
Preliminary evidence for persistent abnormalities in amygdala
volumes in adolescents and young adults with bipolar disorder

Hilary P Blumberga,b,c, Carolyn Fredericksa, Fei Wanga, Jessica H Kalmara, Linda
Spencera, Xenophon Papademetrisb, Brian Pittmana, Andres Martind, Bradley S Petersone,
Robert K Fulbrightb, and John H Krystala,c

aDepartment of Psychiatry, Yale University School of Medicine, New Haven

bDepartment of Diagnostic Radiology, Yale University School of Medicine, New Haven

cDepartment of Psychiatry, Veterans Affairs Connecticut Healthcare System, West Haven

dThe Child Study Center, Yale University School of Medicine, New Haven, CT

eDepartment of Psychiatry, Columbia College of Physicians and Surgeons, New York, NY, USA

Abstract
Objectives—Abnormalities in volumes of the amygdala have been reported previously in
adolescents and adults with bipolar disorder (BD). Several studies have reported reduced volumes
in adolescents with BD; however, both decreases and increases in volumes have been reported in
adults with BD. Understanding of potential developmental contributions to these disturbances in
morphology of the amygdala has been limited by the absence of longitudinal data in persons with
BD. Here we use a within-subject longitudinal design to investigate whether amygdala volume
abnormalities persist in adolescents and young adults with BD over a time interval of approximately
2 years.

Methods—Participants included 18 adolescents and young adults: 10 participants with BD I and 8
healthy comparison participants. Amygdala volumes were measured on high-resolution magnetic
resonance imaging scans acquired twice for each subject over intervals of approximately 2 years.
Amygdala volumes were the dependent measures in a mixed-model statistical analysis to compare
amygdala volumes between groups over time while covarying for total brain volume.

Results—Amygdala volumes were significantly smaller in adolescents and young adults with BD
compared with healthy participants (p = 0.018). The effect of time was not significant.

Conclusions—Although the sample size is modest, this study provides preliminary evidence to
support the presence of decreased amygdala volumes in adolescents and young adults with BD that
persist during this developmental epoch.
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The amygdala has long been implicated in the pathophysiology of mood disorders. Early
observations of bipolar-type mood symptoms associated with medial temporal seizure foci
prefigured the notion that abnormalities in the morphology and activity of the amygdala might
contribute to the symptoms of primary bipolar disorder (BD) (1,2). Abnormal emotional
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processing in individuals with BD, such as difficulty recognizing emotions depicted by facial
expressions, as well as the biasing of behavioral responses towards stimuli that are congruent
with the acute mood state, further implicated the amygdala in adults with BD (3–6). Functional
neuroimaging studies in adults provide evidence of excessive amygdala activity in research
participants with BD compared with healthy comparison (HC) participants in both resting states
and while performing emotional processing tasks (3,7,8). The divergent levels of amygdala
activity detected between groups may relate to underlying differences in volume of the
amygdala that have been observed in structural imaging studies. While many studies of
amygdala volumes in adults with BD have reported differences between individuals with BD
and HC participants, these findings have been highly variable, including both increases and
decreases in volume of the amygdala in adults with BD (9–13).

The few extant morphological studies of the amygdala in adolescents with BD have yielded
more consistent findings than have the adult studies. Several groups have reported smaller
amygdala volumes in adolescents with BD compared with HC adolescents (13–16), suggesting
that smaller amygdala volumes may be present in at least a subset of individuals who manifest
symptoms of BD in adolescence. Our previous cross-sectional study reported reduced
amygdala volumes in both adolescents and adults with BD (13). Although inferring
longitudinal trajectories from cross-sectional data such as these must be done cautiously, our
findings did suggest that morphological abnormalities in persons with BD might manifest as
early as the teenage years and persist into adulthood (13). A subsequent cross-sectional study
of adolescents with BD suggested that although reduced amygdala volumes are evident early
in adolescence, progressive enlargement with age might produce larger volumes by later
adolescence or early adulthood in persons with BD (15). We undertook a longitudinal study
of amygdala volumes in adolescents and young adults with BD to assess whether reduced
volumes of the amygdala persist during the adolescent/early adult period. To the best of our
knowledge, this is the first report of amygdala volumes in BD studied within a prospective,
longitudinal framework.

Patients and methods
Subjects

Participants included 10 outpatients with BD I (50% female) who were between 10 and 21
years of age (mean 15.0 years ± 4.0 SD) at the time of the initial scan. Rescanned on average
2.5 ± 0.4 SD years after their first scans, they were between 12 and 23 years old (mean 17.5
years ± 3.9 SD) at the time of the second scan. The HC group consisted of eight adolescents
and young adults without DSM-IV Axis I diagnosis in themselves or in their first-degree
relatives; they were between 11 and 19 years of age (mean 15.3 years ± 2.8 SD) at the time of
the initial scan. Rescanned on average 2.0 ± 0.6 SD years after their first scan, they were 13–
20 years old (mean 17.4 years ± 2.8 SD) at the second scan (Table 1). The participants with
BD are a subset of the participants with BD described previously (13); however, here they are
compared with a different sample of HC participants for whom longitudinal data are available.
All subjects were without a history of other neurologic disorders, loss of consciousness for
longer than 5 min, and significant medical illness, with the exception of one patient with
hypothyroidism.

The revised Schedule for Affective Disorders and Schizophrenia for School-Age Children-
Present and Lifetime Version (KSAD-PL) (17) confirmed the presence or absence of DSM-
IV Axis I disorders in participants 18 years of age and under. Interviews were administered
separately to the subject and a parent (or maternal grandmother for one participant with BD).
The Structured Clinical Interview for DSM-IV Axis I Disorders (SCID) (Version 2.0) (18)
confirmed the presence or absence of diagnosis in participants over 18 years of age. Final DSM-
IV diagnoses were established by the consensus of clinical and structured interviews. All
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participants in the index group met criteria for BD I (see Table 2 for proband characteristics).
Six participants with BD (60%) met criteria for rapid cycling at the time of the first scan. Three
additional participants with BD met criteria for rapid cycling at the time of the second scan,
although two participants that previously met criteria for rapid cycling did not do so at the time
of the second scan. Therefore, a total of seven participants (70%) met criteria for rapid cycling
at the time of the second scan. All participants with BD were symptomatic at the time of the
initial scan and exhibited varying degrees of depressive and manic symptomatology, with the
exception of one adolescent who did not display sufficient symptomatology to meet criteria
for an acute mood episode at first scan but was symptomatic at the time of the second scan.
Three participants were euthymic at second scan. Co-morbidities (Table 2) included attention-
deficit hyperactivity disorder (ADHD), oppositional defiant disorder, social phobia, post-
traumatic stress disorder, learning disorder not otherwise specified and developmental
coordination disorder. Co-morbid diagnoses did not change over the duration of the study. One
participant had a history of alcohol dependence (criteria not met for > 1 year prior to the first
and 3 years prior to the second scan) and other substance abuse. All BD participants reported
at least one first- or second-degree relative with a mood-spectrum disorder that included BD,
major depressive disorder, or alcohol abuse, although a positive family history was not required
for study entry. Five participants with BD (50%) were free of medication at the initial scan. At
the second scan seven participants with BD (70%) were not taking psychotropic medications.
All five participants who were not taking psychotropic medication at the time of both scans
had been exposed to either lithium or valproic acid or other psychotropic medications. There
was no systematic pattern for medication usage in the interval between the first and second
scans. Medications at time of scanning are presented in Table 2. HC participants were
unmedicated at first scan, and one was taking birth control pills at second scan.

After complete description of the study, written informed consent was provided by all
participants 18 years and older. For subjects under 18 years of age, written informed consent
was provided by a guardian and written informed assent was provided by the participant. These
procedures were in accordance with the human investigation committees of the Yale University
School of Medicine and the Department of Veterans Affairs.

Magnetic resonance image acquisition and processing
Magnetic resonance imaging scans were obtained using a single 1.5-T scanner (GE Signa;
General Electric, Milwaukee, WI, USA). Head positioning was standardized using
canthomeatal landmarks. Images were obtained using a 3-dimensional sagittal spoiled gradient
echo sequence (repetition time, 24 ms; echo time, 5 ms; flip angle, 45°; frequency encoding
superior/inferior; no wrap; 256 × 192 matrix; field of view, 30 cm; 2 excitations; slice thickness,
1.2 mm; and 124 contiguous slices).

Morphometric measures were performed on Linux workstations. The brains were first stripped
using BET [Brain Extraction Tool (19)] which is included in the FSL package [Oxford Centre
for Functional Magnetic Resonance Imaging of the Brain (FMRIB) Software Library, Oxford
University, http://www.fmrib.ox.ac.uk/fsl] and then segmented into gray matter, white matter
and cerebrospinal fluid using FAST [FMRIB Automated Segmentation Tool (20) – also part
of FSL]. The total brain volume was computed by adding the gray and white matter volumes.
The amygdala volumes were defined by means of manual tracing by operators blind to
diagnosis using a custom tool modified for this application (21) with anatomical boundaries
in accordance with those described previously (13,22,23). In brief, the amygdala was defined
from the coronal slice at the plane of the anterior commissure (anterior border) to the slice on
which the uncinate gyrus formed a loop and turned laterally to abut the amygdala and where
CSF was present between the amygdala and hippocampus (posterior border). White matter or
CSF defined the inferior and lateral borders. The medial border was marked by the medial
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margin of the temporal lobe, and the medial superior border by the entorhinal sulcus. The
superior border was defined with a line from the inferior aspect of the entorhinal sulcus in the
direction of the circular sulcus of the insula to the temporal stem. Initial tracings in the coronal-
oblique plane (perpendicular to the anterior commissure–posterior commissure plane) were
confirmed in orthogonal views. Inter-rater intraclass correlation coefficients for these
procedures assessed on 10 scans were 0.91 for the right amygdala and 0.96 for the left
amygdala. All traces were checked by an expert (RKF).

Statistical analyses
All data were analyzed using SAS, version 9.1 (SAS Institute Inc., Cary, NC, USA). Amygdala
volumes were tested for normality using Kolmogorov–Smirnov test statistics and normal
probability plots; all were approximately normal in their distribution. Volumes of the amygdala
from the measurements of two raters who had high agreement were averaged for each
hemisphere and time. The primary statistical mixed model tested whether the BD and HC
groups differed in amygdala volume and whether time influenced this difference. The
amygdala volume represented the dependent variable, group (BD and HC) was included as a
fixed effect, and hemisphere (left and right) and time (scan 1 and scan 2) were included as
within-subject explanatory factors. This model allowed for testing of all 2- and 3-way
interactions among group, hemisphere, and time. In this model, subject was used as the
clustering factor and total brain volume was included as a continuous covariate to control for
scaling effects. The above analyses were considered statistically significant for p < 0.05. Least
squares means (ls means), and standard errors (SE) were calculated in the mixed model for
regional volumes and plotted to interpret the effects of diagnosis.

Results
The BD and HC groups did not differ significantly in age at first or second scan or in the length
of the interval between scans (Table 1). Overall amygdala volumes were significantly smaller
in participants with BD compared with the HC participants (group effect: F1,15.2 = 7.00, p =
0.018) (Fig. 1). Group differences were present at both time 1 (HC amygdala volume ls mean
± SEM = 1925 mm3 ± 97, BD = 1663 ± 86, F1,21.2 = 4.07, p = 0.056) and time 2 (HC amygdala
volume ls mean ± SD = 2008 mm3 ± 96, BD = 1648 ± 86, F1,21.2 = 7.84, p = 0.011). A significant
overall effect of total brain volume (F1,19.7 = 10.23, p = 0.005) indicated that general scaling
within the brain contributed to the inter-individual variance in regional volume. No significant
main effects of time or side, or group-by-time and group-by-side interactions were detected
(all p > 0.37). However, a time-by-side interaction was significant (F1,32 = 4.52, p = 0.041),
deriving from small, non-significant increases in volume of the left amygdala in the HC group
and small, non-significant decreases in volume of the right amygdala in the BD group over
time.

Discussion
We detected reduced volumes of the amygdala bilaterally in adolescents and young adults with
BD compared with HC participants, both at the time of initial scan and after a time interval of
approximately 2 years. This finding is consistent with previous reports, from cross-sectional
studies, of reduced amygdala volume in adolescents and adults with BD (12,14–16). It extends
our previous cross-sectional study (13) by suggesting that morphological disturbances of the
amygdala are relatively stable over a 2-year period in adolescents and young adults with BD.

We cannot infer the disturbances in specific cellular elements that might have contributed to
the macroscopic abnormalities in volume detected in these data. Reduced volumes could derive
from any number of cellular disturbances, including reductions in the numbers or sizes of
neurons or their processes, alterations in packing density, or disturbances in the numbers or
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processes of glial cells (24–27). Indeed, recent reports suggest the presence of reduced glial
cell numbers, particularly reduced numbers of oligodendrocytes, in the amygdala of adults with
mood disorders (24,25).

Possible behavioral consequences of disturbances in the morphology of the amygdala in
persons with BD may include deficits in adaptive responses to emotional and social stimuli
(28–34). Similar to individuals with amygdala lesions (33), individuals with BD are impaired
in their ability to recognize specific facial emotions (3–5), and preliminary evidence suggests
that these deficits are associated with abnormal functional activity in the amygdala of adults
with BD (3,8). While abnormal functioning of basal ganglia structures has been reported in
adolescents with BD (35–37), functional abnormalities specifically in the amygdala of
adolescents with BD have not been reported. Therefore, whether these early structural
abnormalities of the amygdala are associated with functional disturbances during adolescence
in persons with BD is currently unknown.

The detection of structural abnormalities in the amygdala during adolescence suggests that
these morphological characteristics may serve as potential early biological markers of this
disorder. However, studies earlier in childhood are needed to determine precisely when in
ontogeny these abnormalities arise and whether indeed they are present at the time of onset of
the illness or whether instead they are consequences of either chronic or recurrent illness
(38) or of medication exposure. The presence of abnormalities in the amygdala during
adolescence, a period of intense dynamic development of the orbitofrontal cortices and other
regions connected to the amygdala that have been implicated in the pathophysiology of BD
(39–44), raises the possibility that targeting those abnormalities with treatments could help in
preventing the progression of abnormalities in cortico-limbic circuits (37). We did not detect
medication effects on amygdala volumes, although this may be attributable to insufficient
statistical power. Preliminary evidence does suggest that mood-stabilizing medications are
associated with increased cortical gray matter in BD (45,46) and that lithium and valproic acid
treatment are associated with increased amygdala volume in pediatric BD (16). This suggests
that future neuroimaging studies, combined with systematic treatment of pediatric BD patients,
are warranted.

The findings differ from those of a previous study that noted abnormal increases in amygdala
volume with age in adolescents and young adults with BD (15). However, differences between
the two studies include the cross-sectional design and larger number of BD participants taking
lithium or valproic acid in the previous study. The results of the present study, taken in the
context of variable findings in volumes of the amygdala in adults with BD (9–13), suggest that
reduced amygdala volumes could represent an early-onset morphological subtype of BD. The
ability to generalize from the pediatric BD sample studied may be limited by the inclusion
criteria requiring that participants meet full DSM-IV criteria for acute BD episodes, the
presence of rapid-cycling subtype in a majority of BD participants (a characteristic of only a
subset of patients with BD and one observed more commonly in children than in adults) and
the relatively low rate of other comorbidities, such as ADHD, that have been reported to occur
frequently in adolescents with BD (47). Heterogeneous features, such as a range in age from
10 to 21 during which time significant neurodevelopmental changes occur as well as a range
of comorbid illnesses and medications in some of the subjects, could have diluted the power
to detect effects that could be detected in a larger, more homogeneous sample. It is possible
that one of these features, such as a particular medication contributed to the group differences
observed.

In summary, this study provides preliminary evidence, in a limited subject sample, that volume
reductions in the amygdala are stable over an interval of approximately 2 years in adolescents
and young adults with BD. Larger longitudinal studies that include prepubescent subjects, as
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well as children at risk for developing the disorder, will be important for understanding the
role of amygdala abnormalities in the development of BD.
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Fig. 1.
Amygdala mean volume values (±SE) for the healthy adolescent comparison group (n = 8) and
the bipolar disorder (BD) group (n = 10). Mean values are adjusted for total brain volume and
hemisphere. The effect of diagnosis was significant at p = 0.018.
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Table 1
Age and sex of the subjects

Variable
Bipolar
(n = 10)

Healthy controls
(n = 8) p-value

Age at time 1, (mean ± SD) 15.0 ± 4.0 15.3 ± 2.8 NS
Age at time 2, (mean ± SD) 17.5 ± 3.9 17.4 ± 2.8 NS
Interval between scans (mean ± SD) 2.5 ± 0.4 2.0 ± 0.6 NS
Sex, n (%)
 Female 5 (50) 6 (75) NS
 Male 5 (50) 2 (25)

NS = not significant.
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