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Abstract

Objective—Cortical structural and functional anomalies have been found to associate with 

language impairments in both schizophrenia patients and genetic high risk individuals for 

developing schizophrenia. However, subcortical structures that contribute to language processing 

haven't been well studied in this population, and thus became the main objective of this study.

Method—We examined structural MRI data from 20 patients with schizophrenia, 21 individuals 

at genetic high risk, and 48 controls. Surface shape and volume differences of 6 subcortical 

structures that are involved in language processing, including nuclei pallidum, putamen, caudate, 

amygdala, thalamus, and hippocampus from both hemispheres, were compared between groups. 

Performance scores of language-associated cognitive tests were obtained to identify relationships 

of subcortical structures to language-related behaviors.
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Results—Significantly reduced volumes of both the left and right side caudate nuclei, thalami 

and right side amygdala were shown in patients when compared with controls. Very interestingly, 

the high risk group demonstrated significantly increased correlations between volumes of left side 

pallidum nucleus and bilateral thalami and language-related cognitive test scores when compared 

to controls.

Conclusions—This study furthers our understanding of subcortical structural alterations in 

schizophrenia and high risk individuals, and suggests the contribution of subcortical structures to 

the language impairments that may serve as an early sign for impending development of 

schizophrenia.
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1. Introduction

Schizophrenia is a complicated and debilitating mental disorder characterized by altered 

behaviors, emotions, perceptions, and cognition. Impaired language function is one of the 

central features of this severe disorder. The anatomical circuit for language processing is a 

highly distributed multi-level bidirectional network involving multiple cortical and 

subcortical structures. In this circuit, bilateral superior temporal gyri and occipital cortex 

serve as auditory and visual input centers (McNealy et al., 2006). The supramarginal gyrus 

is responsible for phonological encoding in word production, and the angular gyrus for 

memory of visual word forms (Poeppel and Hickok, 2004). These two sites interface with 

widely distributed conceptual knowledge systems located primarily at the junction of the left 

temporal, occipital, and parietal lobes, i.e. inferior temporal region (Wernicke’s area), 

fusiform and lingual gyri. The sound or visual-based system transfers the input information 

to the conceptual knowledge systems, and then reaches the frontal motor systems (Broca’s 

area) via an auditory-motor interface system in the inferior parietal lobe. Besides these key 

cortical sites, subcortical structures are frequently involved in the language processing 

pathways. Particularly, the thalamus, which has extensive white matter connections to 

cerebral cortices and the striatum, plays the unique role in filtering the visual and/or auditory 

input information and passing needed information to the conceptual knowledge systems; 

whereas the nuclei of striatum, including caudate, putamen and pallidum, connect with 

thalamus and widespread cortical regions and involve in cognitive control of motor patterns 

during language processing (McFarland and Haber, 2002a). In addition, the hippocampus 

and amygdala work together for memory formation that is critical in language processing 

(Mcdonald and White, 2013). While extensive studies have reported structural and 

functional anomalies in cortical regions that contribute to aberrant language processing in 

patients with schizophrenia (Zhang et al., 2014;Catani et al., 2011), the role of the 

subcortical structures within these circuits that contribute to language impairment in this 

disorder is not yet well known.

Schizophrenia has significant and complex genetic heritability (Modinos et al., 2013). Early 

disturbances in brain pathways can later progress to chronic schizophrenia, indicating the 

benefits of studying individuals at high genetic risk, for evidence of developmental changes 
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in brain structures that contribute to the onset of the disorder (DeLisi et al., 2002). Our 

previous neuroimaging and clinical studies have specifically demonstrated functional and 

structural alterations of cortical areas involved in the language-processing pathways in the 

genetic high-risk subjects for developing schizophrenia (Li et al., 2007a;Li et al., 2012a;Li et 

al., 2012b). While these previous studies have consistently highlighted that cortical gray 

matter and white matter structural and functional abnormalities significantly contribute to 

the disorganized language observed within schizophrenia and present early before onset of 

the disorder, there is less information regarding how the subcortical structures, which are 

essential components of the complete language circuit, may also be implicated in the 

atypical language processes in patients with schizophrenia or even early at the high-risk 

stage.

Very recently, there has been more evidence to support the existence of subcortical 

structural defects in people at high risk for developing schizophrenia. One study of genetic 

high risk relatives of schizophrenia patients revealed alterations in the hippocampus, 

pallidum, and putamen (Dougherty et al., 2012). Disrupted normal pattern of asymmetry has 

been identified in the amygdala-hippocampus connectivity, striatum, and thalamus of 

patients with schizophrenia and their high risk siblings, compared to control subjects (Qiu et 

al., 2009). The current study further explores subcortical abnormalities in individuals with 

schizophrenia and those at genetic high risk, to clarify their potential roles within the 

cortical-subcortical-cortical circuits that contribute to disrupted language processing, which 

is associated with the auditory hallucinations and thought disorder that are hallmark features 

of this diagnosis. A total of 6 subcortical regions of interest (ROIs) were investigated in 

individuals with schizophrenia, individuals at genetic high risk, and healthy controls, 

including the left and right side nuclei of caudate, pallidum, putamen, amygdala, 

hippocampus, and thalamus. Selection of these subcortical regions was based on their 

theoretical roles in the language processing circuits that have been reviewed earlier in this 

section. Volumetric and vertex-based shape analyses were performed. Associations between 

these structural measures and language-related behavioral measures were conducted. We 

hypothesized that both subjects with schizophrenia and those at high risk would have 

distinct subcortical structural defects that underlie language processing defects, as compared 

to healthy controls.

2. Methods

2.1. Subjects

Data from a total of 89 subjects were included in this study. These data were from 3 

independent clinical groups (20 patients with schizophrenia, 21 individuals at genetic high 

risk for developing schizophrenia, and 48 healthy controls). Each patient was interviewed 

using the Diagnostic Interview for Genetic Studies (DIGS) (Nurnberger, Jr. et al., 1994) and 

was diagnosed with DSM-IV criteria. Evaluations were made based on interviews, 

information collected from family members, and medical records, as appropriate. 

Individuals in the control group did not have personal or family history of any psychotic 

disorder, psychiatric hospitalization, or suicide in any first or second-degree relatives, and 

were not found to have any evidence of a psychotic illness (schizophrenia, bipolar disorder 
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or psychosis not otherwise specified) upon evaluation. Subjects in the high-risk group were 

16–30 years old, which is within the peak age range of risk for developing schizophrenia (Li 

et al., 2007b) and originated from families in which at least one first-degree relative (parent 

or sibling) had a diagnosis of schizophrenia or schizoaffective disorder. Although none of 

the high risk group subjects had a history of psychosis, 4 had a history of at least one 

episode of major depression. Controls were age and sex matched to high-risk subjects. 

Neither the normal controls nor the high-risk participants were ever treated with medication 

for psychotic symptoms. All patients with schizophrenia were taking conventional or 

atypical antipsychotic medications.

Individuals with schizophrenia and those at high-risk were recruited by advertisements in 

newspapers and newsletters distributed by the National Alliance on Mental Illness (NAMI), 

or from families who had previously participated in past genetic studies of schizophrenia 

(DeLisi et al., 2002). Control subjects were independently solicited from the community by 

public advertisements. This study received Institutional Review Board Approval for human 

subject research at the Nathan S. Kline Institute for Psychiatric Research, a New York State 

Institution, and at New York University Langone School of Medicine, where this study was 

performed. Every participant provided written informed consent after a careful explanation 

of the study and its procedures.

2.2. Language-related cognitive tests

To characterize the general and language-related cognitive capacity of each subject, 

information was aggregated from a series of cognitive tests: 1) Full-scale, Verbal, and 

Performance IQ scores (FSIQ, VIQ, and PIQ, respectively) from the age-appropriate 

Wechsler test were used to measure general cognitive ability (Wechsler, 2004); 2) Verbal 

Comprehension Index (WAIS-VCI) was used to assess verbal capacity; 3) Peabody Picture 

Vocabulary Test, 3rd Edition (PPVT-II) measured receptive language capacity (Dunn and 

Dunn, 1997); 4) Wide Range Achievement Test, 3rd Edition (WRAT)-reading subtest 

evaluated word decoding and academic skills (Wilkinson GS, 1993); 5) Boston Naming Test 

(BNT) detected difficulties in word retrieval (Kaplan et al., 1983); 6) Woodcock Johnson 

Tests of Achievement, 3rd Edition (WJTA) evaluated reading comprehension (Woodcock et 

al., 2000); and 7) California Verbal Learning Test (CVLT) determined verbal memory 

capacity (Delis et al., 1987). Any subject with an IQ less than 85 was excluded from the 

study. The Edinburgh Handedness Inventory was used to test handedness (Oldfield, 1971). 

Group comparisons of demographic, medical, and language-related behavioral 

characteristics are shown in Table 1.

2.3. MRI data acquisition and processing in individuals

The MRI data were acquired on a 1.5T Siemens Vision scanner (Erlangen Germany). The 

high-resolution 3D T1-weighted magnetization prepared rapid gradient echo (MPRAGE) 

sequence was performed with the following parameters: TR=11.6 s; TE=4.9 ms; flip 

angle=15°; FOV=256×256×56 mm3; voxel size=1.0×1.0×1.0 mm3. We also acquired T2-

weighted FLAIR data for possible spatial corrections. T1-weighted data were initially skull-

stripped using the Brain Extraction Tool (BET) (Smith et al., 2002). Any remained non-

brain tissues were then manually removed. The FSL/FIRST tool, a model-based 
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segmentation/registration tool, was used to analyze subcortical structural shapes and 

volumes (Patenaude et al., 2008). The models used in FSL/FIRST were constructed from 

manually segmented images provided by the Center for Morphometric Analysis (CMA), 

MGH, Boston. Manual labels were parameterized as surface meshes and displayed as a point 

distribution model. Deformable surfaces were used to automatically parameterize the mesh 

labels and were constrained to preserve vertex correspondence across training data. 

Normalized intensities along the surface were sampled and modeled. The shape and 

appearance model was based on multivariate Gaussian assumptions, which is a 

generalization of the one-dimensional (univariate) normal distribution to higher dimensions. 

During the subcortical structure shape modeling aided by the FIRST training sample, a new 

observation is assumed to follow the multivariate Gaussian model and derive the distribution 

of the mean and precision given the previously observed training data. A marginalisation 

over the mean and precision is performed to obtain a distribution for the new observation 

given the training data. Shape was then expressed as a mean with modes of variation 

(principal components). Based on learned models, FIRST searches linear combinations of 

shape modes for the most probable shape given the observed intensities in T1-weighted 

images. For each subject, the left and right lateral caudate, thalamus, hippocampus, 

putamen, pallidum, and amygdala were segmented. Three-dimensional coordinates of the 

corresponding vertices of each segmented subcortical region were constructed to represent 

local shapes. The results of each step in the FSL/FIRST procedure were visually inspected.

The volumes of the above-mentioned subcortical regions were calculated for each subject 

and each hemisphere. To reduce head size related variability between subjects, individual 

volumes were multiplied by a normalization factor obtained from the corresponding T1-

weighted image using the SIENAX tool (Smith et al., 2002).

2.4. Statistical Analyses

One-way analysis of variance (ANOVA) and post hoc t-tests were performed to determine 

any demographic, clinical, or language-related cognitive differences between the three 

groups.

For shape analysis, an F-statistic was used to compare the vertex measures of each 

subcortical region among the three groups. The volume of each subcortical region was 

compared among the three groups using ANOVA. The group differences in volumetric 

lateralization of these subcortical structures were assessed by a General Linear Model, with 

controls, high-risk, and patients as the groups, and the volume of the region at each 

hemisphere (left vs. right) as repeated measures. The laterality index, LI = (L – R)/(|L|+|R|), 

was calculated for each ROI, with L and R representing volume of the ROI in the left and 

right hemispheres.

Linear regression analysis was utilized to assess possible relationships between the volume 

of each subcortical region and the language-related cognitive measures among the three 

groups.

For each group level statistic test throughout the study, a significance level of p < 0.05 was 

used, potential confounding from age, FSIQ, and gender were controlled by adding them as 
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covariates, multiple comparisons were corrected by using the Bonferroni correction with 

α=0.05.

3. Results

As per Table 1, the age of patients with schizophrenia was significantly older than that of the 

high-risk subjects and normal controls (p = 0.001). There were no significant between-group 

differences in other demographic items or in the behavioral scores for any language-related 

cognitive tests.

Analyses of the vertex-based surface shapes of the subcortical structures showed that 

significant regional surface shape atrophy in the both sides caudate nuclei, right amygdala, 

right hippocampus, and right putamen existed in the patient group when compared with the 

high-risk and control groups (Figure 1). Furthermore, significant regional shape atrophy in 

the right thalamus and left putamen were also detected in the patient group when comparing 

to the controls, but not to the high-risk (Figure 2). There were no significant differences 

between normal control and high-risk participants in the surface shapes of any subcortical 

structures.

Significant between-group differences in volumes of the subcortical structures were 

demonstrated across the three diagnostic groups (Table 2). Significant volume reductions on 

both sides of the caudate nuclei and thalami, and right amygdala of the schizophrenia group 

were shown when compared with the controls. Significant volume reductions on both sides 

of the caudate nuclei also existed in patients when compared with the high-risk group. Table 

2 also shows that the mean volumes of both sides of the thalami of the high-risk subjects 

were lower than that of the controls, and also participants with schizophrenia. However, the 

variation (shown as SD) in these values were very large. This result suggested that at least a 

portion of the high-risk subjects had significantly smaller thalamic volumes when compared 

with the controls and patients. In addition, it is important to note that there were no 

significant differences found in the volumetric laterality indices of any subcortical volume 

among the three groups.

The relationships between the subcortical structure volumes and the cognitive measures 

showed interesting group-specific patterns (Table 3). First, the associations of volumes of 

left caudate, left pallidum, left thalamus, and both sides putamen to the WAIS-VCI measure 

(the verbal comprehension index of WAIS-III) showed significant between-group 

differences. In the control group, the volumes of these structures showed negative 

correlations with the WAIS-VCI measures, whereas the high-risk and patient groups showed 

progressively increased positive correlations. Second, the patient group showed significant 

positive associations between volumes of left pallidum and both sides thalami and the 

WRAT-Reading, which measured the expressive language and academic skills, whereas the 

high-risk and control groups showed negative associations of these measures. Most 

interestingly, volumes of both sides pallidum, right thalamus and right putamen showed 

significantly higher positive associations with the CVLT metric (testing verbal memory 

capacity) in the high-risk group than in control or patient groups.
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4. Discussion

The current study assessed the regional shape deformations and volume changes of 6 

(bilateral) subcortical structures that are essentially involved in the brain pathways for 

language processing, and evaluated their associations with the language-related behavioral 

performance scores, in individuals with schizophrenia and those at genetic high-risk for 

developing the disorder. The results indicated structural anomalies of these subcortical 

structures and aberrant patterns of their associations with the language-related performances 

in patients and the high-risk individual when compared to controls, which might underlie 

language impairments in schizophrenia that can be indicated early before onset of the 

disorder.

The thalamus is an integral subcortical part of a large-scale network mediating attentional 

and cognitive information and operates as a filter for incoming sensory information and 

directs it to the correct cortical areas, by coordinating activities in cortical areas (McFarland 

and Haber, 2002b). Because of this central role, the thalamus is involved in all aspects of 

language processing. Previous research in patients with schizophrenia have identified 

reduced thalamic volumes (Buchmann et al., 2014), metabolic and glutamatergic 

abnormalities in thalamus (Clinton and Meador-Woodruff, 2004), and impaired thalamo-

cortical neural networks (Csernansky and Cronenwett, 2008), which all likely contribute to 

the auditory verbal hallucinations and thought disorder symptoms of schizophrenia (Pinault, 

2011).

In the current study, we found that compared to the controls, the patients with schizophrenia 

exhibited focal surface atrophy in the anterodorsal areas of right thalamus and significantly 

reduced volumes of both the left and right thalami. They also demonstrated significant 

positive correlations between the thalamic volumes and the cognitive measures representing 

verbal comprehension (WAIS-VCI) and word-decoding (WRAT). Although the thalamic 

surface shape parameterization analyses did not demonstrate group-level differences 

between the high-risk and control groups, the volumes of both sides of the thalami in the 

high-risk group showed a trend of reduction when compared to the age-matched controls. In 

addition, the association between the volume of left thalamus and the measure of verbal 

comprehension in the high-risk group showed a similar pattern with the patient group, which 

was significantly higher than that in the normal controls. Very interestingly, the high-risk 

group showed a unique pattern of significant positive correlations between volume of right 

side thalamus and the measure of verbal memory (CVLT), compared to patients and 

controls.

Together with existing findings in patients with schizophrenia, our findings suggest that 

structural aberrations in the thalamus exist and relate to language function in those with the 

genotype, and may underlie onset of schizophrenia.

Besides the thalamus, striatum is the other important subcortical component of the cortico-

striato-thalamo-cortical (CSTC) loops, which is involved in integrating and modulating a 

diverse range of neurological stimuli, making them integral for language generation 

(Crosson, 1985). Caudate and putamen nuclei together comprise the neostriatum (dorsal 
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striatum), which is the gateway to the basal ganglia and receives white matter fibers from all 

portions of the cerebral cortex and the intralaminar nuclei of the thalamus, and thus are 

involved in nearly all sensory and cognitive information processing. Along with the 

striatum, the pallidum is a major component of the basal ganglia that is involved in 

regulating movements occurring on the subconscious level (Obler et al., 2010). Recent 

neuroimaging studies in patients with schizophrenia have frequently reported structural and 

functional abnormalities in these subcortical nuclei, such as abnormal volumes and gray 

matter intensity (Stip et al., 2008), and abnormal cortical-pallidum and cortical-striato 

functional connectivity (Bracht et al., 2013), etc. A previous study in patients with 

schizophrenia also has demonstrated correlations between reduced putamen volume and 

poorer verbal learning, working memory, and executive function, which are all essential 

mechanisms for language processing (Hartberg et al., 2011). Consistent with the existing 

findings, our study showed significantly reduced volumes and extensively altered regional 

surface shapes in both the left and right caudate nuclei in patients with schizophrenia 

compared to both people at high-risk and normal controls. The right putamen surfaces of 

patients with schizophrenia also demonstrated relatively diffuse atrophy compared to the 

controls and high-risk subjects, while the left putamen exhibited focal areas of anterolateral 

atrophy. In addition, the patients with schizophrenia showed significantly increased positive 

associations between the volumes of left caudate and bilateral putamen and verbal 

comprehension (measured by WAIS-VCI), when compared to the control and high-risk 

groups. It is important to note that the high-risk group did not significantly differ from the 

controls in volume and surface shape analyses of the caudate, putamen, and pallidum nuclei 

in both hemispheres. However, significantly stronger positive structural-behavioral 

associations were demonstrated in the high-risk individuals when correlating the volume of 

left caudate and verbal comprehension capacity, as well as both sides of the pallidum and 

the right putamen volumes with verbal memory capacity.

These findings demonstrate the volumetric and morphometric changes in the caudate, 

putamen, and pallidum nuclei, and their relationship to language function in patients with 

schizophrenia. The exceptionally strong associations between the volumes of these 

structures and the language performance in the high-risk group may implicate the early 

involvement and significant impact of these subcortical structures on the language 

processing impairments and onset of the disorder.

The hippocampus and amygdala are main centers of the limbic system. These two 

subcortical regions are intimately linked in structure and function, and both are imperative 

for proper memory, attention, and recall of language processing (Isenberg et al., 1999). The 

hippocampus is commonly cited as vital for declarative memory, which includes 

recollection of vocabulary and lexicons (Tamminga et al., 2010). Recent evidence suggests 

that the amygdala also has a role mediating language acquisition (Ortiz-Mantilla et al., 

2010). Volumetric reductions of both hippocampus and amygdala have been reported in 

individuals with schizophrenia, associated with visual hallucinations (Ford et al., 2014). The 

current study also found structural atrophy of the right hippocampus and amygdala in 

patients with schizophrenia when compared to high-risk and control subjects. In the 

comparisons between the high-risk group and the controls, the hippocampus and amygdala 

did not show significant betweengroup differences. In addition, there were no significant 
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between-group differences when assessing the associations between these two subcortical 

structures and the language cognition capacities among the three groups. These results may 

suggest that although the hippocampus and amygdala are two affected subcortical structures 

in progress of chronic schizophrenia, they do not significantly contribute to the language 

impairment of the disorder, neither significantly involve prior to the onset of the disorder.

We acknowledge several limitations of the present study. First, the group with schizophrenia 

was significantly older than the control and high-risk groups, because schizophrenia 

typically manifests in early adulthood (DeLisi et al., 2002). Age was thus controlled in all 

group-level analyses to reduce its potential impact on results. A very recent neuroimaging 

study had assessed age effect on subcortical structures in a large sample of healthy adults 

aged from 19 to 85 years old. The results showed that although age-related volume reduction 

exist in several subcortical structures in a linear regression analysis of the whole sample, 

further non-linear analyses showed that samples after 60 years old significantly contribute to 

the age-related reduction, while ages of 20s to 40s did not show such relationship (Goodro et 

al., 2012). In our study, we do not have any subject over 60 years old. Most of the subjects 

were in their 20s and 30s. Second, each group included a few left-handed subjects. 

However, this is unlikely to significantly affect results because handedness-associated 

cortical lateralization is more substantial than subcortical lateralization (RIKLAN and 

LEVITA, 1965). Third, all of the 20 subjects in the patient group were taking medications. 

There is a potential concern about the medication impact on brain subcortical structure 

integrity. It would be valuable to look at the relationship between medication dosage and 

volume of the brain subcortical structures in the patient group. However, we found that 

although all the patients had been treated, different conventional or atypical antipsychotic 

medications were used. It was thus impossible to run a statistically powerful enough analysis 

in each subgroup. In addition, longitudinal analyses of a larger cohort of high-risk and 

schizophrenia individuals is needed to verify whether the structural alterations of these 

subcortical regions can indicate progression of the disorder.

As a summary, this study is the first of its kind to demonstrate anomalies in the subcortical 

structures that are integral to cortico-subcortical-cortical circuits involved in language 

processing in individuals with schizophrenia, and those at high-genetic risk. Our findings 

significantly expand the existing literature which has primarily investigated the cortical 

structures related to language. Our findings collectively suggest that individuals with 

schizophrenia demonstrate differences within the thalamus, basal ganglia, hippocampus, and 

amygdala as compared to the other groups, and also evidence differences in the associations 

between these structures and standardized indices of language processing. Although there 

was a trend, the high-risk group did not show significant regional shape deformations and 

volume reductions of the six subcortical structures when compared to the controls. However, 

the aberrantly higher associations of the volumes of thalamus, caudate and pallidum nuclei 

with the verbal comprehension and memory capacities in the high-risk group may indicate 

their early involvement in language impairments that may contribute to the onset of 

schizophrenia.
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Figure 1. 
Statistical maps show significant differences in local atrophy of subcortical regions between 

SCH and both NC and HR groups. Left caudate nucleus, right caudate nucleus, right 

amygdala, right hippocampus, and right putamen are shown for both between-group 

comparisons (SCH vs. NC and SCH vs. HR). FDR corrected figures are shown. SCH: 

schizophrenia group; NC: normal control group; HR: high-risk group; L: left; R: right. The 

color-coded bar gives p values, with p = 0.134 (F = 2), p = 0.059 (F = 2.75), p = 0.027 (F = 

3.5), p= 0.012 (F = 4.25), and p = 0.006 (F = 5) (degrees of freedom: 3, 32).
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Figure 2. 
Statistical maps composed using vertex-based comparison show subcortical regions with 

only differences between the schizophrenia group and normal control group. Local atrophy 

of right thalamus and left putamen are shown on FDR corrected figures. L: left; R: right. 

The color-coded bar gives p values, with p = 0.134 (F = 2), p = 0.059 (F = 2.75), p = 0.027 

(F = 3.5), p= 0.012 (F = 4.25), and p = 0.006 (F = 5) (degrees of freedom: 3, 32).

Li et al. Page 14

Schizophr Res. Author manuscript; available in PMC 2016 December 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Li et al. Page 15

T
ab

le
 1

Su
bj

ec
t d

em
og

ra
ph

ic
s 

an
al

yz
ed

 b
y 

on
e-

w
ay

 A
N

O
V

A
.

N
C

 (
n 

= 
48

)
H

R
 (

n 
= 

21
)

SC
H

 (
n 

= 
20

)
d.

f.
P V

al
ue

A
ge

 (
m

ea
n 

± 
SD

)
22

.0
 ±

 5
.1

21
.1

 ±
 5

.5
37

.7
 ±

 1
0.

3
2

0.
00

0

A
ge

 (
ra

ng
e)

16
–3

2
16

–3
0

20
–5

5

M
al

e/
fe

m
al

e 
(C

hi
-s

q.
)

24
/2

4
7/

14
13

/7
2

0.
17

6

L
ef

t/
ri

gh
t 

ha
nd

ed
3/

45
3/

18
2/

18
-

-

E
du

ca
ti

on
 (

ye
ar

s)
14

.8
 ±

 3
.0

12
.6

 ±
 2

.8
14

.5
 ±

 2
.2

2
0.

63
4

M
ot

he
r’

s 
ed

uc
at

io
n

13
.8

 ±
 3

.5
14

.5
 ±

 2
.5

12
.5

 ±
 2

.2
2

0.
69

5

F
at

he
r’

s 
ed

uc
at

io
n

15
.1

 ±
 2

.1
15

.0
 ±

 2
.2

14
.5

 ±
 3

.3
2

0.
94

2

W
A

IS
-V

C
I

11
3.

2 
±

 1
7.

4
10

8.
1 

±
 1

4.
6

10
5.

5 
±

 1
4.

3
2

0.
88

2

P
P

V
T

-I
II

10
2.

5 
±

 1
2.

9
10

1.
3 

±
 1

2.
2

10
2.

5 
±

 1
6.

6
2

0.
87

3

W
R

A
T

10
4.

1 
±

 1
3.

1
10

5.
9 

±
 9

.1
10

6.
6 

±
 1

1.
9

2
0.

63
1

W
JT

A
10

2.
4 

±
 1

4.
2

10
4.

5 
±

 1
1.

1
10

3.
5 

±
 1

3.
3

2
0.

67
0

B
N

T
10

3.
6 

±
 1

5.
7

10
3.

1 
±

 1
6.

6
10

1.
5 

±
 1

2.
1

2
0.

71
4

C
V

L
T

10
4.

7 
±

 1
2.

9
10

3.
9 

±
 1

2.
5

10
5.

7 
±

 1
8.

7
2

0.
76

0

N
C

: n
or

m
al

 c
on

tr
ol

 g
ro

up
; H

R
: h

ig
h-

ri
sk

 g
ro

up
; S

C
H

: s
ch

iz
op

hr
en

ia
 g

ro
up

; d
.f

.: 
de

gr
ee

s 
of

 f
re

ed
om

; W
A

IS
-V

C
I:

 W
ec

hs
le

r 
A

du
lt 

In
te

lli
ge

nc
e 

Sc
al

e 
– 

V
er

ba
l C

om
pr

eh
en

si
on

 I
nd

ex
; P

PV
T

-I
II

: P
ea

bo
dy

 
Pi

ct
ur

e 
V

oc
ab

ul
ar

y 
T

es
t, 

T
hi

rd
 E

di
tio

n;
 W

R
A

T
: W

id
e 

R
an

ge
 A

ch
ie

ve
m

en
t T

es
t; 

W
JT

A
: W

oo
dc

oc
k 

Jo
hn

so
n 

T
es

ts
 o

f 
A

ch
ie

ve
m

en
t, 

T
hi

rd
 E

di
tio

n;
 B

N
T

: B
os

to
n 

N
am

in
g 

T
es

t; 
C

V
L

T
: C

al
if

or
ni

a 
V

er
ba

l 
L

ea
rn

in
g 

T
es

t.

Schizophr Res. Author manuscript; available in PMC 2016 December 01.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Li et al. Page 16

T
ab

le
 2

G
ro

up
 c

om
pa

ri
so

ns
 o

f 
th

e 
vo

lu
m

es
 (

m
m

3 )
 o

f 
su

bc
or

tic
al

 s
tr

uc
tu

re
s.

Su
bc

or
ti

ca
l

St
ru

ct
ur

e
SC

H
V

ol
um

e
H

R
V

ol
um

e
N

C
 V

ol
um

e
F

P V
al

ue
P

os
t-

H
oc

 t
-

te
st

(P
 V

al
ue

)

L
. C

au
da

te
20

37
.2

 ±
 3

50
.8

22
77

.3
 ±

 4
32

.8
23

69
.0

 ±
 2

74
.2

8.
93

0.
00

03
SC

H
 <

 N
C

 (
0.

00
0)

SC
H

 <
 H

R
 (

0.
00

7)

R
. C

au
da

te
21

14
.9

 ±
 2

96
.5

22
47

.7
 ±

 4
35

.7
23

57
.8

 ±
 3

65
.3

6.
27

0.
00

3
SC

H
 <

 N
C

 (
0.

00
1)

SC
H

 <
 H

R
 (

0.
02

0)

R
. A

m
yg

da
la

54
8.

4 
±

 1
93

.1
60

7.
2 

±
 1

92
.5

61
3.

0 
±

 1
72

.7
4.

05
0.

02
1

SC
H

 <
 N

C
 (

0.
01

1)

L
. T

ha
la

m
us

53
75

.5
 ±

 6
58

.8
52

92
.9

 ±
 7

47
.4

54
97

.7
 ±

 3
95

.5
3.

40
0.

03
9

SC
H

 <
 N

C
 (

0.
03

0)

R
. T

ha
la

m
us

51
67

.6
 ±

 6
46

.3
50

45
.7

 ±
 7

08
.0

53
10

.1
 ±

 4
25

.5
3.

48
0.

03
6

SC
H

 <
 N

C
 (

0.
03

2)

T
hi

s 
ta

bl
e 

on
ly

 s
ho

w
s 

vo
lu

m
es

 o
f 

th
e 

su
bc

or
tic

al
 r

eg
io

ns
 w

ith
 s

ig
ni

fi
ca

nt
 b

et
w

ee
n-

gr
ou

p 
di

ff
er

en
ce

s.
 V

ol
um

es
 a

re
 g

iv
en

 in
 m

ea
n 

(m
m

3 )
 ±

 S
D

. P
-v

al
ue

s 
<

 0
.0

5 
w

er
e 

co
ns

id
er

ed
 s

ig
ni

fi
ca

nt
. R

: r
ig

ht
; L

: l
ef

t; 
N

C
: n

or
m

al
 c

on
tr

ol
 g

ro
up

; H
R

: h
ig

h-
ri

sk
 g

ro
up

; S
C

H
: s

ch
iz

op
hr

en
ia

 g
ro

up
.

Schizophr Res. Author manuscript; available in PMC 2016 December 01.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Li et al. Page 17

T
ab

le
 3

G
ro

up
 c

om
pa

ri
so

ns
 o

f 
th

e 
as

so
ci

at
io

ns
 o

f 
vo

lu
m

es
 (

m
m

3 )
 o

f 
su

bc
or

tic
al

 s
tr

uc
tu

re
s 

to
 th

e 
pe

rf
or

m
an

ce
 m

ea
su

re
s 

fo
r 

la
ng

ua
ge

-r
el

at
ed

 c
og

ni
tio

n.

Sl
op

e 
(β

)
N

C
H

R
SC

H
F St

at
is

ti
c

P V
al

ue
P

os
t 

ho
c 

t 
te

st
s 

(P
-V

al
ue

)

R
eg

io
n

W
A

IS
-V

C
I

L
. C

au
da

ta
−

18
.9

99
.2

59
.5

4.
52

0.
01

N
C

<
H

R
 (

0.
00

3)

L
. P

al
lid

um
1.

57
9.

93
30

.2
3.

18
0.

04
8

N
C

<
SC

H
 (

0.
01

3)
H

R
<

SC
H

 (
0.

01
4)

L
. P

ut
am

en
−

7.
18

23
.2

11
0.

3
4.

64
0.

01
4

N
C

<
SC

H
 (

0.
01

3)

L
. T

ha
la

m
us

−
20

.4
10

8.
4

18
2.

2
5.

00
0.

01
N

C
<

H
R

 (
0.

01
1)

N
C

<
SC

H
 (

0.
00

7)

R
. P

ut
am

en
−

13
.7

5.
38

10
3.

3
4.

85
0.

01
N

C
<

SC
H

 (
0.

00
3)

H
R

<
SC

H
 (

0.
00

1)

W
R

A
T

L
. P

al
lid

um
−

0.
20

−
3.

10
9.

27
4.

61
0.

01
N

C
<

SC
H

 (
0.

02
0)

H
R

<
SC

H
 (

0.
01

0)

L
. T

ha
la

m
us

−
11

.0
7

−
6.

44
53

.7
4.

81
0.

01
N

C
<

SC
H

 (
0.

00
1)

H
R

<
SC

H
 (

0.
00

2)

R
. T

ha
la

m
us

−
6.

86
−

15
.1

47
.9

3.
91

0.
03

N
C

<
SC

H
 (

0.
00

9)
H

R
<

SC
H

 (
0.

01
0)

C
V

L
T

L
. P

al
lid

um
5.

11
62

.5
7

−
20

.2
3.

45
0.

04
N

C
<

H
R

 (
0.

01
0)

L
. T

ha
la

m
us

37
.0

32
.9

−
17

.3
3.

74
0.

03
N

C
>

SC
H

 (
0.

03
)

R
. P

al
lid

um
−

15
.1

79
.3

−
18

.9
5.

10
0.

00
9

N
C

<
H

R
 (

0.
00

5)
H

R
>

SC
H

 (
0.

00
8)

R
. P

ut
am

en
−

54
.7

25
2.

8
−

35
.5

3.
90

0.
03

N
C

<
H

R
 (

0.
01

4)
H

R
>

SC
H

 (
0.

02
0)

R
. T

ha
la

m
us

29
.9

32
0.

9
−

16
.9

3.
71

0.
03

N
C

<
H

R
 (

0.
03

2)
H

R
>

SC
H

 (
0.

00
6)

β 
in

di
ca

te
s 

th
e 

sl
op

e 
of

 th
e 

lin
ea

r 
re

gr
es

si
on

 a
na

ly
si

s 
of

 th
e 

su
bc

or
tic

al
 s

tr
uc

tu
re

 v
ol

um
es

 p
lo

tte
d 

ag
ai

ns
t t

he
 la

ng
ua

ge
-a

ss
oc

ia
te

d 
fM

R
I 

an
d 

be
ha

vi
or

al
 m

ea
su

re
s.

 N
C

: n
or

m
al

 c
on

tr
ol

 g
ro

up
; H

R
: h

ig
h-

ri
sk

 
gr

ou
p;

 S
C

H
: s

ch
iz

op
hr

en
ia

 g
ro

up
. P

<
 0

.0
5 

w
er

e 
co

ns
id

er
ed

 s
ig

ni
fi

ca
nt

. W
A

IS
-V

C
I:

 W
ec

hs
le

r 
A

du
lt 

In
te

lli
ge

nc
e 

Sc
al

e 
– 

V
er

ba
l C

om
pr

eh
en

si
on

 I
nd

ex
; W

R
A

T
: W

id
e 

R
an

ge
 A

ch
ie

ve
m

en
t T

es
t; 

C
V

L
T

: 
C

al
if

or
ni

a 
V

er
ba

l L
ea

rn
in

g 
T

es
t.

Schizophr Res. Author manuscript; available in PMC 2016 December 01.


