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Abstract
Grey-matter volumetric and cognitive deficits in young, high-risk relatives of schizophrenia
patients may be vulnerability markers of the illness. Although these markers may be correlated, it
is unclear if their distributions in relatives overlap. We examined convergence of these markers in
94 young first and second-degree relatives (HR) and 81 healthy controls. Subjects were assessed
using WCST, CPT-IP and Benton–Hamscher tests and on grey-matter volumes of brain regions
related to language, attention and executive function using FreeSurfer to process T1-MR-images.
K-means clustering using cognitive performance scores split relatives into sub-samples with better
(HR+C, n=35) and worse (HR−C, n=59) cognition after controlling for age and gender. All
regional volumes and language related regional laterality-indices were compared between HR−C,
HR+C and control subjects, controlling for age, gender and intra-cranial volume. Volumes of
caudate nuclei, thalami, hippocampi, inferior frontal gyri, Heschl’s gyri, superior parietal cortices,
supramarginal gyri, right angular gyrus, right middle frontal gyrus and right superior frontal gyrus,
leftward laterality of supramarginal and inferior frontal gyri and rightward laterality of the angular
gyrus were reduced in HR−C compared to controls. Volumes of Heschl’s gyri, left supramarginal
gyrus, inferior frontal gyri, hippocampi and caudate nuclei HR−C were smaller in HR−C
compared to HR+C. HR+C showed deficits compared to controls only for the superior parietal and
right angular volumes. Premorbid neuroanatomical and laterality alterations in schizophrenia may
selectively manifest in cognitively compromised relatives. Overlapping structural and cognitive
deficits may define a hyper vulnerable sub-sample among individuals at familial predisposition to
schizophrenia.

Introduction
Schizophrenia may involve heritable alterations of peri-adolescent neurodevelopment
(DeLisi, 1997). Patients share these alterations with their genetically predisposed relatives,
who are high-risk for psychotic disorders (DeLisi, 1997). Relatives may progress to
psychotic disorders spanning either phenotypic extreme depending on the degree of familial
diathesis. Relatives with highest vulnerability may develop severe, early-onset psychotic
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disorders (Kumra et al., 1998, 2002, 2001). Eleven to fifteen percent may develop adult-
onset schizophrenia, while 40% may transition to less severe schizophrenia spectrum
disorders (Erlenmeyer-Kimling et al., 1997, 1995). These variable clinical outcomes of
genetically susceptible relatives may reflect the latent genetic heterogeneity of schizophrenia
spectrum illnesses (Delisi, 2009; DeLisi and Fleischhaker, 2007; DeLisi et al., 1987;
Jablensky and Kalaydjieva, 2003; Kremen et al., 2004). The heterogeneous risk-profile
suggests that some “hyper-vulnerable” relatives may be at enhanced risk for future psychotic
disorders, compared to relatives in general (Diwadkar et al., 2006; Velthorst et al., 2009).
Cognitive and neuroanatomical deficits in relatives may increase their susceptibility for
future psychosis and a non-uniform distribution of these premorbid vulnerability markers
within relatives may explain the relatives’ uneven risk-profile for future psychotic disorders.
Deficits of attention, language and executive-function may predict future psychopathology
in relatives (Cornblatt, 2002; Diwadkar et al., 2006; Eack et al., 2008; Johnstone et al., 2005;
Kremen et al., 1994; Sarfati and Hardy-Bayle, 2002). Grey-matter volumetric and
lateralization abnormalities in relatives correlate with these cognitive markers (Antonova et
al., 2005, 2004; Bhojraj et al., 2009; Cooke et al., 2008; Lymer et al., 2006; Premkumar et
al., 2008a,b; Toulopoulou et al., 2004). Neuroanatomical deficits may also independently
confer risk for psychosis (Fornito et al., 2008; Job et al., 2005, 2002, 2003, 2006; Kumari
and Cooke, 2006; Lawrie et al., 2008, 1999; Sun et al., 2009; Wood et al., 2008), and are
related to symptoms and electrophysiological alterations of schizophrenia (Kumari et al.,
2008a,b). Convergence of neuroanatomical and cognitive markers may confer risk in excess
of that entailed by familial diathesis alone, and may identify “hyper-vulnerable” relatives.

Studies in relatives, albeit independently demonstrating cognitive deficits (Keshavan et al.,
2004) and hippocampal, thalamic, basal gangliar, cingulate, frontal and temporal cortical
deficits (Job et al., 2005, 2003; Keshavan et al., 2002; Lawrie et al., 2008; Wood et al.,
2008), have not assessed the overlap of cognitive and structural alterations.

We classified a sample of high-risk relatives into cognitively-worse and cognitively-better
sub-samples based on attention, verbal fluency and executive function performance scores.
Hippocampal, thalamic, caudate superior-temporal, Heschl’s, supramarginal, angular,
inferior frontal, superior frontal and middle frontal and superior parietal cortical grey-matter
volumes, and inferior frontal, supramarginal, angular, Heschl’s and superior temporal gyral
laterality indices were assessed, given their relation to the assessed cognitions and their
implication in schizophrenia (Antonova et al., 2005, 2004; Bhojraj et al., 2009; Crow, 2000;
Premkumar et al., 2008a,b; Toulopoulou et al., 2004). We hypothesized the cognitively
worse group to show greater neuroanatomical alterations compared to the cognitively better
group.

Methods
Participants

The study was conducted at the Western Psychiatric Institute and Clinic, Pittsburgh.
Participants were 94 adolescent and young adult relatives of (HR) of schizophrenia probands
[77 first-degree relatives (66 offspring and 11 siblings) and 17 second-degree relatives] and
64 healthy controls (HC). Relatives of parents with schizophrenia or schizoaffective disorder
were recruited by approaching patients in the clinic and through advertisements. HC were
recruited through advertisements in the same community as HR. Clinical assessments of HC
and HR and parental diagnoses of schizophrenia or schizoaffective disorder used the
structured clinical interviews for DSM-IV diagnoses (SCID) (First et al., 1995) and were
confirmed using consensus meetings led by senior diagnosticians (M.K and D.M). None of
the HR were diagnosed with psychotic or other psychiatric illnesses and none had received
antipsychotic medications. Participants with an IQb80, lifetime evidence of a psychotic
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disorder, exposure to antipsychotic medications or anti-depressant medications, substance
use disorder within the last month, neurological or medical condition were excluded. All
participants signed informed consent after the study was fully explained to them. For
participants <18 years of age, the consent was provided by the parent or guardian, and the
subjects provided informed assent. The study was approved by the University of Pittsburgh
Institutional Review Board.

Structural MRI assessments
MRI scans were obtained on subjects using a GE 1.5T whole body scanner (GE Medical
Systems, Milwaukee, Wisconsin). The scans were three-dimension spoiled gradient recalled
(SPGR), acquired in a steady-state pulse sequence (124 coronal slices, 1.5 mm cortical
thickness, TE=5 ms, TR=25 ms, acquisition matrix=256×192, FOV=24 cm, flip angle 40°).
The detailed scanning procedure has been described in detail in our previous publication
(Gilbert et al., 2001). T1-images were processed using FreeSurfer. Images with significant
motion artifacts (significant motion artifacts may be related to excessive head movement of
the subject in the scanner. These render the obtained T1 MRI image un-processable by
FreeSurfer due to poor image quality) were not included in the study. FreeSurfer (Bhojraj et
al., 2009; Goghari et al., 2007) is one of the few (Yates et al., 2006) semi-automated
methods used to examine relatives and has established validity with automatic and manual
methods (Pengas et al., 2009; Tae et al., 2008). FreeSurfer has three automated stages, each
followed by editing by an experienced brain morphometrician (A.F) blind to subject
identity, clinical diagnoses and cognitive performance. AF analyzed all images to maintain
uniformity. The first stage performs motion correction, using two or more T1 image
sequences and skull stripping (Segonne et al., 2004). If inspection reveals the strip to be
inaccurate, the images were edited by AF in FreeSurfer or were imported into FSL and the
strip was performed using the Brain Extraction Tool (Smith et al., 2004). The stripped
images, checked for accuracy, were subjected to grey-white segmentation (Fischl et al.,
2002; Han et al., 2002) [second stage of FreeSurfer]. The third stage of FreeSurfer
automatically parcellates the a priori regions of interest (hippocampus, superior–temporal,
Heschl’s, supramarginal, angular, inferior frontal, superior frontal and middle frontal gyri,
superior parietal cortex, thalami and caudate-nucleii in our study) based on gyral anatomical
landmarks and performs cortical grey-matter volume measurements (Desikan et al., 2006).

Cognitive assessments
Perseverative errors on the Wisconsin Card Sorting Test [WCST] (Heaton et al., 1993), and
the verbal and visual d’ scores on the Continuous Performance test [CPT-IP version]
(Cornblatt et al., 1988) were used to assess executive function and attention respectively.
Verbal fluency measures were assessed using a letter task (number of words generated in 20
seconds that start on C, F and L alphabets) and a category task (e.g. names of animals, fruits
and vegetables) (Benton and Hamscher, 1978). Clinical interviewers were blind to imaging
and cognitive data. A.F was blind to clinical and cognitive data. The cognitive test
administrators were blind to imaging and clinical data.

Statistical analyses
We used the K-means clustering algorithm to delineate a sub-sample (cluster) within HR
showing poor performance on tests of attention, executive functioning and verbal-fluency.
The K-means algorithm divides a given sample into an a priori decided number of sub-
samples (two in this study) intended to differ on predefined measures (four cognitive
performance scores in this study). The K-means method plots all subjects (HR in this study)
in n-coordinate space (n=number of predefined measures) based on their scores for the n
measures. It successively classifies each subject into distinct clusters so as to minimize the
squared Euclidean distances between subjects within the same cluster and to maximize the
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distance between clusters (Pollard, 1981). The algorithm terminates if the within cluster
variance reduction and between cluster variance maximization cannot be further improved.
This optimizes the between-cluster difference for the predefined measures. The statistical
significance of this classification is assessed by comparing the clusters on the predefined
measures using F statistics obtained through ANOVA comparisons. Raw scores for the
percentage of perseverative errors on the WCST, visual d’ scores and verbal d’ scores on the
CPT-IP and total (letter+category) verbal fluency scores were z-transformed. These
transformed scores were specified as the predefined measures to delineate two sub-samples
within the HR sample. This allowed us to identify a subgroup within relatives showing
convergent deficits of these cognitive tests. F statistics for comparisons of these scores
across the formed clusters allowed significance testing of the presence of a distinct
cognitively compromised subgroup within the sample of relatives. F statistics of ANCOVA
tests were used to control for the confounding effect of age and gender on the clustering.

Grey-matter volumes of a priori hypothesized brain regions were compared between the two
clusters and healthy controls using ANCOVA controlling for intra cranial volume (ICV),
gender and age.

Results
HC did not differ from HR on age [(Mean±SD in years) controls (16.6±4.5), HR (15.4±3.6),
t=1.79, p=0.1], handedness (Chi-square=0.1, p=0.7), race (Chi-square=0.33, p=0.57) and
gender (controls: 42% males, HR: 53% males, Chi-square=1.6, p=0.20). Homogeneity of
variances (Levene’s test p>0.1) assumptions were met for following ANCOVA tests.

The K-means method split the n=94 HR into subgroups of n=59 with low cognitive
performance (designated HR−C) and n=35 performing better on the cognitive tests
(designated HR + C) compared to HR−C. HR−C had lower verbal fluency and d’ scores
compared to both HC and HR+C. HR+C had verbal fluency and visual d’ scores lower than
those in controls and greater than HR−C (see Table 1, Fig. 1). This statistically significant
clustering of HR into “cognitively compromised” (HR−C) and ‘cognitively intact’ (HR+C)
subgroups was not confounded by age and gender, as HR−C had poorer scores after
controlling for these.

The caudate nuclei, thalami, hippocampi, inferior frontal gyri, Heschl’s gyri, superior
parietal cortices, supramarginal gyri, right angular gyrus, right middle frontal gyrus and right
superior frontal gyrus were reduced in HR−C compared to controls. The Heschl’s gyri, left
supramarginal gyrus, inferior frontal gyri, hippocampi and caudate nucleii were reduced in
HR−C compared to HR+C. HR+C showed trend-level deficits compared to controls only for
the superior parietal cortices and right angular gyrus (see Table 2 and Fig. 2). The superior
temporal cortices, left superior, left middle frontal and left angular regions showed no
deficits. The leftward lateralization of the supramarginal gyrus and the rightward
lateralization of the angular gyrus seen in HC were reduced in HR−C while the leftward
lateralization of the inferior frontal gyrus in HC was reversed in HR−C (see Table 3 and Fig.
3). No laterality deficits were noted for HR+C compared to other groups.

Discussion
We found volumetric and laterality deficits in adolescent and young adult relatives of
schizophrenia patients to overlap with cognitive impairment. As predicted, relatives with
poorer cognition (HR−C) had volumetric reductions compared to controls for all assessed
regions and compared to relatives with better cognition (HR+C) for the majority of assessed
regions. HR+C showed only minimal volumetric deficits compared to controls and no
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deficits compared to HR−C. These results suggest that structural deficits in HR may be
inter-related with cognitive deficits and may hence be restricted to those HR with poor
cognition. The caudate nuclei, thalami, hippocampi, inferior frontal gyri, Heschl’s gyri,
superior parietal cortices, supramarginal gyri, right angular gyrus, right middle frontal gyrus
and right superior frontal gyrus volumes were reduced in HR−C compared to controls. The
Heschl’s gyri, left supramarginal gyrus, inferior frontal gyri, hippocampi and caudate nucleii
were reduced in HR−C relative to HR+C. Alterations of the prefrontal regions, Heschl’s
gyrus, thalamus and hippocampus, may convey risk for transition to psychosis in relatives
(Job et al., 2005, 2003, 2006; Lawrie et al., 2008; Sun et al., 2009; Takahashi et al., 2009).
These regions were altered in HR−C compared to HR+C and HC and were not altered in HR
+C compared to either HR−C or HC. Neuroanatomical deficits may contribute to the
enhanced risk for future psychosis, shown in relatives manifesting attention, language and
executive function deficits (Cornblatt, 2002; Diwadkar et al., 2006; Eack et al., 2008;
Johnstone et al., 2005; Kremen et al., 1994; Sarfati and Hardy-Bayle, 2002). To our
knowledge, previous studies have not reported deficits of the superior parietal cortex in
high-risk relatives. The leftward lateralization of the inferior frontal gyrus in HC was
reversed in HR−C while the leftward laterality of the supramarginal gyrus and the rightward
laterality of the angular gyrus in HC were reduced in HR−C. Laterality deficits were not
seen in HR+C. We have found similar lateralization alterations of the inferior frontal,
angular and the supramarginal gyri and a correlation of laterality deficits and verbal fluency
deficits in a subset of the currently studied HR (Bhojraj et al., 2009). Laterality deficits may
be restricted to HR−C. Laterality deficits in patients may effect a breach of the hemispheric
segregation of language processing possibly causing psychotic symptoms including
language dysfunction and auditory verbal hallucinations in schizophrenia patients (see
(Bhojraj et al., 2009) for a review).

Structural alterations and cognitive deficits may both vary with the degree of genetic-
loading for schizophrenia (Hall et al., 2008; McIntosh et al., 2007, 2006). The existence of
distinct HR−C and HR+C sub-samples may reflect the latent genetic heterogeneity of
schizophrenia spectrum illnesses (Delisi, 2009; DeLisi and Fleischhaker, 2007; DeLisi et al.,
1987; Jablensky and Kalaydjieva, 2003; Kremen et al., 2004).

Although our findings suggest overlapping neuroanatomical and cognitive deficits in
relatives, lack of prospective data regarding psychotic symptoms precludes their
implications for predicting psychosis. Longitudinal studies using a convergent approach,
such as the one in our study, during the ‘transition’ of relatives to psychosis may ascertain
whether relatives showing coincident neuroanatomical and cognitive deficits have a
heightened risk for psychosis compared to relatives, in general. We did not assess possible
predictors of schizophrenia like sub-threshold psychotic symptoms, affective symptoms,
memory deficits and schizotypal features (Diwadkar et al., 2006; Eack et al., 2008).
Including these as clustering variables may have improved the definition of the hyper-
vulnerable (HR−C) sub-sample. Subtle group differences, such as those between HR+C and
HR−C and between HR+C and HC may have escaped detection possibly due to the low
power due to the moderate sample size. The selection of a priori examined regions, based on
their relation to the assessed cognitive domains may be somewhat simplistic, as the
functional significance of brain regions is currently debatable.

We found overlapping neuroanatomical and neurocognitive deficits within a sub-sample of
at-risk relatives. The possible hyper-vulnerability conferred by coincident structural and
cognitive deficits on this sub-sample needs to be examined further. Identifying putative
hyper-vulnerable relatives may help define targets of preventive strategies for schizophrenia
(Johnstone et al., 2002).
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Fig. 1.
Group means for standardized cognitive performance scores. We identified a sub-sample
within relatives with poorer (HR−C) cognition compared to the remaining relatives (HR+C).
Raw scores for cognitive performance for each domain were converted to z-scores by
standardizing them to the control mean. Mean z-scores for HC-C (dashed line), HC+C (thick
line) and controls are plotted on the Y-axis for each domain mentioned on the X-axis. HR−C
are seen to show deficits for most performance scores compared to both HC and HR+C. HR
+C appear to be intermediate between HC and HR−C on cognitive performance.
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Fig. 2.
Group means for standardized grey-matter volumes. Grey-matter volumes for each region
were standardized to the control mean. Mean standardized scores for HC-C (dashed line),
HC + C (thick line) and controls are plotted on the Y-axis for each region mentioned on the
X-axis. HR−C are seen to show deficits for most regions compared to both HC and HR+ C.
HR+ C appear to be intermediate between HC and HR−C for volumes. Th=Thalamus,
CN=caudate nuclei, AG=angular gyrus, SMG=supramarginal gyrus, PT=pars triangularis of
the inferior frontal gyrus, HI=hippocampus, MFG=middle frontal gyrus, SFG=superior
frontal gyrus, HG =Heschl’s gyrus. All regions were reduced in HR−C compared to
controls.
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Fig. 3.
Group means of laterality indices. Mean laterality indices (on Y-axis) for each group for
each region are plotted. IFG=pars triangularis of the inferior frontal gyrus,
SMG=supramarginal gyrus AG=angular gyrus.

Bhojraj et al. Page 12

Neuroimage. Author manuscript; available in PMC 2013 June 23.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Bhojraj et al. Page 13

Table 1

Comparisons of cognitive performance across groups.

Cognitive scores HR−C Vs HR+C HR−C Vs HC HR+C Vs HC

F (1,92),p F(1,137),p F(1,114), p

Percentage of perseverative errors p>0.2 p>0.2 p>0.2

Verbal d’ scores 7.04, 0.005 9.15, 0.001 p>0.2

Visual d’ scores 6.44, 0.012 8.23, 0.003 4.01, 0.048

Total verbal fluency scores 3.80, 0.055 7.89, 0.003 4.77, 0.033

F statistics and p values for ANCOVA tests comparing cognitive performance scores controlling for age and gender. Results suggest that the K-
means algorithm split the HR sample into two subsets significantly differing on cognitive performance independent of the effect of age and gender
(see Fig. 1).
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Table 2

Grey-matter volume comparisons.

Region HR−C Vs HR+C HR−C Vs HC HR+C Vs HC

F(1,91 ),p F( 1,136),p F(1,113), p

Intra cranial volume 1.79, 0.195 0.9, 0.693 1.2, 0.429

Left Heschl’s gyrus 3.81, 0.053 2.99, 0.08 p>0.2

Right Heschl’s gyrus 4.92, 0.032 11.22, 0.000 p>0.2

Left supramarginal gyrus 3.28, 0.071 20.06, 0.000 p>0.2

Right supramarginal gyrus p>0.2 6.05, 0.015 p>0.2

Right angular gyrus p>0.2 18.1, 0.000 3.12, 0.070

Left superior parietal gyrus p>0.2 3.43, 0.065 3.62, 0.059

Right superior parietal gyrus p>0.2 8.23, 0.004 4.22, 0.039

Right middle frontal gyrus p>0.2 6.78, 0.010 p>0.2

Right superior frontal gyrus p>0.2 3.96, 0.048 p>0.2

Left inferior frontal gyrus 7.32, 0.001 12.32, 0.000 p>0.2

Right inferior frontal gyrus 4.05, 0.042 3.32, 0.071 p>0.2

Left hippocampus 4.18, 0.039 8.79, 0.000 p>0.2

Right hippocampus 4.11, 0.041 8.02, 0.000 p>0.2

Left caudate 4.71, 0.036 9.09, 0.000 p>0.2

Right caudate 6.45, 0.011 14.21, 0.000 p>0.2

Left thalamus p>0.2 5.67, 0.018 p>0.2

Right thalamus p>0.2 6.68, 0.012 p>0.2

F statistics and p values for ANCOVAs controlling for ICV, age and gender comparing brain regional grey matter volumes between groups. HR−C
are seen to show volumetric deficits compared to HC and HR+C groups. HR+C showed trend-level deficits compared to HC for right angular and
superior parietal cortices. (see Fig. 2).
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Table 3

Laterality index comparisons.

Region HR−C Vs HR+C HR−C Vs HC HR+C Vs HC

F (1,92),p F(1,137),p F(1,114), p

Heschl’s gyrus p>0.2 p>0.2 p>0.2

Supramarginal gyrus 4.22, 0.040 p>0.2 p>0.2

Angular gyrus 6.08, 0.014 p>0.2 p>0.2

Inferior frontal gyrus 4.32, 0.037 p>0.2 p>0.2

F statistics and p values for ANCOVAs controlling for gender and age comparing brain regional laterality indices between groups. HR−C are seen
to show laterality deficits compared to HC (see Fig. 3).
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