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Background: Auditory encoding abnormalities, gray-
matter loss, and cognitive deficits are all candidate 
schizophrenia (SZ) endophenotypes. This study evaluated 
associations between and heritability of auditory network 
attributes (function and structure) and attention in healthy 
controls (HC), SZ patients, and unaffected relatives (UR). 
Methods: Whole-brain maps of M100 auditory activity 
from magnetoencephalography recordings, cortical thick-
ness (CT), and a measure of attention were obtained from 
70 HC, 69 SZ patients, and 35 UR. Heritability estimates 
(h2

r) were obtained for M100, CT at each group-difference 
region, and the attention measure. Results: SZ patients 
had weaker bilateral superior temporal gyrus (STG) M100 
responses than HC and a weaker right frontal M100 
response than UR. Abnormally large M100 responses in 
left superior frontal gyrus were observed in UR and SZ 
patients. SZ patients showed smaller CT in bilateral STG 
and right frontal regions. Interrelatedness between 3 puta-
tive SZ endophenotypes was demonstrated, although in the 
left STG the M100 and CT function−structure associa-
tions observed in HC and UR were absent in SZ patients. 
Heritability analyses also showed that right frontal M100 
and bilateral STG CT measures are significantly heri-
table. Conclusions: Present findings indicated that the 3 
SZ endophenotypes examined are not isolated markers of 
pathology but instead are connected. The pattern of audi-
tory encoding group differences and the pattern of brain 
function−structure associations differ as a function of 
brain region, indicating the need for regional specificity 

when studying these endophenotypes, and with the presence 
of left STG function−structure associations in HC and UR 
but not in SZ perhaps reflecting disease-associated dam-
age to gray matter that disrupts function−structure rela-
tionships in SZ.
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Introduction

Auditory encoding abnormalities, gray-matter loss, and 
cognitive deficits are increasingly considered schizophre-
nia (SZ) endophenotypes. In particular, recent electro-
physiological studies have focused on 100  ms auditory 
encoding abnormalities,1–5 brain structure studies have 
focused on reduced gray matter,3,6–8 and neuropsychologi-
cal studies have focused on attention deficits.2,3,9 These 
putative endophenotypes are usually examined separately 
and thus relationships infrequently discussed. There is 
evidence, however, that these endophenotypes are associ-
ated.3 The present study built upon these findings, now 
examining 100  ms auditory encoding activity through-
out the brain in individuals with SZ and controls and, in 
regions where auditory encoding group differences were 
observed, measuring associations between brain structure 
and performance on a test of attention. To establish these 
measures as endophenotypes10 (as well as to better dem-
onstrate hypothesized associations between measures), 
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first-degree unaffected relatives (UR) of the SZ sample 
were also recruited.

Abnormally small 100  ms auditory response (N100 
electroencephalography [EEG] or M100 magnetoenceph-
alography [MEG]) is a robust electrophysiological finding 
in medicated and unmedicated SZ patients and their rela-
tives,2,4,11–14 with studies indicating that 100 ms abnormali-
ties are trait rather than state features. Some studies have 
reported normal N100 responses in first-degree relatives 
of SZ patients.15–21 However, reduced N100 response may 
be observed only in unaffected first-degree relatives with 
comorbid psychiatric or substance conditions.1 Studies 
have shown that N100 amplitudes are highly herita-
ble.1,22,23 There is thus support for 100 ms auditory encod-
ing measures as a viable endophenotype.

Gray-matter abnormalities are common in patients 
with SZ,24–26 with studies observing cortical thinning in 
SZ, particularly in temporal, frontal, and cingulate gyrus 
regions19–21 and with smaller superior temporal gyrus 
(STG) volume and cortical thickness (CT) being among 
the most reliably observed structural brain abnormality in 
SZ.27–30 Several studies indicate STG gray-matter pathol-
ogy as a marker of conversion to SZ.31–33 Other studies 
examining first-episode schizophrenia (FES) show that 
STG gray-matter abnormalities are present at disease 
onset.34,35 Although STG pathology is often considered 
an endophenotype, some studies have not observed STG 
gray-matter abnormalities in either nonconverting at-
risk individuals or UR, indicating that STG gray-matter 
abnormalities were specific to SZ.35,36 Although studies 
are inconsistent in whether STG pathology is observed in 
SZ relatives, heritability studies show that CT and brain 
volume are influenced by genetic factors.37

A small number of multimodal studies have examined 
associations between brain structure (STG gray matter) 
and brain function (auditory encoding processes).38,39 
For example, using EEG, less left posterior STG and 
left planum temporale gray matter were associated with 
smaller left temporal auditory P300 in SZ40 and FES.41 
Using MEG, Edgar et al3 showed that left STG (L-STG) 
CT was associated with L-STG M100 source strength, 
and Edgar et  al42 showed that the low-frequency audi-
tory transient response as well as 40 Hz auditory steady-
state abnormalities in L-STG distinguish SZ patients 
and healthy controls (HC), with associations between 40 
Hz steady-state activity and gray matter in controls but 
not SZ indicating a loss of structure−function associa-
tions in patients. Given the above studies, and given that 
Chen et al4 showed STG as well as frontal region audi-
tory encoding abnormalities in SZ, studies relating gray 
matter and auditory encoding processes in multiple brain 
regions in SZ are needed.

Finally, with regard to cognitive measures, individu-
als with SZ experience cognitive problems particularly 
in attention and working memory.9,43–49 Studies from our 
laboratory have shown that STG CT and STG function 

(M100 activity) are both associated with performance on 
tests of attention in individuals with SZ.2,3 Associations 
between prefrontal gray matter and cognitive perfor-
mance have also been reported in SZ50.

Study Goals and Hypotheses

Distributed source localization identified auditory encod-
ing processes throughout the brain and evaluated rela-
tionships among group differences in brain function, 
brain structure, and attention performance. To determine 
whether these measures have a genetic component, heri-
tability estimates were obtained for M100, gray matter, 
and attention. Given that most previous paired-click 
EEG and MEG studies have shown group differences for 
the first but not the second click,1,2 this study focused on 
first-click M100 activity with the following hypotheses: 
(1) Replicating previous findings,4 it was hypothesized 
that M100 group differences between HC, SZ patients, 
and UR would be observed in STG and frontal regions. 
(2) Individuals with SZ would show smaller STG CT, 
and gray-matter abnormalities in UR were expected to 
be small or absent. (3) CT would predict M100 source 
strength in HC and UR. Given gray-matter pathology in 
SZ, it was hypothesized that function−structure relation-
ships would be missing in SZ. Finally, replicating Edgar 
et al,3 it was hypothesized that associations between M100 
source strength, CT, and attention performance would be 
observed. (4) M100 source strength, CT, and attention 
performance would be heritable, with results from phe-
notypic correlation analyses demonstrating associations 
between the 3 putative endophenotypes.

Methods

Subjects

In this study, 70 HC (51 males; mean age 
39.40 ± 11.67 years), 69 individuals with chronic SZ (57 
males, mean age 41.08 ± 12.75 years), and 35 first-degree 
UR (14 parents, 4 children, and 17 siblings; 14 males; 
mean age 45.33 ± 13.24 years) were recruited. Selection 
criteria for SZ were: (1) diagnosis of SZ with no other 
Axis I  diagnosis, determined by the Structured Clinical 
Interview for DSM-IV-Patient Edition (SCID-DSM-IV; 
American Psychiatric Association, 1994); (2) stable, con-
tinuous treatment with antipsychotic medication for at 
least 3 months; (3) no history of substance dependence 
(per SCID); (4) no history of alcohol or other substance 
abuse in the past 3  months (per SCID); (5) no history 
of head injury with loss of consciousness for more than 
5 min; and (6) no psychiatric hospitalization in the last 
3  months. Selection criteria for HC and UR are those 
provided in Chen et al.4 UR were ascertained by the par-
ticipation of their SZ family members. See the online sup-
plement for additional demographic information and, as 
shown in supplementary table 1, groups did not differ in 
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age, education, or parental socioeconomic status (SES51). 
Patients’ SES was significantly lower than controls’ SES. 
In individuals with SZ, mean total scores of the Positive 
and Negative Syndrome Scale (PANSS)52 were 17.78 
(SD = 5.64) for positive symptoms and 16.38 (SD = 4.44) 
for negative symptoms (N = 65; PANSS scores were not 
available in 4 subjects).

Attention Measures

For each participant, a measure of attention was obtained 
via the clinical index (confidence index score) from the 
Conners’ Continuous Performance Test II53 (CPT II). 
The CPT clinical index score is an estimate of the like-
lihood that the examinee’s response fits those given by 
individuals with attention deficits hyperactivity disorder. 
The CPT clinical index score is derived by an automated 
discriminant function analysis,53 and the higher the CPT 
clinical index score the more likely the individual has an 
attention deficit.

Paired-Click Paradigm

The paired-click paradigm followed the protocol of 
Adler et al,54 in which 3 ms binaural clicks were presented 
in pairs with a 500  ms interstimulus interval and with 
onset-to-onset intertrial interval jitter between 7 and 11 s, 
averaging 9 s. A total of 150 clicks were delivered through 
earphones placed in each ear canal. Prior to data acquisi-
tion, 500 Hz tones of 300 ms duration and 12.5 ms rise 
time were used to obtain auditory thresholds for each ear. 
Auditory thresholds were initially estimated via stepwise 
amplitude reduction until participants stopped verbally 
identifying the presence of the tone. For fine-tuning, tone 
loudness was then adjusted within ±10 dB of the pre-
liminary threshold until a final threshold was confirmed 
(approximately 50% accuracy). For each ear, the peak 
intensity of the click was presented 35 dB above each sub-
ject’s hearing threshold. As previously noted, this study 
examined only first-click activity at 100 ms.

MEG and Magnetic Resonance Imaging Data 
Acquisition and Coregistration

MEG data were recorded in a magnetically shielded 
room (VACUUMSCHMELZE GmbH & Co. KG) 
using a 306-channel Vector-View MEG system (Elekta-
Neuromag). After 0.1–330 Hz band-pass and 60 Hz 
notch filters, MEG signals were digitized at 1000 Hz. 
Electrooculogram and electrocardiogram were also 
obtained. The participant’s head position was monitored 
using 4 Head Position Indicator (HPI) coils attached to 
the scalp. Participants were asked to refrain from smok-
ing for at least 1  h before the recording session. After 
the MEG session, T1-weighted magnetization-prepared 
rapid gradient-echo (MP-RAGE) structural MR images 
(sMRI) were collected on a Siemens 3T TIM Trio scanner 

at the Mind Research Network. Images were collected 
with a field of view of 256 × 256 mm, 192 sagittal slices, 
and 1 × 1 × 1 mm3 spatial resolution. This was a 5-echo 
sequence with echo times of 1.64, 3.5, 5.36, 7.22, and 
9.08 ms, a repetition time of 2530 ms, a gray−white mat-
ter contrast enhancement inversion recovery time of 
1200 ms, and 7° flip angle.

To coregister MEG and sMRI data, 3 fiducial land-
marks (nasion, right, and left preauriculars) as well as 
an additional 250+ points on the scalp and face were 
digitized for each participant using the Probe Position 
Identification (PPI) System (Polhemus). A  transforma-
tion matrix that involved rotation and translation between 
the MEG and sMRI coordinate systems was obtained by 
matching the PPI measurements to the sMRI.

Magnetic Source Analysis

MEG raw signals were first processed with Signal Space 
Separation (SSS55,56) using MaxFilter (Elekta-Neuromag; 
Elekta Oy). After SSS, first-click epochs 500 ms prestimu-
lus to 500 ms poststimulus onset were averaged. Trials con-
taining eyeblinks and large eye movements were excluded. 
On average, 108 trials were retained for HC, 110 trials 
for SZ patients, and 97 trials for UR (F(2,170) = 2.87, P 
> .05).

To calculate MEG forward solutions, a realistically 
shaped boundary element method (BEM) head model 
was created from each participant’s inner skull,57 with the 
BEM mesh obtained from tessellating the inner skull sur-
face from the MRI into ~6000 triangular elements with 
~5  mm size. VESTAL provided source images for each 
participant. VESTAL selects the source configuration 
that minimizes the absolute value of the source strength.

A 5−55 Hz band-pass filter was applied before VESTAL 
analyses. VESTAL analyses examined activity 80−130 ms 
poststimulus, producing a 4D activation map (3D volumes 
across time). The M100 VESTAL source image for each 
participant was obtained by summing source strength 
from VESTAL volumes between 80 and 130 ms. Before 
examining group difference in M100 activity throughout 
the brain, each participant’s M100 VESTAL source image 
was registered to MNI space (Montreal Neurological 
Institute, MNI-152 atlas) using an affine transformation 
(FLIRT-FMRIB’s Linear Image Registration Tool)58 
in FSL (www.fmrib.ox.ac.uk/fsl/). A  spatial smoothing 
of sigma 5 mm was applied. Group difference in M100 
activity throughout the brain was examined using the 
3dANOVA program in AFNI (https://afnilnimh.nig.gov/
pub/dist/doc/program_help/3dANOVA.html). Analysis 
of variance (ANOVA) with diagnosis as between-subjects 
factor compared M100 VESTAL activity. For all whole-
brain analyses described here and later, the cluster size 
needed to provide family-wise correction was determined 
using AFNI AlphaSim (https://afni.nimh.nih.gov/pub/
dist/doc/program_help/AlphaSim.html). 

http://www.fmrib.ox.ac.uk/fsl/
https://afnilnimh.nig.gov/pub/dist/doc/program_help/3dANOVA.html
https://afnilnimh.nig.gov/pub/dist/doc/program_help/3dANOVA.html
https://afni.nimh.nih.gov/pub/dist/doc/program_help/AlphaSim.html
https://afni.nimh.nih.gov/pub/dist/doc/program_help/AlphaSim.html
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Cortical Thickness

To assess function−structure associations, a CT mea-
sure was obtained in regions where group M100 source 
strength differences were observed (figure 1). To this end, 
each subject’s CT measures from FreeSurfer surface space 
was first converted to voxel space. The CT volume from 
each subject was resampled to volume in MNI space. 
Regions of interest (ROIs) from VESTAL group differ-
ence maps served as masks, and mean CT for each region 
was obtained by averaging CT values across voxels within 
each ROI. ANOVA with diagnosis as a between-subjects 
factor assessed CT group differences at each ROI.

Associations between M100 activity, CT, and Attention

Given the main hypothesis, associations between audi-
tory encoding, gray matter, and attention were examined 
in each of the M100 group difference ROIs. In particular, 
for each ROI, hierarchical regressions were run entering 
M100 source strength or CT measures first, group sec-
ond, and Group X M100 or CT interaction last, with the 
CPT attention score at the dependent measure. Except 
for the whole-brain VESTAL group difference analysis, 
all statistical analyses were performed using IBM SPSS 
Statistics 24 (IBM Corp)

Heritability Analyses

To help establish M100 auditory activity, CT, and the 
attention measure as candidate endophenotypes, esti-
mates of additive genetic variance, heritability (h2

r), 
were obtained for each dependent measure (M100 and 
CT at each group difference ROI, and the attention 
measure) using SOLAR-Eclipse software (http://www.
solar-eclipse-genetics.org). Age and gender were used as 
covariates as both gray matter and electrophysiological 
response may show effects of age and gender.59,60 To avoid 
the covariates introducing interpretative confounds, these 
analyses were repeated with just one or neither covariate. 
Bivariate genetic correlation analysis was performed to 
calculate the proportion of common genetic and environ-
mental variance that influences 2 traits that constitute the 
phenotypic correlation (ρP) between 2 traits. If  the genetic 
correlation coefficient (ρG) is significantly different from 
0, then the significant portion of the variability in 2 traits 
are considered to be influenced by shared genetic factors.61 
The environmental correlation (ρE) is the component of 
the correlation due to shared environmental factors. All 
genetic analyses were performed after ensuring that each 
phenotype followed a normal distribution.

Results

M100 Group Differences

Figure  1a shows M100 ANOVA group differences. 
Based on the ANOVA results, ROIs were identified 

via thresholding the group difference F-stats map at  
P < .05 and with cluster-thresholded family-wise correc-
tion applied (>4000 voxels). Four group-difference ROIs 
were identified: L-STG, right STG (R-STG), right fron-
tal regions (R-Frontal), and left superior frontal gyrus 
(L-SFG). Simple-effects analyses (all pairwise compari-
sons) were performed for each ROI, computing for each 
participant a single M100 measure at each ROI by sum-
ming across the voxels in each ROI. Simple effect analyses 
showed stronger M100 activity in HC than in SZ patients 
in L-STG (P < .05) and R-STG (P < .05), and stron-
ger M100 activity in SZ patients than in HC in L-SFG  
(P < .001). Stronger M100 activity in UR than in HC 
and SZ patients was observed in L-STG and R-Frontal 
regions (Ps < .05). The only M100 abnormality common 
to SZ patients and UR was observed in L-SFG, with 
abnormally larger L-SFG M100 activity in UR than in 
HC (P < .001). Bar charts in figure 1 illustrate the afore-
mentioned group-difference findings.

CT Group Differences

As shown in figure  1b, CT measures for each partici-
pant were obtained from the M100 group-difference 
ROIs (ie, L-STG, R-STG, R-Frontal, and L-SFG), 
computing for each participant a single CT measure at 
each ROI by averaging across the voxels in each ROI. 
Less CT in SZ patients than in HC was observed in the 
following regions: L-STG, R-STG, and R-Frontal. Less 
CT in UR than in HC was observed only for R-STG  
(P < .05).

M100 and CT Associations

The 4 M100 group-difference ROIs were used for analy-
ses evaluating structure−function associations. At each 
ROI, hierarchical regressions were run with CT entered 
first, group second (dummy-coded orthogonally as 
HC vs SZ patients, and UR vs others), and the CT X 
group interaction last, with M100 source strength as 
the dependent measure (table  1(a)). As hypothesized, 
in both left and right STG, larger CT predicted greater 
M100 source strength. Given previous findings showing 
a loss of L-STG structure−function associations in SZ42, 
the regression was restructured on a post hoc basis with 
group dummy coded as SZ vs others, which identified a 
marginally significant Group X L-STG CT interaction 
(P =  .06), with a structure−function association in HC 
+ UR but not in SZ patients (figure 2a). Figure 2a also 
shows significant associations between R-STG CT and 
M100 source strength in the full sample. No main effect 
of CT and no Group X CT interaction were observed in 
the 2 frontal regions.

Per recommendation of Miller and Chapman62 and 
Verona and Miller63 at all ROIs group M100 source 
strength differences remained after removing variance 

http://www.solar-eclipse-genetics.org
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associated with CT (P’s < .01), indicating that M100 
source strength group differences could not be explained 
as secondary to group differences in CT. Findings 
remained similar when hierarchical regressions were run 
with CT the dependent variable.

Attention Performance Group Differences

The mean CPT clinical index scores for each group were 
52.12 (SD = 19.65) for HC, 65.19 (SD = 20.43) for SZ 
patients, and 47.28 (SD  =  21.99) for UR. ANOVAs 
showed a group main effect (F(2,157) = 10.42, P < .001), 

Fig. 1.  (a) M100 analysis of variance (ANOVA) group differences and associated bar charts showing results of simple-effects analyses 
at the 4 identified regions of interest (ROIs) (*P < .05, **P < .001). All shown points of M100 activity (axial and sagittal slices) are 
contained in 1 of the 4 ROIs. (b) Cortical thickness (CT) measures for each participant were derived from the 4 ROIs where M100 group 
differences were observed (shown for one participant). Associated bar charts show results of simple-effects analysis at each ROI  
(*P < .05, **P < .001).
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with the expected better attention performance in HC 
and UR than in SZ patients (P < .001).

M100, CT, and Attention Associations

Hierarchical regressions with attention as the dependent 
variable were run with M100 or CT entered first, group 
second (dummy coded as HC vs SZ patients, and UR vs 
others), and the M100 or CT X Group interaction last, 
with M100 source strength or CT from each ROI ana-
lyzed separately (table  1(b) and (c)). As detailed later, 
M100 and CT analyses provided support for brain func-
tion and brain structure associations with attention. Of 
note, for all analyses, after removing variance associated 
with M100 or CT, attention group differences remained 
significant (P’s < .001).

As shown in table 1(b) and (c), brain function (M100) 
and brain structure (CT) predicted variance in atten-
tion. Figure 2b and c shows relationships for L-STG and 
R-STG M100 measures and attention as well as L-STG 
and R-STG CT measures and attention for each group. 
Specifically, M100 in L-STG and R-STG predicted 
attention (figure 2b), although with a significant Group 
X R-STG M100 interaction indicating R-STG M100 
source strength and attention associations only in UR 

(figure 2b). CT at all ROIs predicted attention, with no 
significant Group X CT interactions.

Heritability

Heritability estimates for all 3 phenotypes are presented in 
table 2. As in most heritability studies, age and gender were 
entered as covariates. The only M100 measure showing 
significant heritability was R-Frontal M100. CT measures 
showing significant heritability were L-STG and R-STG. 
To better understand the effect of the covariates, analyses 
were rerun with only age or gender entered as a covariate, 
as well as with no covariate.62,63 The heritability results with 
only age as a covariate were similar to the results with both 
age and gender as covariates. With only gender as a covari-
ate as well as no covariate, only R-Frontal M100 was found 
to be heritable. The pattern of results thus suggests a pos-
sible influence of gender on the CT heritability findings.

Phenotypic Correlations

Table  3 presents the phenotypic correlation results for 
M100, CT, and attention for the full sample. ρP is the esti-
mate of the strength of the observed correlation attrib-
uted to either environmental or genetic factors. Significant 

Table 1.  Hierarchical Regressions With (a) CT Predicting M100 Source Strength; (b) M100 Predicting Attention (CPT Clinical Index); 
(c) CT Predicting Attention (CPT Clinical Index)

(a) CT predicting M100 activity

Regions

CT Group Group X CT

Total R2R2 R2 Change R2 Change

L-STG 0.06** 0.17** 0.02+ 0.25***
R-STG 0.06** 0.10*** 0.00 0.16***
R-Frontal 0.01 0.22*** 0.00 0.24***
L-SFG 0.00 0.13*** 0.01 0.14***

(b) M100 predicting attention

M100 Group Group X M100

Total R2R2 R2 Change R2 Change

L-STG 0.05** 0.07** 0.02 0.14***
R-STG 0.05** 0.08** 0.08** 0.20***
R-Frontal 0.00 0.12*** 0.00 0.12**
L-SFG 0.00 0.11*** 0.01 0.12**

(c) CT predicting attention

CT Group Group X CT

Total R2R2 R2 Change R2 Change

L-STG 0.07** 0.08** 0.02 0.17***
R-STG 0.03* 0.11*** 0.00 0.14***
R-Frontal 0.11*** 0.08*** 0.01 0.21***
L-SFG 0.07** 0.11*** 0.00 0.18***

Note: CT, Cortical thickness; CPT, Continuous Performance Test; L-STG, left superior temporal gyrus; R-STG, right superior temporal 
gyrus; R-frontal, right frontal regions; L-SFG, left superior frontal gyrus.
*P < .05; **P < .01; ***P < .001; +P = .12.
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phenotypic correlations were found between (1) attention 
and M100 activity in L-STG and R-STG; (2) attention 
and CT in L-STG, R-Frontal, and L-SFG; and (3) M100 
and CT in L-STG, R-STG, and R-Frontal. Marginally 
significant phenotypic correlations were found between 
attention and CT in R-STG (P = .06) and between atten-
tion and M100 in L-SFG (P = .07).

Discussion

Auditory encoding, CT, and attention abnormalities were 
observed in SZ patients, with results demonstrating that 
these measures are not isolated markers of pathology but 
instead are mechanistically connected, with the analyses 
including UR providing evidence for treating each as an 

Fig. 2.  (a) Association between M100 and cortical thickness (CT) in left superior temporal gyrus (L-STG) and right superior temporal 
gyrus (R-STG). (b) Associations between attention and L-STG and R-STG M100 source strength. (c) Associations between attention 
and L-STG and R-STG CT (*P < .05; **P < .01; ***P < .09).
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endophenotype and also their coincidence as an endo-
phenotype. Here, we review the primary findings with 
respect to the 4 study hypotheses and within the context 
of previous findings. A  likely clinically informative pat-
tern of function−structure associations in HC and UR 
but not in SZ patients in left STG is also discussed.

M100 Source Strength and CT as Univariate 
Endophenotypes

Consistent with previous literature,4,64,65 present findings 
showed that M100 group differences were observed in 
STG and frontal regions, again confirming that audi-
tory encoding abnormalities are not specific to STG, thus 
indicating that individuals with SZ show abnormalities in 
multiple nodes of a concurrently activated auditory net-
work. In Chen et al,4 we hypothesized that the low STG 
and inferior frontal M100 activity and the high superior 
frontal M100 activity in individuals with SZ indicate 
that HC activate the ventral “what” auditory pathway 

more strongly than individuals with SZ when passively 
encoding auditory stimuli, and with individuals with SZ 
perhaps compensating for insufficient ventral auditory 
pathway activation (STG to inferior frontal connections) 
by over-activating the dorsal “where” auditory pathway 
(STG to superior frontal connections). Replicating Chen 
et  al,4 present findings showed again showed 2 abnor-
malities in frontal activity in SZ—weaker inferior frontal 
activity and stronger superior frontal activity. In addition 
to M100 abnormalities, the present CT findings replicate 
studies showing reduced STG CT (bilateral) and reduced 
frontal CT (right frontal) in SZ.29,30,66

UR findings provided support for the consideration 
of M100 auditory encoding and CT measures as “uni-
variate” endophenotypes, although with present and 
previous findings suggesting that these endophenotypes 
have regional specificity. For example, the M100 encod-
ing abnormalities in unaffected family members were not 
identical to those observed in SZ; rather than reduced 
L-STG and R-STG M100 activity, abnormally high 

Table 2.  Heritability Estimates (h2
r) for Attention, M100 Source Strength, and CT– Overall Sample N = 170–174

Covariate P values

Measures h2
r SE P value Age Gender

CPT clinical index 0 N/A .5 .02 .02
L-STG M100 0.02 0.23 .46 .29 .42
R-STG M100 0.02 0.24 .46 .70 .60
R-Frontal M100* 0.87 0.32 .05 .59 .24
L-SFG M100 0 N/A .5 .19 .43
L-STG CT* 0.88 0.34 .04 <.001 .06
R-STG CT* 0.93 0.32 .01 <.001 .14
R-Frontal CT 0.72 0.37 .10 <.001 .05
L-SFG CT 0 N/A .5 .001 .32

Note: Abbreviations are explained in the footnote to Table 1.
*Significant heritability values (P < .05).

Table 3.  Bivariate Correlations Between M100, CT, and Attention (CPT Clinical Index)

Trait 1 Trait 2 ρP P value

M100 and attention
L-STG M100 CPT clinical index −0.22 .005**
R-STG M100 CPT clinical index −0.18 .02*
R-Frontal M100 CPT clinical index −0.05 .53
L-SFG M100 CPT clinical index 0.15 .07
CT and attention
L-STG CT CPT clinical index −0.19 .02*
R-STG CT CPT clinical index −0.15 .06
R-Frontal CT CPT clinical index −0.26 <.001***
L-SFG CT CPT clinical index −0.29 <.001***
M100 and CT
L-STG M100 L-STG CT 0.28 <0.001***
R-STG M100 R-STG CT 0.22 <0.001***
R-Frontal M100 R-Frontal CT 0.20 <0.001***
L-SFG M100 L-SFG CT −0.01 0.91

Note: Abbreviations are explained in the footnote to Table 1. *P < .05; **P < .01; ***P < .001.
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R-Frontal activity was observed in UR. Similar to SZ 
patients, however, UR showed abnormally high L-SFG 
activity. These results perhaps shed light on findings 
from Turetsky et al,1 who showed a nonsignificant larger 
N100 Cz response (P = .18) in UR without a comorbid 
condition (similar to the UR sample in this study) than 
HC. The present findings of greater L-STG, L-SFG, and 
R-Frontal M100 activity in UR than HC mirror those 
of Turetsky et al,1 although with HC and UR findings in 
this study significant, with greater statistical sensitivity in 
this study perhaps due to an examination of brain activ-
ity in source vs sensor space. As previously noted, based 
on the findings in Chen et al,4 individuals with SZ might 
be compensating insufficient ventral auditory pathway by 
overactivating dorsal auditory pathway (abnormally high 
L-SFG activity). With greater functionality, UR might be 
overactivating both ventral and dorsal auditory pathways 
(high activity in STG, R-Frontal, and L-SFG in UR than 
HC). The aforementioned findings thus suggest that the 
identification of brain markers as possible endopheno-
types depends on the brain regions and family members 
examined, suggesting that in diagnostically “clean” UR 
only L-SFG M100 auditory encoding processes should 
be considered a potential endophenotype as this was the 
only auditory encoding abnormality observed in both SZ 
patients and UR.

Similar regional specificity was observed for CT, with 
present CT findings replicating studies showing reduced 
STG CT in SZ patients,29,30,66 but with findings for reduced 
CT in UR observed only in right STG. This finding of 
reduced right STG CT in UR is somewhat surprising given 
previous findings suggesting left > right STG abnormali-
ties in SZ.2,40–42 However, given brain structure−function 
findings indicating greater damage to L-STG in SZ in this 
study (see later) as well as in Edgar et al,42 R-STG CT may 
better predict risk for conversion to SZ. Finally, the lack 
of SFG CT group differences between SZ patients and 
HC suggests that, compared with other frontal regions, 
SFG is more structurally intact in SZ and, therefore, can 
serve as compensatory or secondary frontal region dur-
ing auditory encoding processes that, as detailed above, 
normally involve inferior frontal and STG regions in 
controls.

More generally, the aforementioned findings suggest 
the need to consider the possibility of region-specific 
brain findings in research domain criteria (RDoC) stud-
ies that involve SZ. For example, although SZ and autism 
spectrum disorder (ASD) are both neurodevelopmental 
disorders, and both SZ and ASD show M100 auditory 
encoding abnormalities,2,4,67,68 similar to the SZ and UR 
findings in this study, SZ and ASD may be similar in 
just one node of the auditory encoding network. Indeed, 
given that STG CT abnormalities are characteristic of SZ 
but not ASD, even in the presence of a shared functional 
regional abnormality the casual mechanisms may differ, 
with previous and present findings demonstrating the 

advantage of multimodal imaging studies to help inter-
pret functional findings.42,69–71

Associations Between M100 Source Strength, CT, and 
Attention

Function−structure associations were observed in left 
and right STG, with larger STG CT predicting a stronger 
M100 STG response. Associations between STG mea-
sures (M100 and CT) and attention were also observed 
(table  1(b) and (c)). For example, at all ROIs CT pre-
dicted attention performance. One possibility is that 
findings implicate low CT as a factor contributing to the 
M100 and attention problems. A casual association in the 
other direction, however, is also possible, with functional 
abnormalities resulting in gray-matter pathology.

An interesting finding was the lack of L-STG M100 
and CT associations in SZ (figure 2a). Our finding is con-
sistent with previous studies, with Edgar et al3 showing 
that left STG CT was associated with left STG M100 
source strength, and Edgar et al42 showing that low- and 
high-frequency auditory 40 Hz steady-state abnormali-
ties in left STG distinguish SZ patients and HC, with 
associations between 40 Hz steady-state activity and 
STG CT in controls but not SZ indicating a loss of struc-
ture−function associations in many individuals with SZ. 
In particular, it was hypothesized that disease-associated 
damage to STG gray matter in SZ disrupts STG gamma-
band function−structure relationships observed in HC. 
Examination of the left hemisphere associations in  
figure  2c suggests a similar loss of function−structure 
associations in SZ for left CT and attention, with larger 
N studies needed to replicate and extend present findings.

Heritability of M100, CT, and Attention Measures

Univariate heritability analyses showed that R-Frontal 
M100 activity, L-STG CT, and R-STG CT were herita-
ble. The present STG CT heritability findings are consis-
tent with studies showing that familial history explains a 
large proportion (40%–80%) of the variance in CT.8,37,59,72 
A caveat for the CT heritability findings, however, is that 
L-STG CT and R-STG CT were not significantly heri-
table if  gender was not included as a covariate, suggest-
ing a possible influence of gender on the CT heritability 
findings.

Bivariate phenotypic correlations supported the 
hypothesized interrelatedness between M100, CT, and 
attention. Although findings were especially significant 
regarding the phenotypic correlations between L-STG 
and R-STG M100 activity, CT, and attention, phenotypic 
correlations were also observed between L-SFG and 
R-frontal structure and attention, and a trending asso-
ciation between L-SFG M100 and attention. Given the 
relatively small samples and the phenotypic correlation 
analysis thus potentially underpowered, the observation 
of such associations suggests fairly strong relationships. 
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These findings thus suggest simultaneous genetic influ-
ence on these 3 measures.

Given the present sample size and study design, these 
phenotypic associations can only be attributed to shared 
and/or genetic factors, with the present sample size not 
allowing differentiation of the unique influences of genes 
vs environment. Nevertheless, the bivariate phenotypic 
correlation (table 3) among STG function and structure 
as well as attention indicate that the patterns observed at 
the individual level are also manifest at the family level. 
These findings indicate that these measures cluster and are 
heritable, evidence for treating each as an endophenotype 
and also their coincidence as an endophenotype. As the 
bivariate phenotypic correlation analyses showed com-
monality between the 3 measures, especially for L-STG 
and R-STG, and as individuals with SZ showed func-
tion and structure abnormalities in L-STG and R-STG, 
present findings suggest further joint study of these STG 
brain measures in SZ and individuals at-risk for SZ to 
better understand the pathway(s) for developing SZ.

Similar to the previously discussed function−structure 
associations, a model that accounts for the mechanisms 
relating the 3 endophenotypes is unfortunately difficult to 
derive empirically. Future studies with larger samples will 
perhaps allow evaluation of causality (eg, via structural 
equation model) to help determine the directionality of 
the observed associations.

To conclude, present findings suggest the interrelat-
edness of 3 putative SZ endophenotypes: M100 source 
strength, CT, and attention performance, with regional 
precision needed when discussing SZ endophenotypes. 
There is currently a great focus on developing cognitive 
and pharmacological treatments that normalize neural 
network abnormalities and thus hopefully patient symp-
toms.73 Present findings indicate the need for whole-brain 
analyses to identify regionally specific abnormalities, 
and with UR findings indicating differences between 
treatment targets based on brain abnormalities specific 
to SZ vs treatment targets based on brain abnormalities 
observed in SZ patients as well as at-risk UR. Future 
brain imaging studies should thus focus on whole-brain 
imaging measures, with multimodal studies identifying 
regionally specific brain function and structure measures 
that best predict treatment response and thus interven-
tion targets.

Supplementary Material

Supplementary data are available at Schizophrenia 
Bulletin online.
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