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Structural brain measures are employed as endophenotypes in the search for schizophrenia susceptibility
genes. We analyzed two independent structural imaging datasets with voxel-based morphometry and
with source-based morphometry, a multivariate, independent components analysis, to determine the sta-
bility and heritability of regional gray matter concentration abnormalities in schizophrenia. The samples
comprised 209 and 102 patients with schizophrenia and 208 and 96 healthy volunteers, respectively. The
second sample additionally included non-ill siblings of participants with and without schizophrenia. A stan-
dard voxel-based analysis showed reproducible regional gray matter deficits in the affected participants
compared with unrelated, unaffected controls in both datasets: patients showed significant gray matter
concentration deficits in cortical frontal, temporal, and insular lobes. Source-based morphometry (SBM) was
applied to the gray matter images of the entire sample to determine the effects of diagnosis on networks
of covarying structures. The SBM analysis extracted 24 significant sets of covarying regions (components).
Four of these components showed significantly lower gray matter concentrations in patients (p < .05). We
determined the familiality of the observed SBM components based on 66 sibling pairs (25 discordant for
schizophrenia). Two components, one including the medial frontal, insular, inferior frontal, and temporal
lobes, and the other including the posterior occipital lobe, showed significant familiality (p < .05). We
conclude that structural brain deficits in schizophrenia are replicable, and that SBM can extract unique
familial and likely heritable components. SBM provides a useful data reduction technique that can provide
measures that may serve as endophenotypes for schizophrenia.
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Volumetric analysis has been used for at least 20 years in
studies of schizophrenia and healthy volunteers, exploring
the structural changes that herald the onset of schizophre-
nia (Steen et al., 2006), relate to various clinical or cognitive
symptoms (Antonova et al., 2004; Flashman & Green, 2004;
Koutsouleris et al., 2008; Marsh et al., 2001), or reflect the
effects of medication (Boonstraetal., 2011; Puri, 2011). The
most replicated structural brain abnormalities observed in
patients with chronic schizophrenia are enlargement of the

lateral and, sometimes, third ventricles, and decreases in
whole brain volume and gray matter volume, temporal lobe
volume, and hippocampal volume (Honea et al., 2005).
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Using voxel-based morphometry methods (Ashburner &
Friston, 2000), loss of gray matter concentration or density
in chronic schizophrenia is consistently found in the supe-
rior temporal gyrus, medial temporal lobes, medial frontal
lobe, inferior frontal lobe, parahippocampal gyrus, and an-
terior cingulate (Giuliani et al., 2005; Honea, et al., 2005;
Meda et al., 2008; Segall et al., 2009).

Structural measures from MRI are potentially useful en-
dophenotypes (Bearden et al., 2007; van Haren et al., 2008)
because genetic influence on brain volume and shape across
individuals is significant (for review, see Glahn et al., 2007;
Thompson et al., 2002). Heritability measures quantify the
proportion of variation in a trait that is attributable to ge-
netics, as opposed to environmental or other factors. Family
and twin studies of healthy subjects comparing similarity of
brain measures show that whole brain volume and grey and
white matter volumes are the most heritable (over 80%).
Brain lobe volumes show somewhat lower heritability esti-
mates (with the frontallobes being the most heritable at 65%
and the occipital lobe being the least at 33%), and more sub-
tle variations such as specific regional volumes or the shape
of various sulci are even lower (Bartley et al., 1997; Glahn,
et al., 2007). Hippocampal volumes are less heritable than
more global measures, and reflect stronger environmental
effects, at least in schizophrenia (van Erp et al., 2004), but
the heritability is still not negligible (Sullivan et al., 2001).
The heritability of cortical thickness, rather than volume,
varies across the brain surface, with high heritability in the
frontal lobes, sensorimotor areas, and heteromodal associ-
ation areas (Thompson et al., 2001). Studies of the heri-
tability of brain structures in subjects with schizophrenia
and their unaffected siblings confirm that the overall brain
volume and hippocampal measures are significantly heri-
table (Goldman et al., 2008; Honea et al., 2008), and that
the hippocampal measures have possibly the largest effect
in meta-analyses (Boos et al., 2007).

Voxel-based morphometry (VBM) as a regression anal-
ysis on gray matter concentration does not take covariation
among brain regions into account. Multivariate approaches
to structural analyses, in contrast, allow patterns of com-
mon differences among regions to be revealed, or relation-
ships between the structural patterns and other measures
to be explored. The application of independent component
analysis (ICA) to structural images, called source-based
morphometry (SBM) (Xu et al., 2009) identifies patterns of
covariation in gray matter measures across subjects, which
can then be assessed for the effects of diagnosis, age, or
other variables. Xu et al. (2009) applied both SBM and
VBM analyses to gray matter concentration (GMC) images
of subjects with schizophrenia and matched control sub-
jects; while the VBM analysis identified the usual loss of
GMC in the thalamus and the temporal, inferior and me-
dial frontal, insular, and parahippocampal areas, the SBM
analyses identified these regions and others that VBM did
not identify, with a stronger effect of diagnosis. The SBM
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analysis, in addition to capitalizing on the effect of covaria-
tion among voxels as a multivariate approach, allows noise
to be parceled out in separate components. This parceling
can make it more sensitive to signal in the presence of noise,
as Xu et al. demonstrated through simulations.

In this paper we combine multiple, multisite structural
imaging datasets from subjects with schizophrenia, control
subjects, and siblings of both probands and controls to de-
termine the heritability of the SBM measures of gray matter.
To fully separate genetic from shared environmental factors,
more than one level of shared genetic load is needed. With
sibling pairs, we can assess ‘familiality’, or shared genetic and
environmental effects (Rice, 2008). Thus, heritability esti-
mates on sibling pairs provide an upper bound on the true
heritability of a phenotype. We perform VBM analyses sep-
arately first to confirm the comparability of the datasets, and
then perform the SBM analyses on the combined dataset.
The familiality of the spatial patterns that show diagnosis
effects in both datasets is tested in a set of sibling pairs, both
probands and controls.

We chose to work with unmodulated, segmented gray
matter images, using gray matter concentration (GMC)
rather than modulated images to reconstruct gray matter
volume (GMV). The comparison of these two approaches
has shown that gray matter concentration is a more sensi-
tive measure to the differences in schizophrenia (Fornito et
al., 2009; Meda, et al., 2008; Xu, et al., 2009). Fornito et al.
suggest that GMC and GMV may actually track different
pathological processes, and that GMC may lead to more
robust and spatially consistent findings, though other imag-
ing measures may be relevant as markers for other measures
such as IQ (Hartberg et al., 2010; Hartberg et al., 2011;
Rimol et al., 2010). In this study we have used GMC
measures, in keeping with the other SBM analyses noted
below.

Materials and Methods

Subjects

The collection of each dataset was approved by the local
review board at that institution. All subjects gave written
informed consent for participation.

FBIRN+MCIC Dataset. The data used here were a sub-
set of the combined Functional Imaging Biomedical Infor-
matics Research Network (FBIRN) and Multisite Clinical
Imaging Consortium (MCIC) dataset from Segall et al.
(2009), including patient and control samples from the
University of Minnesota (MINN), the Mind Research Net-
work (MRN), Harvard’s Massachusetts General (MGH)
and Brigham and Women’s Hospitals (BWH), the Univer-
sity of California-Irvine (UCI), the University of California-
Los Angeles (UCLA), the University of Iowa (IOWA), and
Yale University. Four of the sites (MRN, MGH, MINN,
and IOWA) participated in both studies, and 53 of the
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TABLE 1

Clinical and Demographic Summary for the Datasets

Handedness (Right,

Dataset Male/Female Age in years (SD) Education (years) Left + Mixed) 1Q

FBIRN+MCIC

HS (N = 228) 141/87 33.5(11.4) 15.5 (2.1) [96%] 208/20 113 (12) [98%]

SZ (N = 209) 152/57 35.5(11.4) 13.2(2.3) [90%] 185/24 102 (16) [97%]

WashU-CCNM

HS (N = 96) 55/41 31.9(14.3) 84/12

SZ (N =102) 74/28 34.1(12.8) 91/11

SZ-Sib (N = 31) 15/16 21.8(3.5) 27/4

HS-Sib (N = 49) 14/36 20.4 (3.5) 46/4

Clinical POS NEG Disorg mean CPZ (SD) mean DOI in years (SD)

FBIRN+MCIC 4.7 (2.7) [99%] 7.6 (3.9) 1.9(01.9 40.5 (107); 12 neuroleptic 12 (11) Range 0.25-49 [82%]
naive; 7 not currently
medicated; [52%]

WashU-CCNM 16 (14) Range 0.12-45 [44%)]

Note: SD = standard deviation, POS, NEG, Disorg = Positive, Negative, and Disorganized scores (see text for detail), DOl = duration of illness, CPZ =
chlorpromazine equivalents for current medication, HS = healthy subjects, SZ = subjects with schizophrenia, SZ-Sib = siblings of SZ, HS-Sib = siblings
of HS; percentage reporting is included wherever data were missing for some subjects.

participants were enrolled in both the MCIC and FBIRN
studies; for these participants only the FBIRN data were in-
cluded in the final FBIRN+MCIC data set. The combined
FBIRN and MCIC dataset used in this analysis consists
of 209 patients with schizophrenia (Affected, or Aff) and
228 healthy volunteers (Unaffected, Unaff), as outlined in
Table 1.

WashU-CCNM Dataset. The subjects in this dataset were
recruited through the Conte Center for the Neuroscience
of Mental Disorders (CCNMD) at Washington University
School of Medicine in St. Louis, and included: (1) probands
with DSM-1IV schizophrenia (Aff, n = 102); (2) their full
siblings with no psychosis (Aff-Sib, n = 31); (3) healthy
participants as controls (Unaff, n = 96); and (4) their sib-
lings (Unaff-Sib, n = 49). Siblings were full siblings, based
on self-report. This sample overlaps with previous studies
that focused on between-group differences (Calabrese et al.,
2008; Harms et al., 2010; Mamah et al., 2008). Sibling sets
were younger on average and more likely to be female than
their counterparts, as shown in Table 1. Not all pairs were
available for use in the heritability analysis; there were 66
complete pairs for that analysis, of which 25 were Aff/Aff-
Sib pairs.

Clinical Descriptions. All datasets used the Structured
Clinical Interview for Diagnosis (SCID) for DSM-IV or
DSM-IV-TR to confirm a diagnosis of schizophrenia or
schizoaffective disorder; the MCIC dataset also allowed
for schizophreniform. In the FBIRN+MCIC dataset, un-
affected subjects were free of any Axis-1 disorder, had no
history of drug dependence, no major untreated illness, no
head injuries, no first-degree relative with history of psy-
chotic illness, and an IQ no less than 75 as measured by the
North American Adult Reading Test (Blair & Spreen, 1989)
or no less than 70 for the MCIC dataset as measured by
Wide Range Achievement Test-3 (WRAT-3). Affected sub-

jects were excluded similarly, and if they had alcohol or sub-
stance dependence 2 months prior. In the WashU-CCNM
dataset, participants were excluded if they: (a) met DSM-
IV criteria for substance dependence or severe/moderate
abuse during the 6 months preceding assessment; (b) had
a clinically unstable or severe medical disorder, or a medi-
cal disorder that confounded the assessment of psychiatric
diagnosis or rendered research participation dangerous;
(c) had a history of head injury with documented neuro-
logical sequels or loss of consciousness; or (d) met DSM-IV
criteria for mental retardation (mild or greater in sever-
ity). Siblings without psychosis had similar criteria, with
the caveat that they could not have an Axis-1 psychotic dis-
order but could have other disorders. All affected subjects
were outpatients, stable on antipsychotic medication (for a
minimum of 2 weeks for the CCNM dataset, for 2 months
for the FBIRN+MCIC dataset). The clinical measures as
available for the different datasets are included in Table 1.
Symptom severity (Positive, Negative, and Disorganized)
was calculated as the sum of specific questions from the
Scales for the Assessment of Negative and Positive Symp-
toms (SANS and SAPS) where available (i.e., the sum of
the values from the Global Rating of Severity of Delusions
and the Global Rating of Severity of Hallucinations, for the
Positive score; the Global Rating of Affective Flattening, the
Global Rating of Alogia, the Global Rating of Avolition—
Apathy, and the Global Rating of Anhedonia—Asociality, for
the Negative score; and the sum of the Global Rating of
Severity of Bizarre Behavior and the Global Rating of Posi-
tive Formal Thought Disorder, for the Disorganized score)
(Andreasen, 1984a, 1984b).

Medication information was available for 115 of the
MCIC affected datasets; antipsychotic history for those sub-
jects was collected as part of the psychiatric assessment using
the PSYCH instrument (Andreasen, 1989). Both cumulative
and current typical and atypical antipsychotic exposures
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TABLE 2

Scanning Details Across the Datasets and the Number of Subjects from Each Dataset

Dataset Scanner Sequence Orientation Voxel dimension (mm) N (Aff/Unaff)

FBIRN Siemens 1.5T MP-RAGE Sagittal 1.25 x 1.25x 2 15/14
Picker Eclipse 1.5T 3D-FAST Sagittal 0.94 x 0.94 x 1.5 21/20
GE Signa 3T SPGR Sagittal 0.94 x 0.94 x 1.5 772
Siemens Trio 3T MP-RAGE Sagittal Tx1x12 6/4
Siemens Trio 3T (3 sites) MP-RAGE Sagittal 0.94 x 0.94 x 1.2 45/47

MCIC Siemens 1.5T (2 sites) GRE Coronal 0.6 x06x15 58/51
GE Signa 1.5T GRE Coronal 0.6 x 0.6 x 1.6 32/65
Siemens Trio 3T MP-RAGE Coronal 0.6 x 0.6 x 1.5 25/25

WashU-CCNM Siemens Vision 1.5T MP-RAGE Sagittal 1x1x125 102/176

Note: Aff = affected, Unaff = unaffected; the WashU-CCNM Unaffected number includes siblings, as detailed in text.

were calculated using the chlorpromazine (CPZ) conver-
sion factors of Andreasen et al. (2010).

Imaging Methods

All imaging data were collected using scanners with field
strengths of 1.5T or 3.0T, as noted in Table 2 below. Each
site used its own head restraints system.

Image Preprocessing Methods. All datasets were col-
lated at MRN and analyzed using the same preprocessing
pipeline. We followed the methods of Segall et al. (2009) as
used on the FBIRN+MCIC data. The original images were
visually checked for graininess, nose-wrap, and artifact,
and only those that passed these criteria were included in
the analysis (all subjects from the available WashU-CCNM
dataset passed). Using the unified segmentation methods of
SPMS5, the images were normalized to MNI space, resliced
to 2 x 2 x 2 mm, and segmented into gray, white, and
CSF images (Ashburner & Friston, 2000). Data quality was
checked by correlations against the segmented templates; if
the subject’s segmented gray matter data did not correlate
at .9 or higher with the template across all voxels, it was
removed from consideration. Data were finally smoothed
by a Gaussian filter of 10 mm Full Width Half Maximum
(FWHM). Estimated total intracranial volume (eTIV) was
the sum of the unsmoothed normalized segmented images.
The sample sizes provided above are those that passed these
quality assurance methods.

Analyses

VBM Analyses on SZ vs HS. Univariate VBM analyses
were conducted as in Segall et al. (2009) for replication,
using SPM5 on the FBIRN+MCIC dataset in one analysis
separately from a second analysis on the unrelated affected
and unaffected subjects from the CCNM datasets. The
smoothed, unmodulated gray matter images from the sub-
jects with schizophrenia and the unrelated control subjects
were regressed in a General Linear Model (GLM) against
disease status, using age, gender, scanning site, and esti-
mated intracranial volume as covariates, in keeping with
recommendations from Pell et al. (2008). All sites con-
tributed both Affected and Unaffected data, and site was
included as a regressor in keeping with the recommen-

dations of Fennema-Notestine et al. (2007), Pardoe et al.
(2008), and Stonnington et al. (2008). The CCNM data had
only one scanning site, so that covariate was dropped. The
statistical t-maps for the contrast of Unaffected > Affected
were correlated between the FBIRN+MCIC and CCNM re-
sults to assess reliability of the diagnosis effect. A secondary
analysis for the effect of site and possible interactions with
disease state is included in the Supplemental Material.

SBM Analyses. Source-based morphometry is ICA ap-
plied to structural images (for a more complete explana-
tion, see Xu et al., 2009). The same segmented, unmod-
ulated, smoothed gray matter images are used as input
for both VBM and SBM. The images are arrayed into a
subjects x voxels array, with each subject comprising a
row. ICA is used to decompose this array into a subjects
X components mixing matrix, and a components X vox-
els source matrix. ICA was performed using the GIFT
Toolbox (http://mialab.mrn.org/software/gift/index.html)
on all datasets together, using the Infomax algorithm to
decompose the data matrix of gray matter images into a
mixing matrix (subject weights) and source matrix (the
gray matter components). The decomposition is done blind
to subject diagnosis or family relationships. Following the
decomposition, each subject has a loading coefficient on
each component, and each component is a spatial map. We
used 30 components for comparison with Xu et al. (2009),
and ICASSO to determine the stability of the components.
Twenty-four of the components, accounting for 82.5% of
the variance in the data, were stable (stability index > .95).
Thus, each subject has 24 loading coefficients, one for each
stable component.

Diagnosis Effects on the SBM Analyses. Theloading coef-
ficients on each of the 24 stable components for the subjects
with schizophrenia and the unrelated control subjects from
both datasets were analyzed in a combined MANCOVA,
then separately for comparison. The full model for the full
and FBIRN+MCIC analyses included diagnosis, age, age x
diagnosis, scanner field strength and model, field
strength x model, and diagnosis x field strength x model.
In the CCNM data, the analysis included diagnosis, age,
and age x diagnosis. Those components that showed a
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significant diagnosis effect (p < .05) in all three analyses
were also analyzed for clinical correlates, and used in the
heritability analyses.

Clinical Correlates With ICA Analyses. The loading co-
efficients for the disease-related components were analyzed
using SPSS v. 19 within the SZ data alone for the effects
of global Positive and Negative scores while covarying for
age and gender, and scanner site. The effects of duration of
illness and medication exposure (cumulative typical, atypi-
cal, combined, and current typical, atypical, and combined)
were analyzed similarly for the subjects for whom that data
were available.

Heritability Analyses. The primary analyses were to de-
termine the heritability estimates of those multivariate mea-
sures that showed an effect of the disease. These analy-
ses were restricted to the 66 sibling pairs from the CCNM
dataset for which imaging data were available in both mem-
bers of the pair. The loading coefficients on the four disease-
related components for each subject and the subject’s sibling
were analyzed in a variance components approach using a
maximum likelihood approach in Sequential Oligogenic
Linkage Analysis Routines (SOLAR) (Almasy & Blangero,
1998) and covarying for differences in age, sex, and sib-
ship (discordant for schizophrenia, healthy). This approach
measures heritability as 2, which, in this case, is the por-
tion of the phenotypic variance explained by total additive
genetic + total shared environmental variance. Phenotypes
that covary more strongly between related than unrelated
individuals have higher #?, or familiality.

Results
VBM Results

The univariate VBM results on the nonrelated Affected and
Unaffected data (thresholded at p < .05 FDR corrected) for
the FBIRN+MCIC and CCNM data are shown in Figure 1.
Both analyses show large areas in which the Unaffected
data have greater gray matter concentrations than the Af-
fected data. Using the same threshold for the Affected >
Unaffected contrast (not shown), the FBIRN+MCIC data
showed three clusters of 80 voxels each in the brain stem
and cerebellum, but the CCNM data showed no significant
effects in these regions.

The analysis of site as a factor and its interactions with
diagnosis in the FBIRN + MCIC dataset are reported in the
Supplemental Material. As was found in a different analysis
by Segall et al. (2009), while there are widespread site
differences in GMC, there was no significant interaction
between site and diagnosis. The areas that pass significance
for the Unaffected > Affected contrast are unchanged. The
correlation across the two Unaffected > Affected analyses,
over all within-brain voxels using the unthresholded t-map
for this contrast for the FBIRN+MCIC data and the same
t-map for the CCNM data, was r = .6 (p < .05). While

Figure 1 shows much of the cortex was implicated in these
multi-hundred subject samples, the largest diagnosis effects
consistent across both analyses were: in the right inferior
orbital area into the right insula, temporal pole and superior
temporal area (t of 6, effect size 0.58 in the FBIRN+MCIC
analysis; t of 6.8, effect size 0.98 in the CCNM analysis);
medial frontal cortex from the rectus through the medial
orbital to the anterior cingulate/BA 32 (t values of 6.8 and
5.7 and effect sizes 0.66 and 0.82, respectively, for the FBIRN
+MCIC and CCNM analyses); left insula into the left supe-
rior temporal gyrus and pole (t values of 6.5 and 5.7; effect
sizes 0.63 and 0.82); and in right and left Heschl’s gyrus
(t values of 6.7 and 5 for FBIRN+MCIC and CCNM, on
both sides; effect sizes 0.65 and 0.96). The Affected subjects
showed loss of gray matter concentration in all these gray
matter regions. Given the similar patterns of the diagnosis
effects in both datasets, we combined them for the SBM
analysis.

SBM Results

The effect of diagnosis was consistently significant (p <
.05) in all three analyses on only four components, which
we focus on here. The spatial maps for the four components
are shown in Figure 2, thresholded at |z| > 2.5; that is, the
voxels shown are the ones that contribute strongly to these
components. In Table 3, we present the amount of variance
accounted for by each component, and the directions of
the effects of diagnosis, age, age x diagnosis interaction,
field strength, scanner model, and field strength x scan-
ner model interaction on the loading coefficients for these
components. All components showed that Affected subjects
have significantly smaller coefficients than Unaffected sub-
jects, that is, less GMC in that network of regions. Age was
negatively associated with two of the components, more
strongly so in the Affected than in the Unaffected subjects,
which indicates the effect of age on GMC loss and its accel-
eration with disease. The third component, which mainly
included the occipital lobe, showed an increase with age and
no interaction between age and diagnosis, while the fourth
(in the temporal and parietal lobes) showed no effect of
age and no interaction with diagnosis. Field strength was
not a significant effect on these components, nor was the
interaction of field strength and model. However, on two
of the four components, there was a difference between the
Picker scans and the GE and Siemens scans. The three-way
interaction of diagnosis, field strength, and scanner model
was not significant on any component.

Relationship With Clinical Variables

Because the effect of scanner model consisted primarily of
the Picker scanner being different from the GE and Siemens
(see Table 3), we dropped those subjects (n = 21) from
these analyses. Current medication (typical, atypical, or
combined typical and atypical) showed no significant ef-
fects on any of the components, though SBM component
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FIGURE 1

Voxel-based morphometry results showing areas where Unaffected subjects have greater gray matter measures than Affected subjects,
when age, gender, and eTIV are included as covariates (p < .05 FDR corrected), overlaid on a standard brain. The FBIRN+MCIC dataset
results (which included site as a covariate) are in red, the CCNM dataset results in yellow, and the points of overlap in orange.

TABLE 3

Effects on Each Diagnosis-Related Component From the Global Analysis of Versus Healthy Subjects

Component % variance Diagnosis (D) Age (A) DxA Field Strength (F) Model (M) FxM
A (c23) 25 Sz < HS v v >Sz ns Picker < GE + Siemens ns

B (c18) 1.9 Sz < HS v v >S5Sz ns ns ns

C (c15) 2.2 Sz < HS t ns Picker > GE + Siemens ns

D (c12) 4.4 Sz < HS ns ns ns ns

Note: ns = nonsignificant, Sz = subjects with schizophrenia, HS = healthy subjects.

A (see Figure 2) showed a trend toward decreasing with
increasing combined dose, #(103) = —2.1, p < .04, ns af-
ter multiple correction. Lifetime exposure to typical and
combined antipsychotic medication showed the same ef-
fect on component A, #104) = —3.76, p < .0001, on the
cumulative combined measure, #(104) = —2.9, p < .003, on
the cumulative typical antipsychotics only. No other signif-

icant associations between SBM components and clinical
variables were observed.

Heritability

The loading coefficients for the 66 sibling pairs (including
25 Affected) from components A, B, C, and D in Figure 2
were used in the heritability analyses, including age and
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FIGURE 2

Spatial maps of the four relevant components. Component A is shown in pink, B in green, C in blue, D in red. All are thresholded at |z|

> 2.5, with the color scheme in the lower right.

proband status as covariates. The estimated heritability for
components B (h*r = .43) and C (Wr = .49) were both
significant (p < .005 and .05, respectively).

The regions comprising the heritable components are
listed in Table 4. In each case, because Unaffected sub-
jects are more positively weighted than Affected subjects on
these components (see Table 3), areas of the spatial maps
with positive weights are areas in which Unaffected subjects
generally have greater gray matter concentrations than Af-
fected subjects. In component B, the large positive clustersin
the temporal gyri, temporal poles, insular gyri, and medial
frontal gyri all reflect the univariate differences found pre-
viously. In Component C, the large positive clusters are in
the occipital lobe, from the cuneus into the fusiform gyrus,

with some parts of the temporal lobe also included. How-
ever, the negative weightings in both these components in
other regions indicate thatitis not only the greater gray mat-
ter concentrations in the Unaffected subjects that primarily
distinguish these regions, but that there is also some contri-
bution from the negative correlations with gray matter con-
centration in smaller areas of the frontal and parietal lobes.

Discussion

To our knowledge, this is the first study to determine the fa-
miliality of multivariate source-based morphometry com-
ponents. We interpret the familiality reported in this study
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TABLE 4

Areas Comprising the Heritable Components, Both Positively and Negatively Weighted, Thresholded at |z| > 2.5

B Component

Area Weighting Brodmann area L volume (cc) L Max z (x,y,z) R volume (cc) R Max z (x,y,z)
Inferior frontal gyrus Positive 9,13,47 4.1 6.2 (—44,15, -7) 3.3 6.1 (40, 15, —14)
Anterior cingulate Positive 10, 32 0.9 3.7 (0, 36, 20) 1.2 3.4 (4,47, 3)
Medial frontal gyrus Positive 9,10 0.9 3.9(0, 44, 18) 1 3.2(4,51,3)
Insula Positive 13, 22, 40, 47 4.1 5.5(-42,7, -5) 3.9 5.4 (46,0, —2)
Sub-gyral Positive 13, 21 0.6 4.0 (—44, -4, -7) 0.3 5.0 (44,5, —10)
Extra-nuclear Positive 13 0.4 5.3 (-40, 11, =7) 0.4 5.1 (42,11, =7)
Precentral gyrus Positive 6,13, 43,44 0.4 3.6 (—48, —15,10) 0.8 3.9 (50, =9, 6)
Postcentral gyrus Positive 40 0.3 2.9 (-55, —-23, 14) 0.4 2.9 (59, —19, 14)
Cingulate gyrus Positive 32 0.2 3.2 (0, 23, 30) 0.1 2.6 (4, 29, 26)
Superior temporal gyrus Positive 13, 22, 38, 41 6.1 6.7 (—44,11, =7) 5.4 6.3 (44,13, —11)
Transverse temporal gyrus Positive 41,42 0.7 3.4 (—44,-21,12) 0.4 3.5(51, =15, 10)
Parahippocampal gyrus Positive 27, 30, 34 0.6 3.5(-12, -5, -17) 0.3 3.1(12, -3, =17)
Uncus Positive 34 0.2 2.8 (—14, -1, —20) 0.1 2.7 (28,9, —22)
Culmen Positive * 0.3 2.9 (=10, -39, -5) 0.1 3.0 (10, =37, -5)
C Component

Area Weighting Brodmann Area L volume (cc) L Max Z (x, y, 2) R volume (cc) R Max Z (x, y, 2)
Cuneus Positive 7,17,18,19 10 7.0 (—10, —99, 3) 10.6 6.2(14, -97,7)
Middle occipital gyrus Positive 18, 19 6 5.8 (—6, =96, 16) 4.8 5.6 (14, =96, 14)
Lingual gyrus Positive 17,18 3.6 6.4 (-10, =97, —4) 4 5.3(20, —91,0)
Inferior occipital gyrus Positive 17,18 1.5 4.7 (—-22, —96, —7) 1.1 4.0 (28, —91, —4)
Precuneus Positive 7,19 0.7 3.1(—28, —82, 34) 0.6 3.2 (26, —80, 35)
Superior occipital gyrus Positive 19 0.4 3.1(—32, -84, 28) 0.2 2.7 (34, —82, 30)
Calcarine Positive 17 0.1 3.6 (—18, =100, 14) 0.2 4.1 (2, -89,8)
Middle frontal gyrus Negative 6,8,9 2 4.0 (—24, 27, 32) 0.9 3.7 (28, 16, 40)
Middle frontal gyrus Negative 10 0.3 3.5(-26,45,7)

Inferior frontal gyrus Negative 13,45 0.3 3.1(42, 20, 8)
Putamen Negative 0.8 3.0 (24, 15, 38)

to reflect the upper bounds of heritability, as most stud-
ies have shown additive genetic and unique environmen-
tal contributions to brain morphological measures rather
than shared environmental contributions. We have shown
that gray matter concentration is lower in subjects with
schizophrenia, and that the differences as revealed in uni-
variate analyses are both robust and replicable across several
datasets. These findings are consistent with those found in
the literature on VBM analyses previously (Honea et al.,
2005; Meda et al., 2008): the affected subjects show loss
in the temporal lobes and poles, inferior frontal lobes, in-
sula, and medial frontal regions, as well as the more lateral
frontal regions and, to a lesser extent, most of the cortical
gray matter. While this is an extensive effect, it is not sur-
prising given the sample size and choice of FDR correction.
Related results presented in Segall et al. (2009) used the
more conservative family-wise error correction and thus
did not show the extensive GMC loss in other areas.

The multivariate SBM analyses identify a subset of the
same regions that were identified in the univariate VBM
analyses, as well as novel areas of gray matter loss. Of the
four components we identified as repeatedly showing loss
of GMC in the subjects with schizophrenia, two were sig-
nificantly heritable. The individual subject’s weighting on
the network of insular/temporal pole/medial and inferior
frontal areas was heritable, while a network of posterior oc-
cipital and cuneus regions was also heritable in these data.
According to the Gottesman and Gould (2003) checklist,

gray matter loss in these networks would be an endophe-
notype if it is associated with the illness in the general pop-
ulation; if it is heritable; if it manifests in the individual
whether or not the illness is active; and if, within families,
the measure and the illness co-segregate. The multivariate
measures identified here are associated with the illness in
the general population, and are heritable. Future studies of
structural imaging within larger pedigrees and early phases
of the disorder are needed to determine the other charac-
teristics.

Given the high heritability of almost all structural brain
measures, it is quite likely that other non-disease-related
components are also heritable. We did not examine such
components, as the sample size limited our ability to correct
for multiple tests, and our primary interest was in the heri-
tability of the components that were affected in schizophre-
nia. The cluster of inferior frontal/insular/temporal pole
and temporal lobe loss, however, which is so commonly
seen in VBM analyses in schizophrenia, is heritable, in keep-
ing with the findings of Honea et al. (2007) that indicated
unaffected siblings also lose gray matter in those regions —
although, given their univariate analyses, this effect did not
survive correction for multiple testing.

In two of the disease-related components, including me-
dial frontal, temporal, insular, and parahippocampal re-
gions, the effect of age was to decrease the GMC, with a
greater effect of age in the Affected group. This is in keeping
with the literature showing increased loss of gray matter in
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the frontal and temporal lobes as schizophrenia progresses
(Hulshoff Pol & Kahn, 2008); taking age into account, the
similarity in this network across sibling pairs was still greater
than across unrelated individuals. Component D, including
other areas of the temporal, frontal, and parietal regions,
identified a network of regions which, while reduced in the
Affected subjects, did not show an effect of age across these
groups. This component, however, was not significantly
heritable, opening the possibility that it is affected by indi-
vidual exposure to environmental factors such as exercise,
which could counteract age-related declines (Colcombe
et al., 2006; Pagnoni & Cekic, 2007). The component pri-
marily in the occipital areas showed an unexpected increase
with age, though no interaction between diagnosis and age.

Xu et al. (2009), in their SBM analyses of another large
dataset of affected and unaffected subjects, identified five
components that showed gray matter loss in patients. Their
‘bilateral temporal source’ is very similar to Component B,
including the temporal, frontal, anterior cingulate regions,
as well as areas in the pre and post central gyrus. Their
‘frontal source’, which includes both frontal areas away from
the midline, and posterior areas, is more similar to our com-
ponent D. Several of the sources from Xu et al. also included
the thalamus and basal ganglia, which ours do not. None
of the components identified in this analysis that showed
a disease effect showed a strong thalamic or basal ganglia
source; component A showed a small effect that included
only a part of the thalamus and lentiform nucleus. The lack
of component findings in our current study is reflective of
lack of volume or gray matter concentration differences, as
seen in Figure 1. In fact, in the WU-CCNM sample, parts of
which were used in previous analysis of the thalamus, we ei-
ther saw a weak group difference (Csernansky et al., 2004) or
no group difference (Harms et al., 2007) in volume, though
there were differences in shape in the thalamus. Component
A did, however, also include the cuneus, precuneus, lingual
gyrus, posterior cingulate, parahippocampal gyrus, and the
inferior parietal lobule, as did the ‘thalamus source’ of Xu
et al,, but it extends down to the brain stem area, which
the thalamus source did not. It is not entirely clear why the
components identified in these two studies are not more
similar, though we had additional stability criteria for our
components, which may have played a role. The Xu et al.
study also used a single 1.5T scanner rather than a combi-
nation of scanners, and they did not report their subjects’
duration of illness or their antipsychotic exposures. Of the
subjects in the current samples, many had long histories of
treatment with typical antipsychotics, while others were on
atypical antipsychotics or combinations. It is possible that
the Xu et al. subjects were on a more consistent regimen of
the newer antipsychotics, allowing that component of gray
matter loss in the basal ganglia to be identified.

The effect of antipsychotic exposure in a study of chronic
schizophrenia must always be considered. We assessed the
components for the effects of cumulative medication ef-

fects, insofar as that data were available, and did not see any
effects in these data. However, Ho et al. (2011) found in a
large-scale longitudinal study that duration of illness and
antipsychotic medication both have effects on gray matter
loss in lobar volumes, with no interaction between them.
The fact that the heritability of these components was still
significant in the face of these potentially confounding ef-
fects is very promising; in a more complete sample where
the information regarding antipsychotic medication levels
was thorough, we might be able to account for those effects
to determine a cleaner measure of the heritability of these
spatial patterns.

The parallel ICA analysis of Jagannathan et al. (2010)
used a priori candidate genes and gray matter images from
affected and unaffected subjects to identify gray matter
components that strongly correlated with genetic patterns
in the same subjects. They identified two spatial compo-
nents related to the same genetic component, of which one
spatial component showed loss of gray matter in the af-
fected subjects. That component did not include the medial
frontal regions seen in Component B here or in the Xu
et al. (2009) component, but it did include the thalamic
region, which was a separate component in the Xu et al.
study. However, it did include parts of the recognizable in-
sula/inferior frontal/temporal cluster similar to Component
B. It was related to a genetic profile that included single nu-
cleotide polymorphism (SNP) genotypes from AKT, PI3k,
SLC6A4, DRD2, CHRM2, and ADORA2A (Jagannathan
et al., 2010). Those genes were identified out of a prese-
lected pool of candidate risk genes and brain-related genes
for neurotransmitters and related functions, and brain and
metabolic processes. It is promising that the component
that showed both an effect of diagnosis and a genetic rela-
tionship overlaps with the heritable components identified
in our study. While the genetic results must be considered
preliminary, it does support the idea that multivariate struc-
tural measures may reflect genetic influences.

We did not have the power in this dataset to determine
whether the heritability is different in the affected sibling
pairs and the unaffected sibling pairs. The Chen et al. study
(2009) used cognitive data from these subjects and from
others, and explored the heritability of various neurocogni-
tive measures in sibling pairs with and without a proband,
as well as all pairs together. They found that the heritabil-
ity of working memory performance was decreased in the
presence of schizophrenia; however, their sample was large
enough to allow a direct comparison between the proband
and non-proband sibling pairs. Yang et al. (2010), in a
family study of cortical thinning, examined the similarities
between affected subjects and their siblings and parents,
and between unaffected subjects, their siblings and par-
ents. They found only the thinning of the parahippocampal
gyrus and the inferior occipital gyrus passed the corrected
significance threshold in the comparison between proband
siblings and healthy control siblings. A multivariate
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analysis would have increased the study’s power, by identi-
fying regions that show similar loss across the cortex and by
reducing the number of independent test corrections. Us-
ing our methods, we would expect in a larger family sample
to be able to distinguish which structural components were
heritable overall and which were more weakly heritable in
proband sibling pairs.

Previous voxel-wise studies of family members and struc-
tural imaging in schizophrenia to identify anatomical en-
dophenotypes have focused on local, regional analyses, and
a common complaint is the need to correct for multiple
testing over the entire brain. By using source-based mor-
phometry, we have reduced the need for multiple testing
and can identify that certain structural patterns are affected
by the disease and are heritable.
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