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Progressive Deformation of Deep Brain Nuclei and

Hippocampal-Amygdala Formation in Schizophrenia

Lei Wang, Daniel Mamah, Michael P. Harms, Meghana Karnik, Joseph L. Price, Mokhtar H. Gado,
Paul A. Thompson, Deanna M. Barch, Michael I. Miller, and John G. Csernansky

Background: Progressive decreases in cortical gray matter volume have been reported in schizophrenia. However, studies of progressive
change in deep brain nuclei and hippocampal-amygdala formation have not yielded consistent findings.

Methods: Two high-resolution, T1-weighted magnetic resonance images were collected 2 years apart in 56 schizophrenia and 62 control
subjects. Large-deformation high-dimensional brain mapping was used to generate surfaces for deep brain nuclei and hippocampal-amygdala
formation at baseline and follow-up. Repeated-measures analysis of variance was used to test for longitudinal changes in volume and shape.

Results: The pattern of progressive changes in the deep brain nuclei and hippocampal-amygdala formation in schizophrenia and control
subjects was variable. Of the structures that receive direct projections from the cortex, the thalamus, caudate nucleus, nucleus accumbens, and
hippocampus showed changes specific to subjects with schizophrenia, and changes in the amygdala and putamen were similar in both groups.
Although different at baseline, no progressive change was observed in the globus pallidus, which does not receive direct projections from the
cortex.

Conclusions: These findings suggest that the disease process of schizophrenia is associated with progressive effects on brain structure and
that brain structures that receive direct, excitatory connections from the cortex may be more likely to show progressive changes, compared
with brain structures that receive indirect, inhibitory connections from the cortex. These findings are also somewhat consistent with the
hypothesis that overactivity of excitatory pathways in the brain may contribute to the neural degeneration that occurs in at least a subgroup

of individuals with schizophrenia.
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gest gray matter volume loss across a range of brain

structures (1-3). Similarly, in vivo magnetic resonance
(MR) imaging studies provide evidence of widespread gray
matter change in individuals with schizophrenia (4-9), including
some who are early in their course of illness (10-12).

Recent longitudinal MR studies offer evidence of progressive
gray matter loss (12-14) in the cortex. However, the observed
pattern of time-dependent changes in deep brain nuclei and
hippocampal-amygdala formation has not been consistent (14—
16), and this inconsistency may be because the same method of
image acquisition and analysis has not been used to survey a
variety of relevant structures within the same subjects. The
presence or absence of time-dependent changes in these struc-
tures may depend on the nature of their connections with the
cerebral cortex. The thalamus and striatum all have direct,
excitatory connections with the cortex, whereas the globus
pallidus receives inhibitory signals from the striatum and limbic
structures and, in turn, passes inhibitory signals to the thalamus.
Information from different cortical areas, including the prefron-

P ostmortem studies of individuals with schizophrenia sug-
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tal, frontal, motor, and sensory areas, is received first by the
striatum via excitatory projections and then passed on to the
thalamus via inhibitory projections from the globus pallidus.
Finally, the thalamus projects to the cortex, completing a cortico-
basal ganglia-thalamo-cortical loop (17). The hippocampus and
the amygdala also have reciprocal excitatory connections with
the medial prefrontal cortex (18,19) and project to the mediodor-
sal nucleus of the thalamus.

In this study, we characterized the patterns of change in shape
and volume in the deep brain nuclei and hippocampal-amygdala
formation in schizophrenia. On the basis of the potential for
overactive excitatory projections to damage neurons and their
processes (i.e., excitotoxicity) (20,21), we hypothesized that
structures with direct, excitatory connections with the cortex
(thalamus, striatum, hippocampus, and amygdala) would show
time-dependent changes, whereas structures with indirect, inhib-
itory connections with the cortex (globus pallidus) would not.
Because brain structural changes may be accompanied by
changes in the cognitive functions supported by these structures,
we also examined the correlation between these changes.

Methods and Materials

Participants

The subjects in the present study were selected from groups
of schizophrenia (7 = 139, male/female = 90/49, age = 35.0 =
13.0 years) and healthy comparison subjects (1 = 136, male/
female = 73/63, age = 33.3 * 14.1 years) that were enrolled into
an ongoing study of brain structure and schizophrenia. From
these subjects, 56 schizophrenia and 62 healthy comparison
subjects returned for follow-up and were included in the present
study. All individuals gave written informed consent for partici-
pation after the risks and benefits were explained. Subject
characteristics are summarized in Table 1.

Individual diagnosis was determined by consensus between a
research psychiatrist who conducted a semistructured interview
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Table 1. Subject Characteristics

Variables Schizophrenia Subjects Comparison Subjects Difference
N 56 62 —
Age at Baseline (yr) 36.6 (12.9 [19.1-60.4]) 36.2 (14.5 [14.1-65.7]) p=.89
Gender (Male/Female) 37/19 34/28 p=.21
Race (Caucasian/African-American/Other) 27/28/1 43/17/2 p = .041
Parental SES 3.4 (1.2[1-5]) 2.7 (.8 [1-4]) p = .046
Age of lliness Onset (yr) 23.3 (7.1 [5.8-40.2]) N/A —
Duration of lliness (yr) 15.7 (13.8 [.1-44.9]) N/A —
Global SAPS Score 4.4 (3.0 [0-10]) N/A —
Global SANS Score 9.0 (4.3 [1-20]) N/A —
Scan Interval (years) 2.20(0.76 [.77-5.28]) 2.24 (.58 [1.18-5.25]) p=.73

L. Wang et al.

Mean (SD [range]), t test, or chi-square statistics are shown where appropriate.
SANS, Scale for the Assessment of Negative Symptoms; SAPS, Scale for the Assessment of Positive Symptoms; SES,

socioeconomic class.

and a research assistant who conducted the Structured Clinical
Interview for the DSM-IV (SCID-IV) (22), using criteria from the
DSM-IV (23). The research assistant had a master’s-level degree
in a mental health discipline and considerable clinical experi-
ence. No individual had an unstable medical or neurological
disorder or head injury with loss of consciousness, nor did any
meet DSM-IV criteria for substance abuse or dependence for 1
month before participation. The symptoms of the individuals
with schizophrenia had remained unchanged for at least 2 weeks
(24) before the baseline and follow-up assessments.

During the 2-year study period, 39 subjects with schizophre-
nia were treated with atypical antipsychotic drugs alone, 13 with
typical antipsychotic drugs alone or a combination of both, and
7 did not provide treatment information. Treatment with adjunc-
tive medications, including mood stabilizers and antidepressants,
Wwas common.

The severity of psychopathology in the individuals with
schizophrenia was assessed at both time points using the Scale
for the Assessment of Positive Symptoms (SAPS) (25) and Scale
for the Assessment of Negative Symptoms (SANS) (26). Baseline
psychopathology data was used as reference to compute Z
scores for each psychopathology item. Selected clusters of
psychopathological item Z scores were averaged to form com-
posite scores for three clinical domains: positive symptoms,
negative symptoms, and thought disorganization (27).

The subject assessment also included neuropsychological
tests on tasks relevant to cognition in schizophrenia (28-33). Z
scores were first computed using data from a larger population of
research subjects (164 schizophrenia, 161 comparison subjects).
The Z scores were then grouped to form composite scores for
four cognitive domains (27):

1. Working Memory: Wechsler Adult Intelligence Scale—Third
Edition (WAIS-IID (34) digit span (total forward and back-
ward), WAIS-III spatial span (total forward and backwards),
WAIS-III letter-number sequencing, and the CPT-IP (overall
d-prime) (35).

2. Episodic Memory: Wechsler Memory Scale—Third Edition
(WMS-IID logical memory and WMS-III family pictures.

3. Executive Function: Verbal fluency (phonological for letter
“S” plus categorical for animals), Trails B (scored time to
completion), WAIS-III matrix reasoning, and Wisconsin
Card Sorting Test perserverative errors.

4. Crystallized Intelligence. Standard scores from the vocabu-
lary subtest of WAIS-III.
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Image Collection

All MR scans were collected on a Magnetom 1.5-Tesla Sie-
mens (Erlangen, Germany) scanner with a standard head coil
using a turbo-FLASH sequence (repetition time = 20 msec, echo
time = 5.4 msec, flip angle = 30°, 180 slices, field of vision = 256
mm, matrix = 256 X 256, time = 13.5 min) that acquired 1 mm?
isotropic whole-head images (36). Signed 16-bit images were
compressed to unsigned 8-bit images by linear interpolation of
voxel intensities.

To control for varying brain sizes, we computed an atlas
scaling factor (ASF) for each individual at baseline (37). The ASF
is the reciprocal of the determinant of the alignment matrix to
Talairach atlas space, and it represents the degree of volume
expansion or contraction required for alignment. The ASF ap-
proximated brain plus ventricular volume and exhibited group
difference at baseline (F = 4.3, df = 1,111, p = .04); therefore, it
was used as a covariate in statistical analyses.

Surface Mapping

At baseline, the surfaces of the deep brain nuclei and hip-
pocampal-amygdala formation were transferred from a template
scan (from a subject otherwise not included in this study) by
applying Large-Deformation High-Dimensional Brain Mapping
(HDBM-LD) to each scan (9,38). We have previously established
the validity and reliability of HDBM-LD for mapping the hip-
pocampus (39), thalamus (40), and basal ganglia (41). For the
amygdala, we compared HDBM-LD-generated segmentations to
expert manual segmentations in scans of 10 randomly selected
subjects. The average (SD) overlap of voxels was 74.3% (11.3%),
volume interclass correlation coefficient was .82, L;-error was .29
(.06), and mean surface-to-surface distance was .33 (.07) voxels.
These error measures were comparable to the accuracy measures
we obtained in other structures; for detailed explanations of
these measures see Wang et al. (41).

To map the surfaces at follow-up, baseline and follow-up
scans were first registered using a nine-parameter affine trans-
formation (42) to adjust for changes in head position and
scanner-drift (43). Next, HDBM-LD was used in neuroanatomic
regions immediately surrounding the structures of interest, at
twice the native-scan resolution. In the literature, whole-brain
mapping has been used to characterize whole-brain changes
over time (44,45), whereas mapping of subregions has been used
for serial mapping of specific structures (46) (Supplement 1).

Note that during the mapping procedure, the only manual
interaction occurred during the mapping at baseline: before
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diffeomorphic transformations, anatomic landmarks were placed
by expert raters who were blinded to the group status of the scan
being landmarked. Detailed landmarking procedures can be
found in our previous publications (9,38,39,41).

Statistical Analysis

The left and right volumes of each structure at baseline and
follow-up were computed as the volumes enclosed by the
transformation-derived surfaces. There were no missing values in
the data. These volumes were entered into a repeated-measures
analysis of variance (RM-ANOVA) model, with diagnostic group
as the main effect, and hemisphere and time as repeated factors.
The main group and time effects and group-by-time interaction
were examined. Baseline group effect was also examined in a
similar RM-ANOVA.

To quantitate surface shape, we first applied principal compo-
nents analysis (PCA) to the baseline right-hand-side surfaces for
dimensionality reduction. The first 15 principal components (PC)
accounted for more than 80% of total variance in the right hemi-
sphere surface in all structures (range: 82.9%-97.7%). There were no
missing values in the data. For each structure, the 15 PC scores were
entered into a RM-ANOVA with diagnostic group as the main effect,
and hemisphere and time as repeated factors. The 15 PCs were
modeled in a general linear model (GLM) as repeated factors of
identity type. The PC-by-group term was then reported as the main
group effect across all PCs. Modeling the PCs in this doubly
repeated-measures analysis was equivalent to an RM-MANOVA
with a customized transformation matrix in which within each PC,
the follow-up score was subtracted from the baseline score. Main
effects of group and time and group-by-time interaction were
examined. Baseline group effect was also examined in a similar
RM-ANOVA. Finally, for each subject and structure at each time
point, a canonical score (8) was computed based on the left-right
average PC scores and was used to correlate with other measures
(discussed later).

Correlation with Cognition and Psychopathology

We calculated the residualized change for all cognition and
psychopathology variables by regressing the baseline variables
onto the follow-up variables, and then subtracting the predicted
follow-up value from the observed follow-up value. The rela-
tionship between changes in measures of cognition, psychopa-
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thology and measures of change in brain structure were then
examined by calculating the correlations between the residual-
ized measures (47) using Spearman’s rho. Significance was not
adjusted for multiple comparisons because these relationships
were examined on an exploratory basis.

Results

Participants

Compared with the subjects who returned for follow-up, sub-
jects who did not return were younger (30.8 = 13.5 years, p = .027)
and had a shorter duration of illness (10.5 % 9.9 years, p = .013) at
baseline, but they did not differ in psychopathology as assessed
using the total scores from SAPS (p = .23) and SANS (p = .65).

For the schizophrenia subjects, a repeated-measures general
linear model with time as a repeated factor on clinical symptom
domain scores showed no time effect for positive symptoms (F =
.67, df = 1,54, p = .42) or thought disorganization (F = 1.8, df =
1,54, p = .18). However, there was a time effect for negative
symptoms (F= 5.2, df = 1,54, p = .027). Over the period of study,
negative symptoms improved from .35 at baseline to .11 at follow-
up.

As expected, there were significant group effects at baseline for
all four cognitive domain scores (p < .0001, see Table 2). Further, a
repeated-measures general linear model with time as a repeated
factor showed no time effect for working memory (F = .08, df =
1,51, p = .77), episodic memory (F = .14, df = 1,51, p = .70), or
crystallized 1Q (F = .14, df = 1,51, p = .70). However, there was
a significant time effect for executive function (F= 5.0, df = 1,51,
p = .029), that is, the domain scores changed from -.56 at
baseline to —.40 at follow-up, reflecting mild improvement.

Thalamus

For volume, baseline group effect trended toward signifi-
cance, with schizophrenia subjects having smaller left and right
volumes (see Tables 3 and 4). Longitudinal analysis showed a
trend toward significant main group effect, a significant time
effect, and a trend toward significant group-by-time interaction,
with the schizophrenia subjects showing a more rapid 2-year
reduction as compared to the comparison subjects (see Tables 3
and 4). The hemisphere effect was significant in both the
baseline (R > L, F= 18.2, df= 1,116, p < .0001) and longitudinal

Table 2. Means (SD) Z Scores of Psychopathology and Cognitive Measures at Baseline and Follow-Up

Schizophrenia Comparison
Baseline Follow-up Change (%) Baseline Follow-up Change (%)

Psychopathology

Positive symptoms .27 (.91) .39 (1.07) 46.0 —

Negative symptoms 35(.71) 11 (.72) -69.47 —

Disorganized thought .24 (.70) 42 (.84) 74.7 —

Global SAPS 443 (3.02) 5.24 (4.19) 18.2 —

Global SANS 8.96 (4.30) 7.67 (4.64) -14.5 —
Cognition

Working memory —47 (73)° -.49 (.65) -4.7¢ 41 (.71) .58 (.69) 39.7¢

Episodic memory -.66 (.67)° -71(.68) -7.7 59 (.68) 52 (.71) -12.1

Executive function -.55 (.67)° -.38(.78) 30.57 A48 (.52) .63 (.57) 32.97

Crystallized IQ -51(.96)° -55(.91) -6.6 45 (.81) .52 (.79) 15.2

The percentage change was calculated as 100 * (follow-up - baseline)/abs(baseline). The effects of group (at baseline), time, and group-by-time interaction

were computed via a repeated-measures mixed model.
“Time effect p < .05.
bBaseline group difference p < .0001.
‘Group-by-time interaction p < .05.

www.sobp.org/journal
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Table 3. Mean (SD) of Volumes at Baseline and Follow-Up: Thalamus, Hippocampus, Amygdala, Nucleus Accumbens, Caudate Nucleus, Globus Pallidus,

and Putamen

Schizophrenia Comparison
Baseline Follow-up Change (%) Baseline Follow-up Change (%)

Thalamus

L 7241 (851) 7122 (891) -1.64 7573 (687) 7536 (729) -49

R 7380 (934) 7296 (991) -1.14 7722 (704) 7702 (737) -25
Hippocampus

L 2312 (306) 2271 (306) -1.75 2402 (350) 2388 (347) -.58

R 2735 (424) 2698 (414) -1.35 2808 (400) 2809 (427) .06
Amygdala

L 1512 (248) 1466 (243) -3.04 1519 (194) 1489 (197) -2.00

R 1579 (266) 1531 (260) -3.01 1700 (254) 1667 (251) -1.92
Caudate Nucleus

L 3354 (391) 3301 (429) -1.58 3418 (414) 3437 (385) 54

R 3289 (381) 3229 (424) -1.82 3391 (424) 3394 (411) .09
Nucleus Accumbens

L 402 (69) 396 (75) -1.49 414 (55) 417 (60) .80

R 410 (65) 405 (71) -1.12 407 (56) 410 (62) .68
Putamen

L 5039 (706) 5058 (707) .38 5026 (672) 5064 (682) .76

R 4921 (750) 4911 (765) -20 4914 (645) 4937 (676) A48
Globus Pallidus

L 1669 (227) 1663 (249) -33 1671 (184) 1655 (200) -.96

R 1672 (237) 1672 (251) -.04 1679 (204) 1671 (213) -45

In addition to Mean (SD), also listed are percent changes of each structural volume across time for each group. Results of statistical comparison of volume

differences and volume changes can be found in Table 4 and Table 5.

models (F = 21.6, df = 1,115, p < .0001). Further analysis
showed no hemisphere-by-group interaction at baseline (¥ = 0,
df= 1,115, p = .95), or hemisphere-by-group-by-time interaction
(F=11,df= 1115, p = .74.

For surface shape, baseline group effect was significant. Longi-
tudinal analysis showed significant group effect, time effect, and
group-by-time interaction. The hemisphere effect was significant in
both the baseline (¥ = 12.8, df = 15,102, p < .0001) and longitu-
dinal models (F = 12.5, df = 15,101, p < .0001). Further analysis
showed no hemisphere-by-group interaction at baseline (F = 1.2,
df = 15,102, p = .30) or hemisphere-by-group-by-time interaction
(F= 13, df= 15,101, p = .21).

Hippocampus

For volume, baseline group effect was not significant. Longi-
tudinal analysis showed a significant time effect without a
significant group effect and group-by-time interaction. The hemi-
sphere effect was significant in both the baseline (R > L, F = 519,
df = 1,114, p < .0001) and longitudinal models (¥ = 476, df =
1,113, p < .0001). Further analysis showed no hemisphere-by-
group interaction at baseline (F = .24, df = 1,114, p = .62), or
hemisphere-by-group-by-time interaction (F = .51, df = 1,113,
p = 47).

For surface shape, baseline group effect not significant.
Longitudinal analysis showed significant time effect and group-
by-time interaction without significant group effect. The hemi-
sphere effect was significant in both the baseline (F = 417, df =
15,100, p < .0001) and longitudinal models (F = 411, df = 15,99,
p < .0001). Further analysis showed no hemisphere-by-group
interaction at baseline (¥ = 1.0, df = 15,100, p = .42), or
hemisphere-by-group-by-time interaction (F = .46, df = 15,99,
b= 95.
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Amygdala

For volume, baseline group effect was significant, with
schizophrenia subjects having smaller volumes on both the left
and right sides. Longitudinal analysis showed a significant group
effect and time effect with no group-by-time interaction. The
hemisphere effect was significant in both the baseline (R > L,
F= 33, df= 1,114, p < .0001) and longitudinal models (¥ = 32,
df = 1,113, p < .0001). Further analysis showed significant
hemisphere-by-group interaction at baseline reduced asymmetry
for schizophrenia (¥ = 7.1, df = 1,114, p = .009) but no
hemisphere-by-group-by-time interaction (F = 1.12, df = 1,113,
bp = .29.

For surface shape, baseline group effect was significant.
Longitudinal analysis showed significant group effect and time
effect with no group-by-time interaction. The hemisphere effect
was significant in both the baseline (F = 295, df = 15,100, p <
.0001) and longitudinal models (# = 285, df = 15,99, p < .000D).
Further analysis showed trend toward significant hemisphere-by-
group interaction at baseline (F = 1.7, df = 15,100, p = .067) but
no hemisphere-by-group-by-time interaction (¥ = .79, df =
15,99, p = .68).

Caudate Nucleus

For volume, baseline group effect was not significant. Longi-
tudinal analysis showed a trend toward a significant main group
effect, no significant time effect, and a significant group-by-time
interaction, with the schizophrenia subjects showing a more
rapid 2-year reduction compared with the comparison subjects.
The hemisphere effect was significant in both the baseline (R <
L, F= 9.2, df= 1,116, p = .003) and longitudinal models (F = 11,
df = 1,115, p = .0015). Further analysis showed no hemisphere-
by-group interaction at baseline (F= 1.5, df= 1,116, p = .21) nor
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Table 4. Statistical Comparisons of Thalamus, Hippocampus, Amygdala, Nucleus Accumbens, Caudate Nucleus, Globus Pallidus, and Putamen,

with No Covariates

Baseline

F(df1, df2) p

Longitudinal
F(df1, df2) p

Measure Group Effect Group Effect Time Effect Group-by-Time Interaction
Thalamus Volume 2.79 (2,115) 2.2 (4112) 14.55 (1,115) 3.86 (1,115)
.066 074 .0002 .052
Shape 2.54 (15,102) 2,97 (15,101) 5.27 (15,101) 1.91 (15,101)
.0031 .0006 <.0001 .031
Hippocampus Volume 1.35(2,113) 1.15(4,110) 8.04 (1,113) 1.25(1,113)
.26 34 .0054 27
Shape .95 (15,100) .93 (15,99) 4.71 (15,99) 2.22 (15,99)
52 .53 <.0001 010
Amygdala Volume 4.15 (2,113) 2.67 (4,110) 32.2(1,113) .18 (1,113)
.018 .036 <.0001 .68
Shape 2.54 (15,100) 2.49 (15,99) 3.77 (15,99) 47 (15,99)
.0031 .0037 <.0001 95
Caudate Nucleus Volume 1.39(2,115) 2.1(4,112) 2.14 (1,115) 5.23 (1,115)
.25 .086 15 .024
Shape 2 (15,102) 2.04 (15,101) 2.8 (15,101) 1.78 (15,101)
.022 .019 .0011 .047
Putamen Volume .01 (2,115) .36 (4,112) 1.21(1,115) 1.1 (1,115)
.99 .83 27 .30
Shape 2.14 (15,102) 2.16 (15,101) 4.09 (15,101) 1.09 (15,101)
.013 .013 <.0001 .38
Nucleus Accumbens Volume 1.67 (2,115) 1.55 (4,112) .1(1,115) 2.74 (1,115)
.19 .19 .76 .10
Shape 1.68 (15,102) 1.48 (15,101) 2.53 (15,101) 2.23 (15,101)
.066 13 .0032 .0096
Globus Pallidus Volume .02 (2,115) 23(4,112) 2.3(1,115) .79 (1,115)
.98 92 a3 37
Shape 1.82 (15,102) 1.85(15,101) 1.5 (15,101) .71 (15,101)
.042 .037 12 77
Significant (p < .05) effects are shown in bold.
hemisphere-by-group-by-time interaction (¥ = .2, df = 1,115, Nucleus Accumbens

p = .60).

For surface shape, baseline group effect was significant.
Longitudinal analysis showed significant group effect, time ef-
fect, and group-by-time interaction. The hemisphere effect was
significant in both the baseline (F = 14, df = 15,102, p < .0001)
and longitudinal models (F = 14, df = 15,101, p < .0001). Further
analysis showed no hemisphere-by-group interaction at baseline
(F = 1.2, df = 15,102, p = .29), nor hemisphere-by-group-by-
time interaction (F = .62, df = 15,101, p = .85).

Putamen

For volume, baseline group effect was not significant. Longi-
tudinal analysis showed no significant group effect, time effect,
or group-by-time interaction. The hemisphere effect was signif-
icant in both the baseline (R < L, F = 21, df = 1,116, p < .0001)
and longitudinal models (¥ = 22, df' = 1,115, p < .0001). Further
analysis showed no hemisphere-by-group interaction at baseline
(F= .01, df= 1,116, p = .92), nor hemisphere-by-group-by-time
interaction (F = .52, df = 1,115, p = .47).

For surface shape, baseline group effect was. Longitudinal
analysis showed significant group effect and time effect, without
group-by-time interaction. The hemisphere effect was significant
in both the baseline (F = 6.0, df = 15,102, p < .0001) and
longitudinal models (# = 6.0, df = 15,101, p < .0001). Further
analysis showed no hemisphere-by-group interaction at baseline
(F =15, df = 15,102, p = .11), nor hemisphere-by-group-by-
time interaction (F = .84, df = 15,101, p = .63).

For volume, baseline group effect was not significant. Longi-
tudinal analysis showed no significant group effect, time effect or
group-by-time interaction. The hemisphere effect was not signif-
icant in either the baseline (F = .02, df = 1,116, p = .89) or
longitudinal model (¥ = .02, df = 1,115, p = .89).

For surface shape, baseline group effect trended toward
significance. Longitudinal analysis showed significant time effect
and group-by-time interaction without significant group effect.
The hemisphere effect was significant in both the baseline (¥ =
12, df = 15,102, p < .0001) and longitudinal models (F = 12,
df = 15,101, p < .0001). Further analysis showed a significant
hemisphere-by-group interaction at baseline (F = 1.9, df =
15,102, p = .033) but no hemisphere-by-group-by-time interac-
tion (F = .81, df = 15,101, p = .67).

Globus Pallidus

For volume, baseline group effect was not significant. Longi-
tudinal analysis showed no significant main group effect, time
effect, or group-by-time interaction. The hemisphere effect was
not significant in either the baseline or longitudinal models.
Further analysis showed no hemisphere-by-group interaction at
baseline nor hemisphere-by-group-by-time interaction.

For surface shape, baseline group effect was significant.
Longitudinal analysis showed significant group effect with a
significant time effect or group-by-time interaction. The hemi-
sphere effect was significant in both the baseline (F = 8.1, df =
15,102, p < .0001) and longitudinal models (F= 9.1, df = 15,101,

www.sobp.org/journal
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Table 5. Statistical Comparisons of Thalamus, Hippocampus, Amygdala, Nucleus Accumbens, Caudate Nucleus, Globus Pallidus, and putamen, with Atlas

Scaling Factor at Baseline as a Covariate

Baseline Longitudinal
F (df1,df2) p Measure Group Effect Group Effect Time Effect Group-by-Time Interaction
Thalamus Volume 1.5(2,109) 1.22 (4,106) .05 (1,109) 2.7 (1,109)
.23 .31 .83 .10
Shape 2.58 (15,96) 3.07 (15,95) .89 (15,95) 2.03 (15,95)
.0027 .0005 .58 .021
Hippocampus Volume 41 (2,107) 46 (4,104) 46 (4,104) .96 (1,107)
67 .76 .76 33
Shape .66 (15,94) .63 (15,93) 1.06 (15,93) 2.2 (15,93)
.82 .85 A1 011
Amygdala Volume 3.79 (2,107) 2.75 (4,104) 0(1,107) .06 (1,107)
.026 .032 .96 .81
Shape 2.26 (15,94) 2.24 (15,93) 1.18 (15,93) .51 (15,93)
.009 .0099 .30 93
Caudate Nucleus Volume .56 (2,109) 1.47 (4,106) 2.2 (1,109) 5.48 (1,109)
57 22 14 .021
Shape 1.65 (15,96) 1.67 (15,95) .51 (15,95) 1.79 (15,95)
.074 .070 .93 .046
Putamen Volume .82 (2,109) .78 (4,106) .35(1,109) .84 (1,109)
44 54 .56 .36
Shape 1.72 (15,96) 1.72 (15,95) 1.1 (15,95) 1.05 (15,95)
.060 .060 .36 42
Nucleus Accumbens Volume .78 (2,109) 1.16 (4,106) .85 (1,109) 3.08 (1,109)
46 33 .36 .082
Shape 1.26 (15,96) 1.07 (15,95) 1.26 (15,95) 1.73 (15,95)
24 40 24 .059
Globus Pallidus Volume .63 (2,109) .61 (4,106) 1.49 (1,109) 1.44 (1,109)
.54 .65 .23 .23
Shape 1.41 (15,96) 1.38 (15,95) 1.94 (15,95) .56 (15,95)
.16 17 .028 .90

Significant (p < .05) effects are in bold.

p < .0001). Further analysis showed no hemisphere-by-group
interaction at baseline (F = .78, df = 15,102, p = .70) nor
hemisphere-by-group-by-time interaction (F = .36, df = 15,101,
p=.99.

Covariate

Statistical comparisons using baseline ASF as a covariate are
reported in Table 5. Group and time effects for the thalamus volume
and time effect for the thalamus surface shape became nonsignifi-
cant. Time effect for the hippocampus volume and surface shape
became nonsignificant. Time effect for the amygdala volume and
surface shape became nonsignificant. Time effect for the caudate
nucleus surface shape became nonsignificant. Time effect for the
putamen surface shape became nonsignificant. Baseline group
effect and time effect for the nucleus accumbens surface shape
became nonsignificant. Group effect for the globus pallidus surface
shape became nonsignificant; however, the time effect for its shape
became significant. All other effects remained unchanged.

Correlation with Changes in Psychopathology and Cognition
in Schizophrenia Subjects

There was a correlation between the residualized change in
positive symptoms and the residualized change in thalamus shape
(canonical score: » = .32, p = .019). As the shape of the thalamic
surface became progressively more abnormal (i.e., more disparate
from the surface shape of the healthy comparison subjects), positive
symptoms became more severe. A similar inverse correlation at
the trend level was found between the residualized change in
positive symptoms and thalamic volume (r = —.25, p = .060).
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As the thalamic volume became progressively smaller, positive
symptoms became more severe. These correlations remained
significant after partialling out baseline ASF (canonical score:
r = .34, p = .017; volume: r = —.28, p = .051). No other
correlations between changes in psychopathology and brain
structure were significant.

There was a correlation between the residualized change in
episodic memory and the residualized change in caudate nucleus
shape (r = .39, p = .0039). Worsened episodic memory perfor-
mance was associated with progressively more abnormal shape
of the caudate nucleus surface (i.e., more disparate from the
surface shape of the healthy comparison subjects). This correla-
tion remained significant after partialling out baseline ASF (» =
.38, p = .0084). There was a correlation between the residualized
change in crystallized IQ and the residualized change in nucleus
accumbens shape (r = —45, p = .0008) and globus pallidus
shape (r = —-.30, p = .030). Lowered crystallized IQ was associated
with progressively more abnormal shape of the nucleus accumbens
and globus pallidus surfaces (i.e., more disparate from the surface
shape of the healthy comparison subjects). These correlations
remained significant after partialling out baseline ASF (Na: = —.49,
»=.0004; Pl: »=—26, p = .078). There were no other correlations
between changes in cognition and brain structure.

Effect of Antipsychotic Treatment During the Study Period
Because some evidence suggest that antipsychotic medications

may affect cortical gray matter (48,49), we assessed the impact of the

type of antipsychotic drug treatment on changes in brain structure in
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the schizophrenia subjects by examining the effects of time and
time-by-drug treatment type (atypical vs. typical antipsychotics)
interaction on measures of structure volume and shape. We found
that the thalamic shape showed a significant time-by-treatment type
interaction (¥ = 2.01, df = 15,36, p = .043). In individuals with
schizophrenia treated with atypical antipsychotics during the 2-year
follow-up period, the inward deviation of the thalamic surface in the
superior and lateral regions was deeper relative to subjects treated
with typical antipsychotics during that same time period (not
shown). There were no other time effects or time-by-treatment
interactions for other brain structures.

Discussion

In this study, we found that progressive change in the deep
brain nuclei and hippocampal-amygdala formation in subjects
with schizophrenia was of modest magnitude and extent: As
predicted, the structure of the thalamus, caudate, hippocampus,
and nucleus accumbens showed disease-specific progressive
(shape) changes, whereas the globus pallidus did not. However,
putamen and amygdala showed progressive changes that were
similar in the groups of schizophrenia and comparison subjects.
When adjusted for ASF, only thalamus, caudate, and hippocam-
pus showed group differences in the rate of shape change.

In several structures, we found that changes in brain structural
shape showed more substantial group differences, whereas volume
changes were small and not widespread. That abnormality of shape
change could be revealed without significant volume reductions
was consistent with our previous studies of brain structure in
schizophrenia (7,50,51). This pattern of findings suggests that
schizophrenia is associated with progressive changes in particular
subregions rather than the entire extent of a given structure.
However, because the observed progressive change is not a wide-
spread phenomenon in subjects with schizophrenia but of modest
magnitude and limited to only a few structures, interpretation of
finding should be made with caution. Figure 1 depicts the differen-
tial pattern of progressive change in the thalamus and caudate
surfaces for the schizophrenia and comparison subjects. The tha-
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lamic surface regions approximating the ventrolateral nucleus and
the central part of the caudate nucleus are marked in red and white
circles, respectively. Regions where the most clear group differences
occurred included the ventrolateral (as well as ventroanterior)
nuclei of the thalamus, which receive their inputs from the dorso-
lateral striatum via the direct and indirect pathways through the
globus pallidus and interact with motor and premotor areas of the
brain (52-56). Even before the advent of antipsychotic medications,
individuals with schizophrenia have been observed to develop
abnormal involuntary movements (e.g., tardive dyskinesia). More-
over, the ventrolateral and ventroanterior nuclei of the thalamus
also interact with the association, sensory, and dorsolateral prefron-
tal cortices (57-59). Notably, other groups have reported progres-
sive dysfunction in these regions of the cerebral cortex in subjects
with schizophrenia (5,13,60—064).

This pattern of findings provides limited support for our
overall hypothesis that brain structures that receive direct, exci-
tatory connections from the cortex are more likely to show
progressive changes, compared with brain structures that receive
indirect, inhibitory connections from the cortex. It is also some-
what consistent with the hypothesis that overactivity of excitatory
pathways in the brain may contribute to the neural degeneration
that occurs in at least a subgroup of patients with schizophrenia
(20,21), although our results indicate that all such brain regions
are not equally affected. Detailed postmortem studies of these
structures, as well as clinical trials of neuroprotective drugs that
target the process of excitotoxicity, may be helpful in further
testing of this hypothesis.

It should be noted that the relationship between neurotoxicity
and gray matter volumetric reductions is unclear, because pos-
sibilities other than neuronal loss, including neuropil, water
content, and synaptic pruning, may also account for reductions
in gray matter volume as detected by imaging studies. Also, many
factors could have contributed to the divergent pattern of
time-dependent changes as well as the unaccounted variance
observed in this study, and these include intrinsic features of
these structures (i.e., plasticity), medication related changes,

Anterior

| Ventral Anterior

| Ventral Lateral

Dorsal Lateral

Ventral Posterior Latera
| Pulvinar

| Dorsal Medial

: Central Medial

Ventral Posterior Medial
Lateral Geniculate
Medial Geniculate

t=0 2
(out)

Figure 1. Significant (p < .05) effects are in bold. Longitudinal change for the comparison group, lateral views of the left and right caudate and thalamus
surfaces. Flame scale reflect t values, and cooler colors (t < 0) indicate inward deformation in time of the surface. Circles indicate the location on the surfaces
where the longitudinal changes were different between the two subject groups. The red circles mark the thalamic surfaces approximating the dorsolateral
nucleus. The white circles mark the central part of the caudate nucleus surface. Right column: Schematic of the major thalamic nuclei as projected onto the
template thalamic surface, which was derived according to the images in the atlas text by Mai et al. (68). Cd, caudate nucleus; Th, thalamus; L, left; R, right; A,

anterior; P, posterior; |, inferior; S, superior.

www.sobp.org/journal



8 BIOL PSYCHIATRY 2008;xX:XXX

genetic factors, and sensitivity to stress. For example, caudate
nucleus may be more sensitive to D2 blockade than hippocam-
pus (65), and hippocampus may be more vulnerable to stress
than the other structures (66,67).

There were several important limitations to this study. First, the
sample was one of convenience. The subjects with schizophrenia
had a wide variation in duration of illness and were not followed
under “controlled” conditions. Those who returned for follow-up
may have been more severely affected compared with those who
did not return, resulting in the selective retention of schizophrenia
subjects with a more progressive component to their illness. How-
ever, because of the limited sample size, we were not able to test the
hypothesis that neuroanatomic progression may be a feature of a
particular subgroup of schizophrenia subjects. Thus, it is possible
that larger progressive changes, or progressive changes in a larger
number of deep brain nuclei and hippocampal-amygdala forma-
tion, might occur as an early feature of the disease process. Second,
a significant shape difference could be consistent with either a
highly localized volume loss or a change in the conformation of the
structure. At present, our methods cannot distinguish between these
two possibilities. The changes reported by this study could also be
caused by factors other than the underlying disease (schizophrenia),
such as antipsychotic medication use and the often marginalized
and unhealthy lifestyle of the patient group. Also, the treatment
conditions during the time interval were variable between subjects.
Thus, similar or different patterns of changes in neuroanatomic
structures might be observed in untreated patients or in patients
treated with different types of drugs. The presence of a significant
time-by-treatment interaction effect on the thalamus shape (but not
volume) suggests that progressive changes in particular subregions
of the thalamus may also be associated with the type of antipsy-
chotic drug treatment received by the schizophrenia subject. We did
not have data on which subject had a history of substance abuse or
dependence before the month preceding study enrollment; hence,
we cannot address the question of a possible relationship between
substance use in schizophrenia and our measures of brain pathol-
ogy and progression. Another limitation is that the MR images were
collected on a relatively low-field (1.5-Tesla) scanner. As with any
longitudinal study, the methods used for data collection are often
not “cutting edge” by the time the data from all time points have
been collected. Higher-field (e.g., 3-Tesla) scanners may produce
better contrast-to-noise ratio, which may better reveal changes and
differences in the changes.

To our knowledge, this study would be the first to apply the
same methods for assessing progressive changes in structure
across a wide variety of deep brain nuclei and hippocampal-
amygdala formation in subjects with schizophrenia, and thus our
results may be particularly valuable for addressing the question
of whether progressive changes are characteristic of a particular
subset of these structures.
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