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Abstract: There are varying, often conflicting, reports with respect to altered striatal volume and mor-
phometry in the major psychoses due to the influences of antipsychotic medications on striatal volume.
Thus, disassociating disease effects from those of medication become exceedingly difficult. For the first
time, using a longitudinally studied sample of structural magnetic resonance images from patients
with childhood onset schizophrenia (COS; neurobiologically contiguous with the adult onset form of
schizophrenia), their nonpsychotic siblings (COSSIBs), and novel shape mapping algorithms that are
volume independent, we report the familial contribution of striatal morphology in schizophrenia. The
results of our volumetric analyses demonstrate age-related increases in overall striatal volumes specific
only to COS. However, both COS and COSSIBs showed overlapping shape differences in the striatal
head, which normalized in COSSIBs by late adolescence. These results mirror previous studies from
our group, demonstrating cortical thickness deficits in COS and COSSIBs as these deficits normalize in
COSSIBs in the same age range as our striatal findings. Finally, there is a single region of nonoverlap-
ping outward displacement in the dorsal aspect of the caudate body, potentially indicative of a
response to medication. Striatal shape may be considered complimentary to volume as an endopheno-
type, and, in some cases may provide information that is not detectable using standard volumetric
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techniques. Our striatal shape findings demonstrate the striking localization of abnormalities in striatal
the head. The neuroanatomical localization of these findings suggest the presence of abnormalities in
the striatal-prefrontal circuits in schizophrenia and resilience mechanisms in COSSIBs with age
dependent normalization. Hum Brain Mapp 36:1458–1469, 2015. VC 2014 Wiley Periodicals, Inc.

Key words: childhood onset schizophrenia; striatum; striatal morphology; shape analysis; unaffected
siblings
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INTRODUCTION

Schizophrenia is a severe and heritable illness with a typi-
cal age of onset in late adolescence or early adulthood. Twin
and family studies have demonstrated the strong genetic
liability for this disease (Cannon et al., 2014; Saha et al.,
2005). Childhood onset schizophrenia (COS), with the onset
of psychosis before age 13, is a rare early-onset form of this
disorder that is clinically and neurobiologically continuous
with the adult onset form (Alaghband-Rad et al., 1995;
McKenna et al., 1994; Nicolson and Rapoport, 1999). Despite
the rarity of the disorder, early onset patients resemble
chronic, severe, and treatment refractory cases of adult
onset schizophrenia (AOS) (Rapoport and Gogtay, 2011).
COS is phenotypically more homogeneous than AOS, less
influenced by environmental causes, and more strongly
influenced by genetic factors (Rapoport et al., 2005). To bet-
ter understand the familial component of COS, the National
Institute of Mental Health (NIMH) has been screening and
acquiring prospective magnetic resonance imaging (MRI)
data from afflicted individuals and their full siblings since
1991 (Rapoport and Gogtay, 2011).

Much of the previous work from the NIMH group has
described adolescent psychiatric disorders as being a result
of altered courses of neuronatomical developmental trajec-
tories (Greenstein et al., 2006; Rapoport and Gogtay, 2008;
Shaw et al., 2008, 2010; Thompson et al., 2001), with COS
showing an exaggerated pattern of cortical thinning com-
pared to the normal development trajectory (Thompson
et al., 2001). Remarkably, nonpsychotic full siblings of COS
(COSSIB) demonstrate similar spatially localized patterns of
cortical thinning in the prefrontal and temporal cortices.
However, these patterns are far less severe than the COS
group, are present only the early ages, and the deficits in
healthy siblings normalize by late adolescence (Gogtay
et al., 2004, 2007; Greenstein et al., 2006; Mattai et al., 2011).
These findings suggest two things; first, some aspects of
abnormal brain morphometry observed in COS are herit-
able. Second, the amelioration of this abnormality in sib-
lings may reflect a resilience phenotype (stemming from
either environmental or genetic neuroprotective mecha-
nisms) which safeguards healthy COSSIBs from manifesting
psychosis (Bois et al., 2014; Moran et al., 2013).

The striatum is of particular interest in schizophrenia
pathology as the structure mediates a range of cognitive
and affective functions impaired in the disorder. This

includes deficits seen in working memory and executive
functions, and anomalies in motivation, emotion, and
reward (Arsalidou et al., 2012; Scimeca and Badre, 2012;
Tang and Strafella, 2012). It is heavily implicated in many
of the cognitive deficits (working memory and executive
function (Scimeca and Badre, 2012)), negative symptoms
(social withdrawal, lack of motivation), and social interac-
tion deficits (Simpson et al., 2010)) observed in
schizophrenia.

Variation in striatal volume in the major psychoses, and
in schizophrenia in particular, is still very much an open
question. Volumetric analysis cannot disentangle the
effects of antipsychotic medication on the neuroanatomy
of schizophrenia patients (Chua et al., 2009; Deng et al.,
2009; Ettinger et al., 2012; Hannan et al., 2010). In fact,
early neuroanatomical analyses of the basal ganglia in
COS suggest that volumetric enlargement of the caudate is
the result of the administration of typical neuroleptics
(Frazier et al., 1996a, 1996b). As a result, our understand-
ing of striatal deficits in major psychosis may be improved
through the use of shape mapping rather than more tradi-
tional volumetric analyses. Previous studies have not
observed differences between the striatal volumes of drug
na€ıve and abstinent schizophrenia patients in comparison
to healthy controls (Ballmaier et al., 2008). However,
through the use of sophisticated shape mapping techni-
ques, other groups have shown progressive striatal shape
alteration in schizophrenia over the course of 2 years
(inward pointing deformation over the course of 2 years)
(Wang et al., 2008) and also found striatal shape abnormal-
ities in unaffected siblings of schizophrenia patients
(Mamah et al., 2008). Given confounds due to medication
and the heterogeneous findings in the schiozphrenia,
shape may be a complementary neuroimaging endopheno-
type to volume while studying the striatum in pathophysi-
ology of schizophrenia.

Whether the striatal abnormalities in schizophrenia are
state or trait markers is also an open question and the
finding thus far have been mixed. For example, a twin-
design study observed no differences in striatal volume
differences in monozygotic twins discordant for psychosis
(Ettinger et al., 2012). Similarly, those at ultra-high risk for
psychosis do not demonstrate volumetric differences rela-
tive to controls. Caudate volume increases have been dem-
onstrated in studies of unaffected nonpsychotic ultra-high
risk (UHR) individuals who are members of a
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multicomplex family where at least one parent suffers
from psychosis (Hajek et al., 2009); but this study showed
no striatal volume differences in prodromal UHR individ-
uals and healthy controls. Studies of medication na€ıve sub-
jects with schizotypal disorders, support the idea of
volumetric striatal decreases in females suffering from
schizophrenia spectrum disorders (Koo et al., 2006; Levitt
et al., 2009). To disambiguate the contributions of antipsy-
chotic medications, structure heritability, and psychosis on
striatal morphology the field would greatly benefit from a
large-scale and long-term longitudinal examination of COS
and their unaffected siblings.

Here, we examine volume and shape of the striatum in
a large prospectively scanned sample of COS patients and
their nonpsychotic siblings. This is the first study to date
to examine the developmental trajectory of striatal shape
(along with volume) in schizophrenia at any age. We use
an age-centered analysis to demonstrate the developmental
trajectories of striatal volume and shape in the COS and
COSSIB groups with respect to the NV group. We perform
our segmentations of the striatum using a novel multi-
atlas label-fusion based methodology (Chakravarty et al.,
2013; Raznahan et al., 2014) that relies on the generation of
multiple candidate segmentations before using a decision
rule to estimate the final segmentation. For shape analyses,
we use a local shape metric that is estimated using the
nonlinear deformations fields in the segmentation process.
The average deformation is then used to estimate displace-
ment of the striatal surface with respect to a reference
model. (based on a modification of the metric previously
reported in (Lerch et al., 2008)) We hypothesized that there
would be clear differences in the striatal development, as
measured by volume and shape trajectories, between the
COS cohort with respect to NVs. We also hypothesized that
the healthy COSSIBs would have an at least partially over-
lapping pattern of striatal development, homologous to that
observed for sibling cortical development (Gogtay et al.,
2007), again indicating an age specific endophenotype.

MATERIALS AND METHODS

Recruitment of COS Subjects, their Healthy

Unaffected Siblings and Normal Controls

Subject recruitment has been described in detail in pre-
vious publications (Greenstein et al., 2006; Rapoport and
Gogtay, 2010, Int J Dev Neurosci). For this study, prospec-
tive anatomic brain MRI scans were obtained from 86 COS
patients who met unmodified DSM-IIIR/IV criteria for
schizophrenia with the onset of psychosis before age 13
and 71 of their nonpsychotic full siblings, also rescanned
every 2 years. Siblings are considered “nonpsychotic or
healthy” if they do not have any schizophrenia spectrum
abnormalities either on Axis I or Axis II (Asarnow and
Ben-Meir, 1988; Asarnow et al., 2001; Nicolson et al., 2003).

All NVs included in this study were a subset of sub-
jects recruited from the community as part of a larger

prospective study of normal brain development (Giedd
et al., 1999). Subjects are clear of lifetime medical and
psychiatric disorders as determined using structured and
standardized interview. First-degree relatives with psy-
chiatric illness were also an exclusion criteria. The NVs
used in this study were matched to the COS group based
on sex and age. Most COS subjects are on clozapine at
the time of discharge from the NIMH and prescribed to
remain on it.

The NIMH institutional review board approved the
study and informed consents and assents were obtained
from the parents and/or participants, respectively.

Acquisition of MRI Data

To study the brain anatomy of these subjects, T1-
weighted MRI data were used. All data were acquired on
a 1.5T General Electric Signa scanner (Milwaukee, WI,
USA) using a 3D spoiled gradient echo with contiguous
1.5 mm slices in the axial plane. The image acquisition
parameters were echo time of 5 ms, repetition time of 24
ms, flip angle of 45�, acquisition matrix of 256 3 192, num-
ber of excitations equals 1, and 24 cm field of view. Head
placement was normalized as described in (Castellanos
et al., 2001). In total, data used in this study from the three
groups were as follows: 81 NV (54 male, 27 female; 186
scans), 86 COS (50 male, 36 female; 194 scans), and 71
COSSIB (34 male, 37 female; 141 scans).

Automated Identification, Volumetry, and Shape

Analysis of the Striatum

The striata were automatically identified using a newly
developed segmentation method known as the MAGeT
Brain algorithm (Chakravarty et al., 2013). Traditionally,
automated model-based segmentation methods rely on the
expert identification of a neuroanatomical structure on a sin-
gle well-define template by single or multiple raters (Bajcsy
et al., 1983; Collins et al., 1995; Miller et al., 1997). These
labels are then customized to a specific subject’s unique neu-
roanatomy through first estimating a subject-to-template non-
linear transformation and then applying the inverse
transformation to the labels (Chakravarty et al., 2009b,
2009c). These types of segmentations may be limited in accu-
racy by errors in the transformation estimation, irreconcilable
neuroanatomical differences between the neuroanatomy of
the template and the subject, and resampling errors after the
application of the transformation to the labels. MAGeT Brain
limits these errors by using a “multi-atlas” based strategy
while still relying on a single well-defined template.

To summarize the technique, a single atlas containing
the striatum (previously defined using a three-dimensional
reconstruction of serial histological data (Chakravarty
et al., 2006) and warped to a high-resolution and -contrast
MRI based on the average of 27 MRIs of the same individ-
ual (Holmes et al., 1998). The atlas is first customized to a
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subset of the dataset (30 subjects) using a nonlinear trans-
formations estimated in a region-of-interest defined
around the subcortical structures (Chakravarty et al., 2008,
2009a, 2009b, 2009c, 2012). This set of subjects now acts as
a set of templates and all other subjects are now warped
to these templates. This provides 30 candidate segmenta-
tions for each subject. The final segmentation is decided
on using a voxel-wise majority vote (ie: the label occurring
most frequently at a specific location is retained (Collins
and Pruessner, 2010)). In our original article, we demon-
strate high overlap between our method and gold stand-
ards manually derived on MRI data from the NIMH (Dice
Kappa of 0.861 when using MAGeT Brain with the ANI-
MAL algorithm for nonlinear transformation estimation
(Chakravarty et al., 2013)).

Shape analysis was carried out using a surface-based
methodology originally proposed by Lerch et al. (2008),
but modified to take advantage of the multiple nonlinear
deformation fields that map each subject to the original
atlas. We have recently used these techniques in an analy-
sis of local surface area characteristics in subcortical struc-
tures through the course of normal development
(Raznahan et al., 2014) and in neuropsychiatric disorders
(Shaw et al., 2014a, 2014b) and striatal shape characteristics

in addictions (Janes et al., 2014). First, surface-based repre-
sentations of the striata defined on the input atlas were
estimated using the marching cubes algorithm (Lorensen
and Cline, 1987) and morphologically smoothed using the
AMIRA software package (Visage Imaging; San Diego,
CA, USA). The resulting surfaces have about 6,300 vertices
per striatum. The nonlinear portions of the 30 transforma-
tions that map each subject to the input template were
concatenated and then averaged across the template
library to limit the effects of noise and error and to
increase precision and accuracy (Borghammer et al., 2010;
Dorr et al., 2008; Frey et al., 2011). The dot product
between the nonlinear deformation vector (of the inverse
of the averaged atlas-to-subject transformation) and the
striatum surface normal (a unit vector describing the direc-
tion perpendicular to the surface) is estimated and pro-
vides a local measure of inward or outward displacement
along the normal. Note that prior to estimating the dot
product between the normal to the surface and the defor-
mation field that we explicitly model and remove and
global linear effects not originally accounted for in the ini-
tial linear transformations. This ensures that the contribu-
tions of overall differences in brain volume are minimized
in this analysis. The segmentation and morphometric

TABLE 1. Demographic of COS, COSSIBs, and NV groups.

Characteristic
Healthy

control (n 5 81) COS (n 5 86)
COSSIB
(n 5 71)

Test statistic
with df (P-value)

COS vs. NV COSSIB vs. NV
Sex

Female 27 36 37 X2 (df 5 2) 5 4.74 (P 5 0.10)
Male 54 50 34

Handedness
Left 2 9 2 X2 (df 5 4) 5 7.27 (P 5 0.12)
Right 73 65 64
Mixed 6 12 5

Race
Asian 0 6 3 X2 (df 5 8) 5 9.29 (P 5 0.32)
Black/African American 15 28 15
Hispanic 1 0 0
Other/mixed race 5 3 0
White 60 59 53

Socioeconomic status,

mean (SD)
39.97 (20.84) 60.82 (31.39) 50.97 (27.25) t 5 7.4 (P< 0.001) t 5 3.58 (P 5 0.003)

Vocabulary score, mean (SD) 12.02 (2.46) 6.85 (3.42) 11.32 (3.03) t 5 216.17 (P< 0.001) t 5 21.95 (P 5 0.502)

Age at scan: Overall
mean (SD)

17.11 (4.46) 17.58 (3.91) 18.62 (5.07) t(df 5 502) 5 1.01
(P 5 0.31)

t(df 5 502) 52.993
(P 5 0.003)

Number of scans:
1 total (M; F) 23 (14;9) 37 (18; 19) 36 (18;18) NA
2 total (M; F) 31 (23;8) 16 (11; 5) 13 (6;7) NA
3 total (M;F) 14 (11;3) 19 (13; 6) 13 (8;5) NA
4 total (M;F) 9 (5;4) 6 (3; 3) 5 (1;4) NA
5 total (M;F) 2 (0;2) 4 (2;2) 4 (1;3) NA
6 total (M;F) 1 (1;0) 4 (3;1) 0 NA
7 total (M:F) 1 (0;1) 0 (0;0) 0 NA
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methodology are summarized in the Supporting Informa-
tion Figure S1.

Statistical Analysis

Demographic characteristics between groups were com-
pared using a general linear model for continuous varia-
bles and v2 tests were used for categorical variables.

Both total volumes and vertex-wise shape measures
were analyzed using mixed-model regression as it permits
the inclusion of multiple measurements per person at dif-
ferent ages and at irregular intervals between measure-
ments (Pinheiro and Bates, 2000). In the final model (for
all volumes or each vertex on the striatum), a random-
effects intercept was used. To account for family depend-
encies random effects included an intercept per family and
an intercept for a person nested within a family. To better
understand the trajectories of subcortical shape, the model
was reused but age-recentred at 2-yr intervals throughout
the age range of all study-participants. This approach per-
mits the interpretation of the intercept and group differen-
ces using the entire dataset at the centered age instead of
with respect to age zero. As a result, this approach does
not require that the dataset be split into age ranges. Shape
differences at each age-centered analysis can be considered
to be a snapshot of the difference between two group’s
regression lines at a specified age. This is the approach
taken by previous studies in our group (Giedd et al., 2014;
Gogtay et al., 2007; Greenstein et al., 2006; Raznahan et al.,
2011). The age-centered analyses were performed and are
only presented for the vertex-wise analyses presented in

this manuscript. All vertex-wise analyses were corrected
for multiple comparisons using the false discovery rate
(FDR) (Genovese et al., 2002).

RESULTS

In general, there were no significant differences between
COS and COSSIBs for most of the demographic variables.
The COS and COSSIBs had lower socioeconomic status
(SES) compared to NVs (P< 0.001 and P 5 0.003; respec-
tively) and the COS subjects exhibited lower verbal IQ
scores (P< 0.001) compared to controls. See Table 1 for
details. Supporting Information Figure S2 demonstrates
the distribution of age and number of scans through all
study participants.

Volume Analysis

The analysis of overall striatal volume, using a mixed-
model regression, revealed significant age-related increases
for COS subjects compared to NVs for both the left
(t 5 2.48, P 5 0.013) and right (t 5 2.45, P 5 0.015) striatum.
Comparison of COSSIBs compared to the COS demon-
strated trend-level volume differences (COS> SIB) through
the developmental trajectory for the left (t 5 1.63, P 5 0.10)
and right (t 5 1.69, P 5 0.091) striatum. No significant dif-
ferences were observed when comparing NVs to COSSIBs
for either left (t 5 0.27, P 5 0.78) or right striata (t 5 0.15,
P 5 0.98). Striatal volumes were quite similar through all
three groups up until age 8 followed by an age-related
increase only in the COS cohort (Fig. 1).

Figure 1.

Striatal volumes over the developmental trajectory for COS, COSSIBs, and NV. Note that all three

groups start with the same absolute volumes at the beginning of the developmental trajectory, but the

COS group volume through the course of maturation. Shaded areas indicate 95% confidence intervals.
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Shape Analysis

Vertex-wise shape analyses demonstrate overlapping
patterns of shape differences relative to NV in both COS

(Fig. 2A,D) and COSSIBS (Fig. 2B,E). Outward displace-
ments were observed in the ventral aspect of the striatum.
In COS (Fig. 2A), these displacement are medially focused
in the caudate and putamen and along the posterior edge

Figure 2.

Shape differences estimated as significant outward or inward dis-

placements along the surface representation. In all image orien-

tations are given for anterior, posterior, left, and right as A, P, L,

and R, respectively. All outwards displacements are shown in

hot colors (red) and all inward displacements are represented in

cool colors (blue). Significant outward displacement in overlap-

ping regions for both (A) the COS and (B) COSSIBs (relative to

NVs) were observed in the ventral medial portion of the stria-

tum. Striata are oriented such that the view is ventral and the

posterior portion of the striata are exiting the page. A shape dif-

ference in the COS subjects relative to the NVs was also

observed in (C) the body of the caudate. Significant inward dis-

placements were also estimated along the entire ventral anterior

portion of the striatum in both (D) the COS and (E) COSSIBs.
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of the putamen and the tail of the caudate. In COSSIBS
(Fig. 2B) there is significant overlap with the outward dis-
placements localized in the posterior aspect of the puta-
men and the tail of the caudate; however, the medial-
ventral shape differences are far more medially focused.
There is one region of nonoverlapping outward facing dis-
placement (Fig. 2C) localized primarily in the body of the
caudate in COS compared to NVs.

Inward displacements were observed in the COS group
relative to the NVs along the entire anterior aspects of the
head of the striatum and laterally along the head of both
the caudate and putamen and the body of the caudate
(Fig. 2D). COSSIBs shared a portion of this shape signature
along the head of the striatum in both the caudate and the
putamen (Fig. 2E).

Age Effects on Shape

Age-centered analyses demonstrated a pattern of overall
shape change through the maturation trajectories in both
COS and COSSIBs relative to the NV group (see Fig. 3A).
Outward displacement differences were colocalized in the
ventral regions previously described in the results of the
multiple linear regression. In the COS cohort, the differen-
ces appeared to be mostly static through the course of
adolescence (10–18 years old) and decreased toward the
beginning of early adulthood. The COSSIBs shared a por-
tion of this difference only in early ages where most of
these shape differences are localized to the left striatum,
the abnormalities improved substantially in early adult life
(22–24).

The age-centered analyses of inward displacement dem-
onstrated a different pattern (see Fig 3B). Shape differences
in the striatum in both the COS and COSSIBs relative to the
NV group seemed to be largest at the earliest time points
(ages 10–12) and the neuroanatomical localization of these
differences is consistent with the shape differences
described above in the vertex-wise mixed-model regression.
However, as the COS group enters later adolescence and
early adulthood, the shape difference decreased and was
localized to the head of the striatum. In the COSSIBs, the
shape differences was mostly localized to the head of the
striatum at early age and no longer existed after age 18.

DISCUSSION

This is the first study to analyze the subregion specific
longitudinal development of the striatum using a novel
shape detection algorithm in a group of subjects suffering
from COS, their full non psychotic siblings, and matched
controls (Gogtay et al., 2007; Rapoport and Gogtay, 2010,
Int J Dev Neurosci). Our results demonstrate that the COS,
COSSIB, and NV groups all had similar striatal volumes at
younger ages (approximately, 8–9 years old). However,
the COS group showed a steady increase in striatal vol-
ume with age compared to the NV group whereas the

striatal volume in COSSIBs remained unchanged from con-
trols with age. The results of our shape analyses demon-
strate there were significant subregional shape differences
between COS and NVs which were at least partially
shared by COSSIBs, suggesting a more subtle, age-specific
endophenotypic nature of sub regional striatal
development.

Historically, understanding striatal volume in major psy-
chosis has been fraught with confounding factors due to
medication. For example, there are several reports in the
literature that demonstrate a relationship between chronic
haloperidol (a typical antipsychotic) treatment and
increase in striatal, specifically caudate nucleus, volume
(Chakos et al., 1994; Dazzan et al., 2005; Ho et al. 2011;
Keshavan et al., 1994; Tost et al., 2010) while others report
conflicting data regarding increased (Glenthoj et al., 2007),
unchanged (McClure et al., 2008), or decreased striatal vol-
ume (van Haren et al., 2007) in response to treatment with
atypical antipsychotics such as rispiridone. Therefore,
unmedicated nonpsychotic full siblings present a unique
opportunity to analyze the relationship between psychosis
and striatal volume. For example, larger caudate nucleus
volumes were demonstrated in a study of nonpsychotic
ultrahigh risk individuals who are members of a multi-
complex family where at least one parent suffers from psy-
chosis (Hajek et al., 2009). Similarly, studies of patients
with schizotypal personality disorders, where medication
confounds are typically not present, also support altera-
tions of striatal volumes in schizophrenia spectrum disor-
ders (Koo et al., 2006; Levitt et al., 2009). However, other
groups have demonstrated no differences in striatal vol-
ume in ultrahigh risk individuals that convert to psychosis
compared to those who do not (Hannan et al., 2010) nor in
monozygotic twins discordant for psychosis (Ettinger
et al., 2012).

In addition to the heterogeneity of these findings, it is
difficult to draw inferences from AOS studies as these
individuals have a much later age-of-onset. Further, the
heterogeneity from the volumetric studies suggests that
the adult onset phenotype may not be particularly robust
in understanding the role of striatal alterations in schizo-
phrenia. Our results demonstrate that shape may be cap-
turing aspects of the striatal structure that may serve as a
complement to volumetric analyses. This is evidenced by
the heterogeneity of the findings reviewed in the Introduc-
tion of the manuscript.

The shape phenotype that we demonstrate show an
inward displacement in the COS and COSSIBs at the ante-
rior portion of the striatal head and the outward displace-
ment at the posterior portion of the striatal head. It is
known from probabilistic tractography studies the tracts
from the striatal head project extensively to the prefrontal
cortex (Leh et al., 2007) which shows cortical thickness
deficits in both COS and, to a lesser extent, in COSSIBs
(Gogtay et al., 2007; Greenstein et al., 2006; Rapoport and
Gogtay, 2011). Both these regions are heavily implicated in
the pathophysiology of schizophrenia relevant to the
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dopamine hypothesis (Davis et al., 1991; Weinberger,
1987). The overlapping improvement with age in the stria-
tal head between COS and COSSIBS may be related to the
improvement in cortical thickness deficits probably sug-
gesting a common mechanism for the synchronized struc-
tural plasticity (Gogtay et al., 2008, 2012).

Our knowledge of neuroanatomical fronto-striatal con-
nectivity is derived largely from experiments in nonhuman
primates (Alexander and Crutcher, 1990; Nambu et al.,
1997; Takada et al., 1998a, 1998b; Zaborszky, 2002);
although there is some exploration of this connectivity
based on diffusion tensor imaging studies (Gutman et al.,
2009; Leh et al., 2007). The orbitofrontal cortex is known to
project to the ventro-medial part of the caudate nucleus
(Cummings, 1993) while the nucleus accumbens and ven-
tral striatum project to the frontal poles and to the medial
frontal cortex (Cummings, 1993). Generally speaking
fronto-striatal connections are thought to form several par-
allel circuits that connect the frontal lobes, striatum, pal-
lidum, and thalamus (specifically the ventral anterior and
medio-dorsal subnuclei) (Cummings, 1993). It is likely that
many specialized circuits and subcircuits exist within these
connections that permit concurrent multilevel processing
(Zaborszky, 2002) related executive function and flexibly
to the maintenance or shifting of sets (Cummings, 1993);
functions that are known to be compromised in schizo-
phrenia (Freedman and Brown, 2011). Detailed tract trac-
ing studies in nonhuman primates also demonstrate that
there are two types of projections from the dorsolateral
prefrontal cortex (DLPFC) to the head of the striatum:
focal, targeted projections, and diffuse, widespread projec-
tions (Eblen and Graybiel, 1995). This region at the head
of the striatum extending posterior to the dorsal striatum
is involved in the integration of information contained in
the DLPFC (Calzavara et al., 2007; Graybiel, 1998; Reep
et al., 2003), thus making it integral in working memory
and executive function and the subsequent ability to
derive novel actions and processes from this integration
process (Calzavara et al., 2007). Taken together, along with
previous reports of executive function deficits reported in
unaffected siblings of COS patients (Gochman et al., 2004)
and recent tensor-based analysis of the white matter struc-
ture showed slowing in white matter growth rates, partic-
ularly in the frontal lobes in COS (Gogtay et al., 2008) as
well as in the young healthy siblings (Gogtay et al., 2012),
these findings strongly suggest impaired fronto-striatal cir-
cuitry in COS as an age specific endophenotype.

In adolescence, the projections between subcortical
regions and frontal lobe structures are amongst the last to
develop and are the sites of potential neuroanatomical def-
icits implicated in the pathophysiology of schizophrenia
(Gogtay et al., 2004, 2012; Paus et al., 2008). However, due
to the timing of COS (prior to the initiation of puberty,
therefore prior to the frontal lobe maturation); the fronto-
striatal circuits may also show deficits both due to lack of
maturity as well as genetic liability indicated by the shared
shape abnormalities in the COSSIBs. These abnormalities

may also suggest altered maturation of the DLPFC-striatal
circuitry (unlikely to be the effect of medication because
also shared by siblings) which should be explored further
with connectivity analyses.

It is tempting to speculate about the nature of nonover-
lapping endophenotype in the body of the caudate. Is it
possible that this shape difference may, at least partially,
be the product of medication effects? Although we did not
explicitly test this hypothesis it is in line with some of the
previous studies of medication effects on striatal volume
(Chakos et al., 1994; Dazzan et al., 2005; Ho et al., 2011;
Keshavan et al., 1994; Tost et al., 2010) and the lack of
overlapping deficits in healthy siblings further support the
medication influence in probands. However, testing this in
the current dataset would require a disentanglement of the
altered developmental trajectory in COS and the poten-
tially differential effects of typical and atypical antipsy-
chotics on striatal morphology. The severity of the COS
phenotype makes such analyses difficult and medication
na€ıve COS subjects are impossible to obtain.

Other limitations should be considered. The differences
between the vocabulary and the SES scores of the NV and
COS groups could influence the findings. Although there
are established correlates between intelligence, cognitive
ability, and SES and neuroanatomy (Shaw et al., 2006),
these differences are also likely to be intrinsic to schizo-
phrenia phenotype (Barch and Ceaser, 2012). It should
also be noted that there were no significant volumetric dif-
ferences between NVs and COSSIBs, therefore the sibling
shape differences found were unaccompanied by cognitive
differences. As a result, the shape phenotype that we dem-
onstrate in both the COS and COSSIBs represents a com-
plex trait marker.

ACKNOWLEDGMENTS

The authors would like to thank SciNet for being able to
use Canada’s largest supercomputer platform, which is
funded by the Canada Foundation for Innovation, NSERC,
the Government of Ontario, Fed Dev Ontario, and the Uni-
versity of Toronto.

REFERENCES

Alaghband-Rad J, McKenna K, Gordon CT, Albus KE, Hamburger
SD, Rumsey JM, Frazier JA, Lenane MC, Rapoport JL (1995):
Childhood-onset schizophrenia: The severity of premorbid
course. J Am Acad Child Adolesc Psychiatry 34:1273–1283.

Alexander GE, Crutcher MD (1990): Functional architecture of
basal ganglia circuits: Neural substrates of parallel processing.
Trends Neurosci 13:266–271.

Arsalidou M, Duerden EG, Taylor MJ (2013): The centre of the
brain: Topographical model of motor, cognitive, affective, and
somatosensory functions of the basal ganglia. Hum Brain
Mapp 34:3031–3054.

Asarnow JR, Ben-Meir S (1988): Children with schizophrenia spec-
trum and depressive disorders: A comparative study of

r Chakravarty et al. r

r 1466 r



premorbid adjustment, onset pattern and severity of impair-
ment. J Child Psychol Psychiatry 29:477–488.

Asarnow RF, Nuechterlein KH, Fogelson D, Subotnik KL, Payne
DA, Russell AT, Asamen J, Kuppinger H, Kendler KS (2001):
Schizophrenia and schizophrenia-spectrum personality disor-
ders in the first-degree relatives of children with schizophre-
nia: The UCLA family study. Arch Gen Psychiatry 58:581–588.

Bajcsy R, Lieberson R, Reivich M (1983): A computerized system
for the elastic matching of deformed radiographic images to
idealized atlas images. J Comput Assist Tomogr 7:618–625.

Ballmaier M, Schlagenhauf F, Toga AW, Gallinat J, Koslowski M,
Zoli M, Hojatkashani C, Narr KL, Heinz A (2008): Regional
patterns and clinical correlates of basal ganglia morphology in
non-medicated schizophrenia. Schizophr Res 106:140–147.

Barch DM, Ceaser A (2012): Cognition in schizophrenia: Core psy-
chological and neural mechanisms. Trends Cogn Sci 16:27–34.

Bois C, Whalley H, McIntosh A, Lawrie S: Structural magnetic res-
onance imaging markers of susceptibility and transition to
schizophrenia: A review of familial and clinical high risk pop-
ulation studies. J Psychopharmacol (in press). doi:10.1177/
0269881114541015.

Borghammer P, Ostergaard K, Cumming P, Gjedde A, Rodell A,
Hall N, Chakravarty MM (2010): A deformation-based mor-
phometry study of patients with early-stage Parkinson’s dis-
ease. Eur J Neurol 17:314–320.

Calzavara R, Mailly P, Haber SN (2007): Relationship between the
corticostriatal terminals from areas 9 and 46, and those from
area 8A, dorsal and rostral premotor cortex and area 24c: An
anatomical substrate for cognition to action. Eur J Neurosci 26:
2005–2024.

Cannon TD, Chung Y, He G, Sun D, Jacobson A, van Erp TG,
McEwen S, Addington J, Bearden CE, Cadenhead K, Cornblatt
B, Mathalon DH, McGlashan T, Perkins D, Jeffries C, Seidman
LJ, Tsuang M, Walker E, Woods SW, Heinssen R; North Amer-
ican Prodrome Longitudinal Study Consortium (2014): Progres-
sive reduction in cortical thickness as psychosis develops: A
multisite longitudinal neuroimaging study of youth at elevated
clinical risk. Biol Psychiatry (in press). doi:10.1016/
j.biopsych.2014.05.023.

Castellanos FX, Giedd JN, Berquin PC, Walter JM, Sharp W, Tran
T, Vaituzis AC, Blumenthal JD, Nelson J, Bastain TM,
Zijdenbos A, Evans AC, Rapoport JL (2001): Quantitative brain
magnetic resonance imaging in girls with attention-deficit/
hyperactivity disorder. Arch Gen Psychiatry 58:289.

Chakos MH, Lieberman JA, Bilder RM, Borenstein M, Lerner G,
Bogerts B, Wu H, Kinon B, Ashtari M (1994): Increase in cau-
date nuclei volumes of first-episode schizophrenic patients tak-
ing antipsychotic drugs. Am J Psychiatry 151:1430–1436.

Chakravarty MM, Bertrand G, Hodge CP, Sadikot AF, Collins DL
(2006): The creation of a brain atlas for image guided neuro-
surgery using serial histological data. NeuroImage 30:359–376.

Chakravarty MM, Sadikot AF, Germann J, Bertrand G, Collins DL
(2008): Towards a validation of atlas warping techniques. Med
Image Anal 12:713–726.

Chakravarty MM, Broadbent S, Rosa-Neto P, Lambert CM, Collins
DL (2009a): Design, construction, and validation of an MRI-
compatible vibrotactile stimulator intended for clinical use.
J Neurosci Methods 184:129–135.

Chakravarty MM, Rosa-Neto P, Broadbent S, Evans AC, Collins
DL (2009b): Robust S1, S2, and thalamic activations in individ-
ual subjects with vibrotactile stimulation at 1.5 and 3.0 T. Hum
Brain Mapp 30:1328–1337.

Chakravarty MM, Sadikot AF, Germann J, Hellier P, Bertrand G,
Collins DL (2009c): Comparison of piece-wise linear, linear,
and nonlinear atlas-to-patient warping techniques: Analysis of
the labeling of subcortical nuclei for functional neurosurgical
applications. Hum Brain Mapp 30:3574–3595.

Chakravarty MM, Felsky D, Tampakeras M, Lerch JP, Mulsant
BH, Kennedy JL, Voineskos AN (2012): DISC1 and striatal vol-
ume: A potential risk phenotype for mental illness. Front Psy-
chiatry 3:57.

Chakravarty MM, Steadman P, van Eede MC, Calcott RD, Gu V,
Shaw P, Raznahan A, Collins DL, Lerch JP (2013): Performing
label-fusion-based segmentation using multiple automatically
generated templates. Hum Brain Mapp 34:2635–2654.

Chua SE, Deng Y, Chen EY, Law CW, Chiu CP, Cheung C, Wong
JC, Lienenka€emper N, Cheung V, Suckling J, McAlonan GM
(2009): Early striatal hypertrophy in first-episode psychosis
within 3 weeks of initiating antipsychotic drug treatment. Psy-
chol Med 39:793–800.

Collins DL, Holmes CJ, Peters TM, Evans AC (1995): Automatic 3-
D model-based neuroanatomical segmentation. Hum Brain
Mapp 3:190–208.

Collins DL, Pruessner JC (2010): Towards accurate, automatic seg-
mentation of the hippocampus and amygdala from MRI by
augmenting ANIMAL with a template library and label fusion.
Neuroimage 52:1355–1366.

Cummings JL (1993): Frontal-subcortical circuits and human
behavior. Arch Neurol 50:873.

Davis KL, Kahn RS, Ko G, Davidson M (1991): Dopamine in
schizophrenia: A review and reconceptualization. Am J Psychi-
atry 148:1474–1486.

Dazzan P, Morgan KD, Orr K, Hutchinson G, Chitnis X, Suckling
J, Fearon P, McGuire PK, Mallett RM, Jones PB, Leff J, Murray
RM (2005): Different effects of typical and atypical antipsy-
chotics on grey matter in first episode psychosis: The AESOP
study. Neuropsychopharmacology 30:765–774.

Deng MY, McAlonan GM, Cheung C, Chiu CP, Law CW, Cheung
V, Sham PC, Chen EY, Chua SE (2009): A naturalistic study of
grey matter volume increase after early treatment in anti-
psychotic naive, newly diagnosed schizophrenia Psychophar-
macology (Berl) 206:437–446.

Dorr AE, Lerch JP, Spring S, Kabani N, Henkelman RM (2008):
High resolution three-dimensional brain atlas using an average
magnetic resonance image of 40 adult C57Bl/6J mice. Neuro-
image 42:60–69.

Eblen F, Graybiel AM (1995): Highly restricted origin of prefrontal
cortical inputs to striosomes in the macaque monkey.
J Neurosci 15:5999–6013.

Ettinger U, Schmechtig A, Toulopoulou T, Borg C, Orrells C,
Owens S, Matsumoto K, van Haren NE, Hall MH, Kumari V,
McGuire PK, Murray RM, Picchioni M (2012): Prefrontal and
striatal volumes in monozygotic twins concordant and discord-
ant for schizophrenia. Schizophr Bull 38:192–203.

Frazier JA, Giedd JN, Hamburger SD, Albus KE, Kaysen D,
Vaituzis AC, Rajapakse JC, Lenane MC, McKenna K, Jacobsen
LK, Gordon CT, Breier A, Rapoport JL (1996a): Brain anatomic
magnetic resonance imaging in childhood-onset schizophrenia.
Arch Gen Psychiatry 53:617–624.

Frazier JA, Giedd JN, Kaysen D, Albus K, Hamburger S,
Alaghband-Rad J, Lenane MC, McKenna K, Breier A, Rapoport
JL (1996b): Childhood-onset schizophrenia: Brain MRI rescan
after 2 years of clozapine maintenance treatment. Am J Psychi-
atry 153:564–566.

r Striatal Shape as an Endophenotype in Schizophrenia r

r 1467 r

info:doi/10.1177/0269881114541015
info:doi/10.1177/0269881114541015
info:doi/10.1016/j.biopsych.2014.05.023
info:doi/10.1016/j.biopsych.2014.05.023


Freedman D, Brown AS (2011): The developmental course of exec-
utive functioning in schizophrenia. Int J Dev Neurosci 29:237–
243.

Frey S, Pandya DN, Chakravarty MM, Bailey L, Petrides M,
Collins DL (2011): An MRI based average macaque monkey
stereotaxic atlas and space (MNI monkey space). Neuroimage
55:1435–1442.

Genovese CR, Lazar NA, Nichols T (2002): Thresholding of statis-
tical maps in functional neuroimaging using the false discov-
ery rate. Neuroimage 15:870–878.

Giedd JN, Blumenthal J, Jeffries NO, Castellanos FX, Liu H, Zij-
denbos A, Paus T, Evans AC, Rapoport JL (1999): Brain devel-
opment during childhood and adolescence: A longitudinal
MRI study. Nat Neurosci 2:861–862.

Giedd JN, Raznahan A, Alexander-Bloch A, Schmitt E, Gogtay N,
Rapoport JL (2014): Child psychiatry branch of the national
institute of mental health longitudinal structural magnetic res-
onance imaging study of human brain development. Neuro-
psychopharmacology (in press). doi:10.1038/npp.2014.236.

Glenthoj A, Glenthoj BY, Mackeprang T, Pagsberg AK,
Hemmingsen RP, Jernigan TL, Baare WF (2007): Basal ganglia
volumes in drug-naive first-episode schizophrenia patients
before and after short-term treatment with either a typical or
an atypical antipsychotic drug. Psychiatry Res 154:199–208.

Giedd JN, Blumenthal J, Jeffries NO, Castellanos FX, Liu H,
Zijdenbos A, Paus T, Evans AC, Rapoport JL (2004): Childhood
onset schizophrenia: Familial neurocognitive measures. Schiz-
ophr Res 71:43–47.

Gogtay N, Giedd JN, Lusk L, Hayashi KM, Greenstein D, Vaituzis
AC, Nugent TF 3rd, Herman DH, Clasen LS, Toga AW, Rapo-
port JL, Thompson PM (2004): Dynamic mapping of human
cortical development during childhood through early adult-
hood. Proc Natl Acad Sci USA 101:8174–8179.

Gogtay N, Greenstein D, Lenane M, Clasen L, Sharp W, Gochman
P, Butler P, Evans A, Rapoport J (2007): Cortical brain develop-
ment in nonpsychotic siblings of patients with childhood-onset
schizophrenia. Archives of general psychiatry 64:772.

Gogtay N, Lu A, Leow AD, Klunder AD, Lee AD, Chavez A,
Greenstein D, Giedd JN, Toga AW, Rapoport JL, Thompson
PM (2008): Three-dimensional brain growth abnormalities
in childhood-onset schizophrenia visualized by using
tensor-based morphometry. Proc Natl Acad Sci USA 105:
15979–15984.

Gogtay N, Hua X, Stidd R, Boyle CP, Lee S, Weisinger B, Chavez
A, Giedd JN, Clasen L, Toga AW, Rapoport JL, Thompson PM
(2012): Delayed white matter growth trajectory in young non-
psychotic siblings of patients with childhood-onset schizophre-
nia. Arch Gen Psychiatry 69:875–884.

Graybiel AM (1998): The basal ganglia and chunking of action
repertoires. Neurobiol Learn Mem 70:119–136.

Greenstein D, Lerch J, Shaw P, Clasen L, Giedd J, Gochman P,
Rapoport J, Gogtay N (2006): Childhood onset schizophrenia:
Cortical brain abnormalities as young adults. J Child Psychol
Psychiatry 47:1003–1012.

Gutman DA, Holtzheimer PE, Behrens TE, Johansen-Berg H,
Mayberg HS (2009): A tractography analysis of two deep brain
stimulation white matter targets for depression. Biol Psychiatry
65:276–282.

Hajek T, Gunde E, Slaney C, Propper L, MacQueen G, Duffy A,
Alda M (2009): Striatal volumes in affected and unaffected rel-
atives of bipolar patients–high-risk study. J Psychiatr Res 43:
724–729.

Hannan KL, Wood SJ, Yung AR, Velakoulis D, Phillips LJ,
Soulsby B, Berger G, McGorry PD, Pantelis C (2010): Caudate
nucleus volume in individuals at ultra-high risk of psychosis:
A cross-sectional magnetic resonance imaging study. Psychia-
try Res 182:223–230.

Ho BC, Andreasen NC, Ziebell S, Pierson R, Magnotta V (2011):
Long-term antipsychotic treatment and brain volumes: A lon-
gitudinal study of first-episode schizophrenia. Arch Gen Psy-
chiatry 68:128–137.

Holmes CJ, Hoge R, Collins L, Woods R, Toga AW, Evans AC
(1998): Enhancement of MR images using registration for sig-
nal averaging. J Comput Assist Tomogr 22:324–333.

Janes AC, Park MT, Farmer S, Chakravarty MM (2014): Striatal
morphology is associated with tobacco cigarette craving. Neu-
ropsychopharmacology (in press). doi:10.1038/npp.2014.185.

Keshavan MS, Bagwell WW, Haas GL, Sweeney JA, Schooler NR,
Pettegrew JW (1994): Changes in caudate volume with neuro-
leptic treatment. Lancet 344:1434.

Koo MS, Levitt JJ, McCarley RW, Seidman LJ, Dickey CC,
Niznikiewicz MA, Voglmaier MM, Zamani P, Long KR, Kim
SS, Shenton ME (2006): Reduction of caudate nucleus volumes
in neuroleptic-naive female subjects with schizotypal personal-
ity disorder. Biol Psychiatry 60:40–48.

Leh SE, Ptito A, Chakravarty MM, Strafella AP (2007): Fronto-
striatal connections in the human brain: A probabilistic diffu-
sion tractography study. Neurosci Lett 419:113–118.

Lerch JP, Carroll JB, Spring S, Bertram LN, Schwab C, Hayden
MR, Henkelman RM (2008): Automated deformation analysis
in the YAC128 Huntington disease mouse model. Neuroimage
39:32–39.

Levitt JJ, Styner M, Niethammer M, Bouix S, Koo MS, Voglmaier
MM, Dickey CC, Niznikiewicz MA, Kikinis R, McCarley RW,
Shenton ME (2009): Shape abnormalities of caudate nucleus in
schizotypal personality disorder. Schizophr Res 110:127–139.

Lorensen WE, Cline HE (1987): Marching cubes: A high resolution
3D surface construction algorithm, ACM Siggraph Computer
Graphics 21:163–169.

Mamah D, Harms MP, Wang L, Barch D, Thompson P, Kim J,
Miller MI, Csernansky JG (2008): Basal ganglia shape abnor-
malities in the unaffected siblings of schizophrenia patients.
Biol psychiatry 64:111–120.

Mattai AA, Weisinger B, Greenstein D, Stidd R, Clasen L, Miller
R, Tossell JW, Rapoport JL, Gogtay N. (2011): Normalization of
cortical gray matter deficits in nonpsychotic siblings of patients
with childhood-onset schizophrenia. J Am Acad Child Adolesc
Psychiatry 50:697–704.

McClure RK, Carew K, Greeter S, Maushauer E, Steen G,
Weinberger DR (2008): Absence of regional brain volume
change in schizophrenia associated with short-term atypical
antipsychotic treatment. Schizophr Res 98:29–39.

McKenna K. Gordon CT, Lenane M, Kaysen D, Fahey K,
Rapoport JL (1994): Looking for childhood-onset schizophre-
nia: The first 71 cases screened. J Am Acad Child Adolesc Psy-
chiatry 33:636–644.

Miller M, Banerjee A, Christensen G, Joshi S, Khaneja N,
Grenander U, Matejic L (1997): Statistical methods in computa-
tional anatomy. Stat Methods Med Res 6:267–299.

Moran ME, Hulshoff Pol H, Gogtay N (2013): A family affair:
Brain abnormalities in siblings of patients with schizophrenia.
Brain 136:3215–3226.

Nambu A, Tokuno H, Inase M, Takada M (1997): Corticosubthala-
mic input zones from forelimb representations of the dorsal

r Chakravarty et al. r

r 1468 r

info:doi/10.1038/npp.2014.236
info:doi/10.1038/npp.2014.185


and ventral divisions of the premotor cortex in the macaque
monkey: Comparison with the input zones from the primary
motor cortex and the supplementary motor area. Neurosci Lett
239:13–16.

Nicolson R, Rapoport JL (1999): Childhood-onset schizophrenia:
Rare but worth studying. Biol Psychiatry, 46:1418–1428.

Nicolson R, Brookner FB, Lenane M, Gochman P, Ingraham LJ,
Egan MF, Kendler KS, Pickar D, Weinberger DR, Rapoport JL
(2003): Parental schizophrenia spectrum disorders in childhood-
onset and adult-onset schizophrenia. Am J Psychiatry 160:490–
495.

Paus T, Keshavan M, Giedd JN (2008): Why do many psychiatric
disorders emerge during adolescence? Nat Rev Neurosci 9:
947–957.

Pinheiro JC, Bates DM (2000): Mixed-effects models in S and S-
PLUS. Springer Verlag, New York.

Rapoport JL, Gogtay N (2008): Brain neuroplasticity in healthy,
hyperactive and psychotic children: insights from neuroimag-
ing. Neuropsychopharmacology 33:181–197.

Rapoport JL, Gogtay N (2011): Childhood onset schizophrenia:
support for a progressive neurodevelopmental disorder. Inter-
national Journal of Developmental Neuroscience 29:251–258.

Rapoport JL, Addington AM, Frangou S, Psych MR (2005): The
neurodevelopmental model of schizophrenia: Update 2005.
Mol Psychiatry 10:434–449.

Raznahan A, Shaw P, Lalonde F, Stockman M, Wallace GL,
Greenstein D, Clasen L, Gogtay N, Giedd JN (2011): How does
your cortex grow? J Neurosci 31:7174–7177.

Raznahan A, Shaw PW, Lerch JP, Clasen LS, Greenstein D, Ber-
man R, Pipitone J, Chakravarty MM, Giedd JN (2014): Longitu-
dinal four-dimensional mapping of subcortical anatomy in
human development. Proc Natl Acad Sci USA 111:1592–1597.

Reep RL, Cheatwood JL, Corwin JV (2003): The associative stria-
tum: Organization of cortical projections to the dorsocentral
striatum in rats. J Comp Neurol 467:271–292.

Saha S, Chant D, Welham J, McGrath J (2005): A systematic
review of the prevalence of schizophrenia. PLoS Med, 2:e141.

Scimeca JM, Badre D (2012): Striatal contributions to declarative
memory retrieval. Neuron 75:380–392.

Shaw P, De Rossi P, Watson B, Wharton A, Greenstein D,
Raznahan A, Sharp W, Lerch JP, Chakravarty MM (2014a):
Mapping the development of the basal ganglia in children
with attention-deficit/hyperactivity disorder. J Am Acad Child
Adolesc Psychiatry 53:780–789.e11.

Shaw P, Sharp W, Sudre G, Wharton A, Greenstein D, Raznahan
A, Evans A, Chakravarty MM, Lerch JP, Rapoport J (2014b):
Subcortical and cortical morphological anomalies as an endo-
phenotype in obsessive-compulsive disorder. Mol Psychiatry
(in press). doi:10.1038/mp.2014.3.

Shaw P, Greenstein D, Lerch J, Clasen L, Lenroot R, Gogtay N,
Evans A, Rapoport J, Giedd J (2006): Intellectual ability and
cortical development in children and adolescents. Nature 440:
676–679.

Shaw P, Kabani NJ, Lerch JP, Eckstrand K, Lenroot R, Gogtay N,
Greenstein D, Clasen L, Evans A, Rapoport JL, Giedd JN, Wise
SP (2008): Neurodevelopmental trajectories of the human cere-
bral cortex. J Neurosci 28:3586–3594.

Shaw P, Gogtay N, Rapoport J (2010): Childhood psychiatric dis-
orders as anomalies in neurodevelopmental trajectories. Hum
Brain Mapp 31:917–925.

Simpson EH, Kellendonk C, Kandel E (2010): A possible role for
the striatum in the pathogenesis of the cognitive symptoms of
schizophrenia. Neuron 65:585–596.

Takada M, Tokuno H, Nambu A, Inase M (1998a): Corticostriatal
input zones from the supplementary motor area overlap those
from the contra- rather than ipsilateral primary motor cortex.
Brain Res 791:335–340.

Takada M, Tokuno H, Nambu A, Inase M (1998b): Corticostriatal
projections from the somatic motor areas of the frontal cortex
in the macaque monkey: Segregation versus overlap of input
zones from the primary motor cortex, the supplementary motor
area, and the premotor cortex. Exp Brain Res 120:114–128.

Tang J, Strafella AP (2012): The frontostriatal circuitry and behav-
ioral complications in PD. Parkinsonism Relat Disord 18 Suppl
1:S104–S106.

Thompson PM, Vidal C, Giedd JN, Gochman P, Blumenthal J,
Nicolson R, Toga AW, Rapoport JL (2001): Mapping adolescent
brain change reveals dynamic wave of accelerated gray matter
loss in very early-onset schizophrenia. Proc Natl Acad Sci USA
98:11650–11655.

Tost H, Braus DF, Hakimi S, Ruf M, Vollmert C, Hohn F, Meyer-
Lindenberg A (2010): Acute D2 receptor blockade induces
rapid, reversible remodeling in human cortical-striatal circuits.
Nat Neurosci 13:920–922.

van Haren NE, Hulshoff Pol HE, Schnack HG, Cahn W, Mandl
RC, Collins DL, Evans AC, Kahn RS (2007): Focal gray matter
changes in schizophrenia across the course of the illness: A 5-
year follow-up study. Neuropsychopharmacology 32:2057–
2066.

Wang L, Mamah D, Harms MP, Karnik M, Price JL, Gado MH,
Csernansky JG (2008): Progressive deformation of deep brain
nuclei and hippocampal-amygdala formation in schizophrenia.
Biol Psychiatry 64:1060–1068.

Weinberger DR (1987): Implications of normal brain development
for the pathogenesis of schizophrenia. Arch Gen Psychiatry 44:
660–669.

Zaborszky L (2002): The modular organization of brain systems.
Basal forebrain: The last frontier. Prog Brain Res 136:359–372.

r Striatal Shape as an Endophenotype in Schizophrenia r

r 1469 r

info:doi/10.1038/mp.2014.3



