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a  b  s  t  r  a  c  t

Neurophysiological  abnormalities  in  auditory  deviance  processing,  as reflected  by  the  mismatch  neg-
ativity  (MMN),  have  been  observed  across  the  course  of  schizophrenia.  Studies  in  early  schizophrenia
patients  have  typically  shown  varying  degrees  of  MMN  amplitude  reduction  for  different  deviant  types,
suggesting  that  different  auditory  deviants  are  uniquely  processed  and  may  be differentially  affected
by duration  of illness.  To  explore  this  further,  we examined  the MMN  response  to 4 auditory  deviants
(duration,  frequency,  duration  +  frequency  “double  deviant”,  and  intensity)  in 24  schizophrenia-spectrum
chizophrenia-spectrum
ismatch negativity

uditory cortex
MN

patients  early  in  the illness  (ESZ)  and  21  healthy  controls.  ESZ  showed  significantly  reduced  MMN  relative
to  healthy  controls  for all deviant  types  (p  <  0.05),  with  no  significant  interaction  with  deviant  type.  No
correlations  with  clinical  symptoms  were  present  (all  ps  >  0.05).  These  findings  support  the  conclusion
that  neurophysiological  mechanisms  underlying  processing  of auditory  deviants  are  compromised  early
in illness,  and  these  deficiencies  are  not  specific  to the  type  of  deviant  presented.
. Introduction

Auditory mismatch negativity (MMN)  is an event-related poten-
ial (ERP) component elicited by an infrequent deviant sound
resented within a series of repeated standard sounds (Naatanen,
eder, Alho, & Lavikainen, 1992). MMN  is considered to be an
ndex of sensory “echoic” memory, since the detection of auditory
eviance depends on the short-term formation of a memory trace
f the standard sounds present in the immediately preceding time
indow (Naatanen, 2000; Naatanen, Jacobsen, & Winkler, 2005).
ecent interpretations of the MMN  have emphasized its reflection
f both short-term (seconds) and longer term (minutes to hours)
ynaptic plasticity in the service of auditory sensory/perceptual
earning, since the amplitude of the MMN  to a deviant stimulus
ncreases as a function of the number of repetitions of the preceding

tandard stimulus (Stephan, Baldeweg, & Friston, 2006). From this
erspective, memory traces of the recent auditory past code predic-
ions of future auditory events, with the MMN  signaling a prediction
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error when the auditory expectancy is violated by a deviant stimu-
lus (Friston, 2005; Garrido, Kilner, Stephan, & Friston, 2009; Todd,
Michie, Schall, Ward, & Catts, 2012). MMN  can be elicited by
deviance in one or more dimensions of auditory stimuli, including
pitch, duration, intensity and location (Naatanen, Pakarinen, Rinne,
& Takegata, 2004), as well as in response to deviance in more com-
plex auditory patterns (Paavilainen, Simola, Jaramillo, Naatanen,
& Winkler, 2001a; Saarinen, Paavilainen, Schoger, Tervaniemi,
& Naatanen, 1992; Tervaniemi, Maury, & Naatanen, 1994; van
Zuijen, Sussman, Winkler, Naatanen, & Tervaniemi, 2004). MMN
elicited by different types of auditory deviance arise from at
least partially distinct neuronal populations in the cortex (Alho,
1995; Csepe, 1995; Deouell, Bentin, & Giard, 1998; Giard, Perrin,
Pernier, & Bouchet, 1990; Molholm, Martinez, Ritter, Javitt, &
Foxe, 2005; Paavilainen, Alho, Reinikainen, Sams, & Naatanen,
1991), suggesting that MMN  should be thought of as a family
of related ERP components arising from largely non-overlapping
neural sources (Naatanen, Paavilainen, Rinne, & Alho, 2007).
Importantly, MMN  is elicited pre-attentively (Fischer et al., 1999;
Naatanen & Alho, 1995; Naatanen et al., 1992), allowing an assess-

ment of auditory processing deficits in neuropsychiatric disorders
without the confounding influences of motivation and attention
associated with higher order cognitive tasks (Mathalon & Ford,
2008).
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MMN  amplitude reduction in schizophrenia is well-
ocumented (Naatanen & Kahkonen, 2009; Nagai et al., 2013a;
mbricht & Krljes, 2005), including in chronic (Brockhaus-Dumke
t al., 2005; Catts et al., 1995; Jahshan et al., 2012; Javitt, Doneshka,
ylberman, Ritter, & Vaughan, 1993; Javitt, Grochowski, Shelley,

 Ritter, 1998; Javitt, Shelley, Silipo, & Lieberman, 2000b; Kiang,
raff, Sprock, & Light, 2009; Light & Braff, 2005; Magno et al.,
008; Michie et al., 2000; Oades et al., 2006; Oknina et al., 2005;
asser et al., 2011; Salisbury, Shenton, Griggs, Bonner-Jackson, &
cCarley, 2002; Shelley et al., 1991; Umbricht, Bates, Lieberman,

ane, & Javitt, 2006), recent onset (Atkinson, Michie, & Schall,
012; Jahshan et al., 2012; Javitt et al., 2000b; Kaur et al., 2011,
012b, 2013, Perez et al., 2014; Todd et al., 2008; Umbricht
t al., 2006), and some (Bodatsch et al., 2011; Brockhaus-Dumke
t al., 2005; Catts et al., 1995) but not all (Devrim-Ucok, Keskin-
rgen, & Ucok, 2008; Kirino & Inoue, 1999; Korostenskaja et al.,
005) unmedicated patients. The status of MMN  in first episode
chizophrenia is more controversial, with some studies repor-
ing reduced frequency-deviant MMN  (Oknina et al., 2005) or
uration-deviant MMN  (Bodatsch et al., 2011; Hermens et al.,
010; Kaur et al., 2011; Nagai et al., 2013b; Oades et al., 2006), at

east in patients lacking any college education (Umbricht et al.,
006), but other studies reporting normal duration-deviant MMN
Magno et al., 2008) or frequency-deviant MMN  (Bodatsch et al.,
011; Devrim-Ucok et al., 2008; Magno et al., 2008; Nagai et al.,
013b; Salisbury et al., 2002; Valkonen-Korhonen et al., 2003).
n addition, several longitudinal studies of first episode patients
ave documented progressive reduction of MMN  amplitude over
.5 months (Devrim-Ucok et al., 2008), 1 to 2.5 years (Kaur et al.,
013), or 1.5 years (Salisbury, Kuroki, Kasai, Shenton, & McCarley,
007), with one report showing this reduction to be associated
ith volume decline in left Heschel’s gyrus (Salisbury et al., 2007).

mportantly, MMN  deficits are also seen in people at clinical
igh risk for schizophrenia (for review, see Nagai et al., 2013a),
ith greater deficits seen in those who later convert to psychosis

Bodatsch et al., 2011; Perez et al., 2014; Shaikh et al., 2012) and in
dolescents with psychotic experiences (Murphy et al., 2013).

Despite the general convergence of research findings showing
MN  amplitude reduction in schizophrenia, there is also signif-

cant variability among studies (Umbricht & Krljes, 2005). This
ariability may  be driven, at least in part, by differences in the
ypes of deviant stimuli used to elicit MMN,  since it appears that
istinct neural populations process different dimensions of audi-
ory deviance (Alho, 1995; Csepe, 1995; Deouell et al., 1998; Giard
t al., 1990; Molholm et al., 2005; Paavilainen et al., 1991). To date,
ubstantial evidence suggests that duration-deviant MMN  is more
ensitive to schizophrenia than frequency-deviant MMN  (Michie
t al., 2000; Todd et al., 2008; Umbricht & Krljes, 2005). Some evi-
ence suggests that duration-deviant MMN  deficits may  be evident
arly in the disorder (Bodatsch et al., 2011; Shaikh et al., 2012),
hile frequency MMN  deficits may  emerge later as a marker of ill-
ess progression (Naatanen & Kahkonen, 2009; Nagai et al., 2013a).
onetheless, frequency-deviant MMN  deficits have been reported

n schizophrenia across the illness course (Salisbury et al., 2007;
mbricht & Krljes, 2005; Umbricht et al., 2006), including the pro-
romal period preceding psychosis onset (Perez et al., 2014).

Although speculative, inconsistency across studies may  be due
o differences in composition of the samples, with one sample being

ore sensitive to duration deviants and another being more sensi-
ive to frequency deviants. One approach to overcoming this is to
ombine deviance features such as duration and frequency within

 single stimulus, potentially facilitating detection of MMN  deficits

egardless of which MMN  type is more deficient in a given patient
e.g., (Perez et al., 2014)). Prior studies (Levanen, Hari, McEvoy,

 Sams, 1993; Paavilainen, Valppu, & Naatanen, 2001b; Schroger,
995; Takegata, Paavilainen, Naatanen, & Winkler, 1999; Wolff &
logy 105 (2015) 130–137 131

Schroger, 2001) have shown that when two features of a stimu-
lus are deviant (“double-deviant” stimulus), the deviant features
are processed in parallel, with MMN  showing additive (Paavilainen
et al., 2001b; Takegata et al., 1999) or at least enhanced (Schroger,
1995; Wolff & Schroger, 2001) amplitude relative to the amplitudes
of corresponding single-deviant MMNs. Observing a significant
MMN reduction in schizophrenia patients becomes more likely
when the stimulus elicits a larger MMN  (Javitt et al., 1998), further
positioning double-deviant MMNs  to be more sensitive to illness
pathophysiology than single deviant MMNs.

While potentially increasing sensitivity to disease effects, the
use of double-deviant stimuli does not allow direct compar-
isons of MMNs  elicited by different types of auditory deviance.
Indeed, much of the research on MMN  deficits in schizophrenia
has employed paradigms using only one or two types of auditory
deviance (Umbricht & Krljes, 2005), providing limited opportu-
nities to directly compare the sensitivities of different types of
MMN  illness effects. To overcome this limitation, multi-deviant
paradigms, in which two or more types of deviant stimuli are pre-
sented along with standard stimuli within a single sequence, have
been developed and validated (Naatanen et al., 2004). In a previous
application of such a multi-deviant MMN  paradigm to schizophre-
nia, Todd and colleagues (Todd et al., 2008) found robust deficits
in duration- and intensity-deviant MMN,  but normal frequency-
deviant MMN,  in schizophrenia patients early in their illness. In
contrast, chronic schizophrenia patients showed the greatest MMN
amplitude reduction to frequency deviants, along with a smaller
reduction in duration-deviant MMN  and normal intensity-deviant
MMN.  Subsequent studies that applied a multi-deviant paradigm to
chronic schizophrenia patients found equivalently reduced MMN
amplitudes across deviant types including duration-, intensity-,
and frequency-deviants (Friedman, Sehatpour, Dias, Perrin, & Javitt,
2012; Todd et al., 2014).

In order to examine the sensitivity of different types of
MMN,  including double-deviant stimuli, to the effects of psy-
chosis relatively early in the illness course, we assessed MMN
using a multi-deviant paradigm in a sample of people diag-
nosed with a schizophrenia-spectrum illness within 5 years of
treatment initiation and an age-matched healthy control sam-
ple. The paradigm, which was an adaptation of the “Optimum
1” paradigm developed for clinical research studies (Naatanen
et al., 2004), included an intensity-deviant, duration-deviant,
frequency-deviant, and double-deviant (duration + frequency)
auditory stimuli. We  hypothesized that MMN  would be reduced
in these patients compared to healthy controls, and that the
size of this reduction would significantly depend on the type of
auditory deviance. Among deviant types, we predicted that the
double deviant-MMN would show greater reduction than any sin-
gle deviant MMN  type, and that the duration and intensity single
deviants would result in greater MMN  reduction than the frequency
deviant, based on the literature (Todd et al., 2008).

2. Method

2.1. Participants

Study participants included 24 patients on the schizophrenia
spectrum early in their illness (ESZ), defined as being within 5
years of first hospitalization or initiation of treatment, and 21
age-matched healthy control (HC) subjects. Among the ESZ group,
two patients also met  criteria for an anxiety disorder (Panic Dis-

order, Generalized Anxiety Disorder and Obsessive-Compulsive
Disorder). All but four ESZ patients were taking anti-psychotic med-
ication (see Table 1), which were converted to chlorpromazine
equivalents for further analysis (Leucht et al., 2014). In addition,
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Table 1
Group demographic data.

Measure (group difference p-value) ESZ N = 24 HC N = 21

N % N %

Gender (p = 0.34)
Female 5 20.8 7 33.3
Male 19 79.2 14 66.7

Handednessa (p = 0.09)
Right 19 79.2 21 100
Left  4 16.7 0 0
Ambidextrous 1 4.2 0 0

Diagnostic subtype
Paranoid 9 37.5
Disorganized 1 4.2
Undifferentiated 5 20.8
Residual 1 4.2
Schizoaffective 6 25
Psychosis not otherwise specified 2 8.3

Antipsychotic type
Atypical alone 19 79.2
Typical alone 0 0
Both 1 4.2
None 4 16.7

M SD M SD

Age, years (p = 0.46) 23.95 5.17 22.89 4.26
Education, years† (p = 0.02) 13 2.43 14.81 2.71
Parental SESb,† (p = 0.01) 42.46 16.67 30.48 13.71
Duration of illness, years 1.39 1.37
CPZ 100 mg/d equivalentsc 3.71 6.73
PANSS symptom scoresd

Positive (mean of 7 items) 2.21 0.56
Negative (mean of 7 items) 2.4 0.67
General (mean of 16 items) 2.02 0.39

Note. Numbers and percentages of participants are reported for gender, handed-
ness, diagnostic subtype, and antipsychotic type. Group means (M) and standard
deviations (SD) are reported for age, average parental socioeconomic status (SES),
duration of illness, and mean Positive and Negative Syndrome Scale (PANSS) rat-
ings.  Gender and handedness were analyzed with Pearson chi-square tests. Age and
parental socioeconomic status were analyzed with independent samples t-tests.
ESZ = early illness schizophrenia patients, HC = healthy controls.

a The Crovitz and Zener (1962) questionnaire was used to measure handedness.
b The Hollingshead (1975) four-factor index of parental socioeconomic status is

based on a composite of maternal education, paternal education, maternal occu-
pational status, and paternal occupational status. Lower values signify higher
socioeconomic status.

c Chlorpromazine (CPZ) dose equivalents in 100 milligram per day (mg/d) cal-
culated based on Leucht et al. (2014). Medication dosages were unavailable for 2
patients. 4 patients were not taking any medication.

d PANSS ratings were collected from 23 early illness schizophrenia patients. The
mean PANSS score for items in each category is reported for positive (mean of 7
items), negative (mean of 7 items), and general (mean of 16 items) symptoms.

† p < 0.05, two-tailed.
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& Donchin, 1983). Following baseline correction (−50 to 0 ms)  of
 patients were taking anti-depressants (venlafaxine, citalopram,
ertraline), 5 patients were taking benzodiazepines (3×  lorazepam
nd 2× clonazepam), 1 patient was taking a beta-blocker (pro-
ranolol), 3 patients were taking anti-Parkinsonian medication
benztropine), and 1 patient was taking a mood stabilizer (lithium).

ESZ patients were referred to the study through the Special-
zed Treatment Early in Psychosis (STEP) program at Yale University
nd other community providers. HC were recruited through adver-
isements and word of mouth. Exclusion criteria for both groups
ncluded a history of illicit substance dependence or substance
buse within the past year, a history of significant medical or neu-
ological illness, or a history of head injury resulting in loss of
onsciousness. HC participants were also excluded if they met  crite-
ia for a current or past Axis I mood or psychotic disorder or if they

ad a first degree relative with a history of an Axis I psychotic disor-
er (including bipolar I disorder). Both groups were assessed using
he Structured Clinical Interview for DSM-IV (SCID) (First et al.,
logy 105 (2015) 130–137

1997), and all study interviews were administered by a trained
research assistant, psychiatrist, or clinical psychologist.

This study was  approved by the institutional review board at
Yale University. All adult participants provided written informed
consent. In the case of a minor participant, written informed assent
was obtained, along with written informed consent from a parent.
Clinical and demographic data for all participants are presented in
Table 1.

2.2. Clinical ratings

Symptoms were rated by trained clinical staff using the
Positive and Negative Syndrome Scale (PANSS; (Kay, Fiszbein,
& Opler, 1987)). Ratings were available for all but one
patient and were obtained within 16 days of ERP assessment
(mean ± SD = 5.87 ± 5.13 days).

2.3. MMN  paradigm

MMNs  were assessed using a multi-deviant paradigm modeled
after the “Optimum-1” paradigm (Naatanen et al., 2004). In our
adaptation of this paradigm, four types of auditory deviants
were presented within the same stimulus sequence (each with
probability [p] = 0.125): duration, frequency, double-deviant (fre-
quency + duration), and intensity. Every other stimulus in the
sequence was a standard tone (p = 0.5), and each remaining stimu-
lus was one of the four deviant tones presented in pseudorandom
order. Standard tones had 5 ms  rise and fall times, lasted 75 ms,
and comprised 3 sinusoidal partial frequencies of 500, 1000, and
1500 Hz. These partials were presented at 75 dB SPL, 72 dB SPL,
and 69 dB SPL, respectively. Deviant tones were identical to the
standard tone except for a specified deviant feature. Duration-
deviants were presented for 125 ms,  which was  50 ms  longer
than the standard tone. Half of the frequency deviants had sinu-
soidal partials 10% higher than standard tones and half were 10%
lower. Double-deviants were presented for 125 ms, and half were
higher in frequency and half were lower (using same parameters
as frequency-deviants). Half of the intensity-deviants were 10 dB
higher than standard tones and half were 10 dB lower. Tones were
presented with a 500 ms  stimulus onset asynchrony. A total of
2460 tones were presented over 4 separate blocks lasting approx-
imately 5 min  each using Etymotic ER-3A insert. In an effort to
minimize the influence of attention on the MMN  measurements,
participants were instructed to ignore auditory stimuli while per-
forming a computerized picture-word matching task presented on
a video display that required a button press response on each trial
(for task details, see Perez et al., 2012).

2.4. Electroencephalographic data acquisition and preprocessing

Electroencephalographic (EEG) data were acquired using a high-
impedance BioSemi Active Two  recording system and a 64-channel
electrode cap (Biosemi, Amsterdam, Netherlands). Continuous EEG
data digitized at a rate of 1024 Hz, referenced offline to averaged
earlobe electrodes, high-pass filtered at 0.1 Hz, and segmented into
1000 ms  epochs time-locked to the onsets of the various types of
auditory stimuli (−500 to 500 ms). Electro-oculogram (EOG) data
were recorded from electrodes placed above and below the left eye
and at the outer canthi of both eyes to capture vertical (VEOG) and
horizontal (HEOG) eye movements. VEOG and HEOG channels were
then used to correct the EEG for artifacts associated with blinks and
eye movement using a regression-based algorithm (Gratton, Coles,
each EEG epoch, electrodes containing epochs with outlier values
were replaced by interpolated values based on a routine imple-
mented in a previously published automated EEG data cleaning
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Table  2
Number of trials in event-related potential averages.

Stimulus type HC ESZ

M SD M SD

Frequency-deviant 256.6 22.4 252.9 37.2
Frequency + duration double-deviant 260.2 17.5 251.4 37.2
Duration-deviant 262.7 18.1 250.2 37.7
Intensity-deviant 263.1 19.4 253.2 42.4
Standard 1085.8 84 1066.6 163

Note. HC = healthy controls, ESZ = early illness schizophrenia patients, M = mean,
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Table 3
Analysis of variance (ANOVA) of mismatch negativity (MMN) amplitude.

MMN  amplitude

Effect F p-Value

Group 5.54 0.02
Deviant type

(duration = frequency > intensity > double-deviant)
12.57 <0.001

Deviant type × group 0.13 0.95
Anterior/posterior lead (central > frontal) 20.44 <0.001
Anterior/posterior × group 0.04 0.85
Lateral lead (left > midline = right) 9.81 0.001
Lateral × group 0.36 0.65
Deviant type × anterior/posterior 3.30 0.02
Anterior/posterior (duration) (central > frontal) 4.69 0.04
Anterior/posterior (frequency) (central > frontal) 19.32 <0.001
Anterior/posterior (intensity) (central > frontal) 21.92 <0.001
Anterior/posterior (double-deviant)

(central > frontal)
12.36 0.001

Deviant type × anterior/posterior × group 1.14 0.33
Deviant type × lateral 2.58 0.03
Lateral (duration) (left > midline = right) 10.78 <0.001
Lateral (frequency) 2.62 0.10
Lateral (intensity) (left > midline = right) 5.65 0.006
Lateral (double-deviant) (left > right) 4.95 0.01
Deviant type × lateral × group 0.92 0.47
Anterior/posterior × lateral 4.76 0.02
Anterior/posterior (left lead) (C3 > F3) 11.46 0.00
Anterior/posterior (midline lead) (Cz > Fz) 18.76 <0.001
Anterior/posterior (right sites) (C4 > F4) 29.17 <0.001
Anterior/posterior × lateral × group 0.98 0.37
Deviant type × anterior/posterior × lateral 1.33 0.26

lead, indicating that MMN  latency was longest for duration- and
D  = standard deviation.

lgorithm (Nolan, Whelan, & Reilly, 2010). Specifically, a spher-
cal spline interpolation was applied to any channel and epoch
etermined to be a statistical outlier (|z| > 3) on one or more of four
arameters, including variance (to detect additive noise), median
radient (to detect high-frequency activity), amplitude range (to
etect pop-offs), and deviation of the mean amplitude from the
ommon average (to detect electrical drift) (Delorme & Makeig,
004). Subsequently, epochs were rejected if they contained ampli-
udes greater than ±75 �V in any of the electrodes included in the
nalysis: F3, Fz, F4, C3, Cz, C4. In the next step, ERP averages for all
timulus types were determined using a sorted averaging method
hown to reduce noise in the MMN  waveform by averaging over
he subset of trials that optimizes the estimated signal to noise ratio
eSNR) (Perez et al., 2014; Rahne, von Specht, & Muhler, 2008) for
ach subject. Briefly, single-epoch root mean squared (RMS) ampli-
ude values for each trial are calculated and sorted in ascending
rder for each stimulus type. The subset of sorted trials selected for
RP averaging are associated with the largest eSNR, which is the
atio of the number of trials to the variance of the amplitude val-
es across trials. The number of trials contributing to ERPs for each
timulus type did not differ between groups (Table 2). Following
orted averaging, ERPs for all stimulus types were low-pass filtered
t 30 Hz, and then standard tone ERP waves were subtracted from
eviant tone ERP waves to derive difference waves. The MMNs  were
hen identified in each subject’s difference waves as the most neg-
tive peak between 160 and 290 ms  for duration-deviant stimuli,
nd between 90 and 290 ms  for the remaining deviant types. The
election of a later, 160 ms  starting latency for the duration-deviant
MN search window was to avoid selecting the first peak in the

rand average, which was too early in its latency to represent the
ong duration-deviant MMN.  MMN  amplitudes were quantified as
he mean microvolt value within a ±10 ms  time window surround-
ng each MMN  peak (Picton et al., 2000). MMN  peak latencies were
lso saved for further analysis.

.5. Statistical analysis

Group differences in MMN  amplitude and latency were assessed
sing 4-way repeated measures analyses of variance (ANOVA)
odels with a between-subjects factor of group (ESZ, HC), and
ithin-subjects factors of deviant type (duration, frequency, dou-

le, intensity), anterior/posterior lead (frontal, central), and lateral
ead (left, midline, right). Greenhouse-Geisser non-sphericity cor-
ection was applied to within-subjects effects with more than two
evels.

MMN amplitudes averaged over the six fronto-central elec-
rodes (F3, Fz, F4, C3, Cz, C4) were used in correlational analyses.
pearman rank-order correlations were used to assess the relation-
hips between MMN  amplitude and PANSS Positive, Negative, and

eneral Symptom subscale scores and chlorpromazine equivalents.
lpha was set to p = 0.05, two-tailed for all statistical tests.
Deviant type × anterior/posterior × lateral × group 1.07 0.37

Note: Larger MMN  is more negative, or smaller absolute voltage.

3. Results

3.1. Demographic differences between groups

Demographic data and analyses are shown in Table 1. The groups
did not significantly differ on handedness (Crovitz & Zener, 1962),
gender, or age. The ESZ group had significantly lower parental
socioeconomic status (SES; (Hollingshead, 1975)) than the HC
group (t = −2.609, p = 0.012), as well as significantly fewer years of
education (t = 2.360, p = 0.023). To account for potential confounds
related to group differences in parental SES and education, group
effects on MMN  were also assessed using ANCOVA models with
each of these variables specified as a covariate.

3.2. Group differences in MMN

Grand average ERP difference waves and scalp topography maps
for all deviant types are presented in Figure 1. These plots show
reduced MMN  amplitude across deviant types in ESZ patients
relative to HC participants. A repeated measures ANOVA of MMN
amplitude revealed a significant main effect of group that did
not significantly interact with deviant type, lateral lead, ante-
rior/posterior lead, or their higher order combinations (see Table 3).
Main effects of deviant type, lateral lead, and anterior/posterior
lead on MMN  amplitude were also present and are presented
in Table 3 along with the follow-up tests conducted to parse
these effects. Mean MMN  amplitudes are presented in Table 4.
An ANOVA on MMN  latencies showed no significant main effect
of group (p = 0.894) or interactions involving the group effect
(see Table 5). Additionally, there was a main effect of deviant
type that did not interact with anterior/posterior lead or lateral
intensity-deviants, intermediate for frequency-deviants, and short-
est for double-deviants. The pattern of main effects and interactions
involving the group factor was  unchanged when analyses were
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Figure 1. Mismatch negativity (MMN)  for each group and deviant type. Ear-referenced event-related potential (ERP) difference waveforms averaged at Fz for frequency-
deviant, frequency + duration double-deviant, duration-deviant, and intensity-deviant MMN  are given for each group (top). Healthy controls (HC) are shown in blue and early
illness  schizophrenia patients (ESZ) in red. Scalp voltage topography maps of MMN  amplitudes are shown for HC  (middle) and ESZ (bottom) for each deviant type. MMN
topography maps show the group means of MMN  amplitudes around the peak latency ±10 ms  (indicated by gray bars in ERP difference waveform plots). MMN  is reduced
in  ESZ relative to HC across deviant types.

Table 4
Group mean and standard deviation (SD) mismatch negativity (MMN)  amplitude values in microvolts for each deviant type at the six fronto-central electrode sites (F3, Fz,
F4,  C3, Cz, C4).

Group Site Duration-deviant Frequency-deviant Double-deviant Intensity-deviant

Mean SD Mean SD Mean SD Mean SD

Healthy controls (N = 21) F3 −2.52 1.03 −2.99 1.28 −3.57 1.62 −3.36 1.49
Fz  −2.98 1.11 −3.13 1.23 −3.86 1.62 −3.63 1.69
F4  −2.84 1.08 −3.07 1.37 −4.05 1.69 −3.71 1.79
C3  −2.54 1.24 −2.56 1.21 −3.52 1.74 −3.00 1.46
Cz  −2.66 1.23 −2.63 1.22 −3.43 1.69 −3.05 1.59
C4  −2.53 1.00 −2.54 1.14 −3.55 1.65 −3.20 1.59

Early  illness schizophrenia
patients (N = 24)

F3 −1.96 0.98 −2.08 1.09 −3.04 1.17 −2.68 1.18
Fz  −2.38 1.22 −2.33 1.02 −3.28 1.35 −2.92 1.13
F4  −2.33 1.35 −2.33 0.89 −3.41 1.24 −2.90 1.02
C3  −1.79 0.9
Cz  −2.25 1.1
C4  −2.15 0.8

Table 5
Analysis of variance (ANOVA) of mismatch negativity (MMN)  latency.

MMN  latency

Effect F p-Value

Group 0.039 0.844
Deviant type

(duration = intensity > frequency > double-deviant)
27.03 <0.001

Deviant type × group 0.146 0.915
Anterior/posterior lead 1.11 0.298
Anterior/posterior × group 1.033 0.315
Lateral lead 1.196 0.305
Lateral × group 0.173 0.822
Deviant type × anterior/posterior 1.156 0.327
Deviant type × anterior/posterior × group 1.455 0.234
Deviant type × lateral 0.472 0.767
Deviant type × lateral × group 0.464 0.773
Anterior/posterior × lateral 0.287 0.749
Anterior/posterior × lateral × group 1.701 0.191
Deviant type × anterior/posterior × lateral 0.158 0.967
Deviant type × anterior/posterior × lateral × group 0.751 0.570
3 −1.82 1.17 −2.72 1.26 −2.30 1.22
2 −1.93 1.08 −2.69 1.39 −2.60 1.26
8 −1.96 0.84 −2.83 1.09 −2.45 0.93

repeated using ANCOVA models with parental SES or education as
covariates.

3.3. Clinical ratings correlations with MMN

There were no significant correlations between PANSS Positive,
Negative, and General symptom subscale means, or antipsychotic
doses in chlorpromazine equivalents, and MMN  for any deviant
type.

4. Discussion

We  compared the MMNs  elicited by four types of audi-
tory deviance (duration, frequency, frequency + duration double-
deviant, and intensity) in ESZ patients and healthy controls and

found reduced MMN  amplitudes in the patients regardless of
deviant type. This is consistent with previous studies of recent
onset schizophrenia (Atkinson et al., 2012; Higuchi et al., 2013;
Jahshan et al., 2012; Javitt et al., 2000b; Oades et al., 2006; Perez
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t al., 2014; Todd et al., 2008; Umbricht et al., 2006), providing fur-
her evidence that auditory deviance processing is abnormal early
n the illness course. Our results are consistent with other recent
nset schizophrenia studies showing reduced MMN  in response
o long duration (Higuchi et al., 2013; Jahshan et al., 2012; Javitt
t al., 2000b; Perez et al., 2014; Todd et al., 2008; Umbricht et al.,
006), frequency (Devrim-Ucok et al., 2008; Javitt et al., 2000b;
erez et al., 2014; Salisbury et al., 2007; Umbricht et al., 2006),
requency + duration combination (Perez et al., 2014), and inten-
ity (Todd et al., 2008) auditory deviants. However, our results are
nconsistent with some studies showing normal frequency-deviant

MN in recent onset (Todd et al., 2008) or first episode samples
Devrim-Ucok et al., 2008; Magno et al., 2008; Mondragon-Maya
t al., 2013; Salisbury et al., 2002; Valkonen-Korhonen et al., 2003).

While confirming a reduction in MMN  in ESZ, our results failed
o support the hypothesis that the degree of MMN  deficit observed
ignificantly depends on the type of auditory deviance used to elicit
he MMN.  This conflicts with a report of recent onset patients hav-
ng reduced duration and intensity MMN,  but normal frequency

MN (Todd et al., 2008). It is possible that paradigm differences
ontributed to these conflicting results, as our MMN  paradigm
ncluded a double-deviant, whereas the earlier report did not
Todd et al., 2008). While it is also possible that our study was
ot sufficiently powered to detect a significant group x deviant
ype interaction, it should be noted that our recent onset sam-
le was larger than the sample in the earlier report (Todd et al.,
008). Moreover, of the few studies that directly compared differ-
nt deviant types, several failed to support significant dependence
f the MMN  deficit on the type of MMN  assessed in recent onset
Javitt et al., 2000b; Perez et al., 2014; Umbricht et al., 2006) and
hronic patients (Friedman et al., 2012; Todd et al., 2014). Thus,
espite the view that has emerged from the larger schizophre-
ia literature (Michie et al., 2000; Naatanen & Kahkonen, 2009;
mbricht & Krljes, 2005) that long duration MMN  is more sensi-

ive to schizophrenia than other types of MMN,  particularly during
he earlier phases of the illness (Bodatsch et al., 2011; Nagai et al.,
013a, 2013b), this view has not been consistently supported by
tudies that directly compare subtypes of MMN  in early schizophre-
ia patients (Javitt et al., 2000b; Perez et al., 2014; Umbricht et al.,
006).

Because we saw MMN  reductions to both frequency and dura-
ion deviants, it follows that a reduction in the frequency + duration
ouble-deviant would also be evident. This was true, and although
ombining two features of auditory deviance did not produce fully
dditive effects on MMN  amplitude (Paavilainen et al., 2001b;
akegata et al., 1999), the double deviant MMNs  were somewhat
arger than the corresponding single deviant MMNs and were
therwise similar in morphology to waveforms seen in previous
tudies of double deviants (Levanen et al., 1993; Wolff & Schroger,
001). Nonetheless, our results did not support our hypothesis that
he frequency + duration double-deviant MMN  would be more sen-
itive to ESZ than the corresponding single-deviant MMNs. In a
revious study of patients at clinical high risk for psychosis (Perez
t al., 2014), we found a similar deficit that was comparable in
agnitude for the frequency + duration double-deviant MMN  and

he two corresponding single deviant MMNs, particularly in those
ho subsequently converted to psychosis. However, in that study,

he double-deviant MMN  was a significantly stronger predictor of
ime to psychosis onset than either of the single-deviant MMNs,
uggesting that the double-deviant MMN  may  have advantages for
redicting the course of psychosis but not for capturing a larger
MN deficit at a single cross-section of time.

While intensity-deviant MMN  has not been studied as often

s frequency- and duration-deviant MMN  in schizophrenia, our
esults corroborate prior findings of reduced intensity-deviant
MN in recent onset (Todd et al., 2008) and in chronic
logy 105 (2015) 130–137 135

schizophrenia (Fisher, Labelle, & Knott, 2008; Fisher, Labelle,
& Knott, 2012). The similarity of the schizophrenia deficits in
intensity- and long-duration deviant MMNs in our study and in
the Todd et al. (2008) study raises the interesting question as
to whether these are really distinct forms of MMN.  According to
Bloch’s Law from auditory psychophysics, longer duration audi-
tory stimuli are perceived as more intense due to the effects of
temporal integration (Stevens & Hall, 1966). Thus, long duration-
deviant auditory stimuli are likely to engage the generators of both
duration- and intensity-deviant MMN,  as has been previously noted
(Michie et al., 2000; Todd et al., 2008). Accordingly, it remains
unclear whether the frequently replicated schizophrenia deficit in
long-duration deviant MMN  reflects deficient processing of dura-
tion deviance or intensity deviance.

Unlike previous studies in recent onset patients (Devrim-Ucok
et al., 2008; Magno et al., 2008; Mondragon-Maya et al., 2013;
Salisbury et al., 2002; Valkonen-Korhonen et al., 2003), we found
reduced amplitude MMN  to frequency deviants, perhaps due to
differences in duration of illness between studies. Analysis of 10
studies in schizophrenia patients (Umbricht & Krljes, 2005) found
that duration of illness was positively correlated with observed
effect sizes for frequency deviant MMN,  indicating that patients
with longer duration illness have smaller MMN  to frequency
deviants. Moreover, a recent multi-deviant (frequency, duration,
intensity, glide type) MMN  study of chronic schizophrenia patients
by Todd et al. (2014) replicated the MMN  amplitude deficit but did
not find significant dependence of the deficit on deviance type. In
the present sample, duration of illness ranged from 0 to 5 years
with the majority of subjects falling within 3 years of diagnosis.
A number of studies finding no deficits looked primarily at the
time of first hospitalization for psychosis (Devrim-Ucok et al., 2008;
Mondragon-Maya et al., 2013; Salisbury et al., 2002; Valkonen-
Korhonen et al., 2003), or within 3 months of first diagnosis (Magno
et al., 2008), although one study (Todd et al., 2008) examining
patients within 5 years of diagnosis also found no frequency MMN
reduction. Consistent with the present results, a study of patients
within 3 years of diagnosis found nearly significant (p = 0.06) MMN
reduction for frequency deviants (Javitt et al., 2000b). Addition-
ally, a longitudinal study assessing MMN  at first hospitalization
with a 1.5-year follow-up showed no deficits initially, but showed
frequency MMN  reductions at follow-up (Salisbury et al., 2007),
suggesting that frequency MMN  deficits are not evident immedi-
ately after illness onset, but become evident soon after. However,
this view is challenged by recently published data from our group
showing deficits in frequency-deviant MMN  to be present in clini-
cal high risk patients, particularly those who  subsequently convert
to psychosis (Perez et al., 2014).

No correlations between MMN  amplitude and symptom ratings
were present, which is consistent with a number of previous stud-
ies in schizophrenia patients (Umbricht & Krljes, 2005), but not
other studies showing relationships with negative symptoms (Catts
et al., 1995; Javitt, Shelley, & Ritter, 2000a; Kasai et al., 2002) pos-
itive symptoms (Kaur et al., 2012a; Thonnessen et al., 2008), or
hallucinations in particular (Fisher et al., 2008; Youn, Park, Kim,
Kim, & Kwon, 2003). This type of variability may, in part, be due
to small sample sizes, difficulty getting valid reports from patients
during clinical interviews, and/or symptom attenuation following
treatment with antipsychotic medication (Mathalon & Ford, 2012).

Inconsistency in the literature may  point to the diversity of
samples under study. Understanding the consequences of MMN
reduction early in the illness will be facilitated by sorting patients
according to their MMN  amplitude and assessing known correlates

of small MMN,  such as functional impairment (Kawakubo et al.,
2007; Light & Braff, 2005; Rasser et al., 2011), gray matter decline
(Rasser et al., 2011; Yamasue et al., 2004), and increased symptom
severity (Catts et al., 1995; Fisher et al., 2008; Javitt et al., 2000a;
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asai et al., 2002; Youn et al., 2003). Further, detection of MMN
eficits in subgroups of early illness schizophrenia patients may
e improved by considering educational attainment, as less edu-
ation has been associated with smaller MMN  early in the illness
Umbricht et al., 2006). For these reasons, in addition to asking
hether early illness patients experience deficits, clinically useful

nformation might come from more investigation into which early
llness patients experience deficits. Future research could investi-
ate the manner in which different deviant types act as biomarkers
or different functional and clinical deficits among recent onset
atients. Moreover, longitudinal studies following patients from
he prodromal period through more chronic phases of the ill-
ess could potentially clarify how deviant-specific MMN  reductions
volve over the illness course.
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