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Abstract

Background: Mismatch negativity (MMN) and P3a are event-related potential measures of early
auditory information processing that are increasingly used as translational biomarkers in the
development of treatments for neuropsychiatric disorders. These responses are reduced in
schizophrenia patients over the frontocentral scalp electrodes and are associated with important
domains of cognitive and psychosocial functioning. While MMN and P3a responses are generated
by a dynamic network of cortical sources distributed across the temporal and frontal brain regions,
it is not clear how these sources independently contribute to MMN and P3a at the primary
frontocentral scalp electrode or to abnormalities observed in schizophrenia. This study aimed to
determine the independent source contributions and characterize the magnitude of impairment in
source-level MMN and P3a responses in schizophrenia patients.

Methods: A novel method was applied to back-project the contributions of 11 independent
cortical source components to Fz, the primary scalp sensor that is used in clinical studies, in n=589
schizophrenia patients and n=449 healthy comparison subjects.
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Results: The groups showed comparable individual source contributions underlying both MMN
and P3a responses at Fz. Source-level responses revealed an increasing magnitude of impairment
in schizophrenia patients from the temporal to more frontal sources.

Conclusions: Schizophrenia patients have a normal architecture of source contributions that are
accompanied by widespread abnormalities in source resolved mismatch and P3a responses, with
more prominent deficits detected from the frontal sources. Quantification of source contributions
and source-level responses accelerates clarification of the neural mechanisms underlying the
networks underlying MMN reduction at Fz in schizophrenia.

Keywords

independent component analysis; mismatch negativity; P3a; schizophrenia; source-level analysis;
translational biomarker

1. Introduction

Mismatch negativity (MMN) and P3a are event-related potential (ERP) measures of early
auditory information processing that are markedly reduced in schizophrenia patients and
robustly associated with cognitive and psychosocial functional impairment (Hochberger et
al., 2019a; Javitt et al., 1995; Kim et al., 2014; Koshiyama et al., 2017, 2018a, 2018b, 2020c;
Light and Braff, 2005a; Rasser et al., 2011; Salisbury et al., 2017; Thomas et al., 2017,
Umbricht and Krljes, 2005; Wynn et al., 2010). MMN is a negative-going peak in the
frontocentral scalp electrodes reflecting the differences in ERP responses to infrequent/
physically deviant vs. frequent/standard stimuli and reflects a largely automatic (Rissling et
al., 2013) and pre-attentive deviance detection process (Koshiyama et al., 2020a). MMN is
usually followed by the positive P3a component that is thought to index an automatic
orienting or covert shifting of attention toward infrequent novel or salient stimuli
(Koshiyama et al., 2020d; Squires et al., 1975).

MMN and P3a analogs are present in a variety of model animal systems, from rodents to
nonhuman primates, and are increasingly used to interrogate neural substrates in order to
promote bench-to-bedside clinical translation, particularly for evaluation of novel
compounds in discovery medicine (Farley et al., 2010; Featherstone et al., 2018; Fishman
and Steinschneider, 2012). Due to these potential applications, MMN and P3a are promising
and sensitive biomarkers of neural system engagement useful for predicting and monitoring
response to central nervous system (CNS) therapeutics (Braff and Light, 2004; Hochberger
et al., 2019a; Javitt et al., 2008; Lavoie et al., 2008; Light and Swerdlow, 2015; Perez et al.,
2017; Swerdlow et al., 2016).

Due to convenience, MMN and P3a are sometimes reported from only a single frontocentral
scalp sensor where responses tend to be largest in humans (e.g., Light et al., 2015; Thomas
etal., 2017; Lainscseck et al., 2019), even when multiple channels are recorded. While
MMN and P3a are sequentially elicited in the context of a passive auditory oddball paradigm
(Light and Braff, 2005a) and represent dissociable responses (Koshiyama et al., 2020b;
Rissling et al., 2012), they are generated by a dynamic and interactive network of cortical
sources distributed across multiple temporal and frontal brain regions. Previous studies have
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reported contributing sources of MMN and P3a in the auditory cortices such as the Heschl’s
gyrus and the superior temporal gyrus, the frontal cortex (i.e., the orbitofrontal and inferior
frontal cortices), and the anterior and middle cingulate gyri (Gaebler et al., 2015; Mathiak et
al., 2002; Miyanishi et al., 2013; Molholm et al., 2005; Oknina et al., 2005; Opitz et al.,
2002; Rissling et al., 2014; Schall et al., 2003; Takahashi et al., 2013; Yamasue et al., 2004;
Youn et al., 2003). Furthermore, a macro circuit involving multiple regions such as the
temporal and frontal gyri in a predictive coding framework was suggested (Corlett et al.,
2011; Garrido et al., 2008; MacLean and Ward, 2014; Phillips et al., 2015; Randeniya et al.,
2018; Sterzer et al., 2018; Tada et al., 2019). In this framework, the network of the auditory
cortex, the superior temporal cortex, and the inferior frontal cortex identified via dynamic
causal modeling was impaired in schizophrenia patients (Dima et al., 2012). Whereas our
recent connectivity-based analyses characterized the dynamic flow of information among
multiple highly interactive temporal and frontal brain sources (Koshiyama et al., 2020b), no
study has yet identified the independent source contributions to MMN and P3a measured at
the frontocentral electrode (Fz) or quantified source-level mismatch and P3a responses in
schizophrenia patients or healthy comparison subjects.

This study aimed to 1) identify and compare the independent source contributions to the
frontocentral MMN and P3a amplitude, and 2) characterize the magnitude of impairment of
source-resolved MMN and P3a responses in schizophrenia patients relative to healthy
comparison subjects using source-level electroencephalogram (EEG) data-driven approach.
We hypothesized that schizophrenia patients would have an abnormal mixture of source
contributions from the temporal and frontal regions (i.e., the superior temporal cortex, the
orbitofrontal cortex, and the anterior and middle cingulate cortices) to MMN and P3a
responses at Fz and that impairments in schizophrenia patients would be more prominent
among the frontal sources.

2. Methods and materials

2.1. Subjects

Participants consisted of an archival cohort of 589 schizophrenia patients and 449 healthy
comparison subjects. The mean age of patients (413 male/176 female) was 45.6 (standard
deviation (SD) 9.9; range 19-72) years old. The mean age of healthy comparison subjects
(217 male/232 female) was 43.6 (SD 12.8; range 18-85) years old. Of the 589 participants,
530 were stabilized on antipsychotic medications. Study inclusion/exclusion criteria and
detailed demographic characteristics are described in Koshiyama et al. (2020b) and
Supplementary Methods. Written informed consent was obtained from each subject. The
Institutional Review Board of University of California San Diego approved all experimental
procedures (071128, 071831, 170147).

2.2. Auditory Oddball Paradigm

MMN and P3a were evoked via a passive auditory oddball paradigm following our
established procedures (Light and Braff, 2005a, b). Subjects were presented with binaural
tones (1-kHz, 85-dB, with 1-ms rise/fall, stimulus onset asynchrony 500 ms) via inserted
earphones (Aearo Company Auditory Systems, Indianapolis, IN; Model 3A). During the
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approximately 20-min session, participants watched a silent cartoon video. Participants were
instructed to attend to the video as they might be asked to answer questions about it at the
end of the session. Standard (p = 0.90, 50-ms duration) and Deviant (p = 0.10, 100-ms
duration) tones were presented in a pseudorandom order with a minimum of 6 Standard
stimuli presented between each Deviant stimulus.

2.3. Electroencephalography recording and preprocessing

EEG data were continuously digitized at a rate of 500 Hz (nose reference, forehead ground)
using a 40-channel Neuroscan system (Neuroscan Laboratories, El Paso, Texas). The
electrode montage was based on standard positions in the International 10-5 electrode
system (Oostenveld and Praamstra, 2001) fitted to the Montreal Neurological Institute
(MNI) template head used in EEGLAB, including AFp10 and AFp9 as horizontal
electrooculogram (EOG) channels, Inferior and superior EOGs above and below the left eye
as vertical EOG channels, Fpl, Fp2, F7, F8, Fz, F3, F4, FC1, FC2, FC5, FC6, C3, Cz, C4,
CP1, CP2, CP5, CP6, P7, P3, Pz, P4, P8, T7, T8, TP9, TP10, FT9, FT10, PO9, PO10, O1,
02, and Iz. Electrode-to-skin impedance mediated by conductive gel was brought below 4
kQ. The system acquisition bandpass was 0.5-100 Hz. Offline, EEG data were imported to
EEGLAB 14.1.2 (Delorme and Makeig, 2004) running under Matlab 2017b (The
MathWorks, Natick, MA). The data were high-pass filtered (finite impulse response (FIR),
Hamming window, cutoff frequency 0.5 Hz, transition bandwidth 0.5). EEGLAB plugin
clean_rawdata() including Artifact Subspace Reconstruction (ASR) was applied to reduce
high-amplitude artifacts (Blum et al., 2019; Chang et al., 2018, 2020; Gabard-Durnam et al.,
2018; Kothe and Makeig, 2013; Mullen et al., 2015). The parameters used were: flat line
removal, 10 s; electrode correlation, 0.7; ASR, 20; window rejection, 0.5. The mean channel
rejection rate was 4.5 % (SD 3.0, range 0-15.8). The mean data rejection rate was 3.1% (SD
3.9, range 0-28.7). The rejected channels were interpolated using EEGLAB’s spline
interpolation function. Data were re-referenced to average. Adaptive mixture independent
component analysis (ICA; Bell and Sejnowski, 1995; Delorme et al., 2012) was applied to
the preprocessed scalp recording data to obtain temporally maximally independent
components. For the scalp topography of each independent component derived, the
equivalent current dipole was estimated using Fieldtrip functions (Oostenveld et al., 2011).
For scalp topographies more suitable for symmetrical bilateral dipoles, two symmetrical
dipoles were estimated (Piazza et al., 2016). To select brain independent components (ICs)
among all types of ICs, EEGLAB plugin /CLabel() was used (Pion-Tonachini et al., 2019).
The inclusion criteria were 1) ‘brain’ label probability > 0.8 and 2) residual variance i.e.,
var((actual scalp topography) — (theoretical scalp projection from the fitted dipole))/
var(actual scalp topography) < 0.10. A total of 11096 ICs was preselected as representative
brain I1Cs (mean 10.7 ICs per individual, SD 4.1, range 1-37). The data was epoched from
-100 to 500 ms relative to stimulus onset. The mean number of standard stimuli was 2462
(SD 484, range 1546-5398), and that for the deviant condition was 266 (SD 52, range 156—
538).

For group-level analysis, k-means clustering was applied to the matrix of 11096 x 3
dimensions that is number of ICs times X, y, z coordinates of the estimated location of
equivalent current dipoles. When two laterally symmetrical dipoles were estimated, one of
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the sides that showed a larger dipole moment was selected. To determine optimal number of
clusters, the silhouette algorithm was used and resulted in the identification of 11
independent source-clusters (Rousseeuw, 1987).

2.4. Calculating MMN and P3a at Fz and each source cluster

ERP amplitudes were quantified for the combination of each cluster (plus the scalp electrode
at Fz referenced to average potential), group, and condition. The signal recorded at Fz was
reconstructed by back-projecting the pre-selected brain ICs; contributions by non-brain
components were excluded. The obtained ERPs of the standard tone condition were
subtracted from those of the deviant tone condition to obtain the difference amplitudes (i.e.,
MMN and P3a amplitudes). For each IC, the mean amplitude from 135 ms to 205 ms was
averaged to obtain MMN amplitude, and that from 250 ms to 300 ms was averaged to obtain
P3a amplitude. The difference amplitudes were averaged across all ICs that belong to the
same combination of cluster/electrode and group to obtain their representative values.

2.5. Quantifying independent source contribution to MMN and P3a at Fz

Most approaches to identifying sources of ERP signals rely upon the full scalp topography
of EEG responses and apply the inverse solution. These frameworks and their resulting
source-level responses, however, yield “super-additive” components that account for more
than 100% of the variance due to some overlap. Using the framework of ICA, we applied a
novel method that benefits from the wealth of information contained in the whole EEG data
including the full scalp topography, and characterized the independent source contributions
to the commonly studied frontocentral electrode Fz. In this framework, no super-additivity is
observed; potentials at scalp electrodes are expressed as a sum of contributions from all
independent component (IC) sources that survived the abovementioned pre-selection as

WX =Y, 0]

I'xT

where X = [x1(2), xo(t), -, xI(t)]T eR represents scalp-electrode signals, which is in the

current case ERP difference waves from deviance minus standard by the definition of MMN

and P3a, W = (w; ;)' </ =7 e R %/ represents an unmixing matrix estimated by ICA (in
1<i<I

EEGLAB, EEG.icaweights*EEG.icasphere; EEG.icaweights refers to the mixing matrix
obtained by ICA (dimension: ICs x data rank); EEG.icasphere refers to the sphering matrix
that is applied to multivariate scalp-electrode data as a preprocessing for ICA (dimension:

IRJ><T

electrodes x data rank)), and Y = [y1(®), y2(®), -+, ¥ J(z)]T € represents ICA-decomposed

source activations (in EEGLAB, EEG.icaact; EEG.icaact refers to the IC time activation
(dimension: ICs x data points)). Here, /is the number of electrodes, Jis the number of ICs,
and 7'is the number of sampling points. In this study, /was 40, and 7 was set to 151 so as to
cover from —100 ms to 500 ms at a sampling rate of 250 Hz relative to the onset of each
stimulus. The theoretical maximum number of ICs Jis equal to or less than the number of
the scalp electrodes (i.e., J< /) and may differ from subject to subject because of the artifact
IC rejection performed using /CLabel(). The scalp activities may be reconstructed by back-
projecting all the IC source activities as
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X =w'y, @)

where W+ = (w;t))! <7< e R/ is the pseudoinverse of W.
1<j<T

The time window of interest in the current study was divided into two windows for MMN
(60 < t< 77) and P3a (89 < < 101), which correspond to 135-205 ms and 250-300 ms
relative to the onset of each stimulus, respectively.

We are interested in obtaining the ratio of root-mean-square (RMS) values of the scalp ERP
reconstructed from each IC activation across Jback-projected IC-ERPs at one of the scalp
electrodes (i.e., Fz) during the time-window of MMN and P3a. The j-th IC source ERP
back-projected to the ~th electrode is written as

i, () = wity,@). ©)

The RMS value of &; ;(r) for the time window of interest, written as RMS; j, is calculated as

RMS; ; = \/:2 ; S o) (4)

where the two time windows of interests were [#; 5] = [60 77] for MMN and [¢; £J] = [89
101] for P3a. Within-subject normalized RMS-contribution of the j~th IC to /th electrode
RMS; ; was calculated as

RMS;

RMS, ;= ——— b
BiT 7 _RMS; ,

®)

Thus, each IC source’s contribution to one of the scalp electrodes is represented as a
percentage and Y7 |RMS,; ;= 1.

The within-subject percentage-normalized RMS values were calculated for all ICs, then
gathered at the group-level analysis. The collected RMS ratios RMS defined by eq.(5) from
all the subjects were sub-grouped into 11 clusters along with the ICs. Let Cj;, be the label of
mrth clusters, J,, be the number of ICs in m7+th cluster, and M be the number of clusters (i.e.,

M=11and ZmM= 1Jm = 11096 in this study), cluster-mean of RMS in m-th cluster RMS,,
was calculated as

—_— 1 —
RMS,, = j_mzR—MS c ¢, RMS. ©)

RMS,,, was further normalized across clusters into percentage as
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RMS,,

RMS, = ——2
" ZIM:IRMSI

O]
Thus, each IC cluster’s contribution to ~th electrode was expressed as a re-normalized
percentage and ZmM= |RMS,,, = 1. This RMS,, was calculated for each group separately for

statistical testing.

Finally, the cluster-wise contribution to a single electrode was calculated. Let x}") e R’ be

the r+th subject’s scalp-recording at /th electrode and x‘f"]) € RT be the r+th subject’s A-th IC
source ERP back-projected to the /th electrode, the relation between them is such that from
ICA’s property,

N J

N
PP VI IE ®)

n=1j=1 n=1
where Nrepresents the number of subjects for each group (i.e., 449 and 589 for healthy
comparison subjects and patients, respectively). For each of m-th cluster C,, there were J,,
ICs and 7T, back-projected IC-source ERPs i’f”) from A subjects. This cluster’s average ERP

projection to a single electrode Z; ,, € R” is calculated as

1 ~
Zim= 7. 355"3 c mez(‘,nj)‘- ©

This Z; ,, was calculated for each IC cluster and each group separately. It represents a single
IC cluster’s mean root-mean-squared ERP contribution ratio to a single electrode. The
relation between Z; ,, and signal-channel ERPs is such that

M 1 N )
D1 Zim = 2 5 (10)

IR

The left-hand side and the right-hand side do not match because averaging on k“f”j)

an effect of additional weighting from the group-level analysis so that it violates the within-
subject linear-sum assumption between IC sources and scalp electrodes. In this study, /=9
to refer to Fz. Subsequently, statistical tests were performed between the groups for each of
the 11 clusters.

c C,, has

2.6. Statistical analysis

Two-sample £tests were used to compare groups (healthy comparison subjects and
schizophrenia patients) on measures of MMN and P3a at Fz, MMN and P3a in the estimated
source components of scalp Fz, and the root-mean-squared ERP contribution ratio (%) to the
electrode of the Fz in the source components. Cohen’s d'was used to assess effect sizes.
Statistical significance was set at p < 0.05 adjusted to false discovery rate with 2 responses
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for MMN and P3a amplitude (uV) at Fz, and set at p < 0.05 adjusted to false discovery rate

with 2 responses x 11 source locations for MMN and P3a amplitude (uV) at source locations

as well as for the contribution rate (%) of MMN and P3a to those at Fz.

3. Results

3.1. MMN and P3a at scalp Fz

ERP elicited by standard stimuli and ERP by deviant stimuli at Fz in healthy comparison
subjects and schizophrenia patients are shown in Figure 1. Both MMN (d=-0.55, p=1.1 x
10718) and P3a (d= 0.61, p= 2.0 x 10722) amplitude at Fz were significantly reduced in
schizophrenia patients relative to healthy comparison subjects (Table 1, Figure 2). MMN and
P3a amplitudes reflect back-projected surface potential estimates at Fz using an average
reference.

3.2. MMN and P3a at source components of scalp Fz

The coordinates of the 11 contributing IC clusters are shown in Supplementary Table 1. ERP
elicited by standard stimuli and ERP by deviant stimuli in each source component in healthy
comparison subjects and schizophrenia patients are reported in Supplementary Figure 1 and
Supplementary Figure 2. Source component amplitudes of MMN at scalp Fz were
significantly reduced in the right inferior temporal gyrus (¢=-0.21, p = 0.016), left middle
temporal gyrus (¢= —0.30, p= 1.7 x 107°), left superior temporal gyrus (¢= -0.26, p=
0.001), right precentral gyrus (¢=-0.15, p=0.012), middle cingulate gyrus (d=-0.35, p=
4.8 x 1077), orbitofrontal cortex (d= -0.36, p= 3.0 x 1079) and anterior cingulate gyrus (d=
-0.52, p= 2.5 x 10712) in schizophrenia patients relative to healthy comparison subjects
(Table 1, Figure 2). Source component amplitudes of P3a at scalp Fz were additionally
reduced in the right primary visual cortex (d= 0.46, p= 5.4 x 10713) and the left middle
temporal gyrus (¢= 0.24, p= 4.6 x 10~4), posterior cingulate gyrus (¢= 0.16, p = 0.003),
middle cingulate gyrus (¢= 0.31, p= 6.1 x 1075), orbitofrontal cortex (¢=0.24, p= 8.8 x
1075) and anterior cingulate gyrus (¢= 0.47, p= 2.1 x 10710) in schizophrenia patients
relative to healthy comparison subjects. (Table 1, Figure 2). A sum of these 11 MMN and
P3a source components is equivalent to MMN and P3a at Fz in each group.

3.3. Contribution weight of source components to scalp Fz

Contribution rates of source components to MMN and P3a at scalp Fz are shown in Table 2
and Figure 3. While the contribution weight of MMN source components was not
significantly different between groups, schizophrenia patients showed a slightly reduced
contribution weight of the middle cingulate gyrus to P3a response (9.3 % vs. 11.9%; p=5.0
x 1074).

4. Discussion

This study applied a novel method of independent source deconstruction to the widely
studied MMN and P3a responses in schizophrenia patients and healthy subjects. While we
anticipated that patients would show abnormal source contribution weight to the
frontocentral scalp responses, the groups showed nearly identical contribution weight of
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each source; only the middle cingulate cortex contribution ratio to the P3a response was
slightly reduced in schizophrenia patients relative to healthy comparison subjects (i.e., 9.3 %
vs. 11.9 %). While this data did not generally support our hypothesis of an abnormal mix of
the source contribution weight to scalp MMN and P3a impairments in schizophrenia, they
nevertheless add to a more comprehensive understanding of signal processing in health and
illness. It is interesting to note that the middle cingulate cortex demonstrated slightly
reduced contribution weight to P3a in schizophrenia patients relative to healthy comparison
subjects. The middle cingulate cortex is known to be involved in social cognition in healthy
non-psychiatric adults (Blakemore, 2008); we speculate that the middle cingulate
contributions in the processing of sensory information may be associated with social
cognition impairment in schizophrenia patients.

Whereas neural responses to auditory sensory stimuli are generated by the temporal sources,
primary contribution weight to MMN and P3a at Fz calculated from duration deviant-minus-
standard difference waves was located in the orbitofrontal cortex and the anterior cingulate
gyrus in both groups, consistent with other source-imaging methods (e.g., eLORETA,;
Takahashi et al., 2013). The back-projection quantification of source-level ERP amplitudes
computed via this method revealed that ERP amplitude reduction in schizophrenia is
distributed over across multiple brain regions, with more marked impairments evident from
the frontal regions. Specifically, source-resolved MMN amplitude deficits were detected in
the temporofrontal cortices and the precentral gyrus; P3a was significantly reduced in the
temporofrontal cortices as well as near the primary visual cortex and posterior cingulate
gyrus in schizophrenia.

In the perspective of the predictive coding framework, the temporofrontal regions are
presumed to play an important role (Garrido et al., 2008; Phillips et al., 2015). Koshiyama et
al. (2020a) showed selective impairments in deviance detection but no impairment in
adaptation to repeated tones in schizophrenia patients. A prior electrocorticographic study
reported a source location of adaptation at the superior temporal cortex and that of deviance
detection both at the temporal and prefrontal cortices (Ishishita et al., 2019). Thus,
adaptation to repeated tones may be processed at the temporal region, with the frontal
regions involved in prediction errors. Future source-level studies are needed to deconstruct
sensory adaptation, deviance detection, and prediction error processes.

The methodologic approach for quantifying source contributions as well as source-level
responses to EEG recordings presented in this report represents a promising advance for
precise biomarker development. In order to quantify the contribution of ICs at the individual
subject level, RMS values within the time windows of interest were calculated. The purpose
of this approach was to obtain non-negative measures that have clear physical meaning;
amplitude in alternative current (AC) is converted to that of direct current (DC). Attempts to
quantify contributions of IC sources to scalp electrodes have largely been conducted by
calculating percent variance accounted for (PVAF) across scalp electrodes (Lee et al., 2015;
Rissling et al., 2014). However, the calculation of PVAF uses variance across all scalp
electrodes for each time frame, which is not applicable to single scalp electrode analysis.
Moreover, averaging the variance across time tends to make this metric’s behavior
unpredictable; for example, PVAF could yield negative values, which does not make
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intuitive sense (Koshiyama et al., 2020b). Therefore, PVAF has a limitation—decomposed
ERPs are signed signals (in pV); hence they cancel each other in the process of mixing. This
makes the metric of PVAF super-additive due to triangular inequity (i.e., a2+b? > (a+b)?),
and the underlying signal cancellation makes it difficult to interpret the results (Lee et al.,
2015). Compared with this approach, the calculating RMS has an advantage over the
method, thanks to non-negativity. The simple additive nature of this metric makes it suitable
to be normalized into a percentage to emphasize the relative ratio of contributions in contrast
with other contributing sources. The clear physical meaning of RMS also provides an
intuitive understanding of the meaning of the metric.

4.1. Limitations

Findings from this study should be considered in the context of several limitations. First, this
was a cross-sectional cohort study of a heterogeneous sample of patients in whom
medications were not experimentally controlled. Second, patients with schizophrenia were
relatively chronic in this study. As such, results may not generalize to individuals with early
psychasis or at risk for psychosis. Even in chronic patients, there was no qualitative
difference in the neuronal generator pattern between patients and healthy subjects; they may
have similar generator patterns relative to healthy subjects. Third, we employed only 40
channels for source-level analyses. As discussed previously (Hochberger et al., 2019b;
Hochberger et al., 2020; Lainscsek et al., 2019), 64 channels are preferred for the application
of modem signal processing techniques in order to remove artifacts and thereby improve the
signal to noise ratios for both scalp- and source-level responses, even if only a single scalp
channel is of primary interest (Thomas et al., 2017). The limited EEG montage has the
potential to be a reason for similar source configurations between groups. Moreover, the use
of higher density arrays will allow for a more precise decomposition of sources as well as
source-level responses. Since the present results represent a back projection of Fz rather than
a complete decomposition of scalp topography, findings do not readily allow for a direct
comparison with other methods (e.g., eLORETA). Nonetheless, the primary independent
sources identified here have also been consistently observed via a variety of techniques.
Fourth, source analyses were conducted across a full 1-500 ms auditory deviance response
complex; the results of estimated source locations may contain contributions from MMN,
P3a, reorienting negativity (RON), and perhaps N100. During the period of 500 ms when the
ERP component appears, it is probable that some dominant current sources appear,
disappear, and move temporally. Therefore, we could not discuss the difference of source
locations between MMN and P3a in this study. Fifth, our findings using the duration deviant
paradigm may not fully generalize to MMN elicited by other types of deviants (i.e.,
frequency deviants). Previous studies reported that MMN elicited by duration deviants (but
not frequency deviants) could be a biological predictor of future psychosis onset in
individuals with clinical high-risk, which may be used for early detection and intervention of
psychosis (Bodatsch et al., 2015; Tateno et al., 2020). Further investigation focusing on the
difference between deviant types may provide fruitful findings. Sixth, although visual
processing areas only provided 5-6 % contribution weight to the frontocentral scalp
response, this contribution was not expected in the context of a passive auditory oddball
task. In a broader context, the occipital region with the primary visual cortex (V1) was
known as the major area of abnormalities in studies of visual processing in schizophrenia
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(Butler et al., 2001; Martinez et al., 2008). Morita et al. (2019) demonstrated the association
between eye movement impairments and the reduced gray matter cortical thickness in
schizophrenia patients in the lateral occipital cortex. Although speculative, patients with
schizophrenia may show simultaneous impairments of various perception-related brain
regions (i.e., auditory and visual processing), which may ultimately contribute to aberrant
salience (i.e., hallucinations and delusions). Lastly, the magnitude of MMN and P3a
impairments measured at Fz (absolute values of = 0.55-0.61) was smaller than that shown
in previous studies (~d= 1.0; Umbricht and Krljes, 2005). It is possible that the more
rigorous data preprocessing approach of pruning potential artifactual independent
components at the level of individual subjects and groups necessary for the source analysis
may have attenuated Fz effect sizes.

4.2. Conclusion

This study showed independent source deconstruction of MMN and P3a amplitude in
schizophrenia patients and healthy comparison subjects. Despite marked reductions in the
frontocentral scalp and source-level responses, patients with schizophrenia provide
comparable source contributions to MMN and P3a responses at the primary Fz electrode.
The largest contributors to responses at Fz are located in the orbitofrontal and the anterior
cingulate gyrus in both groups. Results fill in the knowledge gap between previous MMN
studies measured at Fz and those from source-level studies of MMN and accelerate
clarification of the neural mechanisms underlying the networks underlying MMN reduction
at Fz in schizophrenia patients.
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Highlights

. Mismatch negativity and P3a are reduced in schizophrenia at a scalp electrode
of Fz.

. It is unclear how cortical sources contribute to MMN and P3a responses at Fz.

. Contributions of 11 cortical source components were back projected to Fz.

. Schizophrenia patients and controls showed comparable source contributions
to Fz.

. Patients showed reduced source-level responses quantified from frontal
sources.
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Figure 1.

Event-related potentials at scalp Fz.

Legend: Orange color shadow indicates the time window of mismatch negativity (135-205
ms), and green color indicates that of P3a (250-300 ms). Mismatch negativity and P3a
amplitude reflect back-projected surface potential estimates at Fz using an average
reference.
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Figure 2.
Source components whose sum is equivalent to mismatch negativity and P3a at scalp Fz in
each group

Legend: Orange color shadow indicates the time window of mismatch negativity (135-205
ms), and green color indicates that of P3a (250-300 ms). Asterisks indicate statistical
significance of p < 0.05 adjusted to false discovery rate with 2 responses for MMN and P3a
amplitude (uV) at Fz, and p < 0.05 adjusted to false discovery rate with 2 responses x 11
source locations for MMN and P3a amplitude (V) at source locations. Mismatch negativity
and P3a amplitude reflect back-projected surface potential estimates at Fz using an average
reference.
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Mismatch negativity

P3a

Name of source
Mean (SD) vs Mean (SD) %
HCS vs SZ

Figure 3.
Contribution rates (%) of source components to mismatch negativity (MMN) and P3a at

scalp Fz

Legend: The asterisk and red sphere indicate statistical significance of p < 0.05 adjusted to
false discovery rate with 2 responses x 11 source locations.

Abbreviations: HCS, healthy comparison subjects; L, left; R, right; SD, standard deviation;
SZ, schizophrenia.
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Difference of contribution rate (%) of event-related potentials in each region to those at Fz between healthy
comparison subjects and schizophrenia patients

Healthy comparison subjects

Schizophrenia patients

Mean SD Mean SD ‘ P
MMN
Inferior temporal R 10.3 10.1 9.7 9.0 393.4 1.07 0.273
Middle temporal R 7.0 8.0 8.2 8.5 887.6 -1.76 0.072
Primary visual R 47 7.2 5.0 5.6 9395 -041 0.683
Middle temporal L 5.7 6.0 5.7 5.8 828.2 0.44 0.650
Superior temporal L 7.2 8.0 7.7 7.8 598.9 -0.57 0.588
Posterior cingulate 49 7.6 5.8 7.2 12145 -1.90 0.062
Postcentral L 5.3 4.8 54 5.2 1197.4  0.08 0.934
Precentral R 6.9 7.2 7.3 8.5 1260.0 -0.44 0.660
Middle cingulate 9.3 11.9 7.7 8.9 725.7 2.67 0.005
Orbitofrontal 20.3 16.5 20.8 17.2 1112.4 0.003 0.984
Anterior cingulate 18.3 16.9 16.8 16.4 754.6 1.72 0.085
P3a
Inferior temporal R 8.9 9.6 8.2 8.0 369.7 1.10 0.264
Middle temporal R 6.0 7.1 7.2 7.7 895.3 -2.09 0.042
Primary visual R 6.2 8.6 5.6 7.0 959.8 1.49 0.135
Middle temporal L 4.6 4.7 5.2 6.0 887.9 -161 0.114
Superior temporal L 6.3 7.9 7.2 7.8 609.5 -1.47 0.161
Posterior cingulate 54 7.9 6.1 7.9 12536 -1.35 0.187
Postcentral L 4.9 4.8 5.4 5.4 12173 -1.32 0.191
Precentral R 6.6 7.3 7.2 8.8 1263.2 -1.07 0.293
Middle cingulate 11.9 14.0 9.3 10.6 7334 342 50x107%*
Orbitofrontal 18.3 16.3 194 16.1 1082.1 -0.77 0.446
Anterior cingulate 21.0 18.5 19.2 17.7 749.2 1.76 0.077

Legend: Asterisks and bold indicate statistical significance of p < 0.05 adjusted to false discovery rate with 2 responses x 11 source locations.

Abbreviation: L, left; R, right; SD, standard deviation.
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