman,R, and Davidson,L. Structured interview for prodromal symptoms. New Haven: PRIME Research Clinic, Yale School of Medicine (2001).

 38. Klosterkötter,J, Schultze-Lutter,F, Bechdolf,A, and Ruhrmann,S. Prediction and prevention of schizophrenia: what has been achieved and where to go next? World Psychiatry. (2011) 10:165–74. doi: 10.1002/j.2051-5545.2011.tb00044.x 

 39. Hengartner,MP, Heekeren,K, Dvorsky,D, Walitza,S, Rössler,W, and Theodoridou,A. Checking the predictive accuracy of basic symptoms against ultra high-risk criteria and testing of a multivariable prediction model: evidence from a prospective three-year observational study of persons at clinical high-risk for psychosis. Eur Psychiatry. (2017) 45:27–35. doi: 10.1016/j.eurpsy.2017.05.026

 40. Sheehan,DV, Lecrubier,Y, Sheehan,KH, Amorim,P, Janavs,J, Weiller,E , et al. The mini-international neuropsychiatric interview (M.I.N.I.): the development and validation of a structured diagnostic psychiatric interview for DSM-IV and ICD-10. J Clin Psychiatry. (1998) 59:22–33.

 41. Duncan,CC, Barry,RJ, Connolly,JF, Fischer,C, Michie,PT, Näätänen,R , et al. Event-related potentials in clinical research: guidelines for eliciting, recording, and quantifying mismatch negativity, P300, and N400. Clin Neurophysiol. (2009) 120:1883–908. doi: 10.1016/j.clinph.2009.07.045 

 42. Hoechstetter,K, Berg,P, and Scherg,M. BESA research tutorial 3: Batch scripts, Multiple Subjects & Conditions, MATLAB-Interface. Gräfelfing, Germany: MEGIS Software GmbH (2010). 1–48.

 43. Näätänen,R. The mismatch negativity: a powerful tool for cognitive neuroscience. Ear Hear. (1995) 16:6–18. doi: 10.1097/00003446-199502000-00002

 44. Giard,MH, Perrin,F, Pernier,J, and Bouchet,P. Brain generators implicated in the processing of auditory stimulus deviance: a topographic event-related potential study. Psychophysiology. (1990) 27:627–40. doi: 10.1111/j.1469-8986.1990.tb03184.x 

 45. Atkinson,RJ, Michie,PT, and Schall,U. Duration mismatch negativity and P3a in first-episode psychosis and individuals at ultra-high risk of psychosis. Biol Psychiatry. (2012) 71:98–104. doi: 10.1016/j.biopsych.2011.08.023 

 46. Jahshan,C, Cadenhead,KS, Rissling,AJ, Kirihara,K, Braff,DL, and Light,GA. Automatic sensory information processing abnormalities across the illness course of schizophrenia. Psychol Med. (2012) 42:85–97. doi: 10.1017/S0033291711001061 

 47. Higuchi,Y, Seo,T, Miyanishi,T, Kawasaki,Y, Suzuki,M, and Sumiyoshi,T. Mismatch negativity and p3a/reorienting complex in subjects with schizophrenia or at-risk mental state. Front Behav Neurosci. (2014) 8:172. doi: 10.3389/fnbeh.2014.00172 

 48. Perez,VB, Woods,SW, Roach,BJ, Ford,JM, McGlashan,TH, Srihari,VH , et al. Automatic auditory processing deficits in schizophrenia and clinical high-risk patients: forecasting psychosis risk with mismatch negativity. Biol Psychiatry. (2014) 75:459–69. doi: 10.1016/j.biopsych.2013.07.038 

 49. Tateno,T, Higuchi,Y, Nakajima,S, Sasabayashi,D, Nakamura,M, Ueno,M , et al. Features of duration mismatch negativity around the onset of overt psychotic disorders: a longitudinal study. Cereb Cortex. (2021) 31:2416–24. doi: 10.1093/cercor/bhaa364 

 50. Deouell,LY, Bentin,S, and Giard,MH. Mismatch negativity in dichotic listening: evidence for interhemispheric differences and multiple generators. Psychophysiology. (1998) 35:355–65. doi: 10.1111/1469-8986.3540355 

 51. Rinne,T, Alho,K, Ilmoniemi,RJ, Virtanen,J, and Näätänen,R. Separate time behaviors of the temporal and frontal mismatch negativity sources. NeuroImage. (2000) 12:14–9. doi: 10.1006/nimg.2000.0591 

 52. Jemel,B, Achenbach,C, Müller,BW, Röpcke,B, and Oades,RD. Mismatch negativity results from bilateral asymmetric dipole sources in the frontal and temporal lobes. Brain Topogr. (2002) 15:13–27. doi: 10.1023/a:1019944805499

 53. Müller,BW, Jüptner,M, Jentzen,W, and Müller,SP. Cortical activation to auditory mismatch elicited by frequency deviant and complex novel sounds: a PET study. NeuroImage. (2002) 17:231–9. doi: 10.1006/nimg.2002.1176 

 54. Molholm,S, Martinez,A, Ritter,W, Javitt,DC, and Foxe,JJ. The neural circuitry of pre-attentive auditory change-detection: an fMRI study of pitch and duration mismatch negativity generators. Cereb Cortex. (2005) 15:545–51. doi: 10.1093/cercor/bhh155 

 55. Rinne,T, Kirjavainen,S, Salonen,O, Degerman,A, Kang,X, Woods,DL , et al. Distributed cortical networks for focused auditory attention and distraction. Neurosci Lett. (2007) 416:247–51. doi: 10.1016/j.neulet.2007.01.077 

 56. Deouell,LY. The frontal generator of the mismatch negativity revisited. J Psychophysiol. (2007) 21:188–203. doi: 10.1027/0269-8803.21.34.188

 57. Näätänen,R. The role of attention in auditory information processing as revealed by event-related potentials and other brain measures of cognitive function. Behav Brain Sci. (1990) 13:201–33. doi: 10.1017/S0140525X00078407

 58. Garrido,MI, Kilner,JM, Stephan,KE, and Friston,KJ. The mismatch negativity: a review of underlying mechanisms. Clin Neurophysiol. (2009) 120:453–63. doi: 10.1016/j.clinph.2008.11.029 

 59. Hedge,C, Stothart,G, Todd Jones,J, Rojas Frías,P, Magee,KL, and Brooks,JC. A frontal attention mechanism in the visual mismatch negativity. Behav Brain Res. (2015) 293:173–81. doi: 10.1016/j.bbr.2015.07.022 

 60. Jauhar,S, Johnstone,M, and McKenna,PJ. Schizophrenia. Lancet. (2022) 399:473–86. doi: 10.1016/S0140-6736(21)01730-X

 61. Snelleksz,M, Rossell,SL, Gibbons,A, Nithianantharajah,J, and Dean,B. Evidence that the frontal pole has a significant role in the pathophysiology of schizophrenia. Psychiatry Res. (2022) 317:114850. doi: 10.1016/j.psychres.2022.114850 

 62. Alho,K, Woods,DL, Algazi,A, Knight,RT, and Näätänen,R. Lesions of frontal cortex diminish the auditory mismatch negativity. Electroencephalogr Clin Neurophysiol. (1994) 91:353–62. doi: 10.1016/0013-4694(94)00173-1 

 63. Waberski,TD, Kreitschmann-Andermahr,I, Kawohl,W, Darvas,F, Ryang,Y, Rodewald,M , et al. Spatio-temporal source imaging reveals subcomponents of the human auditory mismatch negativity in the cingulum and right inferior temporal gyrus. Neurosci Lett. (2001) 308:107–10. doi: 10.1016/s0304-3940(01)01988-7 

 64. Koshiyama,D, Kirihara,K, Tada,M, Nagai,T, Koike,S, Suga,M , et al. Duration and frequency mismatch negativity shows no progressive reduction in early stages of psychosis. Schizophr Res. (2017) 190:32–8. doi: 10.1016/j.schres.2017.03.015



OPS/images/fpsyt-14-1130809-t003.jpg
n) RS3 (duration) GAF Basell

1. Sex 2. Age

Sex -

Age 0.086 -

RS1 duration ~0.085 —0.169% -

RS2 duration —0.141% ~0.108 0.407%%% -

RS3 duration ~0.130 -0073 02367 0.088 -

GAF baseline 0.001 0.100 -0.027 0.003 0.000 -

RS1, left temporal source; RS2, right temporal source; RS3, frontal source; GAR, global assessment of functioning (only available for subjects at risk). *p<0.05 and ##%p<0.001.





OPS/images/fpsyt-14-1130809-t004.jpg
Adj. OR (95%Cl)

Sex Male (n/%) 43 (57.3%) 8(66.7%) 149 (0.41-5.38) 1.35(0.25-7.34)
Age 1837452 20334600 155 (0.80-2.99) 2.97 (1.18-7.45)*
RS duration (invers coded) ~1662£7.55 —1334£492 1.80 (0.81-4.00) 145 (0.43-4.87)
RS2 duration (invers coded) —1438+7.87 —15.66.+9.20 0.87 (0.52-1.46) 0.53(025-1.13)
RS3 duration (invers coded) 8294468 ~5.21£289 3.12(1.08-9.07)* 5.34(1.16-24.60)*
GAF baseline 5269+ 11.93 53,64+ 1357 109 (0.53-2.26) 1.89 (0.77-4.64)
SIPS positive 1057 £3.48 12.23£3.69 1.79 (0.83-3.87) 3.21(1.09-9.41)*
SIPS negative 12884581 15174725 1.49 (0.78-2.85) 0.90 (0.38-2.10)

OR, odds ratio; 95%Cl, 95% confidence interval; GAF, general assessment of functioning; RS, regional source; SIPS, structured interview for prodromal syndromes; *p<0.05.






OPS/images/fpsyt-14-1130809-t001.jpg
Controls At-risk Group comparisons

CON All at-risk : UHR & BS CON vs. Across subgroups
(BS, UHR & at-risk overall value of p
BS, UHR) value of p
n 50 161 74 74 13
Gender male 27(540%) | 97(6025%)  46(6216%)  41(5541%) 10(76.92%) p=0.402
Age 2000£555 20704565 23112569 1891+4386 17154398 P<0.001 BS > UHR&BS**; UHR*
SIPS positive - 794£462 458+329 1086+ 3.68 1044 £ 268 - P<0.001° UHR&BS; UHR > BS***
SIPS negative - 1944613 10462595  1332£601 1246 £636 - =0.016" UHR&BS > BS*
GAF - SS6113.67 | 589241475 52011219 57.67%1051 - p=0.008" BS > UHR&BS***
CPZ-equivalent - 26291429 | 1003£3781 | 4718420612 0£0 - p=0227*
‘Transition F20 (/%) - 15(9.32%) 3(4.05%) 10 (1351%) 2(1538%) - p=0.104*

CON, control groups BS, only basic symptoms criteria; UHRS®S, fulfiling basic symptoms criteria and ultra-high-risk criteria; UHR, only ultra-high-risk criteria; SIPS, structured interview
for prodromal syndromes; GAF, global assessment of functioning; CPZ-equivalent, chlorpromazine equivalent; Transition F20, transition into manifest schizophrenia {(comp:
without CON), *(p <0.05) and ***(p <0.001).

isons were done






OPS/images/fpsyt-14-1130809-t002.jpg
Controls
CON

At-risk (sub groups)

UHR & BS

UHR

Group comparison

CON vs. all

Across subgroups (CON,
BS, UHR, UHR & BS)

Surface electrodes (4V mean+SD)

Fz ~132£056
5 —LI5£053
F4 ~129£0.63
Cz ~L16£051
c3 —1.03£0.40
et —L12£056

Sources (nAm mean £5D)
Left temporal (RS1) 1471 £8.51
Right temp. (RS2) 13.08 %554

Frontal (RS3) 13954717

All at risk BS
(BS, UHR,

UHR & BS)

—131£055 —119%051
—117£054 —1.09£0.49
—136£055 —125051
—105+047 —094+0.43
—097 £0.50 —087+0.43
—1.00+0.48 —0.89£0.48
16.11£7.45 1486 +7.48
1469 £7.35 1366 +6.38
834442 772416

—141£056

—125£0.58

—144£055

—L15£048

—108£0.55

—110£048

1696 £7.13

15744779

8804442

—140£064

~120£050

—144£076

—115£054

—090£052

—1.05£037

1833847

1456 9,51

9234565

Value of p
p=0920
Pp=0816
Pp=0491
p=0173
p=0441

p=0.130

p=0266
p=0156

p<0.001

overall value of p

022 BS > UHR & BS*

p=0052

=0.028 nosig. Post hoc

P<0.001 CON > BS*** CON >
BS & UHR*** CON > UHR*

CON, control group: BS, only basic symptoms criteria; UHRBS, fulfilling basic symptoms criteria and ultra-high-risk criteria; UHR, only ultra-high-risk criteria; RS, regional source;

*(p<0.05) and ***(p<0.001).





OPS/xhtml/Nav.xhtml




Contents





		Cover



		Mismatch negativity generation in subjects at risk for psychosis: source analysis is more sensitive than surface electrodes in risk prediction



		1. Introduction



		2. Methods



		2.1. Subjects and assessment



		2.2. EEG recording



		2.3. Data preprocessing and analysis



		2.4. Source analysis



		2.5. Statistical analysis









		3. Results



		3.1. Sample



		3.2. MMN surface amplitudes



		3.3. MMN source activity



		3.4. Transition versus no transition









		4. Discussion



		5. Conclusion



		Data availability statement



		Ethics statement



		Author contributions



		Funding



		Acknowledgments



		Conflict of interest



		Publisher’s note



		References



















OPS/images/fpsyt-14-1130809-g001.jpg
» Fz Duration

as
R ——.
as
05
'
o o 20 ) woms
w Fz Frequency
s
—HC —85 —UHR
1
as
os
'
0 o 00 xw w0 o ms
w F2 Intensity
s
—He —85 —UHR
o8
os
'






OPS/images/fpsyt-14-1130809-g002.jpg
nAm MMN Source activity
30

25 -

20

15

0 u
RS1 RS2 RS3

M no transition W transition

«





OPS/images/cover.jpg
’ frontiers | Frontiers in Psychiatry

Mismatch negativity generation in
subjects at risk for psychosis:
source analysis is more sensitive
than surface electrodes in risk
prediction












OPS/images/crossmark.jpg
(®) Check for updates







OPS/images/logo.jpg
’ frontiers ‘ Frontiers in Psychiatry






