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Abstract

Objective—To (a) compare the size of the dorsal and ventral striatum(caudate and putamen) in a
large sample of antipsychotic-naive individuals with schizotypal personality disorder (SPD) and
healthy control participants; (b) examine symptom correlates of striatal size in SPD.

Methods—The left and right caudate and putamen were hand-traced on structural MRI at five
dorsal to ventral slice levels in 76 SPD and 148 healthy control participants. A Group x Region
(caudate, putamen) x Slice (1-5: ventral, 2, 3, 4, dorsal) x Hemisphere (left, right) mixed-model
MANOVA was conducted on size relative to whole brain.

Results—Primary results showed that compared with the controls, the SPD group showed (a)
larger bilateral putamen size overall and this enlargement was more pronounced at the most
ventral and dorsal levels; in contrast, there were no between-group differences in caudate volume;
(b) larger bilateral size of the striatum ventrally, averaged across the caudate and putamen. Among
the SPD group, larger striatal size ventrally, particularly in the left hemisphere was associated with
less severe paranoid symptoms.

Conclusions—Striatal size is abnormal in SPD and resembles that of patients with
schizophrenia who respond well to antipsychotic treatment. The results suggest that striatal size
may be an important endophenotype to consider when developing new pharmacological
treatments and when studying factors mitigating psychosis.
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1. Introduction

The striatum, mainly composed of the caudate nucleus and putamen, receives afferent inputs
from various brain cortical regions and via the thalamus sends neural projections back to the
cortex (Alexander et al., 1986; Parent and Hazrati, 1995; Haber, 2003). Through these
cortico—striato—thalamo neural loops, the striatum serves as a center for the integration and
modulation of many high-level cognitive, motor, and limbic processes (Menon et al., 2001;
Simpson et al., 2010; Bernacer et al., 2012) and its dysregulation contributes to the
psychotic symptoms of schizophrenia-spectrum disorders (Howes et al., 2007). As reviewed
by Bernacer et al. (2012), functional territories are segregated within the striatum. The major
portion of the caudate nucleus, together with the precommissural putamen, is considered the
associative part of the striatum. The dorsolateral rim of the caudate and the postcommissural
putamen constitute its sensorimotor territory and the posteroventral putamen has limbic
projections.

Numerous structural neuroimaging studies have reported enlargement of striatal size in
patients with schizophrenia who were treated with antipsychotic medications (Breier et al.,
1992; Hokama et al., 1995; McCarley et al., 1999). Since dopamine (DA) is a key
neurotransmitter in the striatum and D2 DA receptors are a major target of typical
antipsychotic medications, striatal enlargement in people exposed to these drugs may be in
response to D2 blockade (Siever and Davis, 2004). Conversely, striatal size in patients with
schizophrenia who were never exposed to typical antipsychotic medication is reported to be
decreased (Ohnuma et al., 1997; Shihabuddin et al., 1998; McCarley et al., 1999). Even
when antipsychotic exposure is taken into account, reports of striatal size alterations in
schizophrenia have been inconsistent. For example, Gunduz et al. (2002) found no
volumetric abnormalities in the striatum of never-medicated patients, while Corson et al.
(1999) found decreased striatal size in patients receiving atypical antipsychotics.

Individuals with schizotypal personality disorder (SPD) exhibit social and cognitive deficits,
although less marked than those observed in schizophrenia (Siever and Davis, 2004; Miller
and Lenzenweger, 2012). Schizophrenia and SPD also share several structural and
functional neuroanatomical features (Siever et al., 2002). In contrast to schizophrenia, few
striatal neuroimaging studies have been carried out in SPD. Compared with healthy controls,
SPD subjects showed smaller size (Levitt et al., 2002; Koo et al., 2006) and shape
differences (Levitt et al., 2004) of their caudate nucleus. Among the SPD group, smaller
caudate volume was associated with greater cognitive impairment (Levitt et al., 2002). A
prior study by our group (Shihabuddin et al., 2001) examined volume of the caudate and
putamen in healthy controls, individuals with SPD, and patients with schizophrenia. While
caudate size was similar in all three groups, putamen volume was significantly smaller in
SPD compared with the other two groups. Striatal DA release, induced either by
amphetamine (Abi-Dargham et al., 2002; Siever et al., 2002) or physiological stressors
(alpha 2-deoxyglucose infusion) (Mitropoulou et al., 2004), is significantly lower in SPD
than in schizophrenia. Conversely, compared with healthy controls and patients with
personality disorders other than SPD, the plasma and CSF concentration of homovanillic
acid (HVA), a DA metabolite, were found to be significantly increased in the SPD group
(Siever and Davis, 2004). Despite these seemingly contradictory findings, prior work in SPD
suggests that, similar to schizophrenia (Tritsch and Sabatini, 2012), striatal abnormalities
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may reflect circuit dysfunction and plasticity alterations secondary to perturbations of DA
signaling in this disorder.

The aim of the present study was to examine the size of the caudate and putamen in a large
sample of antipsychotic-naive individuals with SPD compared with healthy controls. Given
prior dorsal-to-ventral striatum gradients in schizophrenia-spectrum neuroimaging work
(e.g., Buchshaum et al., 1992), and laterality effects in schizophrenia (Crow et al., 1989;
Oertel-Knochel and Linden, 2011), we also investigated these factors as repeated measures.
Unlike patients with schizophrenia, individuals with SPD are rarely treated with
antipsychotic medications or exposed to multiple hospitalizations. Thus, this study
examining the striatum (i.e. caudate and putamen) in SPD—a schizophrenia-spectrum
disorder—may be particularly informative as these confounds are avoided. Given that prior
work examining striatal size in SPD is limited and contradictory, our hypothesis is
parsimonious and did not predict the direction of size differences. We hypothesized that
compared with healthy controls, individuals with SPD would have striatal-size
abnormalities. Additionally, we conducted exploratory correlations to examine clinical
symptom severity correlates of striatal size.

2. Methods
2.1. Participants

We studied two age- and sex-matched groups: 76 individuals with SPD and 148 healthy
controls. The two groups did not differ significantly in age or sex. Demographic and clinical
data are presented in Table 1.

All participants received an interview with a psychologist using the Structured Clinical
Interview for DSM-IV Axis | disorders (First et al., 1996) and the Structured Interview for
DSM-1V Personality Disorders (Pfohl et al., 1997). Participants were excluded if they had
met lifetime criteria for substance dependence or abuse in the previous six months,
previously taken antipsychotic medication, or had a positive urine toxicology screen for
drugs of abuse. All participants were screened by a physician for severe medical or
neurological illness and head injury by comprehensive medical history and laboratory tests.
Individuals with SPD met the DSM-IV criteria based on structured diagnostic interview and
had no history of Axis I disorder. Healthy controls had no Axis | or 11 disorder and no
history of a first-degree relative with an Axis | disorder.

The healthy controls and majority of the SPD group (90%) were recruited from the
community through advertisements in local newspapers. The remaining SPD participants
were recruited through referrals from outpatient psychiatry clinics at Mount Sinai and its
affiliate, the James J. Peters VA Medical Center. Participants provided written informed
consent in accordance with the Institutional Review Board guidelines. A subgroup of the
healthy controls and SPD individuals was previously included in studies examining
Brodmann areas using FDG-PET (Buchsbaum et al., 2002), cingulate volume (Haznedar et
al., 2004),whole temporal lobe volume (Downhill et al., 2001), and cortical volume (Hazlett
etal., 2008).

Based on prior work (Bergman et al., 1996; Mitropoulou et al., 2002; Goldstein et al., 2009),
we grouped the nine DSM criteria for SPD into three composite scores to assess symptom
severity: cognitive/perceptual, interpersonal, and paranoid. Each of the nine DSM symptoms
was rated on a 4-point scale (0 = absent, 0.5 = somewhat present, 1.0 = definitely present/
prototypic, 2.0 = severe, pervasive). Overall symptom severity was measured as the total of
all nine symptom scores. According to the three-factor model of schizotypal symptoms
(Bergman et al., 1996), the cognitive/perceptual factor includes magical thinking and
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illusions, the interpersonal factor includes negative-like symptoms such as social isolation,
odd speech, and poor rapport, and the paranoid factor includes positive-like symptoms, such
as ideas of reference, suspiciousness, and hypersensitivity.

methods

2.2.1. Image acquisition—All participants received T1-weighted axial MRI scans on a
1.5 T Signa 5x system (GE Medical Systems) with the same acquisition parameters:
repetition time = 24 ms, echo time = 5 ms, flip angle = 40°, slice thickness = 1.2 mm, pixel
matrix = 256 x 256, field of view = 23 cm, and total slices = 128. MRI scans were re-
sectioned to standard Talairach—Tournoux position (Talairach and Tournoux, 1988).

2.2.2. Tracing methods—Each participant's caudate and putamen were traced on five
ventral to dorsal slice levels in each hemisphere by a tracer blind to diagnosis using our
previously published tracing methods (e.g., Shihabuddin et al., 2001; Brickman et al., 2003;
Buchsbaum et al., 2003). See Fig. 1 for details on the tracing methods employed.

2.2.3. Statistical analysis—As in our previous studies examining striatal size in healthy
controls and schizophrenia-spectrum samples (e.g., Shihabuddin et al., 2001; Brickman et
al., 2003; Buchsbaum et al., 2003), a Group (Healthy control-vs.-SPD participants) x
Structure (caudate, putamen) x Slice level (1 to 5; from ventral- to dorsal-slice level) x
Hemisphere (left, right) MANOVA examined whether there were differences in relative size
of the striatal regions-of-interest. Diagnostic group was a between-subjects factor and all
remaining factors were repeated measures. Follow-up simple effects were examined to
identify the strongest sources of between-group differences. In reporting repeated-measures
MANOVA, means for the main effect of Diagnostic group and interactions with Diagnostic
group are averaged across levels of the repeated measures (e.g., the Group x Structure
interaction is averaged across the five dorsoventral slices and two hemispheres).

We report the multivariate (Wilks Lambda) ~from Statistica (Statsoft, Inc., 2009) to adjust
probabilities for repeated-measures effects with more than two levels (e.g., slice level).
Fisher's Least Significant Difference (LSD) tests were used to follow up significant
interaction effects with diagnostic group. Compared with conducting all possible
comparisons, this multivariate approach provides tests of hypothesized group differences
and helps minimize Type | statistical error involved with t-tests for each area, group
contrast, and hemisphere. Additionally, we only examined significant main effects for
diagnostic group and interactions between the diagnostic group and the repeated-measures
factors. To examine symptom correlates of striatal size, we used Spearman's rank
correlations. A p-value of 0.05 was used for all analyses.

3.1. Striatal size: relative area

Compared with healthy controls, the SPD group had larger putamen size at the most ventral
slice levels and the most dorsal slice level, but there were no differences in the caudate,
Group x Structure (caudate, putamen) x Ventral/Dorsal slice (1 to 5) interaction, F[4,219] =
3.32, p<0.02 (Fig. 2). The follow-up Fisher's LSD tests were significant (p-values<0.04).

Overall, compared with healthy controls, the striatum, averaged across structure and
hemisphere, was larger in the SPD group at the most ventral slice level (Group x Ventral/
Dorsal slice, F[4,219] = 5.34, p<0.001; Fisher's LSD, p<0.0001; Fig. 3A). This effect was
seen in both the left and right most ventral slice level (p-values<0.01, Group x Ventral/
Dorsal slice x Hemisphere, F[4,219] = 4.59, p<0.002; Fig. 3B).
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Mean putamen size, averaged across hemisphere and dorso-ventral slice level, was larger in
the SPD group compared with the controls (p<0.001) and the caudate did not differ between
groups (Group x Structure interaction, F[1,222] = 15.43, p<0.0002; Fig. 4).

3.2. Striatal size: absolute area

All four of the significant interactions reported above in Section 3.1 and the post-hoc follow-
up tests remained significant for the absolute-size analyses. The interactions were all p<0.01
and the Fisher's LSD tests were p<0.05.

3.3. Symptom severity correlates of striatal size

Spearman's correlations were performed on only the relative striatal variables that showed
significant between-group differences in the follow-up post-hoc tests from the MANOVA
analysis. These included the ventral slices of the striatum averaged across hemisphere and
for each hemisphere separately, overall mean putamen size, and mean putamen size for the
two most ventral slices (i.e. slices = ventral, 2) and the most dorsal slice. Smaller overall
relative area in the ventral striatal slices (averaged across structure and hemisphere) and
smaller left relative area were associated with greater paranoid SPD symptom severity (r=
-0.25 and r=-0.26, respectively, both p<0.05).

4. Discussion

The main findings of this study are that in SPD: (1) the putamen bilaterally is larger and this
enlargement is more pronounced at the most ventral and dorsal levels, while there were no
between-group differences in caudate volume; (2) ventrally, averaging across the caudate
and putamen, the striatum is larger bilaterally; and (3) among the SPD group, larger striatal
size ventrally, particularly in the left hemisphere is associated with less severe paranoid
symptoms.

The finding of increased putamen size in SPD compared with healthy controls is consistent
with longitudinal MRI work showing that good outcome schizophrenia patients have larger
putamen volumes over time compared with poor outcome patients (Mitelman et al., 2009).
Mitelman et al. (2009) proposed that, rather than being a consequence of prolonged
neuroleptic exposure, putamen enlargement observed in several studies may be a marker of
responsiveness to antipsychotic treatment with the caveat that its shrinkage may also be
associated with poor clinical outcome. Other work indicates that compared with healthy
controls, a significant increase in volume of the right putamen in first-episode schizophrenia
patients following 6 weeks of antipsychotic treatment was associated with symptom
improvement (Li et al., 2012). Taken together, these findings suggest that larger putamen
size in SPD may be a protective factor, while it serves as a longitudinal marker of treatment
responsiveness and outcome in schizophrenia. Several investigators (Raine and Lencz, 1995;
Siever and Davis, 2004; Hazlett et al., 2008) have discussed the idea that individuals with
SPD possess some biological characteristics that shield them from frank psychosis.

It is important to note that the present findings in 76 antipsychotic-naive SPD patients are
inconsistent with our earlier study (Shihabuddin et al., 2001), which is the only other study
to examine putamen size in SPD. Shihabuddin et al. (2001) reported smaller-than-normal
putamen volume in a much smaller sample of neuroleptic-naive SPD individuals (n = 10).
Possible explanations for this discrepancy include heterogeneity of the disorder, medication,
and/or gender (94% male in Shihabuddin et al. and 79% in current study) differences. Prior
work indicates that neuroleptic medication affects the morphology of the striatum (Benes et
al., 1985; Chakos et al., 1994; Li et al., 2012), highlighting the need for future studies to
examine medication and gender effects.
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Although the SPD group showed smaller volume for all of the caudate slice levels, these
between-group differences did not reach significance. In contrast to this finding, two prior
studies of neuroleptic-naive SPD individuals (n = 15 men: Levitt et al., 2002 and n = 32
women: Koo et al., 2006) reported smaller relative caudate volume compared with healthy
controls. Differences in tracing methodology and/or sample characteristics (e.g., severity of
the disorder) may explain these disparate results.

Our findings indicate that striatal abnormalities in SPD are most prominent at the more
ventral slice levels, suggesting that this region is particularly important in schizophrenia-
spectrum disorders. Consistent with this concept, Haber and Knutsen (2010) have shown
that the ventral portion of the striatum has several unique characteristics: (1) the dopamine
transporter (DAT) is relatively low in the ventral portion of the striatum relative to the dorsal
striatum; (2) the ventral portion of the striatum contains many smaller and more densely
packed neurons, while the dorsal striatum is more homogeneous; and (3) although both the
dorsal and ventral regions of the striatum receive input from the cortex, thalamus, and
brainstem, the ventral portion of the striatum also receives dense projections from the
amygdala and hippocampus (Russchen et al., 1985; Friedman et al., 2002; Fudge and Haber,
2002). Thus, the ventral-dorsal striatal gradient warrants further examination across the
schizophrenia spectrumin order to determine associations between dopamine
neurotransmission and striatal size.

A limitation of the present study is that the horizontal division employed to divide ventral
and dorsal levels of the striatum was based on the plane of the neuroimaging sectioning, and
the extent to which this approximates the actual dorsal to ventral segregation of function
within the striatum (Haber, 2003; Haber and Knutson, 2010) is not clear. Another limitation
is the unknown significance of variations in striatal size. In schizophrenia, striatal volume
has been repeatedly shown to increase with the administration of typical antipsychotics
(Chakos et al., 1994; Keshavan et al., 1994). As reviewed by Chakos et al. (1998), in rat
models this phenomenon is also associated with increased glucose utilization, synaptic
markers, striatal neuronal and axon terminal volumes, and increased sprouting of axons in
the substantia nigra. More recently, animal work indicates that dopamine D2 antagonists
may promote cell genesis and survival in the adult brain (Kippin et al., 2005; Keilhoff et al.,
2010). Along these lines, our finding of larger relative volume of the ventral portion of the
striatumin SPD may reflect neuroplasticity (Li et al., 2012). Future studies should examine
the striatumin age- and sex-matched groups of SPD and schizophrenia patients to determine
whether between-group differences within the spectrum are consistent. Lastly, we did not
trace the full volume of the caudate and putamen. Instead, these structures were traced using
previously published and validated methods examining the size of each region-of-interest
based upon five equally-spaced dorsal-to-ventral slices. However, for a subset of 15 subjects
in this study, we traced the full volume for each region-of-interest and conducted
correlations between these values and the mean areas calculated using the 5-slice
methodology. These correlations were significant (range for rvalues: 0.93-0.96), suggesting
that our 5-slice approach is both time effective and a good proxy for caudate and putamen
volume.

Among the SPD sample, those with /arger overall striatal size, particularly in the left
hemisphere, exhibited less severe paranoid symptoms. Our finding is in line with two
previous studies examining caudate size and symptomatology in SPD (Levitt et al., 2002;
Koo et al., 2006). Similar to Levitt et al. (2002), who studied men with SPD, we did not find
significant correlations with negative-like symptoms in our predominantly-male sample
(79%). Conversely, Koo et al. (2006) reported that smaller caudate size was associated with
negative-like symptoms in a sample of 15 women with SPD. Future work will be needed to
examine gender differences in key regions, including the striatum, across the schizophrenia
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spectrum. Additionally, our SPD findings are consistent with observations in schizophrenia
where increased volume in the striatum (caudate and putamen) (Taylor et al., 2005),
putamen (Li et al., 2012) and caudate (Okugawa et al., 2007) is associated with fewer
positive symptoms.

Strengths of our study include a large sample (n = 76) of antipsychotic-naive individuals
with SPD. Limitations include not assessing dopaminergic and/or metabolic function of the
striatum. Despite our large SPD sample, we did not have enough women to examine gender
differences, which prior work suggests is important (Dickey et al., 2003; Koo et al., 2006).

In conclusion, the present findings indicate that striatal size in SPD is abnormal and
resembles that of schizophrenia patients who respond well to antipsychotic treatment. This
suggests that striatal size may be an important endophenotype to consider when developing
new pharmacological treatments and when studying factors mitigating psychosis.
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Fig. 1.

Hand-tracing of the caudate and putamen. (A) MRI showing an axial MRI slice with caudate
and putamen visible, (B) using our edge contrast-enhancing technique (Sobel-gradient
filter), gray/white boundaries of the striatal regions (caudate and putamen) are enhanced, (C)
caudate and putamen are outlined, and (D) the anatomical regions-of-interest are shown. As
described by Buchsbhaumet al. (2003), the most ventral and dorsal axial slices for which both
the caudate and putamen were present were determined for each participant. An automated
boundary-finding method based on the Sobel-gradient filter provides a reproducible
structure edge, with little operator variability. The caudate and putamen were outlined on the
MRI by depositing points by mouse on the magnified and enhanced white structure edge
using a semi-automated 3 x 3 local pixel maximum search. This placed the point at the
center of the edge, enhancing inter-operator consistency. A spline curve was fit to the points
and the ROI edge was stored. We determined the top of the caudate and putamen as the most
dorsal axial slice showing a visible gray patch and the bottomas the slice in which the
caudate and putamen entirely merged. This distance was divided by six to yield five equally
spaced slices for the caudate and putamen separately for tracing (e.g., most dorsal slice = 20,
most ventral slice = 38, difference = 18. 18/6 = 3, slices 23, 26, 29, 32, and 35 are traced).
For each region of interest, area was calculated in voxels, divided by whole brain volume,
and then multiplied by 1000 to correct for variation in intracranial volume. Whole brain
volume was expressed as the sum of the absolute gray and white matter volumes of 39
Brodmann areas within 33 coronal brain slices (see Mitelman et al., 2005). Although there
are multiple ways to account for variation in brain size (O'Brien et al., 2006), our primary
dependent variables are striatal size relative to whole brain because relative values are more
widely reported than absolute size. However, we additionally conducted parallel analyses on
absolute size and report these findings. To establish inter-rater reliability, two tracers from
our group independently traced striatal ROIs at various ventral/dorsal slice levels in each
hemisphere for a subset of the individuals (n = 10). The intra-class correlation coefficient
(ICC) for the putamen was 0.98 and for the caudate, ICC = 0.92 (Buchsbaum et al., 2003)
which is in line with kappa scores from other groups examining the striatum, e.g., Levitt et
al. (2002).
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Group x Structure x Ventral/Dorsal slice level interaction,
F[4,219]=3.32, p<0.02, Wilks
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Fig. 2.

Compared with healthy controls, the schizotypal personality disorder (SPD) group had
larger relative putamen size at the most ventral and dorsal slice levels, but there were no
differences in the caudate nucleus. *Fisher's LSD tests, all p-values<0.04.
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Group x Striatal slice level interaction,
F[4,219]= 5.34, p<0.001, Wilks

Il Healthy controls (n=148)
* |

Neuroleptic-naive SPDs (n=76)
Ventral 2 3 4

Dorsal
Striatal Slice Level

Group x Striatal slice level x Hemisphere interaction,
F[4,219]= 4.59, p<0.002, Wilks

Il Healthy controls (n=148)
Neuroleptic-naive SPDs (n=76)
* *
Ventral 2 3 4  Dorsal Ventral 2 3 4 Dorsal
Left Right

A. The striatum (averaged across structure and hemisphere) was larger at the most ventral
slice level in schizotypal personality disorder (SPD) patients compared with healthy
controls. *Fisher's LSD test, p<0.0001. B. The striatum (averaged across structure) was
larger in schizotypal personality disorder (SPD) patients compared with healthy controls at
the most ventral slice level in both hemispheres. *Fisher's LSD tests, both p-values<0.01.
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Caudate

Fig. 4.

Putamen

Mean putamen size (averaged across hemisphere and slice) was larger in the SPD group
compared with the healthy control group while the caudate did not differ between groups.

*Fisher's LSD test, p<0.001.
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