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Abstract

Sensory processing deficits are core features of schizophrenia, reflected in impaired generation of 

event-related potential (ERP) measures such as auditory mismatch negativity (MMN) and visual 

P1. To understand the potential time course of development of deficits in schizophrenia, we 

obtained MMN to unattended duration, intensity and frequency deviants, and visual P1 to attended 

LSF stimuli, in 43 healthy individuals ages 6 to 25 years (mean 17), and compared results to data 

from 30 adult schizophrenia patients (mean age 38). We analyzed “time-domain” measures of 

amplitude and latency, and event-related spectral perturbation (ERSP, “time-frequency”) to 

evaluate underlying neurophysiological mechanisms.

Duration and intensity MMN amplitudes increased from childhood to late adolescence, while 

frequency MMN reached maximum amplitude during early development. As reported previously, 

in ERSP analyses, MMN activity corresponded primarily to theta-band (4-7 Hz) activity, while 

responses to standards occurred primarily in alpha (8-12 Hz) across age groups. Both deviant-

induced theta and standard-induced alpha activity declined significantly with age for all deviant 

types. Likewise, visual P1 also showed an amplitude decline over development, reflecting a 

reduction in both evoked power and ITC.
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While MMN “difference” waveform ERP data suggest failure of maturation in schizophrenia, 

MMN ERSP analyses instead support a neurodegenerative process, as these isolate responses to 

deviants and standards, showing large low-frequency evoked power for both in children. 

Neurodegenerative processes are also supported by large visual P1 amplitudes and large low-

frequency evoked power in children, in contrast with adult schizophrenia. Sensory processing 

deficits in schizophrenia may be related to accelerated synaptic pruning.
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1. Introduction

Deficits in sensory processing are core characteristics of schizophrenia (rev. in Javitt, 2015). 

These deficits may be assessed objectively using event-related potentials (ERP) such as 

auditory mismatch negativity (MMN) and visual P1, which index neurophysiological 

processing within auditory and visual sensory cortices, respectively. Deficits in both MMN 

and visual P1 have been extensively replicated in schizophrenia (e.g. Friedman et al., 2012). 

The present study evaluates MMN and visual P1 in a cohort of normally developing children 

and adolescents in order to permit interpretation of ERP abnormalities in schizophrenia 

within a neurodevelopmental framework.

We have previously shown that higher cognitive abilities as reflected in attention/vigilance 

or composite scores on the MATRICS consensus cognitive battery (MCCB) increase 

dramatically from late childhood to adulthood, whereas sensory measures such as face 

(FER) or auditory (AER) emotion recognition tend to develop earlier and then plateau 

(Corcoran et al., 2015). Theories of schizophrenia pathogenesis based upon higher order 

cognitive assessment might suggest a “developmental arrest” during late adolescence, with 

schizophrenia patients retaining the cognitive abilities, in general, of 12-16 year olds (Fuller 

et al., 2002). However, studies of sensory systems might provide complementary 

information and assist in identifying both early neurodevelopmental and late 

neurodegenerative processes.

MMN is typically assessed within the context of an auditory “oddball” paradigm, in which 

less frequent deviant stimuli interrupt a series of repetitive standard stimuli (Friedman et al., 

2012). Deviants typically differ from standards in duration, intensity or frequency, though 

can vary in any domain, such as spatial location or phonological features (Kantrowitz et al., 

2015). The most common analysis of auditory oddball data is in the time-domain, in which 

the mismatch negativity (MMN) event-related potential (ERP) is calculated as the difference 

waveform in frontocentral and other regions between averaged responses to deviants (larger 

in amplitude) and standards (smaller in amplitude).

Reduction in auditory MMN ERP amplitude is among the most replicated biomarkers of 

schizophrenia(Javitt, 2015), and it is an early core characteristic of schizophrenia, evident 

even in prodromal stages of illness (Bodatsch et al., 2011; Higuchi et al., 2013; Kayser et al., 

2014; Perez et al., 2014; Shaikh et al., 2012; van Tricht et al., 2015). Auditory MMN may 

Corcoran et al. Page 2

Schizophr Res. Author manuscript; available in PMC 2019 January 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



further deteriorate after illness onset in initially high functioning subjects (Devrim-Ucok et 

al., 2008; Kaur et al., 2013; Salisbury et al., 2007), although others show stable deficits 

following onset (Koshiyama et al., 2017; Light and Braff, 2005).

It has been reported that over normal development, auditory MMN tends to increase 

gradually from childhood through adolescence, specifically for deviants of higher frequency 

(Bishop et al., 2011; Cooray et al., 2016; Mahajan and McArthur, 2015), suggesting its 

reduction in schizophrenia may represent a failure of maturation in line with that observed 

for higher cognitive functions (Corcoran et al., 2015; Fuller et al., 2002; Hood et al., 1989). 

Nevertheless, literature on normal MMN development during the at-risk period for 

development of schizophrenia (early teens-late twenties) is sparse -especially for non-tonal 

deviants such as duration or intensity - limiting the degree to which the MMN literature in 

schizophrenia can be assessed within a developmental framework.

Deficits in visual processing are also evident in schizophrenia, specifically impairment in 

magnocellular-based processing of low spatial frequency (LSF) stimuli, indexed by the 

visual P1 ERP, a bilateral positivity at 100-120 ms over dorsal occipital scalp (Javitt, 2015). 

Visual P1 amplitude reduction is a replicated finding in schizophrenia (Javitt, 2015) that 

appears stable after illness onset (Oribe et al., 2015). Cross-sectional behavioral studies 

show abnormal visual processing in clinical high-risk samples (Kimhy et al., 2007; Mittal et 

al., 2015), that may significantly predict conversion to schizophrenia (Corcoran et al., 2015). 

As visual P1 amplitudes significantly decrease over normal development (Batty and Taylor, 

2006; Hileman et al., 2011; MacNamara et al., 2016; Meaux et al., 2014), the small visual 

P1 amplitude observed in schizophrenia may be due to either early maturational or late 

neurodegenerative processes. (Friedman et al., 2012)

In addition to conventional time-domain analysis of the ERP data, we also conducted time-

frequency analyses (event-related spectral perturbation, ERSP), which provide additional 

data regarding underlying neurophysiological mechanisms (Javitt, 2015; Lee et al., 2017). 

Auditory stimuli normally evoke power in the low-frequency range, with deviants evoking 

theta (4-7 Hz) and standards primarily evoking alpha (7- 12 Hz) power; individuals with 

schizophrenia have reduction in low-frequency evoked power (and intertrial coherence) to 

both standards and deviants (Lee et al., 2017). As opposed to MMN amplitude measured in 

the time-domain, evoked theta to MMN deviants is high in children and decreases over 

development (Bishop et al., 2011; Ehlers et al., 2014), potentially reflecting normal 

developmental pruning and refinement of sensory maps. To the extent that this is true, 

reductions in MMN theta amplitude may serve as an index of the accelerated pruning that 

may contribute to development of neurocognitive impairments in schizophrenia (Feinberg, 

1990). We have also recently observed that deficits in visual P1 are associated with theta-

band dysfunction (Martinez et al., 2015). The developmental trajectory of visual-evoked 

theta responses, however, remains to be determined.

To gain insight into the potential time course over which auditory and visual processing 

deficits develop in schizophrenia, we administered a passive auditory oddball paradigm, with 

attended visual stimuli (Friedman et al., 2012) to young people ages 6 to 25 in the NKI-

Rockland community-ascertained cohort (Nooner et al., 2012). This paradigm was 
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previously administered to schizophrenia patients, finding reductions in auditory MMN and 

visual P1 (Friedman et al., 2012), and significant reduction in low-frequency evoked power 

for both auditory MMN deviants and standards(Lee et al., 2017). Therefore, we can 

contextualize these findings of abnormal auditory and visual processing in schizophrenia in 

respect to their normal developmental trajectory, using the same paradigm. For auditory 

processing, we expected to replicate increases in auditory MMN ERP in the context of 

decreases in low-frequency evoked power over development (Bishop et al., 2011; Ehlers et 

al., 2014; MacNamara et al., 2016). Likewise, we expected a decrease in visual P1 over 

development (MacNamara et al., 2016), and hypothesized large low-frequency evoked 

power in children, similar to that previously seen for auditory stimuli (Bishop, Hardiman et 

al. 2011). Together, these findings would evaluate the utility of MMN and other sensory 

ERP for investigation of neurodevelopmental vs. neurodegenerative processes in 

schizophrenia.

2. Methods

2.1 Participants

Subjects were 43 young people ascertained from the NKI-Rockland community-ascertained 

cohort (Nooner et al., 2012), ranging in age from 6 to 25, mean (±SD) age = 17.4±5.5 years, 

58% male. Also, EEG data for the same auditory oddball paradigm were available from 

thirty adults with schizophrenia (mean(SD) = 38.0 (10.7)), previously studied within the 

Schizophrenia Research Division at the Nathan Kline Institute(Friedman et al., 2012; Lee et 

al., 2017). Written informed consent was obtained from adults, and for parents of minors, 

who themselves provided written assent. Exclusion criteria for all participants included 

organic brain disorders, mental retardation, past drug or alcohol dependence, current drug or 

alcohol abuse, and hearing/vision impairments. The study was approved by the Institutional 

Review Boards of Nathan Kline Institute and Columbia University.

2.2 Procedure

The paradigm is as described previously (Friedman et al., 2012): a series of tones were 

presented at random with stimulus onset asynchrony (SOA) of 500-505 ms. Standards 

occurred with a sequential probability of 70%, and were harmonic tones of three 

superimposed sinusoids of 500, 1000 and 15000 Hz, that were 100 ms in duration, 85dB and 

with a 5 ms rise and fall. Each of the three deviants had a sequential probability of 10%. The 

frequency deviant was 10% lower in pitch; the duration deviant was 50 ms longer in 

duration; and the intensity deviant was 10 dB lower in loudness.

During auditory stimulus presentation, participants attended to a sequence of visual stimuli, 

which consisted of 39% HSF (5 Hz) and 39% LSF (1 Hz) horizontal gratings, viewed at 114 

cm, with a stimulus field subtended 6.1 – 4.6 degrees of visual angle. Stimuli were presented 

centrally against a 50% gray background isoluminant with mean luminance of the sinewave 

gratings, with SOA 875 ±25 ms.

There was no stimulus overlap, and auditory and visual stimuli were presented in 250 s 

blocks, with eight blocks per participant.
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2.3 Data acquisition

Continuous EEG data, with digital timing tags, were acquired using a 64-channel ANT with 

standard reference and ground procedures. Sample rate was 512 Hz. Eyeblinks were 

removed using independent component analysis (ICA) in EEGLAB (< 10%). Using BESA, 

data were epoched (-500 to 1000 msec) with baseline (-500 to 0) correction, and then high-

pass filtered (0.30 Hz, 6 db/oct, forward). Epochs with activity exceeding ±120 microvolts 

were rejected, resulting in 68% of 250 trials retained. Interpolation of channels occurred at 

<10%. Epochs were averaged offline for each stimulus type for each participant.

2.4 ERP analyses

For ERP analyses, waveforms were averaged by stimulus type and baseline-corrected 

relative to pre-stimulus baseline. MMN waveforms were calculated as the difference 

between deviant and standard waveforms. Latency ranges for duration, intensity and 

frequency deviants were respectively 130-230 ms, 130-200 ms and 90-190 ms post-stimulus 

onset. Amplitudes were measured at frontocentral electrodes relative to average mastoids. 

Visual P1 ERP to LSF stimuli were obtained in the range of 90 – 125 ms. Electrodes for 

each component were chosen based on visual inspection of data and published distributions 

of auditory and visual ERP's.

2.5 ERSP analyses

ERSP analyses are as previously described (Lee et al., 2017). For evoked analyses, ERP 

waves were transformed by multitaper methods with Hanning window implemented with 

Fieldtrip Open Toolbox with 50 ms time resolution and 1 Hz of frequency resolution. For 

single-trial analyses, intertrial coherence and baseline-corrected evoked power was obtained 

from BESA 5.1 using a complex demodulation procedure with 2 Hz frequency resolution 

and 25 ms time resolution.

2.6 Statistical Analyses

Following Bishop and colleagues (Bishop et al., 2011), we stratified the developmental data 

by four age range bins: 1) children or “kids”: ages 6-12 (N=9); 2) “teens”: ages 13-16 

(N=11); 3) “young adults”: ages 17-21 (N=11); 4) “older adults”: ages 22- 26 (N=12). We 

calculated grand average ERP waveforms (auditory MMN and visual P1) for each age group 

in the normal developmental cohort, and for schizophrenia patients. An arc-tangent 

transform was applied to ERP data to improve normality. The relationship between variables 

in the developmental cohort was assessed by linear regression or analysis of variance 

(ANOVA) as appropriate. All statistics were two-tailed with alpha set at p < .05. Data for 

schizophrenia patients were not included in statistical analyses with the developmental 

cohort, but are provided for comparison.

3. Results

3.1 Auditory processing

3.1.1. ERP—Duration (r=-.41, p=.006) and intensity (r=-.42, p=.005) both increased 

significantly with age (i.e. more negative potential), whereas the relationship between age 
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and frequency MMN was non-significant (r=.2, p=.2). Healthy controls showed larger 

frequency MMN amplitudes than schizophrenia patients at all age ranges (Figure 1).

3.1.2. ERSP—Evoked power in theta in the time window of 50-250 msec showed a 

significant decrease over normal development for each of the MMN deviants: duration (r = 

-0.37, p = .015), intensity (r = -0.43, p = .004) and frequency (r = -0.46, p = .002) (Figure 2). 

Similarly, evoked power in alpha showed a significant decrease over normal development for 

standards (r = -0.46, p = .002). There was also an increase in intertrial coherence for deviants 

(p > .05) but a decrease for standards (p < .05) over normal development (Supplementary 

Figure). Of note, there was no association with age of the ERP/ERSP measures in the 

schizophrenia cohort (data not shown).

3.2 Visual processing

3.2.1 ERP—Visual P1 amplitudes declined significantly over normal development (r = 

-0.67, p < .001) from childhood to adulthood (Figure 3), with adults showing significantly 

smaller amplitudes than children (p < .05). Visual P1 amplitudes in schizophrenia patients 

were markedly smaller than that seen in children (p < .05) (Figure 3).

3.2.2 ERSP—Evoked power in alpha range significantly decreased over development (r = 

-0.72, p < .0001) (Figure 3). Similarly, intertrial coherence in both theta and alpha in 50-250 

ms declined over development (p < .05) (Figure 3). Of note, there was no association with 

age of the ERP/ERSP measures in the schizophrenia cohort (data not shown).

4. Discussion

Deficits in sensory processing are well-established core characteristics of schizophrenia 

related to its functional morbidity, evident even during early prodromal stages (rev. in Javitt, 

2015). To map the sensory processing deficits of schizophrenia along a normal 

developmental trajectory, we administered a passive auditory oddball paradigm, with 

attended visual stimuli (Friedman et al., 2012), to a community-ascertained normal 

developmental cohort with an age range of 6 to 25 (Nooner et al., 2012).

This paradigm has previously been used by our group to show that schizophrenia patients 

have substantial reductions in ERP amplitudes across sensory domains, including auditory 

MMN to all deviants, and visual P1 to low-spatial frequency (Friedman et al., 2012). 

Further, in ERSP analyses, it has been used by our group to demonstrate that decreased 

auditory MMN ERP in schizophrenia is accounted for by a smaller difference between 

reduced low-frequency power for both deviants and standards (Lee et al., 2017). If these 

deficits in schizophrenia were consequent to failure of maturation, we would expect similar 

patterns of relative reductions in both ERP amplitudes and evoked power in normal children 

and in schizophrenia.

4.1 Auditory mismatch

An analysis of auditory MMN ERP's alone in our developmental cohort would support a 

failure of maturation, as amplitudes increase gradually over normal development for both 

duration and intensity MMN, and normal individuals in all age groups have greater MMN 
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amplitudes than do patients with schizophrenia (Figure 1). Whereas we did not find an 

association of age with frequency MMN ERP amplitudes, using deviants of lower frequency, 

prior studies that used deviants of higher frequency found an increase in frequency MMN 

ERP amplitudes from childhood through late adolescence (Bishop et al., 2011; Cooray et al., 

2016; Mahajan and McArthur, 2015).

However, resolution of the MMN difference waveform through separate ERSP analyses of 

standards and deviants in our developmental cohort tell a different story, as children have 

significantly larger evoked power for both standards and deviants, as compared with normal 

adults (Figure 2), and by extension, adult schizophrenia. Thus, the deficits in evoked power 

for auditory MMN in schizophrenia identified using this same paradigm (Lee et al., 2017) 

may be neurodegenerative or consequent to accelerated aging, as suggested by 

neurodegenerative hypotheses (Feinberg, 1982, 1990). Such theories would be particularly 

consistent with studies that show reductions in auditory MMN over time in schizophrenia, 

even following illness onset (Devrim-Ucok et al., 2008; Kaur et al., 2013; Salisbury et al., 

2007).

Our finding of a trajectory of increasing (i.e. more negative) MMN ERP in the context of 

decreasing evoked theta power replicates prior studies (Bishop et al., 2011), and provides the 

first data for duration and intensity deviants. This apparent paradox is resolved by the 

finding that increases in phase-synchronization of theta over normal development (Bishop et 

al., 2011; Muller et al., 2009; Shahin et al., 2010; Yordanova and Kolev, 2008) accounts for 

age-related increase in MMN amplitude, as phase-locking in theta is larger for deviant than 

for standard stimuli (Fuentemilla et al., 2008; Muller et al., 2009). Correspondingly, we 

found that over development, intertrial coherence within theta increases for deviants but 

decreases for standards (Supplementary Figure), which contributes to the developmental 

increase in the MMN difference waveform. This normal maturational decrease in evoked 

theta power shows the same curvilinear decline in gray matter in frontal and parietal cortices 

observed within a separate cohort, which has been posited to be due to normal synaptic 

pruning (Whitford et al., 2007). Thus, “accelerated aging” of evoked theta power in 

schizophrenia may be an objective index of the excessive synaptic pruning argued to be 

inherent to schizophrenia pathophysiology (Cannon, 2015; Feinberg, 1982), leading to 

disturbances in glutamatergic neurotransmission that may be central to the pathophysiology 

of schizophrenia.

4.2 Early visual processing

In respect to visual processing, we found a significant normal maturational decrease in 

visual P1 amplitude from childhood through adulthood, replicating prior studies (Batty and 

Taylor, 2006; Hileman et al., 2011; MacNamara et al., 2016; Meaux et al., 2014), a 

trajectory considered to reflect greater automaticity of visual processing with maturation. We 

also provided the first demonstration of reduction in visual-induced theta over time and 

demonstrated significant impairments in both P1-related theta power and ITC. (Friedman et 

al., 2012; Javitt, 2015). Taken together, these findings also suggest accelerated aging or 

neurodegenerative effects on visual processing in schizophrenia, which may occur 

particularly early, given deficits in visual processing in clinical high-risk cohorts (Kimhy et 
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al., 2007; Mittal et al., 2015) and the stability of V1 amplitude reduction in schizophrenia 

(Oribe et al., 2015).

Visual P1 reduction in schizophrenia is considered to be a trait vulnerability marker, as it 

correlates poorly with functional measures and illness duration (Friedman et al., 2012). In 

addition to serving as a biomarker of visual sensory dysfunction, it may also contribute 

significantly to poor outcome. For example, the visual P1 is tied to face emotion recognition. 

Deficits in face emotion recognition in turn are observed in schizophrenia across illness 

stages, with accuracy lower than that achieved by a normal 10 year old (Corcoran et al., 

2015). These disturbances therefore may both contribute to prodromal symptoms in at-risk 

individuals and predict progression to schizophrenia. (Martinez et al., 2015).

4.3 Overall

The main limitations in this study include its small sample size, increasing risk for both Type 

1 and Type 2 error, and the older age of the schizophrenia patients, as compared with the 

developmental cohort. Another potential limitation in the analysis of the developmental 

trajectory of auditory MMN ERP is that children's waveforms tend to have longer latency, 

subtle differences in topography, and a more pronounced late discriminative negativity 

(LDN) emerging around 300 msec, as is evident in the children's topographies and 

waveforms in Figure 1, and as described in prior studies (Bishop et al., 2011; Mahajan and 

McArthur 2015; Cooray et al., 2016). These differences may account in part for the small 

amplitude with large variance in auditory MMN event-related potentials in children.

Nonetheless, the present study provides a critical developmental framework to aid in the 

interpretation of neurocognitive findings in schizophrenia. As opposed to higher order 

neurocognitive processes that mature late during development, both MMN-and visual P1-

related neurophysiological activity declines over development and may therefore index 

normal synaptic elimination processes. Neurophysiological deficits seen in schizophrenia 

may therefore reflect either early insult, relating to failures in initial synapse development, or 

“overpruning” leading to reduced synaptic integrity. By applying the same auditory oddball 

paradigm with attended visual stimuli to both a normal developmental cohort and to a 

schizophrenia sample, we were able to provide ERP and ERSP data that together suggest 

neurodegenerative or “accelerated aging” effects on sensory processing in schizophrenia. 

These findings were most clear when neuro-oscillatory “time-frequency” measures were 

used to assess sensory-related activity, and suggest increased utilization of ERSP, along with 

ERP, approaches in neurophysiological data analysis.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Auditory mismatch negativity ERP's in schizophrenia and across development
These head maps and plotting of MMN amplitudes at Fz show a normal age-related increase 

in MMN amplitude from childhood through adolescence for duration and intensity, but not 

frequency, MMN. Schizophrenia headmaps are included for comparison.
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Figure 2. Evoked power for MMN deviants and standards across development
These time frequency plots across age groups for auditory deviant stimuli (duration, 

intensity and frequency) illustrate a progressive reduction in theta evoked power (4-8 Hz) at 

Fz across development, in the time window of 50-250 msec, confirmed by scatterplots that 

show significant age-related decreases. Time frequency plots for evoked power in 

schizophrenia are included for comparison.
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Figure 3. Visual P1 across development: ERP, evoked power, and intertrial coherence
These head maps and time-frequency plots show a decrease over normal development in 

visual P1 amplitudes (90-125 msec), and associated evoked power of alpha, in the time 

window of 50-250 msec, and intertrial coherence. Visual P1 ERP's and time frequency plots 

for schizophrenia are included for comparison.
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