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Abstract

Objective—Early-onset bipolar disorder is thought to be a particularly severe variant of the illness.
Continuity with the adult form of illness remains unresolved, but preliminary evidence suggests
similar biological underpinnings. Recently, we observed localized hippocampal decreases in
unmedicated adults with bipolar disorder that were not detectable with conventional volumetric
measures. Using the same three-dimensional mapping methods, we sought to investigate whether a
similar pattern exists in adolescents with bipolar disorder.

Method—High-resolution brain magnetic resonance images were acquired from 16 adolescents
meeting DSM-1V criteria for bipolar disorder (mean age 15.5 + 3.4 years, 50% female) and 20
demographically matched, typically developing control subjects. Three-dimensional parametric
mesh models of the hippocampus were created from manual tracings of the hippocampal formation.

Results—Controlling for total brain volume, total hippocampal volume was significantly smaller
in adolescent patients with bipolar disorder relative to controls (by 9.2%). Statistical mapping results,
confirmed by permutation testing, revealed significant localized deformations in the head and tail of
the left hippocampus in adolescents with bipolar disorder, relative to normal controls. In addition,
there was a significant positive correlation between hippocampal size and age in patients with bipolar
disorder, whereas healthy controls showed an inverse relation.

Discussion—Localized hippocampal deficits in adolescent patients with bipolar disorder suggest
a possible neural correlate for memory deficits observed in this illness. Moreover, age-related
increases in hippocampal size in patients with bipolar disorder, not observed in healthy controls, may
reflect abnormal developmental mechanisms in bipolar disorder. This possibility must be confirmed
by longitudinal studies.
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The hippocampus is a key brain structure involved in memory® and emotional regulation.2
Given consistent evidence of impairment in declarative memory processes in both symptomatic
and euthymic adult patients with bipolar disorder,3= in addition to evidence of dysregulation
of frontolimbic neural circuitry,® hippocampal abnormalities may be implicated in the
pathophysiology of bipolar disorder. However, most studies of adults with bipolar disorder
have not identified decreases in hippocampal volume.”:8

Much less is known about the neurobiological underpinnings of juvenile-onset bipolar disorder,
although it is thought to be a particularly severe variant of the illness, %10 potentially with a
higher genetic loading.1! Its continuity with the adult form of the illness remains unresolved,
but neuroanatomical findings to date in early-onset bipolar disorder appear similar to those for
adults, with most studies finding no differences in global hippocampal volume between
children with bipolar disorder and controls.12714 In contrast, two studies have identified
hippocampal volume decreases in young patients with bipolar disorder.1%:16 In particular, in a
sample of adolescents and adults with bipolar disorder, Blumberg and colleagues!® found a
5% decrease in hippocampus volume bilaterally, although the magnitude of this volume
decrease was much less prominent than that observed in the amygdala. In addition, in 43 youths
with bipolar disorder, Frazier et al.1® noted significantly smaller total hippocampal volume, an
effect that was driven primarily by the female subjects with bipolar disorder.

The hippocampus is a highly differentiated structure, involving histologically distinct
subregions” with distinct cortical connections and variable developmental trajectories.18 An
increasing number of studies suggest that these distinct subregions are associated with diverse
behavioral functions and that the hippocampus should not be treated as a single entity.18:19 As
such, localized deficits may be present in specific subregions of the hippocampus that may not
be detected by conventional studies of global hippocampal volume. New imaging
methodologies may allow us to determine whether localized hippocampal alterations exist in
early-onset bipolar illness.

We report results of the first study, to our knowledge, to use three-dimensional surface mesh
models to evaluate the structural integrity of the hippocampus in adolescent patients with
bipolar disorder. This technique?® improves on other methods in that it visualizes the spatial
profile of neuropathological abnormalities, allowing more refined neuroanatomical
localization of regionally specific alterations in patients with bipolar disorder. This approach
has been used to detect subtle or localized alterations in hippocampal structure, where
differences in overall hippocampal volumes were not detectable.?!

Any findings of hippocampal abnormalities in these young patients would likely reflect
neurodevelopmental insults or alterations that develop early in the course of the illness. In the
present study, we hypothesized that adolescents with bipolar disorder, relative to healthy
comparison subjects, would exhibit localized alterations in hippocampal structure. Second, we
sought to explore developmental differences by examining the relation of age with
hippocampal structure in adolescents with bipolar disorder and typically developing controls.
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This study was approved by the University of Pittsburgh Biomedical Institutional Review
Board, and written informed assent and consent were obtained from all subjects younger than
18 and their parents, respectively, after the study procedures were fully explained. Study
participants ages 18 years and older signed informed consent forms. The sample included 16
adolescent patients with bipolar disorder and 20 demographically matched healthy comparison
subjects. This study sample partially overlaps those previously described elsewhere,in which
volumetric findings for the anterior cingulate,2?2 amygdala,? and magnetic resonance
spectroscopy findings23 were reported. Patients were recruited through the outpatient facilities
of the University of Pittsburgh Medical Center or through advertisements in the local media.
Inclusion criteria were a DSM-IV diagnosis of bipolar disorder (I, 11, or not otherwise specified
[NOS]), as determined by the Structured Clinical Interview for DSM-IV, Axis 124 for subjects
older than 18, or the Schedule for Affective Disorders and Schizophrenia for School-Age
Children-Present and Lifetime Version?® for those 18 and younger. Because the DSM-IV
criteria for bipolar disorder NOS are vague, here bipolar disorder NOS was defined as the
presence of clinically relevant bipolar symptoms that did not fulfill DSM-IV criteria for bipolar
I or 11 disorder (as described in Birmaher et al.26). Exclusion criteria were any current medical
problems and/or any history of alcohol or substance abuse or dependence. Subjects were
between 10 and 21 years of age, and all of them had normal physical examination results and
no history of neurological problems.

Healthy comparison subjects were recruited through local advertisements, according to the
same exclusion criteria used for patients. Healthy control subjects had no DSM-1V Axis |
disorders, as determined by the Structured Clinical Interview for DSM-IV, Axis 124 or Schedule
for Affective Disorders and Schizophrenia for School-Age Children-Present and Lifetime
Version,2® no current medical problems, and no history of psychiatric disorders among first-
degree relatives. The subject groups did not differ with regard to age, sex, race, or educational
attainment (Table 1).

Adolescents with bipolar disorder (12 bipolar I, 3 bipolar I, and 1 bipolar NOS) were
outpatients at the time of assessment, with treatment histories of varying lengths (mean age at
onset 11.7 + 4.1 years). The majority (14/16) were taking mood-stabilizing medication at the
time of evaluation. Ten (63%) were taking lithium and eight (50%) were taking valproate (four
of whom were also taking lithium). Additional medications included thyroid hormone (n = 3),
olanzapine, methylphenidate, clomipramine, dexedrine, fluoxetine, lorazepam, trazodone, and
citalopram (all n = 1). Seven of the subjects with bipolar disorder had a comorbid Axis |
diagnosis, specifically, attention-deficit/hyperactivity disorder (ADHD; n = 5), oppositional
defiant disorder (n = 1), and conduct disorder (n = 1).

Magnetic Resonance Imaging

Magnetic resonance imaging scans were acquired with a 1.5-T GE Signa Imaging System
running Signa version 5.4.3 software. The scanning protocol was identical to that used in the
study by Kaur et al.22 and consisted of a sagittal scout sequence, followed by a three-
dimensional spoiled gradient echo sequence of 124 contiguous images acquired in the coronal
plane, with acquisition parameters of TR = 25 milliseconds, TE =5 milliseconds, field of view
=24 cm, slice thickness =1.5 mm, excitations = 1, matrix size = 256 x 192. All of the magnetic
resonance images were processed with a series of manual and automated procedures that are
described in detail in other reports2’—2° and summarized below.
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Anatomical Analysis

Magnetic resonance images were resampled, using a trilinear interpolation, to have an in-plane
resolution of 1 x 1 x 1 mm, and then reoriented along the interhemispheric fissure in the axial
and coronal views and along the anteroposterior commissure line in the sagittal view. The
individual brain volumes were spatially realigned with the International Consortium for Brain
Mapping nonlinear average brain template (ICBM152), using a six-parameter coregistration
in the FLIRT program (available at http://www.fmrib.ox.ac.uk/fsl/). As part of the image
preprocessing stream, images were also corrected for magnetic field inhomogeneities, 3 edited
to remove nonbrain tissue, and classified into different tissue types (gray matter, white matter,
and CSF) using a partial volume method.3! Estimates of total brain volume and volumes of
each tissue type were retained for subsequent statistical analysis. The hippocampi from each
brain were traced using MultiTracer
(http://bishopw.loni.ucla.edu/MultiTracer/MultiTracer.html ).32

Hippocampi were manually traced bilaterally by a trained image analyst (N.D.), blind to all of
the demographic variables, who had established excellent reliability with gold-standard ratings
on a training set of six brains (intraclass correlation coefficient >0.90). This level of agreement
is comparable to that obtained in previous studies.33=3% Anatomical segmentation was
performed using a standard neuroanatomical atlas of the hippocampus!’ according to
previously described criteria.2® Hippocampal models were delineated in contiguous coronal
brain sections using standard guidelines,3% including the hippocampus proper, dentate gyrus,
and subiculum (see Becker al.33 and Frisoni et al.34 for further details). The hippocampal
borders were determined by the temporal horn, choroidal fissure, uncal and ambient cisterns,
and the gray-white junction between the subiculum and parahippocampal gyrus. Anatomical
landmarks were followed in all three orthogonal viewing planes simultaneously, and contours
were drawn on magnified images (4x) to facilitate identification of neuroanatomical boundaries
and accurate tracking of small-scale features. Volumes were obtained at subvoxel resolution
from these tracings and retained for statistical analyses.

Anatomical mesh modeling methods3” matched equivalent hippocampal surface points across
subjects and groups.2” These methods reveal highly localized deformations/expansions of the
hippocampal surface that correspond to tissue changes in regions approximately corresponding
to the underlying CA1-3 subfields and subiculum/presubiculum (Fig. 1A).34:38 For these
procedures, a gridded surface is stretched over the hippocampus, using a rectilinear mesh of
equally spaced three-dimensional points along the hippocampal axis and across the upper and
lower surfaces. In the absence of any other landmarks to establish higher order
correspondences, mesh points with the same surface-based coordinate locations are associated
across subjects.34

The manually derived contours were made uniform by modeling them as a three-dimensional
variable surface mesh (Fig. 1B), allowing measurements to be made at corresponding surface
locations in each subject. This procedure also allows the averaging of hippocampal surface
morphological features across all individuals belonging to a group and records the amount of
variation between corresponding surface points relative to the group averages. These methods
are similar to the high-dimensional computational mapping approach3® and sampled medial
description (M-rep) procedure®? recently developed for local shape analysis of the
hippocampus.

Statistical Analysis

To assess global hippocampal differences, the volumes of these three-dimensional models were
measured in cubic millimeters. The general linear model (analysis of covariance) was used to
examine group differences in hippocampal volume, with diagnostic group (patients with
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bipolar disorder versus healthy controls) modeled as an independent variable. Because age,
sex, and total intracranial volume were associated with hippocampal volume measures, these
factors were included as covariates in the analyses. For secondary analyses examining
developmental effects on global hippocampal volume, we additionally conducted Pearson's
correlations between age and total hippocampal volume for each diagnostic group separately.
Similarly, we examined the effects of clinical variables (duration and age at onset of illness,
number of episodes) on hippocampal volume via Pearson's correlation coefficients in the
bipolar group only. In addition, to explore the possible effects of comorbidity, we repeated the
analysis of covariance after excluding the five subjects with comorbid ADHD. Normality and
homogeneity of variance assumptions were assessed with residuals analysis; distributions of
all of the variables analyzed met these assumptions.

To measure local differences in hippocampal shape, a medial three-dimensional curve was
derived from each individual's hippocampus threading down the central axis (Fig. 1B). The
distance of each surface point from this center line measures the radial size of the hippocampus.
Because radial distances are measured at thousands of points along the surface, the resulting
radial distance maps detect nonuniform changes on a local scale.28 Regressions were performed
at each surface point to map linkages between radial size and covariates such as diagnosis and
age. The percentage of change relative to controls and the associated p value describing the
significance of group differences were plotted onto the model surface at each point of the
hippocampus using a color code to produce statistical maps.

For tests of overall volume differences and for statistical mapping of surface-based measures,
a two-tailed o level of p <.05 was used as the threshold for statistical significance. However,
for statistical mapping, comparisons were made at many hippocampal surface points; thus,
permutation testing was used to control for multiple comparisons, as previously described.2’
These permutations measure the distribution of features in the statistical maps that would be
observed by accident if group assignment were random and provide an overall p value for the
observed effects, which is corrected for multiple comparisons.

Overall Volumetric Differences

Adolescent patients with bipolar disorder did not differ from typically developing controls in
terms of total brain volume, total gray matter volume, or total white matter volume (Table 1).
To provide context for the hippocampal maps, hippocampal volumes in patients with bipolar
disorder compared to controls are shown in Figure 2. Controlling for total intracranial volume,
age, and sex, there was a significant main effect of group (F1 32 = 5.0, p = .03), indicating that
total hippocampal volume was significantly smaller in the bipolar group relative to typically
developing controls (by 9.2%). This difference was significant for the left hippocampus
(F1,32=5.09, p=.03), and there was a trend toward a volume decrease in the right hippocampus
as well (Fq 32 =3.72, p = .06).

Three-Dimensional Hippocampal Mapping

To better understand the anatomical distribution of these differences, we demarcated the main
hippocampal subfields on the hippocampal surface using two well-established sources.17+41
These statistical mapping results revealed significant localized deficits in the head and tail of
the left hippocampus in adolescents with bipolar disorder relative to normal controls (Fig. 3).
These deficits appeared most pronounced in hippocampal subfields approximately
corresponding to the subicular region. Maps were subjected to stringent multiple comparison
correction using permutation testing and confirmed a significant decrease in the left

J Am Acad Child Adolesc Psychiatry. Author manuscript; available in PMC 2009 November 4.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Bearden et al. Page 6

hippocampus (p < .01), although group differences did not reach significance for the right
hippocampus.

Developmental Effects

Different relations were observed between age and hippocampal volume in adolescent patients
with bipolar disorder compared to controls. General linear model multivariate analysis of
variance revealed a significant diagnosis by age interaction for hippocampal volume bilaterally
(F1,32=7.46, p=.01; Fig. 4). Correlational analyses revealed that for adolescents with bipolar
disorder, total hippocampal volume increased with age (r = .55, p = .03), whereas the relation
was in the opposite direction in the control subjects, although not significantly so (r = —0.38,
p =.10). This positive correlation persisted in the bipolar group when controlling for total
intracranial volume (r = 0.52, p <.05).

Three-dimensional hippocampal maps allowed us to localize these age-associated differences.
After correction for multiple comparisons with a permutation threshold of p < .05, statistical
mapping results indicated that age was negatively correlated with hippocampal radial distance
bilaterally in control subjects, whereas this correlation was positive in the patients with bipolar
disorder (Fig. 5). Age-associated decreases in control subjects were primarily localized to the
subiculum and CAL subfields in the anterior hippocampus. In contrast, patients with bipolar
disorder showed significant age-associated increases in both posterior and anterior CA1
subfields. Although patients with bipolar disorder showed modest inverse correlations with
age in the body of the hippocampus (Fig. 5, bottom), these were not statistically significant.

Because mood-stabilizing medications, particularly lithium, may contribute to hippocampal
volume increases,3° we examined whether age-associated increases in hippocampal volume
were related to duration of lithium treatment. There was no mean age difference between the
lithium-treated patients (n = 10) versus those not taking lithium (n = 6; F1 15 = .55, p = .47),
nor was the number of weeks on lithium (r = —0.07, p =.85) or the lithium dose correlated with
age (r = 0.15, p = .68). In the subgroup of eight patients taking valproate, we also examined
the correlation between the number of weeks on valproate and age and found no relation (r =
0.43, p =.33), suggesting that this finding is not attributable to the effects of medication.

Effects of Clinical Variables

Within the bipolar sample, there was no effect of the number of episodes or duration of illness
on hippocampal structure (both p >.30). Total hippocampal volume did not differ for patients
with bipolar disorder with and without ADHD (F1 13 =0.17, p =.69). There was a trend toward
association of earlier age at onset of illness with smaller hippocampi bilaterally in the bipolar
group (r =0.45, p =.08). However, because age at onset was highly correlated with age in the
patient group (r = 0.82, p <.001), partial correlations were conducted to examine the relation
of age at onset to total hippocampal volume after controlling for age. When age was partialed
out, the relation of age at onset to hippocampal volume was no longer significant (r = 0.008,
p =.97). Finally, group differences remained significant after excluding the five ADHD
subjects (F1 25 = 4.11, p < .05). Effect sizes for the case-control comparison for the overall
group indicated a moderate effect size (Cohen d = 0.53), with a slightly larger effect when
including the ADHD-free subjects with bipolar disorder only (Cohen d = 0.66).

Discussion

Using novel methods for three-dimensional mapping of the hippocampus, we detected
significant regional hippocampal deformation in adolescents with bipolar disorder,
predominantly on the left side, relative to age-matched, typically developing controls. These
deficits were localized primarily to the subicular region. Because neurons in the subiculum
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project directly to the prefrontal cortex,*? this finding suggests disruption of this pathway in
early-onset bipolar disorder. The fact that the hippocampal volume decrease for juvenile
bipolar disorder appears to be more pronounced relative to that seen for adult patients with
bipolar disorder is not surprising given that neuroanatomical studies to date have generally
reported overall cortical gray matter alterations of greater magnitude in this population,3
which likely represents a more severe phenotype of the iliness.1% The overall magnitude of the
differences in global hippocampal volume (9%-10%) was comparable to that observed in a
sample of children and adolescents with childhood-onset schizophrenia studied with similar
methodology.#* Interestingly, the pattern of hippocampal decrease observed in childhood-
onset schizophrenia also indicated greatest loss in the anterior and posterior regions.

These results have potentially important implications for better understanding the mechanisms
underlying deficits in memory and emotion regulation in youths with bipolar disorder. In
particular, the regions of the posterior hippocampus found to be smaller in adolescents with
bipolar disorder in this study are part of a neural circuit that is essential for long-term memory
formation and consolidation.*® Furthermore, anterior portions of the hippocampus, particularly
in the subiculum, are differentially activated when successfully retrieving information from
memory.*6 Thus, abnormalities of these regions could disrupt the normal functioning of these
circuits and result in significant memory deficits.*® Localized deformations in both the anterior
and posterior hippocampus could explain the diffuse pattern of memory deficits observed in
children and adolescents with bipolar disorder, involving impairment in both verbal and
nonverbal declarative memory and spatial as well as auditory working memory.47—50

Although the mechanism underlying the observed structural abnormalities is not known, the
hippocampus is one of the brain regions that is most vulnerable to neuronal loss.?! Structural
changes may be due to remodeling of key cellular elements, involving retraction of dendrites,
decreased neurogenesis in the dentate gyrus, and/or loss of glial cells, possibly due to elevated
glucocorticoid levels.>2 Because the hippocampus modulates glucocorticoid release through
pituitary-adrenal axis, >3 it is a key brain region for the integration of cognitive, neurohormonal,
and neurochemical responses to stress.®* As such, it has been proposed that the hippocampal
volume decrease consistently observed in major depressive disorder may be the result of
prolonged stress-induced excess of glucocorticoids, which may exert damage to the
hippocampus.52:55:56 |n adults with major depressive illness, the duration of untreated
depression is inversely correlated with hippocampal size, which some have proposed may be
due to increasing neurotoxicity to the hippocampus with repeated episodes.>®>” Although here
we found no relation with duration of illness, most of the young patients with bipolar disorder
in this sample began receiving treatment soon after onset; thus, it is not clear whether there is
a deleterious effect of duration of untreated illness on hippocampal structure in early-onset
bipolar illness.

We did, however, identify an intriguing developmental effect in which patients with bipolar
disorder showed increasing hippocampal size with increasing age, although typically
developing controls did not. This is consistent with the pattern of findings for the amygdala
that was previously observed in a partially overlapping sample to the one examined herel2;
specifically, a significant direct relation between age and left amygdalar volume was observed
in patients with bipolar disorder, whereas a significant inverse relation was seen in healthy
control subjects. The abnormal relation between age and medial temporal lobe structures in
young patients with bipolar disorder suggests abnormalities in maturational processes, which
may reflect a failure of normal pruning mechanisms during adolescence.>® We investigated
the possible contribution of long-term medication use to this result and found no relation
between age and the duration or dose of mood-stabilizing medication. This suggests that
medication effects do not account for the observed age-associated increase in hippocampal
volume in adolescents with bipolar disorder. However, this study was not designed to test
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hypotheses related to differential medication effects. It is possible that psychotropic
medications may affect the brain differently during different stages of development. Future
longitudinal studies of medial temporal lobe development in children and adolescents with
bipolar disorder, both medicated and unmedicated, are clearly warranted to confirm this
intriguing cross-sectional finding.

Consistent with large-scale studies of normal development,>9:59 we did not find a significant
change in global hippocampal volume through adolescence in typically developing controls,
although shape maps revealed significant age-associated decreases in the anterior
hippocampus. Similarly, Gogtay et al.18 recently studied the dynamic trajectory of
hippocampal development in 31 children and adolescents, scanned every 2 years for 6 to 10
years between ages 4 and 25, using the same computational mapping methods that we used.
They found that total hippocampal volume remained unchanged over this age range, but there
was considerable variability across hippocampal subregions, with relative increases over time
in posterior regions and loss over time in anterior regions. These distinct developmental
trajectories of hippocampal subregions may parallel differences in their functional
development.

Although hippocampal cytoarchitecture is well established by 34 weeks of gestation,81:62
neuronal proliferation and myelination continue through adolescence, both in rodents and
primates.58:61 In a large postmortem brain sample, Benes53 observed increased myelination of
the subicular and presubicular regions during the late adolescent period. These changes may
thus continue to alter regional hippocampal shape or volume over the course of adolescent
development and may have particular relevance to major psychiatric disorders that typically
have onset in adolescence (e.g., schizophrenia, bipolar disorder).

We found little evidence of an effect of clinical course on hippocampal structure in these young
patients with bipolar disorder. Although there was some suggestion that earlier age at onset of
illness was associated with smaller hippocampi, this finding appeared to be accounted for by
the correlation of age with age at onset of illness. Nevertheless, there is some evidence of a
more severe chronic course of illness in prepubertal- (childhood) onset bipolar disorder
compared to those with adolescent onset,54 suggesting that earlier onset may also be associated
with more severe neuroanatomical alteration. Given the relatively brief duration of illness in
all of the patients with bipolar disorder in this sample, differences associated with clinical
factors may be identified in a larger sample with more variable illness histories.

Certain limitations of the present study must be noted. Because these patients were taking a
variety of medications, and all but two were taking a mood stabilizer, differential medication
effects could not be investigated here. Given the ethical issues inherent in discontinuing
medication in children with severe psychiatric illness, medication confounds could not be
avoided. However, because we and others have previously observed significant increases in
hippocampal volume as a function of lithium treatment,3%:6% as well as decreased hippocampal
volume in unmedicated patients with bipolar disorder,3> medication effects are unlikely to
account for the hippocampal decreases observed here. In addition, our study sample was not
homogeneous because it included four patients with bipolar Il or NOS diagnoses. However,
recent evidence suggests that children and adolescents with bipolar Il disorder and bipolar
disorder NOS have a phenotype that is on a continuum with bipolar I disorder and that a
substantial number go on to meet DSM-IV criteria for bipolar | disorder during follow-up.28
Consistent with this phenotypic continuity, we found that effect sizes for group differences
were similar even after excluding non-bipolar | patients (Cohen d for full sample = 0.53; for
bipolar | patients alone, d = 0.49). Furthermore, although the majority of patients with bipolar
disorder were euthymic at the time of magnetic resonance imaging, two were in a depressed
mood state. Again, excluding these two subjects did not significantly alter the results (for
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euthymic patients alone, Cohen d = 0.56). Finally, although we found no effect of ADHD
comorbidity on hippocampal neuroanatomy, we had limited power to examine this issue, which
clearly warrants further investigation in samples with larger numbers of patients with and
without comorbidity. Thus, although the sample heterogeneity is an acknowledged limitation
here, it is also the case that our sample is highly representative of youths with bipolar disorder
seen in clinical practice.

As the first investigation using three-dimensional mapping methods to examine hippocampal
morphology in children and adolescents with bipolar disorder, this study has revealed some
novel findings: subtle, localized hippocampal deformations are present early in the course of
illness and age-associated increases in hippocampal size in patients with bipolar disorder, not
observed in typically developing controls, suggest abnormal developmental processes during
the adolescent period, although longitudinal studies are needed to confirm this. Our
understanding of the consequences of abnormal hippocampal development in early-onset
bipolar disorder and the development of effective interventions will be advanced by
translational research on both normal and abnormal function of this brain structure.
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Subiculum

Fig. 1.

A, Schematic representation of the hippocampal subfields mapped onto a representative
hippocampal surface (definitions based on Duvernoyl” and West and Gundersen®?). B,
Depiction of three-dimensional parametric surface model of the hippocampus, which is created
using anatomical surface modeling software and composed of discrete triangular tiles that are
spatially uniform and can be averaged across subjects. A three-dimensional medial curve is
derived from each individual hippocampus (arrows, B). The distance from this axis to the
surface is the dependent variable in regression analyses. See Method section for details.
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Fig. 2.
Hippocampal (HP) volumes. The mean + SEM for total volume of the right and left hippocampi
in early-onset patients with bipolar disorder and typically developing controls. This difference

was significant for the left hippocampus (p = .03), with a trend toward a volume decrease in
the right hippocampus as well (p = .06).
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Fig. 3.

Statistical three-dimensional maps show local decrease in the hippocampal formation in
adolescent patients with bipolar disorder (BPs) relative to typically developing control subjects
in terms of statistical significance (A) and percentage of difference (B). Maps indicate
significant localized deficits in the head and tail of the left hippocampus in adolescents with
bipolar disorder relative to normal controls, which were most pronounced in hippocampal
subfields approximately corresponding to the subicular region. The right hippocampus is on
the left side of the figure.
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Fig. 4.

Linear regression scatterplot for absolute hippocampal volume (in cubic millimeters) by age.
Patients with early-onset bipolar disorder show a positive correlation of age with hippocampal
volume (r2 = 0.30; p = .03). In contrast, hippocampal volume in typically developing controls
showed a nonsignificant inverse correlation with age (r2 = 0.14; p = .10). The age x diagnosis
interaction was highly significant (p = .01).
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Fig. 5.

Statistical three-dimensional maps showing the correlation of age with regional hippocampal
differences, in terms of statistical significance (top) and Pearson correlation coefficient r
(bottom). The correlation maps (bottom row) show the regional strength of the association
between hippocampal radial distance and age in typically developing controls (left) and
subjects with bipolar disorder (right), indicating primarily negative effects with age in controls
and positive effects in subjects with bipolar disorder. Again, the right hippocampus is on the
left side of the figure.
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TABLE 1

Demographic Characteristics and Global Brain VVolumes of Study Participants

Juvenile BPD Healthy Controls Between-Group Differences
(n=16) (n=20)

Age, y, mean = SD 155+34 16.9+3.9 F 5= 15p=.24
Female, no. (%) 8 (50) 9 (45) ¥x-=0.09,p=.77
Right-handed, no. (%) 13 (81) 19 (95) ¥=17,p=.30
Race

White, no. (%) 15 (94) 17 (85) x> =0.69,p=.41

African American, no. (%) 1(6) 3(15)
Duration of illness, 392+24 NA
Current mood state,” no. (%)

Depressed 2(12) NA

Euthymic 14 (88)
ADHD, no. (%) 5(31) NA
Total brain volume, cm3, mean *+ SD 1,199.6 +125.3 1,172.1+£132.3 F=0.40,p=.53
Total gray matter volume, cm®, mean + SD 756.4 +79.0 735.8+87.8 F=0.54,p=.47
Total white matter volume, cm3, mean + SD 450.7 + 89.4 439.02 £ 64.8 F=0.21,p=.65

Note: BPD = bipolar disorder; ADHD = attention-deficit/hyperactivity disorder.

a o . . . .
As assessed by DSM-1V criteria for a current mood episode and the Hamilton Depression Rating Scale.66
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