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Deficits in the volume of the thalamus have been observed in both individuals with schizophrenia and their nonpsychotic relatives.
However, no studies to date have examined the underlying pattern of thalamic shape change in relatives of individuals with schizophre-
nia. This study examined the volume and shape of the thalamus in schizophrenia subjects, their siblings, and healthy control individuals.
T1-weighted magnetic resonance scans were collected in a group of young subjects with schizophrenia (mean age, 23 years) and their
nonpsychotic siblings (n � 25 pairs), and control subjects and their siblings (n � 40 pairs). Thalamic surfaces were generated using
high-dimensional brain mapping. A canonical weighting function was derived from the contrast between schizophrenia and control
subjects and then used to generate a canonical shape score for all subjects. Maps of the estimated surface displacement between groups
were also created to visualize the thalamic shape differences between groups. The thalamic canonical scores of the siblings of the
schizophrenia probands were intermediate between the probands and healthy control subjects. These siblings also displayed an inter-
mediate degree of the inward surface deformation of the anterior and posterior thalamus that was present between schizophrenia
probands and controls. There was no main effect of group status on thalamic volume and no significant correlations of the structural
measures with measures of psychopathology or cognitive function. Our results indicate that thalamic shape abnormalities are present in
relatively young individuals with schizophrenia and their siblings. Inward deformation of the anterior and posterior regions of the
thalamus represents a potential neuroanatomical endophenotype of schizophrenia.
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Introduction
The pathogenesis of complex neuropsychiatric disorders, such as
schizophrenia, is influenced by the interaction of multiple genetic
loci, as well as epigenetic, environmental, and random factors. To
better understand this complexity, researchers are searching for
“endophenotypes” (i.e., quantitative biological markers that are
associated with an illness, exhibit heritability, and can be related
to variation in a small number of genes). Many hope that this
approach to decomposing complex psychiatric disorders will fa-
cilitate the linkage of genetics to the clinical syndrome, as well as
promote the development of new animal models and therapies
for treatment (Gottesman and Gould, 2003; Braff et al., 2007).

Neuroanatomical abnormalities have been observed in both
schizophrenia subjects and their nonpsychotic relatives. De-
creases in the volume of the hippocampus and cerebral gray mat-
ter are among the most commonly reported gross anatomical
changes, although such findings are not replicated in all studies

(for review and meta-analysis, see Boos et al., 2007). The magni-
tude of such neuroanatomical abnormalities in nonpsychotic rel-
atives tends to be intermediate between individuals with the dis-
ease and healthy controls even if not statistically different from
both groups. Interestingly, such abnormalities have also been
associated with obstetric complications (Cannon et al., 2002; van
Erp et al., 2002; Schulze et al., 2003), which suggests that environ-
mental insults may interact with genetic influences in their
development.

In the current study, we assessed the volume and shape of the
thalamus in subjects with schizophrenia and their nonpsychotic
siblings. The thalamus was selected to be the focus of this study
because of the central role it plays in the development of the
cerebral cortex (Lopez-Bendito and Molnar, 2003). In fact, pre-
vious hypotheses of the pathogenesis of schizophrenia have sug-
gested that neuroanatomical abnormalities of the cerebral cortex
in schizophrenia could arise secondary to defects in thalamic
neurogenesis (Selemon et al., 2005). Reductions in the total vol-
ume of the thalamic complex have been reported in schizophre-
nia subjects (for review, see Konick and Friedman, 2001; Sim et
al., 2006). Moreover, postmortem and neuroimaging studies of
individual thalamic nuclei suggest specific involvement of the
anterior nucleus, mediodorsal nucleus, and pulvinar, all of which
project to frontotemporal regions of the cortex (Pakkenberg,
1992; Young et al., 2000; Byne et al., 2002; Kemether et al., 2003;
Danos et al., 2005). Previously, we reported abnormalities of tha-
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lamic shape in schizophrenia subjects rel-
ative to healthy controls, and found defor-
mities in the anterior and posterior
extremes of the structure in keeping with
involvement of the anterior-most nuclei
and pulvinar (Csernansky et al., 2004).

Given the apparently localized nature
of thalamic abnormalities in schizophre-
nia subjects, quantitative analysis of the
thalamic surface has the potential to iden-
tify a specific endophenotype of thalamic
structural changes associated with schizo-
phrenia. Decreases in thalamic volume of
�5% have been reported in the relatives of
schizophrenia subjects compared with
healthy controls (Staal et al., 1998; Seid-
man et al., 1999; Lawrie et al., 2001). How-
ever, no studies to date have examined the
underlying pattern of thalamic shape
change in relatives of individuals with
schizophrenia. Here, we report that the
nonpsychotic siblings of individuals with
schizophrenia exhibit a degree of thalamic
surface change intermediate between
schizophrenia and controls, and that these
changes are most prominent in the same
anterior and posterior regions where indi-
viduals with schizophrenia differ most from control subjects.

Materials and Methods
Subjects. The subjects for this study were recruited through the Conte
Center for the Neuroscience of Mental Disorders (CCNMD) at Wash-
ington University in St. Louis and included (1) individuals with schizo-
phrenia based on Diagnostic and Statistical Manual of Mental Disorders,
Ed IV (DSM-IV) criteria (SCZ), (2) their nonpsychotic siblings (SCZ-
SIB); (3) healthy control participants (CON), and (4) their siblings
(CON-SIB). Siblings were full siblings, based on self report. The study
was approved by the Washington University, St. Louis, Institutional Re-
view Board, and all subjects gave their written informed consent after a
complete description of the study.

Demographic information for the four groups of subjects is contained
in Table 1. All subjects were diagnosed using DSM-IV criteria on the basis
of a consensus between a research psychiatrist who conducted a semi-
structured interview and a trained research assistant who used the Struc-
tured Clinical Interview for DSM-IV Axis I Disorders (First et al., 2001).
Participants from any of the four groups were excluded if they (1) met
DSM-IV criteria for current substance abuse or dependence (i.e., during
the month preceeding assessment), (2) had a clinically unstable or severe
medical disorder, or a medical disorder that confounded the assessment
of psychiatric diagnosis or rendered research participation dangerous,
(3) had a head injury (past or present) with documented neurological
sequelae or loss of consciousness, or (4) met DSM-IV criteria for mental
retardation (mild or greater in severity).

SCZ participants were recruited from local inpatient and outpatient
treatment facilities, and were stabilized on antipsychotic medication for
at least 2 weeks before participating in the study (reported antipsychotic
medication during the 4 weeks before clinical assessment was one of the
following: atypical antipsychotics, n � 20; typical, n � 1; combination of
atypical and typical, n � 2; unknown because of participation in a
blinded medical trial, n � 2). CON participants were recruited using
local advertisements in the same community, and were required to have
no lifetime history of Axis I psychotic or major mood disorders (e.g.,
major depressive disorder and bipolar disorder) and no first-degree rel-
atives with a psychotic disorder. Such requirements are common for the
“healthy” comparison group of psychiatric studies. Potential SCZ-SIB
subjects were excluded if they had a lifetime history of any DSM-IV Axis

I psychotic disorder, but not other DSM-IV Axis I disorders. Therefore,
to control for possible effects arising from psychiatric disorders other
than schizophrenia, the siblings of healthy comparison subjects were
included as an additional comparison group. The CON-SIB subjects
were enrolled in an identical manner to the SCZ-SIB subjects, and met
the same general and specific inclusion and exclusion criteria.

Clinical and cognitive assessments. Psychopathology and cognitive
function were assessed in a manner similar to that described by Delawalla
et al. (2006). Briefly, psychopathology was assessed using the Scale for the
Assessment of Negative Symptoms (SANS), the Scale for the Assessment
of Positive Symptoms (Andreasen et al., 1995), the Structured Interview
for Prodromal Syndromes (Miller et al., 1999), and the Chapman Psy-
chosis Proneness Scales (Chapman et al., 1995). Cognitive function was
assessed using a battery of neuropsychological tests. The raw scores from
the individual psychopathological and neuropsychological tests were
first z-scored using the mean and SD computed across all subjects who
have participated in sibling research studies at our CCNMD (216 sub-
jects: 47 SCZ, 40 SCZ-SIB, 63 CON-SIB, 66 CON), and selected clusters
of z-scores were then averaged to yield three domains of clinical symp-
toms (positive symptoms, negative symptoms, and thought disorganiza-
tion) and four broad cognitive domains (working memory, episodic
memory, executive function, and attention). These clinical symptoms
and cognitive domain clusters were composed of the same items as in
Delawalla et al. (2006) except that (1) the score for attention from the
SANS was moved from the negative symptom cluster to the thought
disorganization cluster, (2) the four-item d’ score from the continuous
performance task and the scaled score for spatial span from the Wechsler
Memory Scale were added to the working memory domain, and (3) the
score for perseverative errors (reversed in sign) from the Wisconsin Card
Sort was added to the executive function domain. These modifications
were made based on analyses of internal consistency, as assessed by Cron-
bach’s �, in a larger sample of subjects than was available for Delawalla et
al. (2006). The resulting alphas for positive symptoms, negative symp-
toms, and thought disorganization were 0.88, 0.91, and 0.73, respectively.
For the working memory, episodic memory, executive function, and
attention domains the alphas were 0.82, 0.77, 0.73, and 0.73, respectively.

Image collection and preparation. Magnetic resonance (MR) scans of
the whole brain were collected using a Siemens (Erlangen, Germany)
Magnetom Vision 1.5T imaging system using a standard head coil and a
three-dimensional FLASH sequence (repetition time, 20 ms; echo time,

Table 1. Demographic profiles of subjects

Characteristics/profiles SCZ SCZ-SIB CON CON-SIB

n � 25 n � 25 n � 40 n � 40

Age in years: mean (SD) 22.6 (3.2) 22.3 (3.5) 21.2 (3.6) 20.0 (3.5)
Age range 17.3–30.7 14.1–27.8 14.2–27.0 14.8 –27.4
Gender: n (%)

Female 5 (20.0) 15 (60.0) 18 (45.0) 29 (72.5)
Male 20 (80.0) 10 (40.0) 22 (55.0) 11 (27.5)

Race: n (%)
African American 8 (32.0) 8 (32.0) 8 (20.0) 8 (20.0)
Caucasian 17 (68.0) 17 (68.0) 31 (77.5) 31 (77.5)
Hispanic 0 (0) 0 (0) 1 (2.5) 1 (2.5)

Handedness: n (%)
Right 21 (84.0) 23 (92.0) 35 (87.5) 37 (92.5)
Left 4 (16.0) 2 (8.0) 5 (12.5) 3 (7.5)

Parental SES: mean (SD) 2.9 (1.2) 2.9 (1.0) 2.9 (1.0) 3.1 (0.9)
Lifetime histories: n (%)

Substance dependence 12 (48) 5 (20) 2 (5) 4 (10)
Mood disorder 13 (52) 13 (52) 1 (2.5) 14 (35)
Anxiety disorder 5 (20) 6 (24) 2 (5) 6 (15)

The groups differed in their gender distribution (Fisher’s exact test, p�0.001) but not in racial composition (p�0.53), handedness (defined as the hand used
for writing, p � 0.72), or parental socioeconomic status (F(3,126) � 0.4; p � 0.8). The group differences in age were statistically significant (F(3,126) � 3.7;
p � 0.01), but the actual differences in mean age were less than 3 years across the groups. The mean illness duration for the schizophrenia subjects was 4.6
years (SD, 4.4 years). Minor differences in how the siblings reported their parental information account for the small differences in parental socioeconomic
status (SES) (Hollingshead, 1975) between the siblings of a pair. Lifetime histories were assessed using DSM-IV criteria. The groups differed in their history of
substance dependence (Fisher’s exact test, p � 0.001) and mood disorder (p � 0.001), but not anxiety disorder (p � 0.12). After exclusion of the SCZ
subjects, the remaining three groups did not differ in their history of substance dependence (p � 0.16) and, after exclusion of the CON subjects, the remaining
three groups did not differ in their history of mood disorder (p � 0.26).
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5.4 ms; flip angle, 30 o; number of acquisitions, 1; voxel size, 1 � 1 � 1
mm 3; scanning time, 13.5 min). Signal intensity differences across sub-
jects were normalized by linear rescaling, using the intensity of the corpus
callosum and the third ventricle as reference structures (Wang et al.,
2007).

Generation of the thalamic surfaces. We followed previously established
and validated procedures to generate thalamic surfaces in each individual
subject (Csernansky et al., 2004; Mamah et al., 2007; Wang et al., 2007).
First, a template MR scan (magnetization-prepared rapid acquisition
gradient echo) was collected in a healthy control subject that was not
otherwise included in the analysis. The right thalamus in the template
scan was outlined manually and a template thalamic surface was gener-
ated by superimposing a triangulated mesh of points onto its external
boundary. Next, in the template scan and in the scans of all subjects in the
study, landmarks were placed at the external boundaries of the brain
(anterior, posterior, superior, inferior, and lateral boundaries), the inter-
section of the anterior and posterior commissures with the midsagittal
plane, and at preselected points within and around the complex of the left
and right thalamus and basal ganglia (Wang et al., 2007). The thalamus
and basal ganglia were landmarked together to promote efficient gener-
ation of surfaces for these adjacent structures; results for the basal ganglia
will be reported elsewhere. Finally, the template thalamic surface was
mapped onto the left and right sides of each subject in a two-step process
that first used the landmarks to provide “anchor” points for initial scan
registration. This initial registration was then followed by large-
deformation high-dimensional brain mapping (Haller et al., 1997; Miller
et al., 1997). By mapping the left and right thalamus in all subjects using
the same template thalamic surface, a correspondence of surface points
was maintained across all subjects and both hemispheres.

Measurements of total cerebral volume (excluding the ventricles,
brainstem, and cerebellum) were obtained from FreeSurfer, a semiauto-
mated software package for segmentation and cortical surface recon-
struction (Dale et al., 1999), so that total cerebral volume could be in-
cluded as a covariate in statistical analyses.

Data analysis. Principal components analysis (PCA) was used to re-
duce the high dimensionality of the datasets representing the left and
right thalamic surfaces (4790 surface vertices per subject per hemi-
sphere). Before PCA, the left and right thalamic surfaces of all subjects
were brought into a common coordinate space via rigid-body registra-
tion (translation and rotation, including reflection for the left surfaces).
The columns of the matrix for PCA were obtained by representing the
surface coordinates of each thalamus as a column vector. The thalamic
surfaces from all subjects with useable MR data at our CCNMD were
included in the derivation of the principal component directions [i.e.,
330 surfaces representing 165 subjects (37 SCZ, 31 SCZ-SIB, 49 CON-
SIB, 48 CON)]. However, in the subsequent analyses we used only the PC
scores from individuals for whom useable MR data were also available
from their sibling (130 total subjects) (Table 1) because we planned to
examine the correlations between neuroanatomical variables within sib-
ling pairs. Each thalamic surface was projected into the space defined by
the first 15 principal components (PCs), yielding 15 PC scores for each
thalamic surface (left and right; 30 scores total per subject), which ac-
counted for 88% of total shape variance (across subjects and hemi-
spheres). Multivariate ANOVA (MANOVA) was performed using the

PC scores from all four subject groups, with
hemisphere treated as a repeated factor, and
gender included as a covariate, to examine
whether there were overall differences in tha-
lamic shape across groups or hemisphere.

Next, to test our hypothesis of an ordered
variation in thalamic shape across the four sub-
ject groups, we computed a single set of 15 PC
scores for each subject by averaging corre-
sponding PC scores from the left and right thal-
amus, and applied canonical analysis to the av-
eraged PC scores to generate canonical scores.
The canonical analysis was designed to score the
SCZ-SIB and CON-SIB subjects along the di-
mension that “maximized” the difference the
SCZ and CON subjects. More specifically, using

a general linear model with the PC scores as dependent variables, and
group and gender as predictor variables, the canonical analysis computed
the first eigenvector of (E �1) � H, where H was the sum of squares and
cross-products (SSCP) matrix associated with the contrast between the
SCZ and CON subjects, and E was the SSCP matrix of the model residuals
(derived from the full model using all subjects). The eigenvector con-
tained the weighting coefficients for computing the canonical scores. A
canonical score was obtained for each subject by applying these weight-
ing coefficients to the original dependent variables (i.e., the PC scores).

Group differences in cerebral and thalamic volume, thalamic canoni-
cal scores, and the clinical and cognitive domain scores were assessed
using mixed-model methods that explicitly estimated the covariance
(correlation) in the residuals attributable to the sibling relationships. For
thalamic volume, the mixed-model additionally included the correlation
across hemispheres as part of the covariance structure. Gender was in-
cluded as a covariate (i.e., additional fixed effect predictor) for all analy-
ses of volume and canonical scores. Additional analyses of volume and
canonical scores included either (1) total cerebral volume or (2) age,
duration of illness (coded as zero for the subjects from the three nonpsy-
chotic groups), and lifetime history of substance dependence, mood dis-
orders, or anxiety disorders (each coded as a separate effect) as additional
covariates. Because the canonical scores were derived from a contrast
between the SCZ and CON groups, planned comparisons for the canon-
ical scores were restricted to SCZ versus SCZ-SIB, SCZ-SIB versus CON-
SIB, SCZ-SIB versus CON, and CON-SIB versus CON. In all mixed
model analyses, the covariance structure was “unstructured,” the two
different sibling pairs were allowed to be heterogeneous in their covari-
ance estimates, and the degrees of freedom calculations used the method
of Kenward and Roger (1997). The significance of the predictor variables
was assessed using type III sums-of-squares. All statistical analyses were
performed in SAS 9.1 (SAS Institute, Cary, NC).

Results
Thalamic and cerebral volume
Thalamic volume was compared across the four groups of sub-
jects using a mixed linear model that specified group, hemi-
sphere, the interaction of group with hemisphere, and gender as
fixed effects. There was a significant effect of hemisphere on tha-
lamic volume (F(1,50) � 4.4; p � 0.04), but no effect of group
status (F(3,52) � 1.8; p � 0.16) or group by hemisphere interac-
tion (F(3,59) � 0.6; p � 0.6). Similar results were obtained when
total cerebral volume was included as a covariate. Cerebral vol-
ume itself varied across groups (F(3,46) � 6.3; p � 0.001), as
assessed by a mixed model with group and gender as fixed effects.
Post hoc tests indicated that cerebral volume in the SCZ-SIB was
larger than the SCZ ( p � 0.05), but smaller than the CON and
CON-SIB subjects ( p � 0.008 and 0.001, respectively). Cerebral
volume in the CON and CON-SIB subjects did not differ ( p �
0.4). Estimated thalamic and cerebral volumes are shown in
Table 2.

Table 2. Adjusted thalamic and cerebral volumes (cubic centimeters)

SCZ SCZ-SIB CON-SIB CON

Thalamus
Adjusted for gender

L 7.21 (0.14) 7.60 (0.11) 7.66 (0.10) 7.60 (0.09)
R 7.41 (0.16) 7.65 (0.13) 7.72 (0.11) 7.70 (0.09)

Adjusted for gender and cerebral volume
L 7.49 (0.11) 7.74 (0.10) 7.49 (0.08) 7.49 (0.07)
R 7.69 (0.13) 7.78 (0.12) 7.56 (0.08) 7.58 (0.07)

Cerebral volume
Adjusted for gender 916 (19.9) 952 (15.6) 1024 (14.3) 1011 (14.4)

Values are the predicted marginal means, or �least square means,� adjusted for the indicated effects. There was a main effect of group on cerebral volume
(F

(3,46)
� 6.3; p � 0.001), but not thalamic volume. Values in parentheses are SEs. L, Left; R, right.
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Thalamic shape
MANOVA applied to the PC scores summarizing thalamic sur-
face variation, with hemisphere as a repeated factor and gender as
a covariate, indicated an effect of group status (F(45,331) � 1.4; p �
0.05, Wilks’ Lambda) and hemisphere (F(15,111) � 7.5; p �
0.0001). The interaction between group and hemisphere was not
significant (F(45,331) � 0.9; p � 0.6). Importantly, the multivariate
contrast between the SCZ and CON groups was significant
(F(15,111) � 2.0; p � 0.03). This result provided a basis for a
canonical analysis to compare univariate canonical scores of the
SCZ-SIB and CON-SIB to the other groups. This strategy maxi-
mized the power to detect differences between groups (as defined
by the SCZ vs CON difference).

We tested for an ordered variation in the thalamic surfaces of
the SCZ-SIB and CON-SIB subjects relative to the SCZ and CON
subjects by deriving a canonical score for each subject using the
linear combination of PC scores that maximized the difference
between the SCZ and CON subjects (see Materials and Methods).
The mean canonical scores by group exhibited a progression
from SCZ to SCZ-SIB to CON-SIB to CON (Fig. 1). Mixed model
analysis of the canonical scores with group and gender as fixed
effects indicated that the SCZ-SIB scores were statistically greater
than the SCZ subjects (F(1,26) � 9.1; p � 0.006), but less than the
CON subjects (F(1,51) � 6.4; p � 0.01). The difference between
SCZ-SIB and CON-SIB subjects also trended toward significance
(F(1,59) � 2.9; p � 0.09). Canonical scores for the CON-SIB and
CON subjects did not differ ( p � 0.5).

When variables coding for age, duration of illness, and life-
time history of substance dependence, mood disorders, and anx-
iety disorders were included as additional fixed effects in the
mixed models for thalamic canonical score, thalamic volume and
cerebral volume, none of these covariates predicted any of these
three structural measures ( p � 0.14). Furthermore, in an analysis
restricted to the SCZ subjects, there was no correlation of either
age or illness duration with thalamic canonical score, total tha-
lamic volume, or cerebral volume (Pearson’s r � 0.14; p � 0.5).
The correlation of age and illness duration in the SCZ subjects
was r � 0.66.

The pattern of thalamic shape variation between groups was
visualized by estimating the displacement of the thalamic sur-
faces between different subject groups, while controlling for gen-
der (Fig. 2A). Maps highlighting the regions of largest displace-
ment (relative to the variance) were also computed for each
comparison (Fig. 2B) by thresholding the p value of the pairwise
group difference at each surface node at p � 0.05 (uncorrected for
multiple comparisons). For the SCZ versus CON comparison,
there was an inward deformation at the anterior and posterior
extremes of the thalamus, which was larger in the left hemisphere
than the right. The SCZ-SIB versus CON and SCZ versus SCZ-
SIB comparisons together illustrate that SCZ-SIB subjects exhibit
a degree of surface displacement intermediate between CON and
SCZ subjects. Namely, the SCZ-SIB subjects exhibited inward
displacement at the anterior and posterior of the thalamus rela-
tive to CON subjects (as well as CON-SIB subjects, data not
shown), and the SCZ subjects exhibited additional inward dis-
placement relative to the SCZ-SIB subjects, particularly in the
anterior of the left thalamus and in a penumbra around the
posterior-most region of the left thalamus. In contrast, surface
differences in the CON-SIB versus CON comparison were muted
in these same anterior and posterior regions.

To assess the relationship between the canonical scores gener-
ated for each subject and the observed pattern of surface defor-
mation, we computed the correlation of the canonical scores of
the SCZ and CON subjects with the surface displacements of
those same subjects, and displayed the magnitude of these corre-
lations on the thalamic surface (Fig. 3). Consistent with the idea
that the canonical scores capture a dimension relevant to the
surface displacements between SCZ and CON subjects, the larg-
est correlations occurred at the anterior and posterior portions of
the thalamus (i.e., in approximately the same regions that exhib-
ited the largest deformations between the SCZ and CON sub-
jects). The direction of this correlation was positive, indicating a
correlation in those regions between outward surface displace-
ments and higher (i.e., more CON-like) canonical scores. In a
similar manner, we also computed analogous maps (data not
shown) for each group separately and found strong positive cor-
relation (r � 0.5) between canonical scores and surface displace-
ments at the anterior of the thalamus for each of the four groups,
and at the posterior of the thalamus for the SCZ, CON-SIB, and
CON groups. (The SCZ-SIB group had a positive correlation
between these measures along a portion of the right posterio-
superiolateral surface, a region that likely still overlies the pulvi-
nar and which exhibited positive correlation in the correlation
maps of the other three groups as well, but not at the posterior-
most portion of the left and right thalamus as was the case in the
other three groups.) Overall, these correlation maps indicate that
the anterior and posterior extremes of the thalamus were the
regions with the strongest coupling between surface displace-
ments and variations in canonical scores.

Relationships of structural, clinical, and
neuropsychological measures
The clinical and neuropsychological scores for the four subject
groups are plotted in Figure 4. On all three of the clinical domains
(positive, negative, and disorganization symptoms) and three of
the four cognitive domains (episodic memory, working memory,
and executive function), the siblings of schizophrenia subjects
exhibited an intermediate degree of clinical symptoms and cog-
nitive deficits relative to the schizophrenia probands and healthy
controls.

The correlations of the structural measures with the clinical
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Figure 1. Scatterplot of thalamic canonical scores for the four subject groups. Canonical
analysis was used to establish the linear combination of PC scores that maximized the difference
between the SCZ and CON subjects. The resulting weighting coefficients were then used to score
all subjects. Differences between groups were assessed using a mixed model with group and
gender as fixed effects. Horizontal line indicates the predicted marginal mean (“least square
mean”) controlling for gender [least square means (SEs) of �1.03 (0.22), �0.13 (0.18), 0.30
(0.18), and 0.45 (0.14) for SCZ, SCZ-SIB, CON-SIB, and CON, respectively].
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and cognitive domain scores were assessed within a combined
group of SCZ and SCZ-SIB subjects. The largest correlation (as-
sessed using nonparametric Spearman’s r) of total cerebral vol-
ume, left or right thalamic volume, or thalamic canonical score
with any of the four cognitive domain scores or three clinical
symptom scores was a weak correlation between canonical score
and working memory (Spearman’s r � 0.27, p � 0.06; all other r
values �0.21, p � 0.14). Analysis of the SCZ and SCZ-SIB groups
separately indicated that this weak correlation between thalamic
canonical score and working memory was driven by the SCZ-SIB
subjects (r � 0.28) because it was absent in the SCZ subjects (r �
0.06). As an additional exploratory analysis in the combined
group of SCZ and SCZ-SIB subjects we computed the canonical
correlation of the four structural measures against either the four
cognitive or three clinical measures to determine the highest pos-
sible correlation between any linear combination of one set of
variables against the other. In both cases, the canonical correla-
tion accounted for �25% of the variance along the dimension of
the first canonical variables and the canonical correlations were

not significant, indicating that there was no
evidence of a relationship between some
linear combination of the four structural
measures with a linear combination of ei-
ther the cognitive or clinical domains
(structural vs cognitive variables, first ca-
nonical correlation � � 0.48, p � 0.2;
structural vs clinical variables, � � 0.41,
p � 0.5).

Correlating the structural measures to
each other (in the combined group of SCZ
and SCZ-SIB subjects) we found, as antic-
ipated, that cerebral volume and the vol-
ume of the left and right thalamus were all
correlated with each other (Spearman’s r
�0.63; p � 0.0001). The thalamic canoni-
cal scores were correlated with these other
three structural measures to a lesser degree
(r � 0.35– 0.47; p � 0.01). Last, we exam-
ined the correlation between siblings of the
residuals of the four structural measures af-
ter removing the effect of gender. Cerebral
volume was positively correlated between
siblings in both pairs of siblings (Table 3).
Left and right thalamic volumes were pos-
itively correlated between siblings in only
the SCZ/SCZ-SIB sibling pair, and the dif-
ference in correlation coefficients between
the two groups of sibling pairs reached sig-
nificance for left thalamic volume ( p �
0.03, assessed using Fisher’s z transforma-
tion to compare correlation coefficients).
Thalamic canonical scores were not corre-
lated in either pair of siblings.

Discussion
We found evidence for abnormalities in the
shape of the thalamus, as well as altered
cognitive performance and clinical symp-
tomatology, in the nonpsychotic siblings of
individuals with schizophrenia. This result
is in keeping with a large literature suggest-
ing that family members of individuals
with schizophrenia have an increased risk
of developing the disorder (Gottesman,

1991), electrophysiological deficits (Clementz et al., 1998; Ca-
denhead et al., 2000), abnormal brain activation (Callicott et al.,
2003; Fusar-Poli et al., 2007), and a variety of structural brain
abnormalities (Boos et al., 2007). Such measures represent po-
tential “endophenotypes” that may help clarify the relationship
between genetic variation and the clinical symptoms of schizo-
phrenia (Gottesman and Gould, 2003; Braff et al., 2007).

Although the primary focus of our study was to determine
whether differences in thalamic shape exist between schizophre-
nia subjects, their siblings, and healthy controls, we naturally
examined overall thalamic volume as well. There was no effect of
group status on thalamic volume, regardless of whether cerebral
volume was included as a covariate. Previously, we found a tha-
lamic volume reduction of 7% in a group of more chronic schizo-
phrenia subjects (mean age, 38 years) relative to age-matched
healthy controls, which became nonsignificant after including
cerebral volume as a covariate (Csernansky et al., 2004). Al-
though a meta-analysis by Konick and Friedman (2001) provided

Figure 2. A, Maps of the estimated displacement between different subject groups, controlling for gender. These were
obtained by first computing for every thalamus the surface-normal component of the displacement of each surface node of that
thalamus relative to the average thalamic surface of all 130 subjects. Then, we computed the least square mean of these
displacements for each group (and surface node) controlling for gender. Last, for each pairwise group comparison shown, the
difference of these least square means between the two selected groups was displayed as a color map, with cool (warm) colors
indicating inward (outward) displacement relative to the second group listed in each comparison (i.e., SCZ-SIB group for the third
row, CON group for all other rows). The reference surface on which the color maps are overlaid is the mean surface of the second
group listed in each comparison. For the SCZ versus CON comparison, the inward displacements at the anterior and posterior
regions of the thalamus exceeded the limit of the color scale, particularly on the left hemisphere (largest inward displacement
was 0.86 mm in the anterior-most region of the left thalamus), such that the larger displacements in the left thalamus (vs the
right) are not well visualized. For the superior view, the anterior-to-posterior direction is upward. B, Thresholded maps high-
lighting the regions of largest displacement (relative to the variance), assessed by computing at each node the p value associated
with the difference in least square means used in constructing the comparison in A (i.e., gender included as a covariate). Surface
nodes having an inward displacement for which p � 0.05 (not adjusted for multiple comparisons) are shown in purple and nodes
with p � 0.05 in green. Only a few small patches of the surfaces exhibited outward displacements with p � 0.05 (shown in red).
The anterior of the thalamus in the CON-SIB versus CON comparison in B is tilted upward to reveal the location of the outward
displacement of largest surface area of all four comparisons. The anterior and posterior views shown capture all of the main
regions for which p � 0.05. L, Left; R, right.
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evidence for a small-to-moderate reduction of thalamic volume
in schizophrenia (Cohen’s d � 0.3), even after normalization by
brain or cranial volume, the individual studies included in this
meta-analysis frequently failed to find significant differences. Not
surprisingly then, the literature regarding whether the nonpsy-
chotic relatives of individuals with schizophrenia exhibit volume
deficits in the thalamus is also ambiguous. Several studies have
reported statistically significant decreases in thalamic volume in
relatives compared with controls (Staal et al., 1998; Seidman et
al., 1999; Lawrie et al., 2001). However, Seidman et al. (1999) did
not have MR scans for the schizophrenia probands, and Lawrie et
al. (2001) reported lower mean thalamic volume in the relatives
than the schizophrenia probands (who did not differ from con-
trols). More recently, using voxel-based morphometry, Mc-
Donald et al. (2004) found that genetic risk for schizophrenia was
associated with decreased gray matter volume density in the thal-
amus of schizophrenia probands and their nonpsychotic rela-
tives. However, Ettinger et al. (2007) found no significant differ-
ences in thalamic volume between controls and monozygotic
twins discordant for schizophrenia. We likewise found no evi-
dence for detectable changes of thalamic volume in siblings of
schizophrenia subjects relative to controls. Rather, our results
indicate that abnormalities of the thalamus may be confined to
localized subregions, and that increased power for detecting tha-
lamic volume abnormalities in schizophrenia subjects and their
relatives may be achieved by focusing on such subregions of the
thalamus.

To check for possible localized variations in thalamic shape
that are not captured by volume measures, we used two comple-
mentary approaches. In one approach, we derived a canonical
score for each subject and found that the mean canonical score
for SCZ-SIB subjects was intermediate between SCZ and CON
subjects. In the second approach, we created maps of the surface
deformation between groups. These maps showed that both the
SCZ and SCZ-SIB exhibited inward deformation at the anterior
and posterior extremes of the thalamus relative to CON subjects,
with SCZ-SIB having a degree of surface displacement interme-
diate between CON and SCZ subjects. We linked these two ap-
proaches by showing that the largest correlation between canon-
ical scores and surface displacement occurred at the anterior and
posterior extremes of the thalamus. Notably, the pattern of tha-
lamic shape change in the schizophrenia subjects and their sib-
lings was similar to what we previously observed in a nonover-
lapping group of schizophrenia subjects compared with healthy
controls (Csernansky et al., 2004). Overall, our results indicate

that siblings of schizophrenia subjects have an attenuated form of
the thalamic shape abnormalities present in individuals with
schizophrenia.

The pattern of thalamic shape deformations in the schizo-
phrenia probands and their siblings suggests involvement of the
anterior nuclei and pulvinar of the thalamus, because these are
the nuclei directly underlying the anterior and posterior thala-
mus. Postmortem and neuroimaging studies of individual tha-
lamic nuclei or regions have indicated reduced volume of the
pulvinar in schizophrenia (Byne et al., 2002; Kemether et al.,
2003) and varying degrees of reduced volume of the anterior
nucleus (Young et al., 2000; Byne et al., 2006) or the anterior
region of the thalamus (Hazlett et al., 1999; Gilbert et al., 2001).
Nonetheless, our thalamic surface deformations could be a con-
sequence of volume loss in a variety of nuclei along the overall
anterior–posterior axis of the thalamus. Identifying individual
thalamic nuclei in vivo will require the use of image processing
approaches designed to enhance nuclear boundaries (Kemether
et al., 2003) or enhanced imaging protocols such as diffusion
tensor imaging, which may provide a connectivity-based seg-

Figure 3. Maps of the Pearson correlation of canonical scores in the SCZ and CON subjects
with surface displacements in those same subjects. A surface-normal displacement map was
computed for each individual subject (relative to the average surface of all subjects) with out-
ward displacements positive, and inward displacements negative. The correlation of these
displacements with the canonical scores was computed at each surface node. −1.2
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Figure 4. Plots of mean Z-score (�SE) for the clinical symptoms (positive, negative, and
disorganization symptoms) and cognitive domains (attention, working memory, episodic
memory, and executive function) for the complete pair siblings whose demographics are pro-
vided in Table 1. There was a significant main effect of group for all seven scores (F � 3.3; p �
0.03, mixed model). The difference between SCZ and SCZ-SIB subjects was significant for all
seven scores (F � 9.3; p � 0.01). The difference between SCZ-SIB and CON (or CON-SIB)
subjects was significant (or nearly so) for episodic memory, executive function, and all three
clinical symptoms (SCZ-SIB vs CON, F � 5.9, p � 0.02; SCZ-SIB vs CON-SIB, F � 3.3, p � 0.08).
The CON and CON-SIB subjects did not differ on any of the seven scores. Similar results were
obtained when gender was included as a covariate (the gender effect was not significant for any
of the scores, p � 0.15).

Table 3. Spearman correlation coefficients between siblings (SCZ vs SCZ-SIB; CON vs
CON-SIB) for the structural measures, controlling for gender

SCZ vs SCZ-SIB CON vs CON-SIB

r p r p

Cerebral volume 0.51 0.01 0.30 0.06
Left thalamic volume* 0.59 0.002 0.09 0.6
Right thalamic volume 0.51 0.009 0.18 0.3
Thalamic canonical score �0.07 0.7 �0.06 0.7

For each structural measure, Spearman correlations between the siblings of each sibling pair were computed on the
residuals after regressing out the effect of gender (estimated using all subjects so that there was a single estimate of
the gender effect). n � 25 for SCZ versus SCZ-SIB; n � 40 for CON versus CON-SIB. *Significant difference ( p �
0.03) in the correlation coefficients between the two sets of siblings (using Fisher’s z transformation).
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mentation of thalamic gray matter (Behrens et al., 2003; Wiegell
et al., 2003).

The presence of thalamic shape abnormalities in the siblings
of schizophrenia probands suggests that genetic influences con-
tribute to their development because twin and adoption studies
have indicated that shared environmental factors have a negligi-
ble contribution to the overall etiology of schizophrenia (Kendler
et al., 1994; Cannon et al., 1998; Cardno et al., 1999). However,
shared environmental factors could nonetheless have a non-
negligible contribution to abnormalities observed within partic-
ular cerebral structures. Using variance components analysis,
hippocampal volume was in fact found to be substantially influ-
enced by unique and shared environmental factors in schizo-
phrenia subjects and their nonpsychotic twins, whereas additive
genetic effects dominated in healthy twin pairs (van Erp et al.,
2004). We are not aware of any twin studies that have used similar
analytic techniques in the thalamus. Thus, additional studies are
necessary to quantify the relative contributions of genetic and
environmental factors to thalamic volume and shape changes in
schizophrenia.

The potential influence of antipsychotic medication on cere-
bral morphometry is a confounding factor in many neuroimag-
ing studies of schizophrenia. In the present study, almost all of the
schizophrenia subjects were taking second generation antipsy-
chotic medication, which some studies have associated with tha-
lamic enlargement (Gur et al., 1998; Dazzan et al., 2005). How-
ever, in other studies, thalamic enlargement has been more
associated with first generation antipsychotic medications (Sulli-
van et al., 2003; Khorram et al., 2006). Regardless, our finding of
thalamic shape changes in the siblings of individuals with schizo-
phrenia strongly suggests that abnormalities of thalamic struc-
ture in schizophrenia cannot be solely explained as a consequence
of antipsychotic drug treatment.

Our inclusion of siblings of control subjects as an additional
comparison group is somewhat unique. CON subjects were re-
cruited to be free of major mood disorders although their siblings
were allowed to have a history of such conditions. Thus, the
CON-SIB represent a less selected group of comparison subjects,
who were more closely matched to the SCZ-SIB in terms of their
history of nonpsychotic Axis I disorders. The canonical scores of
CON-SIB and CON did not differ statistically, although the dis-
tribution of the CON-SIB scores was shifted downward slightly
toward the SCZ-SIB. Notably, the difference between SCZ-SIB
and CON-SIB achieved significance under a one tailed t test,
which would be justified given our hypothesis that the canonical
scores of the SCZ-SIB would be intermediate between the SCZ
and CON-SIB (or CON) groups.

There were no significant correlations of thalamic volume or
canonical score with any of the three clinical symptom or four
cognitive function domains in a combined group of SCZ and
SCZ-SIB subjects. Previously we also found a general lack of cor-
relation of volume or shape measures with clinical symptoms or
cognitive function in the thalamus, hippocampus, and basal gan-
glia (Csernansky et al., 2002, 2004; Andrews et al., 2006; Mamah
et al., 2007). An absence of correlation between thalamic volume
and clinical measures has also been reported in other studies
(Gilbert et al., 2001; Ettinger et al., 2007). Although it is possible
that the differences in thalamic shape do not have readily observ-
able functional consequences, it is also possible that the func-
tional significance of these differences is not captured by conven-
tional measures of clinical symptomatology and cognitive
performance. Nonetheless, there was an association between tha-

lamic shape and the most prominent “functional” variable;
namely, the presence or absence of the disease state.

In conclusion, we found that the siblings of individuals with
schizophrenia have an attenuated form of the deformations in
thalamic shape present in schizophrenia. There was inward de-
formation of the anterior and posterior thalamus in both groups
of subjects (versus controls), suggesting particular involvement
of the anterior nuclei and pulvinar. These localized thalamic ab-
normalities represent a potential endophenotype of schizophre-
nia that may be useful for bridging clinical studies of schizophre-
nia to both genetics and more detailed postmortem studies of
cellular pathology. Better characterization of the thalamic abnor-
malities in schizophrenia also provides the necessary framework
for additional study and interpretation of structural and func-
tional disturbances of the thalamocortical network related to the
disease.
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