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Diagnostic and Sex Effects on Limbic Volumes in Early-Onset Bipolar Disorder
and Schizophrenia

Jean A. Frazier1–4, Steven M. Hodge5, Janis L. Breeze2,3,
Anthony J. Giuliano2,3,6, Janine E. Terry3,
Constance M. Moore2,3,7, David N. Kennedy3,5,8,
Melissa P. Lopez-Larson2–4, Verne S. Caviness5,8,9,
Larry J. Seidman2,6,10, Benjamin Zablotsky3, and
Nikos Makris5,11

hormone receptors. In addition, smaller thalamus was associated with SZ while larger right NA volumes were most related to BPD. This study underscores the importance of
assessing diagnostic effects and sex effects on the brain in
future studies and provides evidence that boys and girls
with SZ and BPD may have differential patterns of neuropathology associated with disease expression.
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Introduction
Schizophrenia (SZ) and bipolar disorder (BPD) both typically onset in late adolescence or early adulthood.1–4
Neurodevelopmental models of both disorders posit subtle disease processes that affect critical circuits in the
brain early in development that then manifest in disease
around the time of puberty or shortly thereafter.4–6 Not
only is there increasing support for the neurodevelopmental model for both disorders but there is also emerging evidence suggesting that these conditions might
share some genetic susceptibility.7,8 Gene environment–
mediated pre- and perinatal brain abnormalities set in
motion a series of processes that increasingly reveal themselves in a diverse set of phenotypic signs as the various
brain systems required for their expression-rich maturity.9 Abnormal brain development at one stage may
hinder normal maturation of later developing structures
and their functions.10,11
There are numerous neuroimaging studies of individuals with adult onset of both BPD and SZ that have investigated abnormal neural circuitry. There are far fewer
neuroimaging studies of individuals with early onset
(<18 years). The early-onset presentation is particularly
important to study because these youths are close to the
time of pubertal change and relatively free of confounds,
such as extensive treatment, duration of illness, and
history of electroconvulsive therapy, that are known to
affect the brain.12,13 Moreover, studying early-onset
groups provides information about whether the neural
abnormalities seen in youth are consistent with or different from the ‘‘adult’’ expression of these disorders. Prior

Objective: The limbic structures in early-onset schizophrenia-spectrum illness (SZ) and bipolar disorder (BPD) were
studied to discern patterns associated with diagnosis and
sex. Methods: Thirty-five youths with DSM-IV BPD without psychosis, 19 with BPD with psychosis, 20 with SZ, and
29 healthy controls (HC), similar in age (6-17 years) and
sex, underwent structured and clinical interviews, neurological examination, and cognitive testing. Structural magnetic
resonance images (MRIs) were acquired on a 1.5 Tesla,
General Electric Signa Scanner. Differences in subcortical
brain volumes, including the amygdala and hippocampus,
were evaluated using two-way (diagnosis, sex) univariate
analyses covarying for total cerebral volume and age.
Results: Youth with SZ and BPD showed no differences
in amygdala and hippocampal volumes. However, boys
with SZ had smallest left amygdala and girls with BPD
had the smallest left hippocampal volumes. In exploratory
analyses, SZ showed reduced thalamic volumes bilaterally
and both BPD groups had larger right nucleus accumbens
(NA) volumes relative to HC. Conclusion: There were no
limbic volumetric differences between BPD and SZ. However, there were diagnosis-by-sex interactions in the amygdala and hippocampus, structures that are rich in sex
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neuroimaging studies in both adults and children
implicate the frontal-limbic networks in both BPD and
SZ.12,14–20 For example, abnormal volumes have been
found in both the amygdala and the hippocampus in
early- and adult-onset forms of BPD and SZ.12,14–16,18,20,21
However, reduced amygdala volume is more consistently
reported in early-onset BPD than in SZ, and reduced hippocampal volume is more consistently reported in early-onset
SZ than in BPD.12,13,16,20 Other subcortical structures that
have been reported to be abnormal in early-onset BPD
include the right putamen and the nucleus accumbens
(NA).16,22,23 In early-onset SZ, neuroimaging studies have
reported that the thalamus is reduced.20,24 To date, there
are no studies that directly compare early-onset BPD with
SZ. Such a design may elucidate the specific neural structures
differentially associated with BPD and SZ and would address a major research question, the answer to which may
provide clues to explaining the nature of the differences
and overlap between the disorders.
Neuroimaging studies of youths, though relatively unaffected by the use of exogenous confounds that effect
brain anatomy and function, are challenging due to
the fact that there are ongoing developmental events
that influence brain maturation including age, sex, and
pubertal status which need to be taken into consideration.13 Puberty is a time during which there are normally
robust progressive (eg, myelination) and regressive (e.g.,
synaptic pruning) processes taking place in the brain.25,26
Given the number of changes associated with this epoch,
neuromaturational processes may be particularly vulnerable to abnormality. In fact, there is mounting evidence
to underscore that adolescence, marked by normative
pubertal maturation and brain changes, is a critical
developmental period for onset of mood and psychotic
symptoms.3 The peripubertal surge in sex hormones
impacts not only bodily development and sexual differentiation but also brain development.27 Sex-specific differentiation of neural systems occurs in brain regions
laden with sex hormone receptors and may be responsible
for at least some of the normal sex differences seen in cognition and affect.2,28 The amygdala, which is rich in androgen receptors, and the hippocampus, which is rich in
estrogen receptors, have been of particular interest in
studies of SZ and BPD due to their central role in affecting regulation and memory, respectively.29,30 In peripubertal onset of SZ and BPD, those brain regions that
are undergoing neuromaturation and reorganization
and are influenced by sex hormones around the time
of disorder onset may be most vulnerable to abnormality
or disruption in development.31,32 Despite the importance of puberty and sexual dimorphism, there are few
studies that assess brain-sex effects in adults with these
disorders,31 and to our knowledge there are no such studies in early-onset BPD and SZ.
In order to address several important gaps in the literature, we set out to compare youths with early-onset BPD
38

without psychosis and BPD with psychosis to those with
SZ to discern if there would be findings in the amygdala
and the hippocampus that would differentiate these disorders. Based on prior neuroimaging studies of adults
and children with mood and psychotic disorders, we hypothesized that reduced amygdala volume would more
reliably be associated with BPD and reduced hippocampal volume with SZ. In the exploratory analysis of other
subcortical structures, we predicted, based on previous
reports, that youths with BPD would have abnormal
NA volumes22,23 and that youths with SZ would have
reduced thalamic volumes.24,33 We also predicted that
the BPD with psychosis group would share features
with the BPD without psychosis and the primary psychotic disorder groups. Finally, given what is known
about normative brain development and sexual dimorphism, we predicted that there would be diagnosis-by-sex
interactions in subcortical structures rich in sex hormone
receptors, particularly in the amygdala and
hippocampus.28,29,31

Methods
The research protocols were approved by both the
McLean Hospital and Cambridge Health Alliance Institutional Review Boards. All subjects signed assent forms,
and their parents/legal guardians signed informed consent forms.
Subjects
Subjects from 3 different ongoing neuroimaging studies,
using identical methodologies, were combined for the
purposes of this data analysis. Two studies enrolled children and adolescents with unmodified Diagnostic and Statistical Manual of Mental Disorders, Fourth Edition
(DSM-IV), bipolar disorder (BPD I) (marked by elevated/
expansive or irritable mood, with clear episodes and meeting full duration criteria) and healthy controls (HCs), and
the third study enrolled youths with psychotic disorders
(DSM-IV BPD with psychotic features, SZ, and schizoaffective disorder) as well as HCs. Youths aged 6–17 years,
both male and female, and inpatient and outpatient were
recruited through the McLean Hospital and Cambridge
Health Alliance programs and through professional
and patient advocacy groups. HCs, with no DSM-IV
Axis-I diagnosis on semistructured and clinical interviews, were recruited through local advertisements. Exclusion criteria in both groups included presence of
major sensorimotor handicaps; full-scale IQ < 70; presence of documented learning disabilities; history of claustrophobia, autism, anorexia, bulimia nervosa, alcohol or
drug dependence or abuse (in the 2 months prior to
the scan or total past history of 12 months or greater); active medical or neurological disease; presence of metal
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fragments or implants; history of electroconvulsive therapy; and current pregnancy or lactation.
All children, including the HCs, underwent diagnostic
semistructured (Kiddie Schedule for Affective Disorders
andSchizophrenia:EpidemiologicVersion—KSADS-E)34
and clinical interviews by board-certified child psychiatrists. Each child received a physical and neurological
examination (including Tanner Staging: a I–V scale of
pubertal development).35,36 Additionally, parents were
administered an indirect KSADS-E regarding their children (see Frazier et al12 for more detail). All raters
achieved a high degree of interrater reliability; the mean
kappa was 0.9, and all disorders achieved kappa coefficients of >0.82. In the case of BPD, the diagnosis was
made if full DSM-IV diagnostic criteria were met BPD I
(lifetime) with all subjects having clear cycles and meeting duration criteria. The diagnosis of psychosis (either
with BPD or SZ) was based on lifetime history. Socioeconomic status was assessed using the Hollingshead
Scale. Onset of the disorder, number of episodes, and
duration of illness were also obtained. Measures of psychopathology were obtained using the Mania Rating
Scale (MRS),37,38 including the psychosis items, and
the Global Assessment of Functioning (GAF).39
Of the bipolar subjects (bipolar with and bipolar without psychosis n = 56), 43 were included in prior publications; of the 29 HCs, 20 were included in previous
publications.12,40 None of the data on the youths with
SZ have been published before.
Drug Exposure. In an effort to control for medication
confounds, antipsychotic doses were converted to chlorpromazine equivalents following the equivalency estimates provided by both Woods41 and Stoll.42 This
variable was used in correlation analyses with those subcortical volumes that showed significant groupdifferences.
Magnetic Resonance Imaging Protocol. Images were acquired at the McLean Hospital Brain Imaging Center on
a 1.5 Tesla General Electric Signa Scanner. Further
details about the acquisition and image analysis are
detailed in Frazier et al.12 Briefly, structural acquisitions included a conventional T1-weighted sagittal scout
series, a proton density/T2-weighted interleaved doubleecho axial series, and a three-dimensional inversion
recovery-prepped spoiled grass coronal series. All scans
were reviewed by a neuroradiologist to rule out clinically
significant abnormalities.
Image Analysis. The regions of interest (ROIs) in this
study consisted of the amygdala and hippocampus with
all other subcortical structures included in an exploratory
way. These segmentations were performed according to
the anatomic boundaries described in Filipek et al43 and
Frazier et al.12 In brief, structural scans were transferred
to the Center for Morphometric Analysis-Charlestown

Massachusetts General Hospital and coded and catalogued for blind analysis. Imaging analysis was done by
2 raters on Sun Microsystems, Inc (Mountainview, CA)
workstations using Cardviews software.44 The datasets
were positionally normalized to overcome variations in
head position and then segmented into gray, white, and
cerebrospinal fluid (CSF) tissue classes. The segmentation
method uses a semiautomated intensity contour algorithm
for external border definition and signal intensity histogram distributions for delineation of gray-white borders.
Total cerebral volume (TCV) was defined as all tissue in
the cerebrum, including CSF, and excluded cerebellum
and brain stem.
Subcortical Segmentation
Segmentation of the thalamus traced the trajectory of the
hypothalamic fissure in the sagittal plane to separate
the thalamus proper from the ventral diencephalon.
The structure was bounded medially by the third ventricle
and laterally by the internal capsule. The superior border
was the body of the lateral ventricle, and the inferior border was the hypothalamic fissure.
The amygdala and hippocampus were defined as a continuous gray matter structure in the primary segmentation. The hippocampus was then separated from the
amygdala at the rostral-coronal plane, where the hippocampus first appears. The segmentation of the amygdala
was performed manually in its entirety. The crossreferencing capability of Cardviews was used to outline
the amygdala in axial and sagittal views, allowing a reliable preliminary separation of the amygdala from surrounding gray structures. The anterior portion of the
amygdala was segmented because it appears beneath
the medial temporal cortex. The choroidal fissure was
used as the superior border of the amygdala along with
the gray-white matter contrast between the amygdala
and the surrounding white matter. The lateral border was
defined using the gray-white matter contrast between the
amygdala and the surrounding temporal white matter
and the gray-CSF contrast between the amygdala and temporal horn of the lateral ventricle. The medial borders consisted of the parahippocampal cortex, the brain exterior at
the inferior lip of the choroidal fissure, and partially the hippocampus.Finally,theinferiorborderconsistedofthegraywhite matter contrast between the amygdala and the
surrounding temporal white matter and the alveus of the
hippocampus and temporal horn of the lateral ventricle.12
The caudate was measured in its entirety (head, body,
tail superior to ventricular trigone, and ventral striatum),
defined superomedially by the interface with the lateral
ventricles, inferiorly by the interface with the adjacent rostral peduncle of the thalamus (when present), and otherwise by the interface with adjacent white matter; putamen
was defined medially by the external medullary lamina of
the globus pallidus, laterally by the external capsule, and
39
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Table 1. Characteristics of Youths With Bipolar Disorder (BPD) With and Without Psychosis, Schizophrenia Spectrum, and Healthy
Controls (HCs)

Characteristic

BPD Without
Psychosis (n = 35)

Age

10.4

Males (%)

55.6

6

3.0

BPD With
Psychosis (n = 19)
11.6

6

Schizophrenia
Spectrum (n = 20)

2.6

13.5

47.4
100

6

2.9

Statistical
Significance of
Group Difference

HC (n = 29)
10.5

6

2.9 F = 5.82; P = .001

58.8

57.1

NS

Caucasian (%)

97.1

90.0

85.2

NS

Prepubertal (%)

63.6

47.4

35.0

53.6

NS

Low SES
(Hollingshead
III–V) (%)

48.6

47.4

66.7

24.1

NS (P = .1)

Note: NS, not significant; SES, socioeconomic status.

otherwise by adjacent white matter; globus pallidus was
defined superomedially by the interface with the internal
capsule, inferiorly by the anterior commissure, ansa lenticularis, or nucleus basalis, when present, and laterally by
the external medullary lamina.43 The NA was separated
from putamen and caudate superiorly by a segmentation
line that connects the inferiormost tip of the lateral ventricle to the most ventral point of the internal capsule at
the level of the ventral putamen. From this last point,
a vertical line is drawn to define the lateral border with
the putamen.45
For interrater reliability measurements, 10 scans from
our dataset were selected at random and blindly segmented
by 2 raters. The standard interrater intraclass correlation
coefficients (ICCs) for the ROIs were (left, right) amygdala
(0.81, 0.83), thalamus (0.96, 0.96), hippocampus (0.96,
0.92), NA (0.79, 0.57), caudate (0.95, 0.93), putamen
(0.80, 0.78), and globus pallidus (0.84, 0.77). In addition
to ICCs, interrater reliabilities were estimated as the volume of voxels where the labels of each structure were in
agreement as a ratio to the average volume of the structure
between the raters, also known as the percentage common
voxel agreement (PCVA). For the ROIs considered here,
the PCVAs were (left, right) amygdala (79.8, 80.5), thalamus (90.3, 91.3), hippocampus (85.7, 86.7), NA (76.9,
72.9), caudate (92.2, 92.4), putamen (89.7, 90.2), and
globus pallidus (84.5, 86.6). The 2 reliability measures
are comparable, apart from the right NA, in which the
lower ICCs are in part due to the small size of the structure
(0.6 cm3) in relation to the difference in volumes between
raters, which was 0.1 cm3.
Data Analyses
Due to sparse numbers of left-handed subjects, making
stratified analyses difficult, only data from right-handed
subjects involved in the studies were included in these
analyses. Differences in right and left subcortical brain
40

volumes were evaluated using 2-way (diagnosis, sex)
univariate analyses covarying for TCV and age. Similar
models were also evaluated on the asymmetry index for
each structure, which was calculated as (right volumeleft volume)/(right volume þ left volume)O 2.
Post hoc between-group tests were corrected for multiple
comparisons using the Tukey-Cramer honestly significant difference method. Differences in demographic
and clinical variables between groups were assessed using
analyses of variance for continuous variables and chisquare tests for categorical variables. In addition,
within-group Pearson and Spearman correlations were
performed on clinical variables and those structures
which were found to be significantly different between diagnostic groups. These clinical variables included MRS
and GAF scores, age at onset of illness, duration of illness, and chlorpromazine equivalents. In an effort to be
conservative, we report only clinical correlations that
reached significance on both Spearman and Pearson
tests; the r and P value for the Pearson correlations
are reported. Effect sizes were calculated and interpreted
using Cohen d statistic. All statistical tests were 2 sided
with alpha = .05. JMP 7 for Mac (SAS Institute, Cary,
NC) was used for statistical analysis.

Results
This analysis includes data from ongoing neuroimaging
studies at our site; all available segmented image sets on
children that met the diagnostic and age criteria were included: 35 youths with BPD I without psychosis (mean
age = 10.4 6 3.0 years), 19 with BPD I with psychosis
(mean age = 11.6 6 2.6 years), 20 with SZ or schizoaffective disorder (mean age = 13.5 6 2.9 years), and 29 HCs
(mean age = 10.5 6 2.9 years). The proportion of males in
each group ranged from 47.4% to 58.8%. Demographic
and clinical characteristics are included in tables 1 and 2.
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Table 2. Clinical and Treatment Characteristics

Characteristic

Bipolar Without
Psychosis (n = 35)

Bipolar With
Psychosis (n = 19)

Schizophrenia
Spectrum (n = 20)

Healthy Controls
(n = 29)

Statistical
Significance of
Group Difference

Global Assessment of
Functioning

52.9

6

6.4

48.6

6

4.3

47.8

6

4.8

68.3

6

2.6

F = 91.2, P < .001

Mania Rating Scale
(MRS)
MRS psychosis
subscale

20.3

6

9.2

21.9

6

9.9

14.5

6

11.1

1.7

6

3.4

F = 22.2, P < .001

2.1

6

2.1

4.6

6

4.1

6.8

6

5.4

0.5

6

1.6

F = 11.8, P < .001

Age of onset (y)
Duration of illness
(years)

5.9
2.4

6
6

3.8
3.1

7.4
3.0

6
6

4.0
2.75

8.4
4.2

6
6

4.1
3.4

N/A
N/A

F = 2.5, P = .09
NS

N/A

v2 = 5.8, P = .06

History of
hospitalizations (%)
Age at first
hospitalization (y)

33.3
7.7

6

4.1

Chlorpromazine
equivalents at entry

146.5

6

102.0

2.0

6

1.0

No. of psychoactive
medications at entryb
Presence of attentiondeficit hyperactivity
disorder (%)

63.2

63.2

61.1

7.9

6

3.5

149.3

6

73.2

2.8

6

1.1

62.9

9.8

6

3.7

N/A

NS

393.7

6

362.2

N/A

F = 7.3, P = .002

2.4

6

1.5

N/A

F = 3.0, P = .06

N/A

NS

0

Note: All values are mean 6 standard deviation, unless otherwise indicated. N/A, not applicable; NS= not significant.
b
Includes atypical antipsychotics, antidepressants, sedatives, mood stabilizers, stimulants, lithium, and others.

All diagnostic groups were significantly ill as measured
by the GAF and MRS. Most had a history of hospitalizations and were being treated with multiple medications
(see table 3 for detailed list).
Volumetric Measurements
Means and SDs of the raw volumes for the subcortical
structures are presented in table 4.
Univariate linear models for the right and left sides of
each structure are summarized in detail below.

ularly marked in the female patient groups (please see
figure 1; effect size range: 0.78–0.83). There were no between-group differences in the amygdala; however, there
was significant diagnostic-by-sex interaction in the left
amygdala (F3,93 = 3.0, P = .04). SZ males had the smallest
left amygdala volume (effect size relative to other males =
0.65–1.23); this structure was actually enlarged relative to
HC in the BPD groups, please see figure 2.
Table 3. Proportion of Youths on Medications in the Diagnostic
Groups

Diagnostic Differences
Significant diagnostic differences were seen in the left and
right cerebral volumes in interaction with sex (right:
F3,93 = 2.9, P = .04; left: F3,93 = 3.1, P = .04). Post hoc
comparisons showed that both bipolar groups (with and
without psychosis) had significantly smaller left and right
cerebral volumes than HCs; this difference was even more
marked in the female BPD groups. The SZ group did not
differ significantly from the other groups.
For the subcortical structures, the omnibus statistics
showed no diagnostic differences in the hippocampus
but did show a trend for diagnostic-by-sex differences
in the left hippocampus (F3,93 = 2.3, P = .08); post hoc
analyses showed that the diagnostic reduction was partic-

Bipolar
Without
Psychosis
(n = 35)
Lithium
Stimulants

Bipolar
With
Psychosis
(n = 19)

Schizophrenia
Spectrum
(n = 20)

8.8

42.1

16.7

20.6

21.1

10.0

Mood stabilizers

41.2

47.4

22.2

Antidepressants

26.5

36.8

27.8

Atypical
antipsychotics

73.5

84.2

94.4

0

10.5

5.6

17.6

21.1

5.6

Sedatives
Others
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Table 4. Mean Volumes (cm3) and SDs of Subcortical Structures

Region

Bipolar Without
Psychosis (n = 35)

Bipolar With
Psychosis (n = 19)

Schizophrenia
Spectrum (n = 20)

Healthy Controls
(n = 29)

Right cerebrum

575.39

6

57.74

563.19

6

35.18

598.75

6

73.48

605.10

6

34.64

Left cerebrum

578.47

6

57.53

564.26

6

35.72

603.09

6

73.89

609.19

6

34.84

Right hippocampus

3.67

6

0.46

3.65

6

0.44

3.96

6

0.59

3.99

6

0.45

Left hippocampus

3.58

6

0.44

3.61

6

0.41

3.96

6

0.65

3.87

6

0.40

Right amygdala

1.56

6

0.35

1.65

6

0.25

1.51

6

0.29

1.63

6

0.33

Left amygdala

1.58

6

0.37

1.61

6

0.34

1.50

6

0.38

1.60

6

0.39

Right thalamus

7.78

6

0.79

7.88

6

0.50

7.81

6

0.77

Left thalamus

7.68

6

0.79

7.82

6

0.38

7.79

6

0.80

7.95

6

0.73

Right caudate

4.15

6

0.56

4.15

6

0.53

4.12

6

0.68

4.19

6

0.53

Left caudate

4.03

6

0.59

3.99

6

0.41

4.06

6

0.65

4.03

6

0.52

Right pallidus

1.67

6

0.26

1.73

6

0.20

1.66

6

0.31

1.69

6

0.26

Left pallidus

1.73

6

0.24

1.80

6

0.19

1.77

6

0.34

1.77

6

0.24

Right putamen

5.34

6

0.61

5.28

6

0.51

5.25

6

0.69

5.32

6

0.68

Left putamen

5.28

6

0.65

5.25

6

0.54

5.16

6

0.71

5.27

6

0.67

Right nucleus
accumbens

0.67

6

0.16

0.65

6

0.14

0.64

6

0.17

0.60

6

0.11

Left nucleus
accumbens

0.68

6

0.16

0.69

6

0.11

0.67

6

0.17

0.66

6

0.10

Exploratory analyses of other subcortical structures
showed that youths with SZ had the smallest thalamic
volumes, significantly so in the right (F3,93 = 3.1,
P = .03) (see figure 3). The pairwise effect sizes for
both hemispheres between the SZ group and the others
were all moderate, suggesting overall diagnostic differences (Cohen d range: 0.64–0.74 [right]; 0.41–0.54 [left]).
The right NA showed a significant diagnostic difference
(F3,93 = 3.15, P = .03) and was found to be larger in both
BPD groups relative to HC (effect sizes: 0.74–0.78);
please see figure 3. Effects sizes between the BPD groups
and SZ were 0.38 (right) and 0.42 (left), suggesting that
there is a bilateral diagnostic difference in this structure.
The asymmetry indices for all structures also did not
differ significantly between groups.

8.05

6

0.69

volumes (right: r = –0.411, P = .02; left: r = –0.379,
P = .004). No significant correlations were found in
the BPD with psychosis group.
In the youths with SZ, there was a significant inverse
correlation between GAS score and left amygdala volume (r = –0.634, P = .011). Also, there was a significant
correlation between MRS scores and the right NA
(r = 0.634, P = .03).
Discussion
This study investigated the volumetric differences in subcortical gray matter volumes, particularly the amygdala

Sex Differences
Independently of diagnostic differences, significant sex
differences were observed in bilateral cerebrum and
pallidum volumes across groups, with females having
significantly smaller volumes than males.
Clinical Correlates. HCs had increasing volumes with
age in the thalamus (right: r = 0.38, P = .04; left:
r = 0.36, P = .06). In addition, the right amygdala volume
correlated with GAS scores in the HCs (r = 0.470, P = .01).
Youths with BPD without psychosis had a significant
inverse correlation between the MRS score and amygdala
42

Fig. 1. Diagnostic and Sex Differences in the Left Hippocampus.
All figures plot mean volumes 6 95% confidence interval.
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Fig. 2. Diagnostic and Sex Differences in the Left Amygdala.

and the hippocampus, in early-onset BPD without psychosis, BPD with psychosis, and SZ in order to elucidate
the diagnostic specificity of patterns of subcortical neural
abnormality. In addition, this study evaluated diagnosisby-sex interactions to understand the influence of sexual
dimorphism on the limbic structures. We found that there
were no volumetric differences between SZ and BPD in
the amygdala and the hippocampus, which was not consistent with our a priori hypothesis. However, we found
that youths with SZ had the smallest thalamic volumes
bilaterally, with at least a moderate effect size when compared with the other 3 groups. In contrast, youths with
BPD with and without psychosis had increased right
and left NA volumes, with a moderate effect size compared with the other groups. Both the thalamic finding and
the right NA finding were independent of sex effects. We
also found that the youths with BPD with psychosis only
shared findings with the BPD without psychosis and not
with the primary psychotic disorder group. Taken collectively, these data suggest that specific subcortical brain
regions are differentially affected in early-onset BPD
and SZ, perhaps suggesting that these are disease-specific
abnormalities. When diagnosis-by-sex interactions were
evaluated, males with SZ had the smallest left amygdala
and females with BPD had the smallest left hippocampus.
During normal brain development, there are clear patterns of growth that take place in limbic as well as other
subcortical structures. For example, Giedd et al30 have
reported that in healthy children, the left amygdala
increases with age in males while the right hippocampus
increases with age in females. In another study, schoolage females were found to have larger hippocampal
and smaller amygdala volumes, as a proportion of total
cerebrum, than males.46 In our sample, we found that our
HC girls had larger hippocampal volumes, but we did not
find differences in the amygdala. The lack of an amygdala
finding in our sample may in part be due to the fact
that our sample included both children and adolescents.
Finally, De Bellis et al47noted significant sex-by-age
interactions for cerebral gray matter volumes (including
both cortical and subcortical structures) in a sample
of children and adolescents and that males had more

Fig. 3. Diagnostic Differences in the Thalamus and Right Nucleus
Accumbens.

prominent age-related gray matter decreases than females.
In addition, these investigators found significant sex-byTanner stage (a measure of pubertal maturation) interactions in gray matter which supports the idea that hormones
influence brain maturation and that they may play a role in
abnormal brain structure and function in psychiatric illness.35,36,47 Such normative influences help lay the foundation for a neurodevelopmental model that associates
puberty with onset of illness in BPD and SZ.
Anatomic neuroimaging studies of adults and children
with both BPD and SZ generally have implicated frontallimbic network abnormalities in both disorders.12,14,15,18
Although the limbic findings across studies are mixed, the
most consistently reported finding in early-onset BPD is
a reduced amygdala volume16 and in early-onset SZ, a
decreased hippocampal volume.20,48 However, at least
one study in early-onset SZ did not find a reduction in
the hippocampal volumes but found that duration of illness negatively correlated with this structure, suggesting
that a volumetric difference might be revealed with disease progression.49 In addition, there have been studies
that have found a reduction in the hippocampus in
BPD12,21,50 and a smaller amygdala in SZ.15,18 We did
not find hippocampal or amygdalar volumetric differences in our study in either the SZ or the BPD groups.
However, we did find that amygdala volumes in the
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BPD without psychosis group correlated inversely with
the MRS, which suggests the involvement of this structure in the clinical phenotype. For example, higher
MRS scores were associated with decreased right and
left amygdala volumes in the BPD without psychosis
group. In addition, we found that the right amygdala volume correlated with GAF scores in the SZ group. The
mixed findings in these reports in the amygdala and hippocampus may be due to a number of factors, but given
the findings in this study, age range of the sample, age of
onset, and sample size need to be considered.
In our exploratory analyses of the other subcortical
structure volumes for differences by diagnosis, we found
decreased thalamic volumes bilaterally in SZ and not in
BPD and an increased NA in BPD and not in SZ. These
findings are consistent with prior reports. For example,
volumetric studies of early-onset BPD have not found differences in the thalamus,16,51 whereas studies of SZ have
reported a reduced size of this structure.24,33 The NA volume has been reported to be abnormal in early-onset
BPD.22,23 To our knowledge, these are the only 2 anatomic neuroimaging studies in youths with BPD that
have reported on this structure, which is of interest due
to its role in the reward and motivation systems. Additionally, in one functional magnetic resonance imaging study,
researchers found abnormal activity in a number of brain
regions including the NA.52,53 Of note, we did find a correlation between MRS scores and the right NA in the SZspectrum disordered youth, which may provide further
support for the role of the NA in manic symptoms regardless of diagnosis. In sharp contrast, studies in early-onset
SZ have not found any difference in the NA.54 Our finding
of a reduced thalamic volume in SZ and not BPD suggests
that the thalamus may be more intimately involved in
the SZ phenotype. This is of significant interest when
exploring the neural circuits of SZ given that the thalamus
is a central filter in the brain that helps individuals to
appropriately process sensory information and integrate
activity among forebrain regions. Finally, the increased
NA in both the BPD without psychosis and the BPD
with psychosis and not in the group with SZ suggests
that this finding may be relatively specific to bipolar illness processes.
We assessed diagnosis-by-sex interactions in the limbic
structures due to their involvement in affect and cognition and due to the fact that they are structures with
a high concentration of sex hormone receptors. We found
that males with SZ had smaller left amygdala volumes
relative to other groups and that females with BPD
had the smallest left hippocampus. These findings suggest
that the proportion of males to females in anatomic neuroimaging studies is of critical importance and highlights
the fact that the mixed findings in the limbic structures
in prior reports in both SZ and BPD may be in part due
to the sex ratio of the subjects included. These diagnosisby-sex interactions in the amygdala and hippocampus
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may be secondary to abnormal hormone levels in males
with SZ and females with BPD at critical developmental
junctures or could be due to abnormal densities or function of the androgen receptors in the amygdala or estrogen receptors in the hippocampus and/or their
interaction with stress, given the density of glucocorticoid receptors in both these structures.29 These structural abnormalities may account for some of the
clinical differences seen in males and females affected
by BPD or SZ.55–57
To our knowledge this is the first study to compare
youths who suffer from BPD without psychosis, BPD
with psychosis, and those with SZ. Strengths of the study
include the well-characterized sample, the state of the art
morphometric analysis, and the sufficient numbers of
subjects to analyze limbic volume differences between
groups and by sex. The limitations of this study include
the fact that the NA, a structure with significant differences between psychiatric groups, is a structure that is
small and difficult to measure. Our interrater reliabilities
for this structure were not as strong as those of the other
subcortical structures and thus may have attenuated
power to detect reliable group differences. However, it
is unlikely that the weaker reliability for this structure
is responsible for the observed group differences because
the image analysts were blind to diagnosis and any inconsistencies in measuring the NA would be expected to
occur in all groups with equal probability. Another limitation of these data is that they are cross-sectional in nature making them vulnerable to cohort effects. We have
learned from prior work that the longitudinal design is
ultimately the most informative about the evolution of
brain changes in healthy children and in early-onset psychiatric illness.29,58–63
However, these data do lay the foundation for future
assessments of the trajectory of these brain changes in
a longitudinal design. Such assessments are critical to
tease out the complex interaction between normal developmental processes and the expression of disease, particularly in networks known to be involved in affect
regulation, thought, and behavior.
Just as importantly, future studies should assess for sexually dimorphic abnormalities and their independent and/
or interactive trajectories.63 De Bellis et al47 found sex-byTanner stage interactions in the brains of healthy children,
and our data highlight that boys and girls with BPD and
SZ may move to the expression of disease via divergent
paths. Although the evaluation of the impact of pubertal
status would yield even more information regarding the
hormonal influences on brain anatomy peripubertally
by sex, we could not pursue this line of inquiry here
due to the relatively small numbers in our BPD with psychosis and SZ groups. Future investigations should include assessments of the association of pubertal status
(and perhaps sex hormone levels), sex, and diagnosis
to elucidate the various brain changes that occur with
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maturation and hormonal change. Ultimately, these
methodologic approaches would highlight the important developmental periods during which brain changes
emerge in these disorders and will contribute to determining the degree of continuity and etiological comparability
between sex-specific adolescent and adult forms of disorder. Finally, such information may enhance our knowledge about critical periods during which interventions
might be most helpful to prevent illness onset and progression for these diagnoses, perhaps in a sex-specific way.
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