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Mismatch negativity (MMN) and P3a are auditory event-related potential (ERP) components that show robust
deficits in schizophrenia (SZ) patients and exhibit qualities of endophenotypes, including substantial heritability,
test–retest reliability, and trait-like stability. Thesemeasures also fulfill criteria for use as cognition and function-
linked biomarkers in outcome studies, but have not yet been validated for use in large-scale multi-site clinical
studies. This study tested the feasibility of adding MMN and P3a to the ongoing Consortium on the Genetics of
Schizophrenia (COGS) study. The extent to which demographic, clinical, cognitive, and functional characteristics
contribute to variability inMMNand P3a amplitudeswas also examined. Participants (HCS n=824, SZ n=966)
underwent testing at 5 geographically distributed COGS laboratories. Valid ERP recordings were obtained from
91% of HCS and 91% of SZ patients. Highly significant MMN (d= 0.96) and P3a (d= 0.93) amplitude reductions
were observed in SZ patients, comparable inmagnitude to those observed in single-lab studies with no apprecia-
ble differences across laboratories. Demographic characteristics accounted for 26% and 18% of the variance in
MMN and P3a amplitudes, respectively. Significant relationships were observed among demographically-
adjustedMMN and P3ameasures andmedication status aswell as several clinical, cognitive, and functional char-
acteristics of the SZ patients. This study demonstrates that MMN and P3a ERP biomarkers can be feasibly used in
multi-site clinical studies. As with many clinical tests of brain function, demographic factors contribute to MMN
and P3a amplitudes and should be carefully considered in future biomarker-informed clinical studies.

Published by Elsevier B.V.
, CA 92093-0804, United States.
1. Introduction

There is compelling evidence that sensory processing impairments
contribute to the cognitive and psychosocial dysfunction affecting the
majority of schizophrenia (SZ) patients (e.g., Braff and Light, 2004;

http://crossmark.crossref.org/dialog/?doi=10.1016/j.schres.2014.09.042&domain=pdf
Journal logo
http://dx.doi.org/10.1016/j.schres.2014.09.042
Imprint logo
http://www.sciencedirect.com/science/journal/09209964
www.elsevier.com/locate/schres


64 G.A. Light et al. / Schizophrenia Research 163 (2015) 63–72
Javitt, 2009; Kirihara et al., 2012; Light et al., 2006).Mismatch negativity
(MMN) and P3a are auditory event-related potential (ERP) components
that have emerged as translational measures with promising applica-
tions for use as endophenotypes in genomic studies and as biomarkers
in clinical outcome studies. These components are sequentially evoked
as an ERP complex in response to unattended changes in background
stimulation (Rissling et al., 2012, in press; Takahashi et al., 2012).
Since these measures require no overt behavioral response and can be
elicited even in the absence of directed attention (e.g., Näätänen,
1990; Rissling et al., 2012, 2013a), they are presumed to reflect a
predominantly automatic or pre-conscious process of detecting a
“mismatch” between the Deviant stimulus and a sensory–memory
trace (Naatanen et al., 1989; Naatanen, 1992).

Smaller amplitudes of MMN and P3a have been consistently identi-
fied in many studies of chronic (Shelley et al., 1991; Michie, 2001;
Umbricht and Krljes, 2005), recent onset (Salisbury et al., 2002;
Brockhaus-Dumke et al., 2005; Oknina et al., 2005; Oades et al., 2006;
Umbricht et al., 2006; Hermens et al., 2010; Bodatsch et al., 2011;
Atkinson et al., 2012; Jahshan et al., 2012) and unmedicated SZ patients
(Catts et al., 1995; Kirino and Inoue, 1999; Rissling et al., 2012). Recently
MMN has shown promise as a quantitative clinical biomarker for sub-
stantially improving the prediction of the development of psychosis in
high risk populations (Bodatsch et al., 2011; Atkinson et al., 2012;
Light and Näätänen, 2013; Nagai et al., 2013b; Perez et al., 2014a).

MMN and P3a are informative probes of the neural substrates of
sensory processing abnormalities. These measures are supported by a
distributed network of frontotemporal cortical sources underlying pas-
sive auditory sensory discrimination. Prominent SZ related deficits are
evident in medial frontal brain regions (Takahashi et al., 2012; Rissling
et al., in press). MMN is a sensitive index of N-methyl D-aspartate
(Javitt et al., 1996; Umbricht et al., 2000, 2002; Lavoie et al., 2007;
Ehrlichman et al., 2008; Nakamura et al., 2011; Gil-da-Costa et al.,
2013) and nicotinic (Engeland et al., 2002; Inami et al., 2005, 2007;
Baldeweg et al., 2006; Dunbar et al., 2007; Martin et al., 2009; Dulude
et al., 2010; Preskorn et al., 2014) receptor functioning.

The temporal window of early information processing reflected by
MMN and P3a appears to be a critical transitional zone from sensory-
based processing to the engagement of higher attentional neural net-
works necessary for cognitive and psychosocial functioning (Rissling
et al., 2013a). Indeed, previous studies have demonstrated that MMN
and P3a are each significantly correlatedwith distinct domains of cogni-
tive (Baldeweg et al., 2004; Näätänen et al., 2011; Light et al., 2007;
Kawakubo et al., 2006) and psychosocial functioning (Light and Braff
2005a, 2005b; Kawakubo et al., 2007; Wynn et al., 2010; Rasser et al.,
2011). These components also exhibit utility as repeated measures
over short and long (e.g., 12-month) retest intervals in both healthy
subjects and SZ patients (Light et al., 2012; ICCs ≈ 0.90). Reliability
coefficients and effect sizes of deficits in SZ for both MMN and P3a are
comparable to or even exceed those obtained from standard neuropsy-
chological tests commonly used in SZ research (Light et al., 2012; Light
and Braff, 2005a,b). This collection of attributes has contributed to the
view of MMN as a “breakthrough biomarker” (Light and Näätänen,
2013) that is “translatable” (Nagai et al., 2013a, 2013b) and potentially
very important (Belger et al., 2012) in neuropsychiatry.

MMN also meets the criteria for use as an endophenotype in geno-
mic studies as it is highly heritable (Hall et al., 2006, 2009; Price et al.,
2006), independent of fluctuations of clinical state and symptoms
(Shinozaki et al., 2002; Light et al., 2012), and present in individuals
at genetic risk for developing schizophrenia (Schreiber et al., 1992;
Jessen et al., 2001; Michie et al., 2002; Baker et al., 2005; Atkinson
et al., 2012). The NIMH Consortium on the Genetics of Schizophrenia
(COGS) has pursued multi-site genetic studies of schizophrenia and
related endophenotypes, first in a family study (Calkins et al., 2007;
Light et al., 2014) of SZ probands, unaffected family members and
Healthy Comparison Subjects (HCS) and then more recently in a
larger case–control study of SZ patients and unrelated HCS (COGS-2)
described in this issue. Given the growing importance of MMN in
schizophrenia research, this measure was added to COGS-2 in study
years 2–4.

Sample size demands of genetic studies often require the use ofmul-
tiple data collection sites. Aswe have previously noted (Swerdlow et al.,
2014), this approach may present challenges for studies of complex
phenotypes like MMN because of potential differences in laboratory
conditions or sample characteristics across sites that introduce uncon-
trolled variance into experimentalmeasures. On the other hand, by test-
ing a more heterogeneous sample, multi-site studies increase the
likelihood that findings will be generalizable rather than site-specific.
Although there are now other consortium studies using ERPs in special-
ized academic laboratories with expertise in multi-sensor recordings
(e.g., North American Prodromal Longitudinal Study, Bipolar & Schizo-
phrenia Network), to our knowledge there are no published studies of
the feasibility and fidelity of recording MMN and P3a using a simple,
2-channel system tested in laboratories that do not specialize in EEG ac-
quisition. In this study, we first examined the “yield” of usable data ob-
tained from the large cohort of participants tested across the COGS-2
laboratories. Second, we determined whether the data collected at 5
sites reproduce findings detected in large, single-site studies. Third,
the large sample allows for the characterization of demographic factors
associated with MMN and P3a amplitudes including age, sex, race,
medication type, and smoking status. Lastly, we tested for significant bi-
variate relationships among MMN and P3a with measures of clinical,
cognitive, and psychosocial functioning after accounting for identified
demographic factors.

2. Methods

2.1. Participants

Participants included 1790 (HCS n= 824, SZ n= 966) subjects that
were recruited and tested at the 5 COGS-2 test sites: University of
California San Diego (UCSD), University of California Los Angeles
(UCLA), University of Washington (UW), University of Pennsylvania
(PENN), and Mount Sinai School of Medicine (MSSM). All participants
were assessed on their capacity to provide informed consent. After
subjects were given a detailed description of their participation in the
study, written consent was obtained via methods approved by the
local human research protection committees at each testing site prior
to participation (UCSD Protocol #080435). Exclusionary factors includ-
ed evidence of Axis I psychiatric and neurological disorders other than
schizophrenia, head injury, stroke, substance abuse (except tobacco)
or a history of psychotic disorders in first degree relatives of HCS as de-
termined by the Family Interview for Genetic Studies (Maxwell, 1992).
Urine toxicology screens were used to rule out recent drug use. Other
study inclusion/exclusion criteria and assessment procedures are
detailed in Swerdlow et al. (2015).

All participants were evaluated via the Structured Clinical Interview
for DSM-IV (First et al., 1995, 1996). HCS were recruited through inter-
net advertisements. SZ patients were recruited from community resi-
dential facilities and via clinician referral. Clinical symptoms were
assessed with the Scale for the Assessment of Negative Symptoms
(SANS; Andreasen, 1984) and the Scale for the Assessment of Positive
Symptoms (SAPS; Andreasen, 1984). The Mini-Mental State Exam
(MMSE) was used to quantify global cognition.

2.2. Stimuli and procedures

Aduration-deviant auditory oddball paradigmwas employed follow-
ing our established procedures (Light and Braff, 2005a; Light et al., 2007,
2010, 2012; Kiang et al., 2009; Rissling et al., 2010, 2012, 2013a); see
Fig. 1. Subjects were presented with binaural tones (1-kHz, 85-dB, with
1-ms rise/fall, stimulus onset-to-onset asynchrony 500 ms) via insert
earphones (Aearo Company Auditory Systems, Indianapolis, IN; Model



Fig. 1.MMN/P3a paradigm and group averages: Participants are presentedwith stimuli consisting of frequently presented Standard stimuli (90% of trails, red box labeled “s”) interspersed
with infrequent Deviant stimuli (10% of trials, blue box labeled “deviant”). ERP waves to Standard and Deviant stimuli are calculated by averaging EEG responses to each stimulus
type. Deviant–Standard difference waves are generated for calculating MMN and P3a components (black lines). For all waveforms, solid lines represent Healthy Comparison Subjects
(n = 753) and dotted lines are used for schizophrenia patients (n = 877).
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3A). Standard (p = 0.90, 50-ms duration) and Deviant (p = 0.10,
100-ms duration) tones were presented in pseudorandom order with a
minimum of 6 Standard stimuli presented between each Deviant stimu-
lus. During the 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.

2.3. Electroencephalographic (EEG) recording

A 2-channel EEG system with a pre-set MMN module was used for
stimulus presentation and EEG recording (ERPlab, San Diego Instru-
ments, San Diego, CA). One channel recorded EEG activity at the vertex
(Cz) referenced to the left mastoid process (full scale setting 0.1,
bandpass filter settings 0.5–100 kHz). A second channel recorded eye
movement (EOG) activity from electrodes placed midsuperior and
lateral to the right orbit (full scale setting 0.25, bandpass filter settings
0.5–100 kHz). A ground electrode was placed on the right mastoid.
All electrode impedances were below 5 kΩ. Subjects were seated
comfortably in front of a computer monitor and directed to fixate
their gaze on the center of the screen. A hearing test was conducted to
ensure b=40 dB hearing threshold bilaterally to 1000 kHz tones.

2.4. EEG data processing

Continuous EEGdata fromall 5 COGS-2 siteswere uploaded to a cen-
tralized database. Quality assurance data review and analysis was then
conducted by a single investigator (GL) who was blind to all demo-
graphic and diagnostic information. EEG data were processed using
Brain Vision Analyzer 2.0 (Brain Products GmbH). Data were digitally
filtered between 0.1 and 30 kHz (24 dB/oct) and eyemovement artifact
was removed using an automated correction algorithm. Intervals with
additional EEG artifact (activity exceeding +/−50 μV) at the Cz elec-
trode were excluded from further analysis. The remaining trials were
then sorted and combined to form separate average ERP waveforms
for the deviant and standard tone conditions. MMN and P3a difference
waveformswere generated by subtracting ERPs in response to standard
tones from the ERPs generated in response to the Deviant stimuli. These
difference waves were baseline corrected relative to the 100 ms pre-
stimulus interval and visually inspected to determine the presence or
absence of reliably identifiable ERP components. A highly conservative
and stringent approach to data inclusion was employed. Data without
an unambiguous response to the standard tone, or a reliably identifiable
MMN or P3a response to the difference waves were excluded from fur-
ther analyses.MMN and P3a amplitudeswere respectively quantified as
the mean amplitude from 135 to 205 ms and from 250 to 300 ms time
windows.

2.5. Assessment of functional capacity

Patients' functional capacity was assessed with the abbreviated
version of the UCSD Performance Based Skills Assessment (UPSA-B;
Patterson et al., 2001). The UPSA directly measures functional skills,
using standardized tasks that are commonly encountered in everyday
situations and considered necessary for independent community living
including: financial management and communication skills.

2.6. Assessment of psychosocial functional status

The Scale of Functioning was used to assess psychosocial functional
status in domains of independent living, social, and instrumental
functioning (Rapaport et al., 1996). The Role Functioning Scale
(RFS; McPheeters, 1984) assesses working productivity, independent
living/self care, family network relationships, and immediate social net-
work relationship (close friends, spouse).

2.7. Analyses

A series of multiple linear regression models was separately applied
usingMMNand P3a as dependent variables. A strategy of comparing in-
cremental fit of variables or variable sets was employed (Cohen et al.,
2003). Four levels were defined as follows: 1) demographic variables
(age, sex, and race); 2) group (patient status); 3) test site; and
4) group-by-site interaction. Each level was tested for significant

Image of Fig. 1
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improvement inmodel fit, in order, with an alpha set to .05with the ad-
ditional constraint that the step accounts for a minimum of additional
5% of variance in the dependent variable. Only variables in sets that
led to significant and meaningful improvement in model fit were
retained (although the interaction models tested always included all
relevant main effects). Finally, we tested the significance of select
regression parameters only for those variables in sets shown to
Fig. 2. Individual subject and group averagedwaveforms: Individual subject Deviant–Standard d
figure for Healthy Comparison Subjects (n = 753) and schizophrenia patients (n = 877). Grou
significantly improve model fit. All analyses were conducted using R
(R Development Core Team, 2011).

3. Results

The total number of included participants for whom ERP data
were uploaded to the COGS-2 database was 1790 (HCS n = 824,
ifferencewave averages (color coded by amplitude) are shown in the upper portion of the
p grandaverage waveforms are shown in the lower portion of the figure.

Image of Fig. 2


Table 1
Clinical and demographic characteristics of controls and patients.

Controls (HCS) Patients (SZ) p E.S.

Sample size 753 877
Age M (SD) 38.63 (12.80) 46.25 (11.23) b .001 .30
Education M (SD) 14.99 (2.20) 12.63 (2.15) b .001 .48
Male 371 (49%) 616 (70%) b .001 .21
Race n (% full sample) n (% full sample) b .001 .19

Caucasian 438 (58%) 380 (43%)
African American 159 (21%) 162 (18%)
Other 156 (21%) 335 (38%)

Smoker 84 (11%) 464 (53%) b .001 .44
Site .016 .09

UCSD 179 (24%) 252 (29%)
UCLA 186 (25%) 200 (23%)
UW 159 (21%) 138 (16%)
PENN 153 (20%) 202 (23%)
MSSM 76 (10%) 85 (10%)

MMSE M (SD) 33.61 (1.69) 31.12 (3.31) b .001 .42
SAPS M (SD) 6.88 (4.09)
SANS M (SD) 11.64 (5.36)
Age of onset M (SD) 22.52 (7.23)

Note. UCSD = University of California, San Diego; UCLA = University of California, Los
Angeles; MSSM = Mount Sinai School of Medicine; PENN = University of Pennsylvania;
UW = University of Washington; MMSE = Mini-Mental State Exam; SAPS = Scale for
the Assessment of Positive Symptoms; SANS = Scale for the Assessment of Negative
Symptoms. Effect sizes (E.S.) are reported as point-biserial correlation coefficients for
continuous (x) variables and Cramer's V (or simply phi) for categorical (x) variables.
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SZ n = 966); 91% of participants in each group (HCS n = 753, SZ
n = 877) were deemed to have data of sufficient quality to permit
further analysis. Consistent with previous studies conducted in single
laboratories, significant large effect size deficits in MMN (d = 0.96)
and P3a (d = 0.93) were observed in SZ patients. Individual data for
each of the 1630 participants and group waveform averages are
shown in Fig. 2. Table 1 reports the clinical and demographic
Fig. 3.Meanmismatch negativity (MMN) and P3a amplitude plotted for Healthy Compar-
ison Subjects (HCS) and schizophrenia (SZ) patients by age. MMN and P3a values by site
are corrected for sex and race. Errors bars indicate 1 SE.

Fig. 4.Meanmismatch negativity (MMN) and P3a amplitude plotted for Healthy Compar-
ison Subjects (HCS) and schizophrenia (SZ) patients by sex. MMN and P3a values by site
are corrected for age and race. Errors bars indicate 1 SE.
characteristics of the current samples (for an expanded table of the
complete sample broken down by site see Swerdlow et al. (2015)). Sig-
nificant group differences were detected in age (patients older than
controls), sex (more male patients), self-identified racial composition,
and smoking (more patients smoked). As expected, SZ andHCS also dif-
fered on education and Mini-Mental State Exam scores.

For MMN, the demographic characteristics of age, sex, and race
accounted for 26% of variance, F(4,1625) = 140.10, p b 0.001
(Figs. 3 and 4). The addition of group significantly improved model
fit (p b 0.05; ΔR2= .07). The addition of site did not significantly im-
prove model fit (p = .77; Fig. 5). The group-by-site interaction was
statistically significant; however, the effect size was trivially small,
accounting for only an additional 1% of variance in MMN
(p b 0.001; ΔR2 = .01). In the model predicting MMN from demo-
graphic variables and group [F(5,1624) = 155.10, p b 0.001, R2 = .32],
age had the strongest demographic effect (b = 0.03, p b .001,
Rpartial
2 = .11). The effect of group (SZ) remained highly significant

(b= 0.65; p b .001; Rpartial
2 = .08) even after covarying demographic

variables.
For P3a, demographic characteristics of age, sex, and race accounted

for 18% of variance F(4,1625)= 91.11, p b 0.001 (Figs. 3 and 4). The ad-
dition of group significantly improvedmodel fit (p b 0.001;ΔR2= .08).
The addition of site was statistically significant given the large N; how-
ever, the effect was trivially small, accounting for only 1% of additional
variance in P3a (p = .001; ΔR2 = .01; Fig. 5). The addition of the
group-by-site interaction term did not significantly improve model fit
(p = .36). In the model predicting P3a from demographic variables
and group [F(5,1624) = 114.30, p b 0.001, R2 = .26], age had the

Image of Fig. 3
Image of Fig. 4


Fig. 6.Meanmismatch negativity (MMN) and P3a amplitude plotted for Healthy Compar-
ison Subjects (HCS) and schizophrenia (SZ) patients by antipsychotic medication type.
MMN and P3a values are corrected for age, sex, and race. Errors bars indicate 1 SE.

1 An individual was classified as a smoker if they reported smoking at least 1 cigarette
per day. The effect of smokingonMMNand P3awas also examined in the initial regression
models. For MMN neither smoker nor group by smoker significantly improved the model
fit. When the smoker variable was added to the regression model predicting P3a from de-
mographic variables and the group status variable, the improvement in fit was trivial, ac-
counting for less than 1% of added variance in MMN (p b 0.01; ΔR2 = .003). Adding a
smoker by group interaction term did not significantly improve model fit compared to
themodelwith amain effect alone. A similar, if notweaker, pattern of resultswas obtained
when number of cigarettes smoked per day was used.

Fig. 5.Meanmismatchnegativity (MMN)andP3a amplitudeplotted forHealthyComparison
Subjects (HCS) and schizophrenia (SZ) patients by site. MMN and P3a values by site are
corrected for age, sex, and race. UCSD= University of California, SanDiego; UCLA= Univer-
sity of California, Los Angeles;MSSM= Mount Sinai School ofMedicine; PENN= University
of Pennsylvania; UW= University of Washington. Errors bars indicate 1 SE.
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strongest demographic effect (b = −0.03, p b .001, Rpartial
2 = .04). The

effect of group (SZ) remained highly significant (b = −0.97; p b .001;
Rpartial
2 = .091) even after covarying demographic variables.
For both MMN and P3a, older age, male sex, African American race,

and SZ all predicted significantly smaller amplitudes (i.e., less negative
MMN and less positive P3a). Notably, impedance values were also
higher for African Americans (M= 4.12; SE= .10) compared to Cauca-
sians (M = 3.21; SE= .07).

This large sample allowed for secondary analyses within the SZ
group only, including comparisons of unmedicated patients with those
treated with different classes of antipsychotics, with vs. without anti-
cholinergic treatment, and smokers vs. non-smokers. For MMN, the
addition of medication type significantly improved model fit over
demographic variables (age, sex, and race) alone. Compared to no
medication, 1st generation antipsychotics (p= .035) and the combi-
nation of both 1st and 2nd generation antipsychotics (p= .001) pre-
dicted smaller (i.e., less negative) MMN amplitudes. In contrast,
unmedicated patients did not differ from patients receiving 2nd gen-
eration antipsychotics (p = .129). For P3a, 1st generation antipsy-
chotics (p = .002), 2nd generation antipsychotics (p b .001), and
the combination of both (p = .001) all predicted smaller (less posi-
tive) amplitudes. Fig. 6 plots the MMN and P3a in SZ patients by
medication type. MMN amplitudes were also significantly smaller
in patients who were treated with anticholinergic medications
(p b .001); P3a did not significantly differ (p= .10; Fig. 7). Significantly
smaller MMN (p = .04) and P3a (p b .001) amplitudes were also
detected in SZ patients who were smokers vs. non-smokers (Fig. 8).1

HCS are included in Figs. 6–8 for reference, but were not included in
the regression analyses.

Finally, Table 2 reports the correlations between demographically
corrected MMN and P3a values and several additional clinical variables
of interest. Significant correlationswere observed amongMMN and age
of illness onset, positive and negative symptoms, global cognitive func-
tion (MMSE), performance on tasks necessary for independent func-
tioning (UPSA), psychosocial functional status (SOF), and Role
Functioning (RFS). P3a was significantly associated with age of illness
onset and psychosocial functional status.
4. Discussion

MMN and P3a have emerged as promising biomarkers for under-
standing and treating psychotic disorders (Braff and Light, 2004; Javitt,
2009; Belger et al., 2012; Light and Näätänen, 2013; Nagai et al.,
2013a; Light and Swerdlow, 2014; Perez et al., 2014a). These measures

Image of Fig. 6
Image of Fig. 5


Fig. 7.Meanmismatch negativity (MMN) and P3a amplitude plotted Healthy Comparison
Subjects (HCS) and schizophrenia (SZ) patients by use of anticholinergic medication.
MMN and P3a values are corrected for age, sex, and race. Errors bars indicate 1 SE.

Fig. 8.Meanmismatch negativity (MMN) and P3a amplitude plotted Healthy Comparison
Subjects (HCS) and schizophrenia (SZ) patients by smoking status. MMN and P3a values
are corrected for age, sex, and race. Errors bars indicate 1 SE.

Table 2
Correlations between demographically adjusted mismatch negativity (MMN) and P3a
amplitudes with clinical, cognitive, and functional measures.

MMN P3a

P3a −0.28⁎⁎⁎

MMSE −0.14⁎⁎⁎ 0.05
SAPS 0.08⁎ −0.02
SANS 0.10⁎⁎ 0.02
Age of onset −0.09⁎ 0.07⁎

Scale of Functioning −0.09⁎⁎ 0.07⁎

UPSA-B −0.16⁎⁎⁎ 0.06
Role functioning −0.13⁎⁎⁎ 0.07

⁎⁎⁎ = p b 0.001.
⁎⁎ = p b 0.01.
⁎ = p b 0.05.
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have already undergone extensive psychometric validation (Kiang et al.,
2009; Light et al., 2012; Rissling et al., 2012; Takahashi et al., 2012).
MMN has demonstrated utility for forecasting the duration of time to
conversion of psychosis in at risk individuals (Bodatsch et al., 2011;
Perez et al., 2014b). In addition, MMN is sensitive to pharmacologic
(Javitt et al., 1996; Umbricht et al., 2000, 2002; Engeland et al., 2002;
Inami et al., 2005, 2007; Baldeweg et al., 2006; Dunbar et al., 2007;
Lavoie et al., 2007; Ehrlichman et al., 2008; Martin et al., 2009; Dulude
et al., 2010; Nakamura et al., 2011; Gil-da-Costa et al., 2013; Preskorn
et al., 2014) and cognitive challenges (Rissling et al., 2013b) and pre-
dicts a positive response to some treatments (e.g., Kawakubo et al.,
2007).

This paper demonstrates the feasibility of using MMN (and P3a) in
multi-site studies of SZ patients and HCS andmulti-site treatment trials
with centralized quality assurance, data management, and analysis. The
COGS-2 platform provided an unprecedented volume of subjects that
allowed for the disentangling and discovery of participant-related
characteristics that account for significant proportions of variability in
MMN and P3a neurophysiologic biomarkers. We found that a relatively
simple, 2-channel system yielded 91% usable MMN and P3a data in less
than 30min. The observed results replicate findings of highly significant
MMN (d = 0.96) and P3a (d = 0.93) amplitude reductions in SZ
comparable to those previously obtained in a single-laboratory with
no appreciable differences across sites, further validating the use of
these measures in multi-site studies. The large sample size also allowed
for the identification and characterization of demographic factors that
significantly contribute toMMNand P3a amplitudes. Significant clinical,
cognitive, and functional correlates were observed. These results have
implications for future genomic and clinical outcome studies.

It is important to emphasize that since ERPmeasures were added to
the established COGS-2 study, many of the commonly used optimal en-
vironmental characteristics used in EEG studies could not be imposed
on the sites (e.g., sound proofed and/or electrically shielded rooms,
on-site expertise in electrophysiology). In fact, research assistants re-
ceived a cumulative total of only 2.5 h of face-to-face training annually
for bothMMN/P3a and P3b paradigms (P3b findings reported separate-
ly in this issue by Turetsky et al.), though this trainingwas embedded in
the context of comprehensive 2-day assessment workshops. This 2.5 h
training encompassed general EEG assessment principles, electrode

Image of Fig. 7
Image of Fig. 8
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application, impedance measurement and reduction, equipment instal-
lation and configuration, software setup and operation, data quality
monitoring and patient instruction, and data upload procedures. De-
spite these apparent limitations, usable data was obtained from 91% of
tested participants — an encouraging finding that should accelerate
efforts to incorporate EEG biomarker testing in “real-world” clinical set-
tings. This high rate of usable data could likely be further improvedwith
additional training and oversight to correct some avoidable problems
that occurred with test administration.

The expected patterns of results replicate previous findings from
studies conducted in single-site, EEG specialty laboratories that benefit
from onsite technical expertise, sophisticated high-density recording
equipment, and environmental controls (e.g., dedicated sound-
isolated recording suites). First, SZ patients exhibited uncorrected effect
size deficits equivalent in magnitude to our previously published stud-
ies that used identical stimulation parameters, but different equipment
(Light and Braff, 2005a; Light et al., 2007, 2012; Kiang et al., 2009;
Jahshan et al., 2012; Rissling et al., 2012; Takahashi et al., 2012) and
meta-analyses (Umbricht and Krljes, 2005). Deficits of this largemagni-
tude are visually evident in both group averages as well as in individual
subject data obtained from all 1630 patients as shown in Fig. 2. Second,
demographic factors – especially age – are strong contributors to MMN
and P3a. Indeed, these factors collectively account for 26 and 18% of the
variance in MMN and P3a, respectively, and also extend our previous
findings using this paradigm (Kiang et al., 2009; Rissling et al., 2012;
Takahashi et al., 2012). Third, sex and race also appear to contribute to
MMN and P3a independent of the expected age and group effects. Spe-
cifically, females exhibited slightly larger ERP amplitudes. Likewise, race
appears to be a significant predictor of MMN and P3a; slightly smaller
amplitudes were detected in African Americans. Notably, impedance
values were also significantly higher in African Americans which may
have resulted in reduced signal-to-noise ratios of EEG, thereby attenuat-
ing ERP amplitudes. Fourth, it is important to note that several signifi-
cant correlations were detected with demographically adjusted ERP
amplitudes with the clinical, cognitive, and functional characteristics
of the SZ patients; these correlations replicate and extend previousfind-
ings and further emphasize the utility of this approach. Specifically,
smaller MMN amplitude was associated with an earlier age of illness
onset, more severe positive and negative symptoms, worse global cog-
nitive function, reduced functional capacity, functional status, and role
functioning. Similarly, reduced P3a was significantly associated with
an earlier age of illness onset and worse psychosocial functional status.

Demographic adjustment is a standard practice in clinical neuropsy-
chological assessments of brain function (e.g., Heaton et al., 1991;
Norman et al., 2011) and a similar strategy will clearly be necessary
should these promising ERP biomarkers be used to guide assignment
of patients to clinical interventions (Light and Näätänen, 2013; Light
and Swerdlow, 2014; Perez et al., 2014a). A dramatic example of the
importance of the demographic corrections can be drawn from the
expanding number of studies demonstrating that MMN can improve
the identification of children at highest imminent risk for developing
psychosis (Nagai et al., 2013a). This literature raises the tantalizing
possibility that a simple laboratory assay, alone or in conjunction with
other measures, can contribute to prophylactic or early intervention
strategies. While this hope appears reasonable, the risk of misclassifica-
tion by failing to account for demographic factors can have profound
deleterious effects.

Specific design considerations can be employed tominimize the im-
pact of potential demographic confounds. For example, in repeated
measures designs an individual serves as his or her own control across
time or conditions. Such designs would allow for investigators (or
clinicians) to identify individuals who experience a significant change
in ERP amplitudes over time. Thus, children being monitored due to
being at elevated risk for developing a psychotic disorder may exhibit
a significant change in MMN amplitudes suggestive of a decline in
brain function. Conversely, patients who exhibit malleability of ERPs
in response to targeted cognitive and/or pharmacologic interventions
could be selected for further treatments (Light and Näätänen, 2013;
Light and Swerdlow, 2014; Perez et al., 2014a). If repeatedmeasures de-
signs are suboptimal for a specific application, the use of homogeneous
subgroups carefully matched in at least age – the most robust demo-
graphic covariate of MMN and P3a components – should be considered.

There are caveats and cautionary notes for interpreting this exten-
sive characterization of MMN and P3a in SZ patients and HCS. First,
the analyses presented in this manuscript represent an initial examina-
tion in a rich and fertile database. There are likely other factors
(e.g., substance use histories) that also contribute to variability in
MMN and P3a amplitudes that require examination in future analyses.
Second, the extensive COGS-2 assessment was cross-sectional and
does not lend itself to identifying cause–effect relationships. For example,
does the finding that unmedicated SZ patients have larger MMN and P3a
amplitudes suggest that antipsychotics “cause” a reduction in thesemea-
sures or do patients who do not take or perhaps even require antipsy-
chotics (and are presumably less symptomatic and higher functioning)
have larger (more “normal”) amplitudes? Post-hoc analyses revealed
that these antipsychotic medication subgroups also significantly differed
on other key clinical, cognitive, and functional domains— an issue for fu-
ture planned analyses. Third, some statistically significant findings
yielded small effects (e.g., smoking and anticholinergic medications) or
relied upon imprecise (perhaps even anachronistic) subgroupings such
as self-identified race; care should be taken to not over-interpret such
unreplicated findings. Fourth, the use of only 2 channels in this simplified
system, while highly practical for non-specialty centers, obviously pre-
cludes the ability to perform EEG analyses that require higher-density
sensor arrays such as examination of the neural substrates in clinical pop-
ulations (Takahashi et al., 2012; Rissling et al., in press).

In conclusion, this study demonstrates that MMN and P3a ERP bio-
markers can be feasibly added to multi-site clinical studies without
the usual constraints for most high-density EEG studies conducted in
academic EEG specialty centers. The absence of site differences supports
the use and further development of ERP applications for use in real-
world community care centers. As with many clinical tests of brain
function, demographic factors, particularly age, contribute to MMN
and P3a amplitudes and should be carefully considered in future
biomarker-informed clinical studies (Light and Näätänen, 2013;
Light and Swerdlow, 2014; Perez et al., 2014a). Demographic
corrected MMN and P3a amplitudes exhibit significant correlations
with well-established measures of clinical, cognitive, and psychoso-
cial functioning in SZ patients, which replicate and extend previous
studies and further underscore the utility of these measures. This
platform will serve as a valuable resource for future functional and
genomic analyses.
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