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Background: Pitch and duration mismatch negativity 
(pMMN/dMMN) are related to left Heschl’s gyrus gray 
matter volumes in first-episode schizophrenia (FESz). 
Previous methods were unable to delineate functional 
subregions within and outside Heschl’s gyrus. The Human 
Connectome Project multimodal parcellation (HCP-
MMP) atlas overcomes this limitation by parcellating 
these functional subregions. Further, MMN has generators 
in inferior frontal cortex, and therefore, may be associated 
with inferior frontal cortex pathology. With the novel use 
of the HCP-MMP to precisely parcellate auditory and in-
ferior frontal cortex, we investigated relationships between 
gray matter and pMMN and dMMN in FESz. Methods: 
pMMN and dMMN were measured at Fz from 27 FESz 
and 27 matched healthy controls. T1-weighted MRI 
scans were acquired. The HCP-MMP atlas was ap-
plied to individuals, and gray matter volumes were cal-
culated for bilateral auditory and inferior frontal cortex 
parcels and correlated with MMN. FDR correction was 
used for multiple comparisons.  Results: In FESz only, 
pMMN was negatively correlated with left medial belt in 
auditory cortex and area 47L in inferior frontal cortex. 
Duration MMN negatively correlated with the following 
auditory parcels: left medial belt, lateral belt, parabelt, 
TA2, and right A5. Further, dMMN was associated with 
left area 47L, right area 44, and right area 47L in infe-
rior frontal cortex. Conclusions: The novel approach re-
vealed overlapping and distinct gray matter associations 
for pMMN and dMMN in auditory and inferior frontal 
cortex in FESz. Thus, pMMN and dMMN may serve as 
biomarkers of underlying pathological deficits in both sim-
ilar and slightly different cortical areas.

Key words:  gray matter volume/auditory cortex/inferior 
frontal cortex/mismatch negativity/first-episode 
schizophrenia

Introduction

The mismatch negativity (MMN) is an event-related 
potential (ERP) typically measured with electroenceph-
alography (EEG) that has been extensively studied in 
schizophrenia.1,2 MMN is a response elicited by changes 
in stimuli and is commonly studied in the auditory do-
main where frequent standard tones are presented along 
with infrequent tones that differ in some feature (pitch, 
duration, loudness, etc…). The MMN is calculated as the 
difference between the ERP waveform to the standard 
tones and the ERP waveform to the deviant tones. MMN 
to both pitch and duration deviant tones is robustly 
and reliably reduced in chronic schizophrenia.3 MMN 
is much less reduced at first psychosis.1,4,5 Metanalysis 
suggests that MMN to duration deviants may be slightly 
reduced at first episode, while MMN to pitch deviants 
is not consistently reduced at first-episode.6 When the 
MMN is followed longitudinally in first-hospitalized 
schizophrenia patients, their MMN amplitude decreases 
within the first 2 years of the disorder.7 Therefore, while 
MMN may not be reduced at first episode, it progres-
sively declines during the early disease course.

Schizophrenia is associated with gray matter deficits 
that are present early in the disorder and progressively 
decline in the first few years of the disease course.8,9 Areas 
that are particularly impacted early are the frontal and 
temporal lobes.10–13 Gray matter volumes are related to 
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MMN in chronic schizophrenia,14 and during the early 
course of schizophrenia, the longitudinal decline of 
pitch MMN is associated with a decline in left Heschl’s 
gyrus gray matter.7 A  recent study found that both 
pMMN and dMMN are associated with left hemisphere 
Heschl’s gyrus gray matter in individuals with schiz-
ophrenia within 2  months of their first clinical contact 
for psychosis.15 This suggests that very early in the dis-
order, the MMNs to pitch and duration deviants are as-
sociated with pathological deficits in left auditory cortex. 
However, Heschl’s gyrus is a strictly anatomical region 
that contains primary auditory cortex and portions of 
the medial and lateral belt regions,16 while excluding 
other important auditory areas, such as parabelt. Thus, 
it is unable to differentiate between the specific auditory 
areas’ gray matter contributions to the MMN decline in 
early schizophrenia.

Pitch MMN and dMMN have slightly different neural 
generators.17,18 Animal depth recordings, human intracra-
nial recordings, and localization of human-scalp-recorded 
EEG and magnetoencephalography (MEG) MMN dem-
onstrate that the primary generator for MMN is within 
primary and secondary auditory cortex.18–26 However, 
MMN generated by pitch/frequency deviants have a 
more anterior auditory source compared to the MMN 
generated by duration deviants.27–30 Similarly, functional 
MRI reveals that BOLD activity increases to pitch MMN 
in a more anterior location in auditory cortex, while ac-
tivity from dMMN is located more posterior and in sec-
ondary auditory cortex.31 Further, the generation of the 
MMN also involves a source in bilateral inferior frontal 
cortex, with a stronger contribution from the right hem-
isphere.32–34 This source is difficult to detect with MEG, 
indicating its source may be oriented radial to the surface 
of the scalp, such as on a sulcal wall.34 Dynamic causal 
modeling suggests this inferior frontal source is hierar-
chically organized with auditory cortex in generating the 
MMN.35–37 Therefore, pitch and duration MMN are likely 
generated in slightly different auditory areas with addi-
tional contributions from an inferior frontal source.

The current study is a critical improvement on the 
previous MMN-HG study15 with a new, advanced anal-
ysis technique that differentiates gray matter volumes 
within A1 and surrounding belt regions. We overcame 
the previous sulcal-gyral limitation by applying the quasi-
functional Human Connectome Project Multimodal 
Parcellation (HCP-MMP) atlas. This parcellation defined 
cortical regions by both functional and structural in-
formation, resulting in a delineation of primary auditory 
cortex (A1) and surrounding auditory belt regions.38 Due 
to our previous studies demonstrating that both pMMN 
and dMMN were associated with gray matter volume 
in left Heschl’s gyrus in FESz, we used the HCP-MMP 
atlas to more precisely parcellate Heschl’s gyrus and sur-
rounding auditory cortex into functionally meaningful 
regions. We assessed correlations between gray matter 

volume and pMMN/dMMN within these regions to in-
vestigate if  the pathological association between these 
biological measures would follow the same anterior-
posterior pattern seen in putative auditory generators 
of pMMN/dMMN. In addition, this study extends the 
regions of interest to include the inferior frontal cortex 
to investigate if  pMMN and dMMN are also associated 
with gray matter in the frontal source location of the 
MMN in FESz.

Methods

Participants

This study included the same participants reported in 
Salisbury and colleagues15 and as a subset of  participants 
in Murphy and colleagues39, 27 FESz individuals (par-
anoid: n  =  9; undifferentiated: n  =  3; residual: n  =  2; 
schizoaffective: n  =  5; schizophreniform: n  =  2; psy-
chotic disorder NOS: n = 6) and 27 healthy controls. All 
FESz participated within their first episode of  psychosis 
and had less than 2  months of  lifetime antipsychotic 
medication exposure. Ten FESz were unmedicated. All 
participants had normal hearing as assessed by audiom-
etry. None of  the participants had a history of  concus-
sion or head injury with sequelae, history of  alcohol or 
drug addiction, detox in the last 5 years, or neurological 
comorbidity. Groups were matched for age, gender, pa-
rental social economic status, and premorbid IQ, meas-
ured by the Wechsler Abbreviated Scale of  Intelligence 
(WASI) (table  1). The work described was carried out 

Table 1. Demographic, Neuropsychological, and Clinical 
Information (Previously Reported in Salisbury et al15)

FESz HC t/X2 P Cohen’s d

Age 22.6 (5.1) 21.1 (3.0) 1.36 .18 0.36
Gender (M/F) 19/8 18/9 0.09 .77  
SES 31.9 (13.2) 33.7 (13.6) −0.51 .61 0.13
Parental SES 43.1 (12.6) 47.5 (13.5) −1.21 .23 0.34
WASI 110.4 (14.5) 108.0 (10.7) 0.71 .48 0.19
MATRICS 42.5 (13.3) 47.2 (8.2) −1.54 .13 0.43
PANSS Total 75.2 (14.8)     
PANSS Positive 20.0 (5.6)     
PANSS Negative 16.9 (4.9)     
PANSS General 38.3 (7.5)     
PANSS TD 11.2 (3.1)     
SAPS Global 5.9 (2.9)     
SANS Global 9.7 (3.1)     
Illness Duration 73.3 (120.4)     
DUP (days) 192.2 (201.1)     
Medication 228.8 (147.9)     

Note: SES, socioeconomic status; WASI, Wechsler Abbrevi-
ated Scale of Intelligence; MATRICS, composite scaled t score; 
PANSS, Positive and Negative Syndrome Scale; TD, PANSS 
Thought Disorder factor; SAPS, Scale for the Assessment of 
Positive Symptoms; SANS, Scale for the Assessment of Negative 
Symptoms; DUP, duration of untreated psychosis; Medication, 
chlorpromazine equivalents.
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in accordance with The Code of  Ethics of  the World 
Medical Association (Declaration of  Helsinki) for 
experiments involving humans. All participants pro-
vided informed consent and were paid for participa-
tion. All procedures were approved by the University of 
Pittsburgh IRB.

Socioeconomic status (SES) for all participants and 
their parents was measured with the 4-factor Hollingshead 
Scale. FESz participants’ diagnoses were based on the 
Structured Clinical Interview for DSM-IV (SCID-P) and 
were confirmed 6 months after initial clinical assessment. 
Symptoms were rated using the Positive and Negative 
Syndrome Scale (PANSS)40 (table 1). Neuropsychological 
functioning was assessed with the MATRICS Consensus 
Cognitive Battery.41 All tests were conducted by an expert 
diagnostician.

Data Acquisition and Processing

The acquisition and processing methods have previously 
been described in detail.15 The procedures are briefly 
described here.

EEG and MMN

EEG was recorded from a custom 72 channel 
Active2 high impedance system (BioSemi). Auditory 
stimuli were presented while EEG was recorded, and 
participants watched a silent video. Stimuli comprised 
of  1280 standard tones (80%, 1 kHz, 50 ms duration), 
160 pitch deviants (10%, 1.2 kHz, 50 ms duration), and 
160 duration deviants (10%, 1  kHz, 100  ms). Due to 
time constraints, 6 FESz and 7 HC participants were 
only presented a total of  800 tones, including 640 
standards (80%), 80 pitch deviants (10%) and 80 dura-
tion deviants (10%). Using BESA (BESA GmbH), EEG 
data were filtered between 0.5 (to remove DC drifts) and 
20Hz (to remove muscle and other high frequency arti-
fact), bad channels interpolated, and eye/cardiac arti-
fact removed with independent component analysis. In 
BrainVision Analyzer2 (brain Products GmbH), data 
were re-referenced to the nosetip. Epochs of  350ms (in-
cluding 50ms pre-stimulus baseline) were extracted for 
deviant tones and standard tones preceding a deviant. 
Epochs were baseline corrected and a rejection crite-
rion of  ±50 μV was applied. Epochs were then averaged 
for the standard tones, pitch deviants, and duration 
deviants. The standard average was subtracted from 
the pitch average to generate the pMMN. To generate 
the dMMN, the standard average was subtracted from 
the duration average. MMN was measured by auto-
matic peak detection at Fz for each individual (pMMN 
range: 90–145 ms, dMMN range: 140–200 ms, verified 
visually and adjusted if  necessary) and averaged over 
a 100  ms time window (peak ±50  ms). The Fz site 

was used to quantify the MMNs, where they are typi-
cally the largest and to replicate the procedure used in 
Salisbury and colleagues.7

Magnetic Resonance Imaging

MRI data were acquired using a Siemens Tim Trio on a 
32-channel phase array head coil. Sagittal T1-weighted 
anatomical MR images were obtained with a multi-
echo 3D MPRAGE sequence. For quality assurance, the 
MRI scans were visually inspected for scanner artifacts, 
motion, and gross neuroanatomical abnormalities. 
FreeSurfer (stable v6.0) was used for MRI processing.42–44 
Briefly, processing involved registration to MNI space, 
intensity normalization, skull stripping, segmentation 
of white matter, and the generation of white and pial 
surfaces. Cortical surfaces were examined to ensure accu-
rate delineation of white matter and pial surfaces. Using 
the HCP workbench, the HCP-MMP was resampled to 
fsaverage space. In Freesurfer, the parcellation was ap-
plied to individual data (see HCP Users FAQ (https://
wiki.humanconnectome.org/display/PublicData/
HCP+Users+FAQ#HCPUsersFAQ-9.HowdoImapdata
betweenFreeSurferandHCP?)). Freesurfer was used to 
calculate gray matter volume in 32 ROIs using the HCP-
MMP atlas.38 The regions of interest included the fol-
lowing 8 ROIs in bilateral AC: A1, medial belt (Mbelt), 
lateral belt (Lbelt), parabelt (Pbelt), A4, A5, Area 52, and 
area TA2. In the inferior frontal cortex, the following 8 
bilateral areas were used as ROIs: Brodmann area 44, 
Brodmann area 45, lateral subdivision of area 47 (47L), 
anterior inferior frontal junction (IFJa), posterior in-
ferior frontal junction (IFJp), anterior inferior frontal 
sulcus (IFSa), posterior inferior frontal sulcus (IFSp), 
and area posterior 47r (figure 1).

Analysis

Group demographics were compared using independent 
samples t-test and chi-square tests where appropriate. 
Gray matter volume group comparisons were made using 
analysis of covariance (ANCOVA) with intracranial con-
tent (ICC), gender, and age as covariates. The statistical 
conclusions reported remained the same when we used 
ANCOVA on the relative volumes ([absolute volume/
ICC] × 100) with gender and age as covariates.

Absolute volumes were used for correlations, and 
correlations were assessed with Spearman’s rho. 
Benjamini-Hochberg False Discovery Rate (FDR) cor-
rection was applied to correct for multiple comparisons 
for the group comparisons and correlations (q  =  0.05). 
Note that MMN is a negative brainwave, and thus a 
larger MMN has a more negative amplitude. Therefore, 
a negative correlation indicates that smaller GM volume 
is associated with a smaller absolute MMN amplitude.

https://wiki.humanconnectome.org/display/PublicData/HCP
https://wiki.humanconnectome.org/display/PublicData/HCP
https://wiki.humanconnectome.org/display/PublicData/HCP
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Results

Mismatch Negativity

As reported previously in Salisbury and colleagues,15 peak 
pMMN latency did not differ between FESz (113.1  ± 
13.8 ms) and HC (117.8±14.5 ms, t(52) = 1.22, P = .23). 
Similarly, peak dMMN latency did not differ between 
groups (FESz: 174.3  ± 14.7  ms; HC: 173.9  ± 20.1  ms, 
t(52) = 0.08, P = .94). Pitch MMN amplitude was signif-
icantly reduced in this sample of FESz (2.0 µV±1.4 µV) 
compared to HC (3.1 ± 1.7 µV, t(52) = 2.50, P = .016). 
Duration MMN amplitude did not differ between groups 
(FESz: 1.8  ±1.5  µV; HC: 2.1  ± 1.6  µV, t(52)  =  0.77, 
P = .44) (figure 2).

Gray Matter Volume Group Comparisons

Groups did not have significantly different intracranial 
content (FESz: 1619  ± 198  cm3; HC: 1649  ± 178  cm3; 

t(52) = 0.58, P = .56). There were no regions of interest in 
which gray matter volume significantly differed between 
groups (Ps > .05).

Pitch MMN and GM Volume Correlations

All correlations for FESz are shown in table 2. In FESz, 
after FDR correction of q = .05, pMMN remained sig-
nificantly associated with left Mbelt and left 47L (fig-
ures 3 and 4). There were no significant correlations in 
HC (q = .05).

Duration MMN and GM Volume Correlations

All correlations for FESz are shown in table 2. In FESz, 
after FDR correction (q=.05), dMMN significantly 
correlated with left Mbelt, left Lbelt, left Pbelt, left TA2, 
right A5, left 47L, right area 44, and right 47L in FESz 
(figures 3 and 4). There were no significant correlations in 
HC (q = .05).

Fig. 1. Regions of interest. The regions of interest in auditory cortex and inferior frontal cortex defined from the Human Connectome 
Project multimodal parcellation (HCP-MMP) atlas with Heschl’s gyrus in red. Volumes were estimated from each region.
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Discussion

With the novel use of  the specific and functionally rele-
vant HCP-MMP atlas, this study provides a notably dis-
tinct and more precise understanding of  the underlying 
pathology associated with impaired MMN in FESz. 
The previous analysis on this dataset was restricted to 
a strictly anatomically defined region, Heschl’s gyrus, 
which contains portions of  primary auditory cortex 
and auditory belt areas.15 The method utilized in this 
study provided an exquisite functional parcellation of 
cortex, allowing for the study of  relationships with 
temporal and frontal MMN generators with high spec-
ificity to functional areas. The novel use of  the HCP-
MMP atlas combined with the extension to investigate 
the inferior frontal MMN generator, provided a new 
understanding of  the relationships between MMN and 
gray matter, revealing both overlapping and distinct 
associations for pMMN and dMMN in FESz. After 
correction for multiple comparisons, both pMMN and 
dMMN were associated with gray matter volume of 
left Mbelt and left 47L. Duration MMN was uniquely 
related to volume in left Lbelt, left Pbelt, left TA2, 
right A5, right area 44, and right 47L. The significant 
correlations were all in the negative direction and only 
within the FESz group, suggesting that less gray matter 
was associated with a smaller MMN in FESz. In light 
of  the evidence of  progressive gray matter decline in 
the early course of  schizophrenia that begins as early 
as the prodrome,8,9,12,45,46 it suggests that within a subset 
of  FESz there is enough underlying gray matter loss 
in these regions to impair functioning, represented by 
a reduced pMMN or dMMN. These findings provide 
important insights into the relationship of  MMN and 
gray matter within MMN generators in the very early 
course of  schizophrenia.

The shared and unique auditory cortex subregions as-
sociated with pMMN and dMMN in FESz align with pre-
vious reports regarding the underlying neural generators 
of the MMN. EEG and MEG source localization and dy-
namic causal modeling suggest MMN generators in the 
supratemporal plane (Heschl’s gyrus and STG) and infe-
rior frontal cortex.26,34,36 Both pMMN and dMMN were 
related to gray matter within each of these generators: 
left Heschl’s gyrus (Mbelt) and left inferior frontal cortex 
(47L). Further, pitch MMN has a more anterior auditory 
cortex generator, while the dMMN has a generator more 
posterior in secondary auditory cortex.27–31 In FESz, 
pitch MMN was associated with gray matter volume in 
Mbelt, while dMMN was associated with Mbelt with 
the addition of other secondary auditory cortex parcels, 
some slightly more posterior (Lbelt and Pbelt). The ad-
ditional posterior parcels related to dMMN may provide 
evidence that (similar to the neural generator) dMMN is 
associated with underlying pathology in more posterior 
secondary auditory areas.

The strong correlations of MMN and gray matter 
early in schizophrenia is consistent with the progressive 
gray matter loss in the disorder.8,9 Gray matter loss in 
schizophrenia is due to a reduction in cortical neuropil,47 
and in auditory cortex specifically, there is a reduction in 
layer III pyramidal soma size and a decreased number 
and density of dendritic spines.48–51 It is hypothesized that 
the consequence of these reductions is reduced synaptic 
connectivity, and thus reduced MMN.7,50,52 Because there 
were no volume group differences and these associations 
were only present in the FESz individuals, it suggests 
that within the HC there is enough neuropil to support 
healthy functioning and the production of a healthy 
MMN to deviant stimuli. In FESz, some individuals have 
experienced more gray matter loss in certain auditory 

Fig. 2. Group mismatch negativity grand averages information (previously reported in Salisbury et al15). (A) Mismatch negativity 
subtraction waveforms for pitch deviants in HC and FESz. (B) Mismatch negativity subtraction waveforms for duration deviants in HC 
and FESz. The averaged time window is highlighted.
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and inferior frontal cortex regions beyond healthy limits, 
which is associated with either a deficient pMMN and/or 
dMMN response.

The regions that were strongly related to MMN are 
functionally important for auditory and attention proc-
essing. In the auditory cortex, the medial belt, located on 
the medial surface of Heschl’s gyrus, is a relatively early 
auditory processing stage with local connectivity to sur-
rounding auditory areas.53,54 The lateral belt, located on 
the lateral surface of Heschl’s gyrus, is also a relatively 
early auditory processing stage with connections to local 
auditory areas and inferior frontal gyrus.53 The parabelt 
resides between Heschl’s gyrus and the inferior portion 
of the supramarginal gyrus. Compared to the medial 
and lateral belts, the parabelt is considered higher in 
the regional auditory hierarchy. It has connectivity with 

local auditory areas and with motor, premotor, and in-
ferior frontal cortices. The parabelt integrates across dif-
ferent frequency bands and is involved in more complex 
behaviors such as figure-ground segregation.55 Area TA2, 
residing in the anterior portion of the superior temporal 
gyrus, is important for auditory stimuli perception. Left 
TA2 is more involved in temporal patterns of speech, 
while right TA2 appears to be more involved with tone 
of speech.53,56 This supports our finding that left TA2 
gray matter was significantly related to duration MMN 
in FESz. Right A5, located on the superior lateral surface 
of the posterior superior temporal gyrus, has connectivity 
with inferior frontal gyrus and other local temporal lobe 
regions. Right A5 may be important for tone-matching 
performance in schizophrenia, as schizophrenia patients 
with tone-matching deficits have decreased connectivity 
between the medial geniculate nucleus and A5.57 In the 
inferior frontal cortex, area 47L is functionally connected 
to several cortical regions, including dorsolateral frontal, 
medial frontal, premotor, parietal, and temporal cortex. 
In the left hemisphere, commonly referred to as part of 
Broca’s area, it is important for language production 
and semantic processing.58,59 In the right hemisphere, it 
is important for response inhibition and attention.58,60–62 
Finally, area 44, located in posterior inferior frontal 
gyrus, also has connectivity with a number of frontal, pa-
rietal, and temporal cortical regions and is involved in 
response inhibition and attention processing.58,60–62 While 
we have identified gray matter within these regions to be 
related to MMN in FESz, it is unclear if  they should be 
considered individually or as part of larger networks. For 
example, the auditory regions are part of an auditory so-
matosensory network, and resting fMRI activity within 
this entire network is related to responses to frequency 
and duration deviant tones.63 In addition, the inferior 
frontal regions are commonly included in the attention 
network, and resting fMRI activity within this network is 
related to responses to duration deviant tones.63 The areas 
47L and 44 may be part of this attention network, which 
may be particularly relevant to the automatic attention 
switching process of MMN.33,34 Future work can be done 
to further dissociate between the regional and network-
level contributions to MMN deficits in FESz.

There are some caveats to consider. This study may 
have been underpowered to detect some significant 
relationships, as it included a modest sample size and 
many regions of interest. Due to the many comparisons, 
a conservative FDR correction was used, and as a result, 
several parcels with moderate effect sizes did not survive 
FDR correction. In particular, the correlation between 
dMMN and right Mbelt did not survive FDR correc-
tion. In the previous analysis of  this data, dMMN was 
associated at a trend level with right Heschl’s gyrus.15 
The current analysis with the HCP-MMP atlas suggests 
that the association between dMMN and right HG is 
likely reflected primarily in right Mbelt. Future studies 

Table 2. MMN and GM Correlations in FESz

Pitch MMN Duration MMN

Brain Region ρ P ρ P

Auditory Cortex     
 L_A1 −0.48 .01 −0.38 .05
 L_LBelt −0.30 .13 −0.50 .01a

 L_MBelt −0.55 <.01a −0.53 <.01a

 L_PBelt −0.30 .13 −0.53 <.01a

 L_A4 −0.40 .04 −0.34 .08
 L_A5 −0.27 .17 −0.14 .49
 L_52 −0.16 .42 −0.29 .14
 L_TA2 −0.39 .05 −0.52 .01a

 R_A1 −0.07 .72 −0.32 .10
 R_LBelt −0.17 .40  0.05 .81
 R_MBelt −0.26 .19 −0.40 .04
 R_PBelt −0.26 .19 −0.17 .39
 R_A4 −0.06 .78 −0.27 .17
 R_A5 −0.49 .01 −0.53 <.01a

 R_52 0.10 .61 −0.28 .15
 R_TA2 −0.45 .02 −0.26 .19
Inferior Frontal     
 L_44 0.12 .54 0.11 .57
 L_45 −0.11 .58 −0.03 .89
 L_47I −0.58 <.01a −0.48 .01a

 L_IFJa −0.33 .09 −0.36 .06
 L_IFJp −0.29 .14 −0.19 .33
 L_IFSa −0.15 .45 −0.19 .34
 L_IFSp −0.12 .54 −0.23 .26
 L_p47r −0.25 .21  0.08 .68
 R_44 −0.43 .03 −0.48 .01a

 R_45 −0.26 .19 −0.41 .03
 R_47I −0.45 .02 −0.70 <.01a

 R_IFJa −0.12 .55 −0.10 .61
 R_IFJp −0.35 .07 −0.31 .12
 R_IFSa −0.28 .16 −0.36 .06
 R_IFSp −0.25 .21 −0.37 .06
 R_p47r −0.04 .84 −0.14 .50

Note: Correlation strengths (Spearman’s rho) for the relationships 
between pitch and duration MMN and regions of interest in audi-
tory and inferior frontal cortex.
adenotes survives FDR correction (q < 0.05).
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are needed to investigate these other relationships and 
investigate directly whether dMMN is associated with 
right Mbelt volume. In addition, a subset of  individuals 
had 800 tones for their MMNs, and although 800 trials 
did not previously change MMN statistics,39 it is pos-
sible the individuals with fewer trials had poorer signal 
to noise. While this study focused on the known cortical 
generators of  the MMN, deviance detection deficits in 
schizophrenia may be present in subcortical structures.64 
While beyond the scope of this study, future analyses 
examining relationships between deviance detection and 
volumes may extend the analysis to subcortical structures. 
Further, the analysis was correlational, and therefore, we 
cannot conclude that gray matter loss directly causes 
MMN deficits. Finally, the current study was limited 
to MMN measured with EEG, making source localiza-
tion difficult. Future analyses with both EEG and MEG 
combined with high-resolution MRI will resolve MMN 
activity to the cortical surface and investigate how it 
relates to gray matter within these structures.

This study was also limited to data at one time-point 
in the very early course of psychosis. It will be important 
for future analyses to investigate these relationships lon-
gitudinally during the first year of psychosis to better un-
derstand the nature of these relationships between MMN 
and gray matter. It has been proposed that pMMN and 
dMMN may be indicators of different processes in schiz-
ophrenia. Pitch MMN appears to be more related to 

the degeneration experienced over the course of schizo-
phrenia,3,6,7 while dMMN may be more closely associated 
with the conversion to schizophrenia.6,52,65–67 Our previous 
study suggested that pMMN and dMMN may track 
Heschl’s gyrus neuropil, but this improved, precise analysis 
suggests that pMMN and dMMN may indicate neuropil 
loss in slightly different areas, and thus may be related to 
different underlying processes associated with schizo-
phrenia. Alternatively, there could be a common under-
lying dendrotoxic process associated with schizophrenia, 
but the differences may be attributed to a difference in spe-
cialization of the affected cortical areas. For example, du-
ration deviant detection may be more sensitive to neuropil 
loss in areas important for precise timing mechanisms such 
as right prefrontal cortex.68–71 Nonetheless, the results sug-
gest that pitch and duration MMN may be tools to iden-
tify distinct subgroups of individuals with neuropil loss in 
slightly different areas, potentially improving specificity 
for treatments, such as non-invasive brain stimulation. In 
addition, identifying that deficits are in both sensory and 
higher-order cognitive areas can inform individualized cog-
nitive enhancement therapy, which can be neuroprotective 
in early schizophrenia.72 Future longitudinal and clinical 
studies in the early course of schizophrenia can investigate 
this speculation further.

To summarize, pMMN and dMMN are impaired in 
some individuals that are early in the disease course of 
schizophrenia. Pitch and duration MMN have slightly 

Fig. 3. Gray matter volume associations with pitch and duration MMN in FESz. (A) The correlation strengths of auditory and inferior 
cortex gray matter volumes with pitch and duration MMN in first-episode schizophrenia. (B) Regions that survived FDR correction for 
multiple comparisons (q < 0.05). In FESz, pitch MMN remained significantly associated with left Mbelt and left 47L. In FESz, duration 
MMN significantly correlated with left Mbelt, left Lbelt, left Pbelt, left TA2, left 47L, right A5, right area 44, and right 47L.
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different neural generators in auditory cortex with 
the addition of an inferior frontal generator. With the 
novel, precise parcellation of these regions into func-
tionally meaningful parcels, it appears that pathological 
associations between MMN and gray matter volume 
align with these generators. Both pMMN and dMMN 

were associated with gray matter in the more anterior 
medial belt, while only dMMN was also associated with 
gray matter in more secondary auditory areas and right 
inferior frontal. As the early course of  schizophrenia is 
associated with loss of  neuropil, MMN may serve as bio-
marker of underlying pathological deficits, with pMMN 

Fig. 4. Scatterplots of significant MMN and gray matter correlations. In FESz, pitch MMN was significantly (q < 0.05) associated with 
gray matter in left Mbelt (A) and left 47L (B). Duration MMN was significantly (q < 0.05) associated with gray matter in left Mbelt (C), 
left Lbelt (D), left Pbelt (E), left TA2 (F), right A5 (G), left 47L (H), right area 44 (I), and right 47L (J).
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and dMMN reflecting gray matter in both similar and 
slightly different cortical areas.
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