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Cognitive impairment is a hallmark of schizophrenia and 
a robust predictor of functional outcomes. Impairments 
are found in all phases of the illness and are only mod-
erately attenuated by currently approved therapeutics. 
Neurophysiological indices of sensory discrimination 
(ie, mismatch negativity (MMN) and P3a amplitudes) 
and gamma-band auditory steady-state response (ASSR; 
power and phase locking) are translational biomarkers 
widely used in the development of novel therapeutics 
for neuropsychiatric disorders. It is unclear whether 
laboratory-based EEG measures add explanatory power 
to well-established models that use only cognitive, clinical, 
and functional outcome measures. Moreover, it is unclear 
if measures of sensory discrimination and gamma-band 
ASSR uniquely contribute to putative causal pathways 
linking sensory discrimination, neurocognition, negative 
symptoms, and functional outcomes in schizophrenia. To 
answer these questions, hierarchical associations among 
sensory processing, neurocognition, clinical symptoms, 
and functional outcomes were assessed via structural equa-
tion modeling in a large sample of schizophrenia patients 
(n = 695) and healthy comparison subjects (n = 503). The 
results showed that the neurophysiologic indices of sensory 
discrimination and gamma-band ASSR both significantly 
contribute to and yield unique hierarchical, “bottom-up” 
effects on neurocognition, symptoms, and functioning. 
Measures of sensory discrimination showed direct effects 
on neurocognition and negative symptoms, while gamma-
band ASSR had a direct effect on neurocognition in pa-
tients. Continued investigation of the neural mechanisms 
underlying abnormal networks of MMN/P3a and gamma-
band ASSR is needed to clarify the pathophysiology of 
schizophrenia and the development of novel therapeutic 
interventions.

Key words:   mismatch negativity (MMN)/gamma-
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schizophrenia/functional outcomes/cognitive function

Introduction

Cognitive impairment is a robust predictor of functional 
outcomes in schizophrenia,1,2 is found in all phases of the 
illness,3 and is only moderately attenuated by currently 
available therapeutics.4,5 Recent work has clarified that 
abnormalities in early auditory information processing 
are associated with widespread impairments in cognitive 
and psychosocial functioning.6–10 These data encourage 
targeting low-level information processing impairments 
with medications or cognitive training as a strategy for 
improving outcomes in both cognitive and psychosocial 
functioning.11–18 For example, Thomas et  al19 found via 
structural equation modeling that information processing 
deficits measured by electroencephalographic (EEG) 
biomarker of sensory discrimination, predicted poor 
functional outcomes via impaired neurocognition and in-
creased negative symptoms in a large cohort of patients 
who participated in the Consortium on the Genetics of 
Schizophrenia-2 (COGS-2) study.

EEG biomarkers are widely used in translational in-
vestigations in schizophrenia to assess multiple stages, 
neural substrates of information processing. Some EEG 
biomarkers are robust, reliable, relatively inexpensive, 
scalable, and also show acute sensitivity to interventions, 
underscoring their potential utility in precision medicine 
trials.17,20–24 In Thomas et al,19 two EEG biomarkers were 
used to operationalize sensory discrimination: mismatch 
negativity (MMN) and P3a. MMN is an event-related 
potential (ERP) typically measured in the context of a 
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passive auditory oddball paradigm where a series of iden-
tical standard tones are interspersed with less frequent 
“oddball” stimuli that differ in some physical character-
istic such as stimulus duration, pitch or loudness. MMN 
is a negative-going peak (post-stimulus 135–205 ms) re-
flecting the differences between scalp-level ERP responses 
to deviant vs standard stimuli and is thought to reflect 
an automatic deviance detection process.25 MMN is fol-
lowed by a positive ERP component P3a (250–300 ms) 
that is thought to reflect an automatic shift of attention 
toward infrequent novel or salient stimuli.26 Previous 
studies have found large effect size MMN/P3a impair-
ments in schizophrenia,15,27–39 as well as relationships with 
neurocognition, negative symptoms, and psychosocial 
functioning.15,28,32,34,40,41 Recent findings also suggest that 
MMN/P3a have utility in predicting conversion to psy-
chosis in clinical high-risk populations.42–44

Of course, other translational EEG biomarkers also 
capture important aspects of early auditory informa-
tion processing and neural substrates underlying fun-
damental neural abnormalities in schizophrenia. In 
particular, the auditory state-steady response (ASSR) is 
a neurophysiologic biomarker that tests the capacity of 
distributed neural circuits to generate and support syn-
chronized gamma oscillations under optimized, stimulus-
driven conditions.45,46 This neural “entrainment” to 40 
Hz stimulation is also presumed to reflect the critical 
ability of the neural system to temporally integrate in-
formation across low-level distributed sensory processing 
networks.47–49 Reduced gamma-band ASSR has inde-
pendently been associated with cognitive impairment and 
functional outcomes in schizophrenia patients.31,50–65

Despite the demonstrated utility of MMN, P3a, and 
ASSR to separately assess sensory discrimination and 
neural synchrony in translational and clinical studies, in-
dividual biomarkers assessed in isolation may not be able 
to fully capture the heterogeneity of neurophysiological 
deficits underlying cognitive impairment in schizophrenia. 
Although MMN, P3a, and ASSR are conceptually related 
measures of early information processing in response to 
simple auditory stimuli, inspection of individual studies 
suggests divergent neural substrates and distinct correl-
ates with important outcome domains. We have recently 
identified bivariate correlations of MMN and gamma-
band ASSR with functional outcomes in this cohort.66 It 
is unclear, however, whether these biomarkers uniquely 
contribute to complex, causal multivariate pathways 
involving cognition, negative symptoms, and functional 
outcomes when studied in conjunction.

MMN, P3a, and gamma-band ASSR measures are 
generated by a highly distributed and dynamic/interactive 
networks of cortical sources that reflect important core 
processes of neural functioning such as code formation, 
prediction error signaling,67–72 deviance detection,25,73 
and the synchronization of oscillatory information 
across brain regions74,75; the fluid network coordination 

underlying these prerequisite operations ultimately sup-
port integrative higherorder cognitive functioning.22,46,76–80 
In addition to auditory cortices such as the Heschl’s gyrus 
and the superior temporal gyrus, the frontal cortex and 
the cingulate have been reported as contributing sources 
of MMN.22,36,40,67–72,81–90 Regarding gamma oscillations, 
Tada et al75 investigated the temporal response dynamics 
of gamma-band ASSR across spatially distributed cor-
tical surfaces in humans using electrocorticography 
(ECoG). They demonstrated prominent increases of 
gamma oscillations in the primary auditory cortex (A1) 
and sensorimotor cortex as well as increases of activity at 
the prefrontal gyrus. The reduced gamma-band oscilla-
tions at the prefrontal gyrus reflect cognitive dysfunction 
in patients with schizophrenia.80 Recently, we reported ab-
normal temporofrontal networks of MMN and gamma-
band ASSR in patients with schizophrenia of this cohort 
using a novel effective connectivity and computational 
modeling framework.91,92 We also showed associations of 
abnormal MMN network connectivity at the prefrontal 
gyrus and negative symptoms in the prior study.91 Thus, 
in addition to abnormalities detected at scalp sites, ab-
normal source and source-network dynamics appear to 
underlie at least some cognitive, clinical, and psychoso-
cial outcomes.

This study aimed to (1) extend the previous findings19 
that deficits in measures of early auditory information 
processing lead to poor functional outcomes via impaired 
neurocognition and increased negative symptoms, using 
a non-overlapping cohort of schizophrenia patients who 
did not participate in the COGS-2 and (2) determine 
whether measures of gamma synchronization uniquely 
contribute to pathways linking sensory discrimination, 
neurocognition, negative symptoms, and functional out-
comes using hierarchical information processing model 
in a large sample of schizophrenia patients and healthy 
comparison subjects.

Methods

Subjects

Participants were 503 healthy comparison subjects and 
695 patients diagnosed with schizophrenia (supplemen-
tary method S1, supplementary table S1). Data acqui-
sition was described previously.40,54,55,66,83,91–93 Written 
informed consent was obtained from each subject. The 
Institutional Review Board of University of California 
San Diego approved all experimental procedures (071128, 
071831, 170147).

Measures

Mismatch Negativity and P3a.  Subjects were presented 
with binaural tones (1  kHz, 85 dB, with 1  ms rise/fall, 
stimulus onset asynchrony 500 ms) via insert earphones 
(Aearo Company Auditory Systems, Indianapolis, IN; 
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Model 3A). A  duration-deviant auditory oddball par-
adigm where the deviant stimuli differed in duration 
was employed following our established procedures.40 
Standard (P = .90, 50-ms duration) and deviant (P = .10, 
100-ms duration) tones were presented in a pseudo-
random order with a minimum of six standard stimuli 
presented between each deviant stimulus. The ERP wave-
form in response to standard stimuli was subtracted from 
the ERP waveform in response to deviant stimuli to show 
the MMN/P3a waveform. The MMN and P3a amplitude 
at Fz were measured using the mean voltage from 135 to 
205 ms and 250 to 300 ms post stimuli in accordance with 
previous studies, respectively.25,29,31,32,94 During the MMN/
P3a and ASSR sessions, participants watched a silent car-
toon video. EEG recording and preprocessing are shown 
in supplementary method S2.

Auditory Steady-State Response Paradigm.  Auditory 
steady-state stimuli were 1 ms, 93 dB clicks presented at 
40 Hz in 500 ms trains. A block typically contained 200 
trains of the clicks with 500 ms intervals. The ASSR at Fz 
was used for analysis. We performed time-frequency ana-
lyses with a short-term Fourier transformation (STFT) 
and then calculated inter-trial phase coherence (ITC) and 
event-related spectral perturbation (ERSP) as indices of 
ASSR. The ITC indicates phase consistency across trials, 
and ranges between 0 (random phase across trials) and 1 
(identical phase across trials). The ERSP indicates event-
related changes in power contained in the ERP average 
relative to a prestimulus baseline. We used the ITC and 
ERSP as measures of phase and power, respectively, be-
cause these parameters provide information about the 
temporal dynamics of ASSR. A  power measure and 
phase measures are assumed to be independent, although 
signal amplitude can partially bias phase measures in ac-
tual. While ERSP includes both evoked power by stim-
ulus and spontaneous power, ITC reflects purely phase 
synchrony associated with stimulus onset. Both ITC 
and ERSP have been described as two critical features 
of the gamma-band ASSR evoked response in previous 
studies in schizophrenia patients.65 Decreases in ITC and/
or ERSP reflect reduced neural responses to auditory 
steady-state stimulation. We calculated the mean ITC 
and ERSP by averaging the data over stimulation time 
(0–500 ms) and response frequency (35–45 Hz) as per pre-
vious reports.6,58,59

Neurocognition.  Measures of neurocognition included 
total correct scores from the Total Learning (list A trials 
1–5) and Recognition Hits subscales from the California 
Verbal Learning Test-Second Edition (CVLT-II)95 for the 
assessment of verbal learning, and Letter Number Span 
test scores and Letter Number Sequencing test scores96 
for the assessment of working memory. For all cognitive 
measures, higher scores indicate better performance, and 
standard scores were employed.

Negative Symptoms.  We assessed negative symptoms 
using the Scale for the Assessment of Negative Symptoms 
(SANS).97 The SANS includes five interviewer-rated global 
ratings: Affective Flattening or Blunting, Alogia, Avolition 
or Apathy, Anhedonia or Asociality, and Attention. 
Higher scores indicate more symptoms for all SANS items. 
Attention ratings were not included in the analyses.

Functional Outcomes.  We identified items in the 
Scale of  Functioning (SOF)98 that are most reflective 
of  daily activities and outcomes using factor analysis 
among the 15 interviewer-rated items (supplementary 
method S3). In the analysis, we extracted four items 
of  the SOF as the first factor that best represents 
functional outcomes: independence of  living arrange-
ments (Independence), short-term planning (Plans), 
financial management/independence (Finances), and 
overall level of  functioning (Impairment). Because the 
remaining three factors yielded relatively lower eigen-
values and were comprised of  items that reflective of 
clinical symptoms, they were not carried forward for 
use in subsequent analyses. Higher scores indicate 
better functioning for the items.

Statistical Analysis

We employed independent t tests to compare MMN, P3a, 
gamma-band ASSR, and cognitive measures between 
healthy comparison subjects and schizophrenia patients. 
The significance level was set at P < .05. Cohen’s d effect 
sizes (absolute values) were calculated from the overall 
group contrast to compare ERP, gamma-band ASSR, 
and cognitive measures.

We used structural equation modeling (SEM) to summa-
rize associations among measures described in the previous 
sections using latent variables.99,100 Latent variables are not 
directly observed but rather are inferred from associations 
among observed (directly measured) variables. Our latent var-
iable measurement model (M0) included latent variables for 
Sensory Discrimination, Gamma-band ASSR, Cognition, 
Negative Symptoms, and Functional Outcomes in schizo-
phrenia patients. The latent Sensory Discrimination variable 
was indicated by MMN and P3a; the latent Gamma-band 
ASSR variable was indicated by gamma ITC and ERSP; the 
latent Cognition variable was indicated by CVLT-II Total 
Learning and Recognition Hits, Letter Number Span, and 
Letter Number Sequencing; the latent Negative Symptoms 
variable was indicated by Affective Flattening or Blunting, 
Alogia, Avolition or Apathy, and Anhedonia or Asociality; 
the latent Functional Outcomes variable was indicated by 
SOF Independence, Plans, Finances, and Impairment.

Next, we fitted a series of path models that explored 
casual pathways emanating from the neurophysiolog-
ical indices (Sensory Discrimination and Gamma-band 
ASSR). These models are shown in figure  1. The first 
model (M1) assumed a casual pathway from Cognition 

https://academic.oup.com/schizophreniabulletin/article-lookup/doi/10.1093/schbul/sbaa116#supplementary-data
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to Negative Symptoms and from Negative Symptoms to 
Functional Outcomes, which is a well-established theoret-
ical model of schizophrenia but does not include causal 
pathways from EEG variables. The second model (M2) 
added causal paths between the neurophysiological in-
dices and Cognition, the third model (M3) added causal 
paths between neurophysiological indices and Negative 
Symptoms, and the fourth model (M4) added causal 
paths between neurophysiological indices and Functional 
Outcomes.

Model parameters were estimated using the latent vari-
able analysis (lavaan) package for R.101 Models were com-
pared using difference chi-squared tests and the Akaike 
information criterion (AIC). Smaller AIC value indicates 
a better fit. Model fit was evaluated using comparative 
fit index (CFI) and root mean square error of approx-
imation (RMSEA). Comparative fit index values near 
0.95 or greater and RMSEA values near 0.06 and lower 
are typically considered acceptable.102 Inferential tests 
were two-tailed with the significance level set to 0.05. 

Fig. 1.  Path models for the associations among Sensory Discrimination, Gamma-band ASSR, Cognition, Negative Symptoms and 
Functional Outcomes constructs. In these models, we used negative symptoms as one latent variable because we intended to simply focus 
on the hierarchical organization from neurophysiological indices to functional outcomes via neurocognition and negative symptoms, but 
not on complex clinical symptoms in schizophrenia patients. Thus, these models are different from our previous work19 as the addition 
of Gamma-band ASSR into the neurophysiologic model of Sensory Discrimination allows a clearer resolution of the spectrum of 
neurophysiologic impairments as their causal “up stream” effects on Cognition, Negative Symptoms, and Functional Outcomes. ASSR, 
auditory steady-state response (Colored figure is available online).
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Additional information on the estimation approach is 
shown in Supplementary Method 4.

Results

Difference of Sensory Discrimination Indices, 
Gamma-Band ASSR Indices, and Cognition Between 
Healthy Comparison Subjects and Schizophrenia 
Patients

Sensory discrimination as measured by MMN (d = 0.69) 
and P3a amplitude (d = 0.67), Gamma-band ASSR meas-
ured by ITC (d = 0.44) and ERSP (d = 0.39), CVLT-II 
Total Learning scores (d = 1.21), CVLT-II Recognition 
Hits (d  =  0.58), Letter Number Span (d  =  0.76), and 
Letter Number Sequencing (d  =  1.15) were all signifi-
cantly lower in schizophrenia patients compared with 
healthy comparison subjects (figure  2, supplementary 
table S1).

Structural Equation Modeling in Schizophrenia Patients

Correlations among the indices are shown in figure  3. 
Descriptive statistics are shown in supplementary table 
S1. Model fit statistics are shown in table  1. The M0 
model provided acceptable fit. The M0 parameter esti-
mates are shown in figure 4. Our initial path model with 
neuropsychological measures (M1) also provided an ac-
ceptable fit (supplementary figure S1). Therefore, we con-
tinued with tests of directed paths.

Models 2 through 4 all fitted the data better than M1, 
thus indicating that causal pathways from EEG variables 
are necessary. Of these models, M3 best fit the data. In 
this model, significant associations were observed be-
tween all observed indicators and latent variables, be-
tween Sensory Discrimination and Cognition; between 
Sensory Discrimination and Negative Symptoms; be-
tween Gamma-band ASSR and Cognition; between 
Cognition and Negative Symptoms; and between Negative 
Symptoms and Functional Outcomes. Conversely, non-
significant associations were observed between Gamma-
band ASSR and Negative Symptoms. Our final model, 
M5, all non-significant associations in M3 were omitted. 
M5 ultimately provided the best fit for the data.

Using M5 as our final model, the effect of Sensory 
Discrimination on Cognition was estimated to be β = 0.30 
(P  =  .001), the total effect of Sensory Discrimination 
(direct effect plus indirect effect through Cognition) on 
Negative Symptoms was estimated to be β = −0.35 (P < 
.001), and the indirect effect of Sensory Discrimination on 
Functional Outcomes through Cognition and Negative 
Symptoms was estimated to be β = 0.10 (P = .001). The 
effect of Gamma-band ASSR on Cognition was esti-
mated to be β  =  0.20 (P  =  .004), the indirect effect of 
Gamma-band ASSR on Negative Symptoms through 
Cognition was estimated to be β = −0.09 (P = .016), the 
indirect effect of Gamma-band ASSR on Functional 

Outcomes through Cognition and Negative Symptoms 
was estimated to be β = 0.06 (P = .017).

Discussion

The present study supports previous findings that 
laboratory-based EEG biomarkers of  early auditory 
information processing significantly add to our un-
derstanding of the cognitive, clinical, and functional 
disability of  schizophrenia patients. Furthermore, re-
sults show that the EEG measures of  both Sensory 
Discrimination as well as Gamma-band ASSR can be 
placed in a hierarchical framework linking these impair-
ments in low-level sensory processing to higherorder 
cognitive, clinical, and psychosocial outcomes in schiz-
ophrenia patients. The present results not only provided 
independent replication and validation of previous 
studies using similar SEM approaches but also demon-
strated a unique contribution of Gamma-band ASSR. 
Specifically, Sensory Discrimination (MMN/P3a) had a 
direct effect on Cognition and Negative Symptoms, while 
Gamma-band ASSR had a direct and unique effect on 
Cognition. Furthermore, both Sensory Discrimination 
and Gamma-band ASSR indirectly impacted Functional 
Outcomes.

The present integrative multivariate results obtained 
from n  =  695 schizophrenia patients also confirm pre-
vious findings of bivariate associations among MMN, 
P3a, ASSR, neurocognition, symptoms, and func-
tional outcomes in schizophrenia patients.19,32,34,41,55,57 
We also found that both Sensory Discrimination and 
Gamma-band ASSR have significant direct effects on 
the Cognition and significant indirect (mediating) ef-
fects on Functional Outcomes. Consistent with our 
previous study, we found that MMN/P3a indirectly me-
diated Functional Outcomes through a direct influence 
on Negative Symptoms.19 Whereas our previous study 
showed that cognition was more strongly associated with 
functional outcomes than with negative symptoms,19 the 
current study showed that Cognition was more prom-
inently associated with Negative Symptoms than with 
Functional Outcomes (figure  4, M0). These important, 
but nuanced differences in relative path strengths among 
cognition, symptoms, and functional measures observed 
across the two studies could be due to the use of different 
Cognition and Functional Outcomes measures. Both the 
study of Thomas et al19 and the current study are con-
sistent with previous studies which found that negative 
symptoms mediate relationships between cognitive dys-
function and lower functional outcomes in patients with 
schizophrenia.103–106 Moreover, results clearly indicate 
that EEG-based measures of Sensory Discrimination 
and Gamma-band ASSR significantly add explanatory 
power to these well-established models with strong evi-
dence for “bottom-up” effects on important cognitive, 
clinical, and functional outcomes, supporting the use of 

http://academic.oup.com/schizophreniabulletin/article-lookup/doi/10.1093/schbul/sbaa116#supplementary-data
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these translational biomarkers in the context of the de-
velopment of novel therapeutic interventions for schizo-
phrenia patients.

In contrast to MMN/P3a measures, a direct ef-
fect on Negative Symptoms was not observed for the 
Gamma-band ASSR in the current study. The disso-
ciation between MMN/P3a and ASSR on negative 
symptoms may be related to differences in the neuro-
pathological substrates of  MMN and gamma-band 

ASSR impairment in schizophrenia patients. MMN 
reflects N-methyl-d-aspartate (NMDA) receptor func-
tion107,108 and it is known that both positive and neg-
ative symptoms are associated with impaired NMDA 
receptor function by ketamine.109,110 Differential effects 
of  NMDA receptor dysfunction on cortical microcir-
cuitry may play a role in the different effects of  MMN 
and gamma-band ASSR on negative symptoms in 
schizophrenia patients.

Fig. 2.  Event-related potentials (A), inter-trial phase coherence, and event-related spectral perturbation (B) at Fz. The inter-trial phase 
coherence indicates phase consistency across trials and ranges between 0 (random phase across trials) and 1 (identical phase across 
trials). The time-course figures on the right side (B) show mean of inter-trial phase coherence and event-related spectral perturbation 
between 35 and 45 Hz, respectively (Colored figure is available online).
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Complementary but distinct EEG biomarkers of 
MMN/P3a and gamma-band ASSR improve our under-
standing of the hierarchical/bottom-up nature of clini-
cally relevant deficits in schizophrenia; specifically, the 
present model provides evidence that multiple EEG met-
rics can be used in synergistic ways to better understand 
the complex biological mechanisms underlying cognitive 
and functional outcomes in schizophrenia. Furthermore, 
the present model may provide valuable information for 
new treatment development. For example, we have shown 

that MMN/P3a assessed at the outset of treatment pre-
dicts cognitive and clinical gains after a full course of 
targeted cognitive training.17 Similarly, a recent study by 
Medalia et al111 showed that low-level auditory training 
exercises were primarily useful in patients with schizo-
phrenia with pre-existing deficits in early auditory proc-
essing (lower score in Tone Matching Test) and enabled 
such individuals to benefit from cognitive remediation 
aimed at higher-order deficits. Thus, EEG and behavioral 
measures of auditory system fidelity may be helpful for 

Table 1.  Model Fit Statistics

Difference with M1 Each Model

χ2 df Direction χ2 df AIC CFI RMSEA

M0: Measurement Model NA NA NA 129.2 90 NA 0.985 0.025
M1: Cognition/Negative Symptom/ 
Function Model

NA NA NA 206.5 98 26695.3 0.958 0.040

M2: Including Neural Indices Model 49.23 2 M2 > M1, P = 
2.0×10−11*

147.1 96 26639.9 0.980 0.028

M3: Direct Neural Indices to Negative 
Symptom Model

62.70 4 M3 > M1, P = 
7.9×10−−13*

136.3 94 26633.1 0.984 0.025

M4: Direct Neural Indices to Negative 
Symptom/Function Model

64.61 6 M4 > M1, P = 
5.2×10−12*

135.8 92 26636.7 0.983 0.026

M5: Direct SD to Negative Symptom 
Model: Final Model

59.94 3 M5 > M1, P = 
6.0×10−13*

136.7 95 26631.5 0.984 0.025

AIC, Akaike information criterion; CFI, comparative fit index; ERP, event-related potential; NA, not applicable; RMSEA, root mean 
square error of approximation; SD, sensory discrimination.
*Statistical significance of P-value < .05.

Fig. 3.  Correlations among observed indices of Sensory Discrimination indices, Gamma-band ASSR indices, Cognition, Negative 
Symptoms, and Functional Outcomes. Asterisks and bold values indicate statistical significance P < .00042 (0.05/120; 120 indices) 
adjusted with Bonferroni correction. CVLT-II, California Verbal Learning Test-Second Edition; ERSP, Event-Related Spectral 
Perturbation; ITC, Inter-Trial Coherence; MMN, Mismatch Negativity; SANS, Scale for the Assessment of Negative Symptoms; SOF, 
Scale of Functioning (Colored figure is available online).
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Fig. 4.  Measurement model (M0) and final path model (M5). Associations between nodes (observed variables [rectangles] and latent 
variables [ovals]) are represented by edges (lines) that can be either directed (single-headed arrow) or undirected (double-headed arrow). 
Coefficients for the completely standardized solution are reported in the figure. Information in italics indicates constrained loadings 
(supplementary method S4). *P < .05. CVLT-II, California Verbal Learning Test-Second Edition; SANS, Scale for the Assessment of 
Negative Symptoms; ASSR, Auditory Steady-State Response; SOF, Scale of Functioning (Colored figure is available online).

https://academic.oup.com/schizophreniabulletin/article-lookup/doi/10.1093/schbul/sbaa116#supplementary-data
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novel pharmacologic, non-pharmacologic, and combined 
pharmacologic augmentation of cognitive therapeutic 
strategies112 that leverage validated pathophysiolog-
ical models of disease as well as reliable biomarkers for 
predicting and/or monitoring therapeutic response.11–18,113

Limitations

The results of the present study should be considered 
in the context of several limitations. First, this was a 
cross-sectional cohort study of a heterogeneous sample 
of schizophrenia patients, the majority of whom were 
receiving complex medication regimens. As is the case 
for most large-scale studies of schizophrenia patients, 
the medication, psychosocial environments, and other 
important factors that could potentially influence brain 
function or interacting pathways from brain function 
across domains could not be experimentally parsed in the 
present study. Second, the schizophrenia patients in this 
study had a chronic illness; results therefore may not gen-
eralize to at-risk or early-illness psychosis patients. In this 
context, separate studies suggest that the stage of illness 
appears to moderate the effect of MMN32 and evoked 
gamma oscillations58 on global functioning. Third, the 
SEM approach used here does not prove a causal associa-
tion. Rather, it is used as a statistical framework for com-
paring the plausibility of models. Additional replication 
and refinement in longitudinal and experimental data sets 
is necessary to support these findings. Finally, we showed 
a “bottom up” effect of EEG-based measures of early 
auditory information processing on functional outcomes. 
While the current study did not have a cognitive test bat-
tery that was adequately balanced to determine whether 
the EEG measures of early auditory information proc-
essing provide unique pathways via auditory vs visual 
domains of cognitive function, Thomas et al19 explicitly 
tested this possibility and found that impairments in early 
auditory processing are comparably associated with both 
auditory and visual domains of cognitive functioning. 
Since early auditory processing arises from a broadly dis-
tributed network91,92 results lend support to the view that 
these neurophysiological measures generally reflect im-
paired brain functioning rather than a specific deficit in 
auditory information processing.

Conclusions

The results of this study show that the use of comple-
mentary but distinct EEG biomarkers, MMN/P3a and 
gamma-band ASSR, improves our understanding of 
the hierarchical/bottom-up nature of deficits in schizo-
phrenia. Specifically, multiple EEG metrics may be used 
in synergistic ways to better understand cognitive, clin-
ical, and psychosocial impairments in schizophrenia pa-
tients. Investigation of the neural mechanisms underlying 

the abnormal networks of MMN/P3a and gamma-band 
ASSR focusing on the hierarchical nature of deficits 
in schizophrenia patients will strengthen the utility of 
MMN/P3a and gamma-band ASSR as translational 
brain markers for clarifying the pathophysiology and the 
development of novel therapeutic interventions.

Supplementary Material

Supplementary material is available at https://academic.
oup.com/schizophreniabulletin/.
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