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Abstract
Background—Prior structural neuroimaging studies of the amygdala in patients with bipolar
disorder have reported higher or lower volumes, or no difference relative to healthy controls.
These inconsistent findings may have resulted from combining subjects in different mood states.
The prefrontal cortex has recently been reported to have a lower volume in depressed versus
euthymic bipolar patients. Here we examined whether similar mood state-dependent volumetric
differences are detectable in the amygdala.

Methods—Forty subjects, including 28 with bipolar disorder type I (12 depressed and 16
euthymic), and 12 healthy comparison subjects were scanned on a 3T magnetic resonance image
(MRI) scanner. Amygdala volumes were manually traced and compared across subject groups,
adjusting for sex and total brain volume.

Results—Statistical analyses found a significant effect of mood state and hemisphere on
amygdala volume. Subsequent comparisons revealed that amygdala volumes were significantly
lower in the depressed bipolar group compared to both the euthymic bipolar (p=0.005) and healthy
control (p=0.043) groups.

Limitations—Our study was cross-sectional and some patients were medicated.

Conclusions—Our results suggest that mood state influences amygdala volume in subjects with
bipolar disorder. Future studies that replicate these findings in unmedicated patient samples
scanned longitudinally are needed.
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1. Introduction
Several lines of evidence, including data from behavioral studies finding disruptions in the
recognition of facial emotion (George et al., 1998; Murphy et al., 1999), and data from
functional neuroimaging studies showing abnormal activation (Altshuler et al., 2005; Foland
et al., 2008; Yurgelun-Todd et al., 2000) have implicated the involvement of the amygdala
in the pathophysiology of bipolar illness. Structural neuroimaging studies of this brain
region in bipolar disorder, however, have yielded inconsistent findings. One early study
failed to detect any differences in amygdala volume between patients and controls (Swayze
et al., 1992), but subsequent structural neuroimaging studies reported both higher (Altshuler
et al., 1998; Brambilla et al., 2003; Strakowski et al., 1999) and lower (Pearlson et al., 1997;
Rosso et al., 2007) amygdala volumes in bipolar patients relative to healthy controls.

One possible explanation for the inconsistency in findings is that the mood state of bipolar
subjects may affect volumetric measurements. Most studies have reported on mixed groups
of bipolar subjects in multiple mood states, and assumed that mood state does not affect
brain structure. However, both our group (Brooks et al., 2009, 2011) and others (Nery et al.,
2009) have recently found that bipolar patients scanned during the depressed phase of their
illness have lower gray matter density in prefrontal cortex compared to patients scanned
during the euthymic phase of their illness. This led us to speculate whether the amygdala
would also have mood state-associated volumetric differences, a possibility that, to our
knowledge, has not yet been addressed. In the current study, we evaluated this by comparing
manually traced amygdala volumes in depressed and euthymic bipolar disorder patients and
healthy comparison subjects. We hypothesized that, in line with previous mood-state
investigations of frontal lobe gray matter, depressed subjects with bipolar disorder would
show volumetric reductions of amygdala gray matter relative to euthymic subjects.

2. Methods
2.1 Participants

The Institutional Review Boards at UCLA and the VA Greater Los Angeles Healthcare
System approved the study. Each subject provided written informed consent. Subjects with
bipolar I disorder, currently depressed or euthymic, were recruited through the outpatient
UCLA Mood Disorders Clinic and the outpatient Bipolar Disorders Clinic of the Veterans
Affairs Greater Los Angeles Health Care System. Control subjects were recruited by
advertisement in local newspapers and campus flyers. Control and patient populations were
evaluated by a psychiatrist and the diagnosis was confirmed using the Structured Clinical
Interview for DSM-IV (SCID) administered by a trained clinician. Bipolar subjects with
other active Axis I comorbidities were excluded, and healthy controls were excluded if they
met any past or current SCID. Additional exclusion criteria for all subjects were left-
handedness, hypertension, neurological illness, metal implants and a history of skull fracture
or head trauma with loss of consciousness >5 minutes.

On the day of scanning, current mood state of bipolar subjects was assessed by a trained
researcher using SCID interviews, the Young Mania Rating Scale (YMRS; Young et al.,
1978) and 21-item Hamilton Depression Rating Scale (HAMD; Hamilton, 1960). Bipolar
subjects were considered euthymic if they did not currently meet SCID criteria for a manic,
hypomanic or depressive mood episode and had both YMRS and HAMD scores ≤7. Bipolar
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subjects were classified as depressed if they met SCID criteria for a depressive mood
episode and had a HAMD score ≥18, and a YMRS score ≤7. Information on prior illness
history and current medication for patients was obtained by self-report, medical records
when available, and by family/significant other corroboration.

Forty subjects qualified for the study, including 28 subjects with bipolar I disorder (12
depressed, 16 euthymic) and 12 healthy comparison subjects. Clinical and demographic
information, including prior course of illness characteristics for all subjects is provided in
Table 1. Groups did not differ in age, sex or educational level.

2.2 Image Acquisition
Scans were acquired on a 3T MRI scanner (General Electric, Waukesha, WI). A 3-plane
gradient echo scan was acquired for alignment and localization, followed by a shimming
procedure to improve magnetic field homogeneity. A T1-weighted 3-dimensional volume
scan was obtained for each subject that spanned the entire brain using a spoiled-gradient
echo pulse sequence, with a slice thickness of 1.2mm (SPGR, echo time = 3.7 ms, TR =
25ms, field of view = 20cm, NEX = 1). Precautions were taken to minimize participant
motion during scanning.

2.3 Image Preprocessing
Image preprocessing steps consisted of: correction of artifactual intensity nonuniformities
due to magnetic field inhomogeneities (Zijdenbos & Dawant, 1994), adjustment for head
position and transformation of imaging data into a common stereotaxic coordinate system
using a three-translation and three-rotation rigid-body transformation (Woods et al., 1998),
and reslicing in the coronal plane. Additionally, all images were processed to remove non-
brain tissue using automated algorithms (Shattuck & Leahy, 2002), which allowed total
brain volume (TBV) to be computed.

2.4 Amygdala delineation
The amygdala was manually traced by one of the authors (LFR), who was blind to
demographics and diagnosis. Amygdalae were delineated using a previously defined
protocol (Altshuler et al., 2000) that defined the most posterior portion as the section where
the amygdala joins the tail of the caudate, and the most anterior portion as the region where
amygdala gray matter was 2.5 times as thick as the surrounding temporal lobe cortex. To
assess intra-rater reliability, ten different randomly selected brains were re-traced by the
same investigator. Reliability was excellent, with intraclass correlations (ICC) of 0.83 and
0.86 for the left and right amygdala, respectively.

2.5 Statistical analysis
Demographic variables were analyzed using chi-square tests and analysis of variance.
Amygdala volumes were analyzed using mixed effects regression (SAS MIXED V9.2) with
ML estimation. Amygdala volumes were the dependent measures; mood state (depressed,
euthymic, control) was a between-subjects fixed effect and was crossed with hemisphere
(left, right), a within-subject factor, with compound symmetry selected as the covariance
structure. Sex and TBV were significantly associated with amygdala volume measures and
included as covariates. Supplementary analyses were done adding lithium and treatment
duration as covariates, but these were both non-significant (both p-values >0.65) and
dropped from the final models. Pairwise group contrasts were done with t-tests at unadjusted
two-tailed p=0.05, with control for multiple testing provided by the overall main effect F-
test.
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3. Results
3.1 Neuroimaging results

The effects of mood state (F(2, 40)=4.47, p=0.018) and hemisphere (F(1, 40)=10.48,
p=0.0024) were significant. The interaction was not significant (F<1), indicating that
averaging across hemispheres was appropriate. Averaged across hemispheres, amygdala
volume in the depressed group was significantly lower than in the euthymic (t(40)= 2.96,
p=0.0052) and control groups (t(40)=2.09, p=0.043), which did not differ from each other
(t(40)=0.45, p=0.65; Figure 1). Current lithium use was a non significant covariate (F<1)
and including this variable in the model showed mood state remained a significant predictor
of amygdala volume (F2,40)=4.24, p=0.021). There was a trend for group differences
between euthymic and depressed bipolar subjects in illness duration (t(25)=2.04, p=0.052).
Results comparing amygdala volumes in these two groups including illness duration as an
additional covariate showed duration was not itself a significant predictor of amygdala
volume (F<1). Including this factor showed that the mean volume difference between the
groups remained highly significant (F(1, 27)=7.76, p=0.010).

4. Discussion
Our study found significant reductions in total amygdala volume in depressed bipolar
subjects compared to euthymic bipolar subjects and healthy controls. These findings, taken
in the context with previous research (Brooks 2009, Nery 2009, Brooks 2011) suggest that
mood state should be considered and not overlooked in structural imaging studies. The
mechanisms underlying these mood-dependent volumetric reductions in the amygdala, seen
previously in the prefrontal cortex, are unknown. Possible causes include atrophy and
shrinkage of neuronal cell bodies (Castren et al., 2007), neurotoxic elevations in stress
hormones (Sapolsky et al., 2000) or reductions in fluid associated with depressed mood
(Duning et al., 2005).

Our findings should be interpreted in light of several limitations. First, many of our patients
were taking medication. While we found no matter measurements. Second, in the current
study, statistically significant evidence of lithium affecting our findings, it cannot be ruled
out that other medications may have also impacted gray we chose to specifically focus on
the amygdala given that our group has conducted many structural and function
investigations of this brain region (Altshuler et al., 1998, 2000, 2005; Foland et al., 2008a,
2008b), and since lesions in this area of the brain have been previously linked with a range
of symptoms that overlap with that of bipolar disorder (Bear & Fedio, 1977; Flor-Henry,
1969; Shukla et al., 1987; Starkstein et al., 1988). Other brain areas implicated in bipolar
disorder may also be affected by mood state. Third, as this study included only euthymic and
depressed subjects with bipolar disorder, it remains unclear how mania might be associated
with volumetric abnormalities of the amygdala.

Our findings are consistent with previous studies examining mood-state changes in
prefrontal cortex and suggest that mood state should not be overlooked in structural
neuroimaging investigations of bipolar disorder. Future studies that replicate these findings
in unmedicated samples scanned longitudinally would be of interest.
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Figure 1.
Mean amygdala volume, averaged across hemispheres, for euthymic and depressed bipolar
subjects and control subjects.
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Table 1

Demographic and clinical characteristics of subjects

Euthymic Bipolar n
= 16

Depressed Bipolar n
= 12

Healthy Comparison
n = 12 Significance

Age (SD) 37.4 (10.8) 39.3 (9.5) 32.8 (7.8) F(2, 37)=1.5, p=0.24

Number of females (%) 7 (44) 3 (25) 7 (58) χ2(2)=2.7, p=0.25

Illness duration (SD) 14.7 (10.8) 23.8 (12.3) - t(25)=2.04, p=0.05

Number of prior manic episodes (%) χ2(2)=2.6, p=0.10

  1–4 4 (31%) 2 (18%) -

  5–10 7 (59%) 3 (27%) -

  11+ 2 (15%) 6 (55%) -

Number of prior depressive episodes
(%) χ2(2)=6.7, p=0.02

  1–4 5 (36%) 1 (9%) -

  5–10 6 (43%) 2 (18%) -

  11+ 3 (21%) 8 (73%) -

History of alcohol use disorder 5 (31%) 4 (33%) - χ2(1)=0.01, p=0.91

History of drug use disorder 4 (25%) 1 (8%) - χ2(1)=1.3, p=0.25

HAM-D (SD) 4.3 (4.0) 23.5 (2.5) -

YMRS (SD) 2.1 (1.9) 2.0 (2.0) -

Number treated with medication (%):

Lithium 6 (38%) 2 (17%) - χ2(1)=1.5, p=0.27

Antipsychotics, any 0 1 (8%) - χ2(l)=0.02, p=0.89

 Olanzapine 0 1 (8%) -

Anticonvulsants, any 9 (56%) 11 (83%) - χ2(1)=2.7, p=0.10

 divalproex 8 (50%) 4 (33%) -

 lamotrigine 0 4 (33%) -

 carbamazepine 0 1 (8%) -

 gabapentin 1 (6.3%) 2 (17%) -

Antidepressants, any 6 (38%) 8 (67%) - χ2(1)=1.3, p=0.25

 SSRIs 4 (25%) 3 (25%) -

 bupropion 2 (12.5%) 4 (33%) -

 venlafaxine 0 1 (8%) -

Benzodiazepines 0 2 (16%) - χ2(1)=0.9, p=0.34

Amygdala volume (mm3)

 Left 1684.4 (316.2) 1515.1 (276.7) 1686.1 (332.3) see text

 Right 1592.5 (404.1) 1262.3 (386.9) 1541.0 (212.5) see text

Note: Standard deviations are in parentheses. HAM-D = Hamilton Depression Rating Scale (21-item); YMRS = Young Mania Rating Scale; SSRI

= selective serotonin reuptake inhibitor. χ2 tests for the number of prior episodes are Mantel-Haenszel tests for linear trend. One depressed BP
subject was missing illness duration.
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