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Abstract
Structural neuroimaging studies of the amygdala and hippocampus in bipolar disorder have been
largely inconsistent. This may be due in part to differences in the proportion of subjects taking
lithium or experiencing an acute mood state, as both factors have recently been shown to influence
gray matter structure. To avoid these problems, we evaluated euthymic subjects not currently
taking lithium. Thirty-two subjects with bipolar type I disorder and 32 healthy subjects were
scanned using magnetic resonance imaging. Subcortical regions were manually traced, and
converted to three-dimensional meshes to evaluate the main effect of bipolar illness on radial
distance. Statistical analyses found no evidence for a main effect of bipolar illness in either region,
although exploratory analyses found a significant age by diagnosis interaction in the right
amygdala, as well as positive associations between radial distance of the left amygdala and both
prior hospitalizations for mania and current medication status. These findings suggest that, when
not treated with lithium or in an acute mood state, patients with bipolar disorder exhibit no
structural abnormalities of the amygdala or hippocampus. Future studies, nevertheless, that further
elucidate the impact of age, course of illness, and medication on amygdala structure in bipolar
disorder are warranted.
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1. Introduction
Lesion and behavioral studies have implicated the involvement of the amygdala (Flor-Henry
1969; Bear and Fedio 1977; Shukla et al. 1987; Starkstein et al. 1988; George et al. 1998;
Murphy et al. 1999; Yurgelun-Todd et al. 2000; Lembke and Ketter 2002) and hippocampus
(Flor-Henry 1969; Bear and Fedio 1977; Shukla et al. 1987; Starkstein et al. 1988; Altshuler
et al. 2005; Malhi et al. 2007) in the pathophysiology of bipolar disorder, but findings from
structural neuroimaging studies of these brain regions have been largely inconsistent. Many
MRI studies, including our own, have found abnormally large amygdala volumes in adults
with bipolar disorder (Altshuler et al. 1998; Strakowski et al. 1999; Brambilla et al. 2003;
Frangou 2005), but other studies have reported normal (Killgore et al. 2009; Brown et al.
2011) or smaller (Blumberg et al. 2003; Rosso et al. 2007; Savitz et al. 2010) amygdala
volumes in adult patients. MRI studies of the hippocampus have also been inconsistent, with
volume reductions (Noga et al. 2001; Strasser et al. 2005; Bearden et al. 2008; Chepenik et
al. 2009) or no difference (Altshuler et al. 1998; Strakowski et al. 1999; Altshuler et al.
2000; Brambilla et al. 2003) reported in bipolar adults compared to healthy controls.

It is not clear why these discrepancies exist, but possibilities include methodological
differences (i.e., differences in MRI acquisition and analysis procedures), age or biological
factors affecting brain structure (e.g., genetics). Additionally, differences in findings may
relate to variations in clinical characteristics of the patient samples. Many prior reports, for
example, have sampled from bipolar participants receiving lithium treatment, a mood
stabilizing medication known to significantly increase subcortical gray matter volume
(Yucel et al. 2007; Bearden et al. 2008; Foland et al. 2008; Usher et al. 2009; Hallahan et al.
2011). Prior studies have also included patients in various states of mania, depression or
euthymia, both within and across studies. This factor (mood state) may also significantly
confound results; two recent reports found an effect of acute depression on cortical structure
(Brooks et al. 2009; Nery et al. 2009). Findings of amygdala structure in bipolar disorder
from our laboratory (Foland-Ross et al. in press), as well as a study of the hippocampus in
major depression (Bearden et al. 2009) have similarly found effects of depressed mood on
subcortical gray matter. Additional studies, therefore, that control for the possible effects of
lithium status and mood state are needed to elucidate structural differences in the medial
temporal brain region between adults with bipolar disorder and healthy controls.

Here we attempted to control for the above issues through examining whether the
anatomical structure of the amygdala and hippocampus were altered in a sample of bipolar I
subjects who were in a euthymic mood state and were currently not taking lithium. We
employed a specialized three-dimensional (3D) surface mesh modeling approach that
visualizes the spatial profile of neuropathological abnormalities, allowing for a refined
neuroanatomic localization of regionally specific alterations in bipolar patients (Thompson
et al. 2004). Given that the prior studies that have found subcortical enlargement in one or
both of these structures have primarily sampled from bipolar patients treated with lithium
(Altshuler et al. 1998; Altshuler et al. 2000; Brambilla et al. 2003), and evidence that
volumetric reductions in these regions are present in bipolar populations not treated with this
medication (Blumberg et al. 2003; Rosso et al. 2007; Savitz et al. 2010), we hypothesized
that lithium-free euthymic bipolar subjects in the current study would show regional
volumetric reductions in the amygdala and hippocampus relative to healthy subjects. We
additionally explored possible associations between 3D morphology of medial temporal lobe
structures and clinical and demographic variables.
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2. Methods
2.1 Subjects

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 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 using the Structured Clinical
Interview for DSMIV (SCID) to confirm diagnosis or absence thereof. Exclusion criteria for
all subjects included left-handedness, hypertension, neurological illness, metal implants and
a history of skull fracture or head trauma with loss of consciousness >5 minutes. Bipolar
subjects who were experiencing an acute mood state, had other active Axis I co-morbidities
or were currently receiving treatment with lithium were excluded. Euthymia was defined as
not currently meeting criteria for a manic, hypomanic or depressive mood episode,
according to the SCID, a Young Mania Rating Scale (YMRS; Young et al. 1978) score of
≤7, and a 21-item Hamilton Depression Rating Scale (HAMD; Hamilton 1960) score of ≤7
on the day of scanning. Current lithium use was defined as patients who were taking lithium
medication at the time of scanning or had done so in the previous month. Information on
lifetime exposure to lithium, as well as prior course of illness and current medication use
was additionally obtained by self-report, by reference to medical records when available,
and by corroboration of family members or significant others when subjects allowed this.
Other exclusionary criteria for healthy controls included current or past psychiatric diagnosis
(including history of substance abuse) or current medication use.

In total, 32 subjects with bipolar type I disorder (20f; 37.9±11.9 years), currently euthymic,
and 32 healthy control subjects (19f; 38.3±12.9 years) were included in the study.
Demographic and clinical characteristics, including current medication information for all
subjects are presented in Table 1.

2.2 Image acquisition
Each subject was positioned in a supine orientation with their head stabilized by foam pads
inside a radio frequency (RF) head coil. Sound-insulating earplugs reduced discomfort
associated with scanner noise. A sagittal high-resolution 3D MP-RAGE T1-weighted image
volume was obtained using a 1.5 Tesla Siemens Sonata MRI scanner (Milwaukee, WI) at
the UCLA Ahmanson-Lovelace Brain Mapping Center (FOV: 256 mm; 160 slices; isotropic
voxel size 1 mm3; TR=1900 ms; TE=4.38 ms; flip angle: 15 degrees; averages=4; total scan
time=8.14 min).

2.3 Analysis of demographic variables
Statistical analysis of demographic variables was performed using the R statistical software
package (http://www.r-project.org). Group differences in categorical and continuous
demographic variables were computed using 2-tailed Fisher’s exact and independent t-tests,
respectively. A two-tailed α level of p<0.05 was used as the threshold for statistical
significance for these and all other analyses.

2.4 Image preprocessing
Image preprocessing steps consisted of correction of artifactual intensity non-uniformities
due to magnetic field inhomogeneities (Zijdenbos and Dawant 1994), adjustment for head
position and transformation of imaging data into a common stereotaxic coordinate system
without scaling using a three-translation and three-rotation rigid-body transformation
(Woods et al. 1998) and reslicing in the coronal plane. These procedures corrected for
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differences in head position and orientation and allowed images to be displayed in a coronal
plane perpendicular to the longitudinal axis of the hippocampus (Bartzokis et al. 1993).
Additionally, all images were processed to remove non-brain tissue using automated
algorithms (Shattuck and Leahy 2002) to allow for the calculation of total brain volume
(TBV).

2.5 Manual delineation of subcortical regions of interest
The amygdala was manually traced using a previously defined protocol (Bartzokis et al.
1993; Altshuler et al. 2000). A trained image analyst (C.P.) who was blind to diagnostic,
demographic and clinical variables performed the tracings of this structure. Hippocampi
were traced bilaterally according to a predefined protocol (Altshuler 2000) by a separate
trained image analyst (R.V.), who was also blind to all demographic and clinical variables.
To assess intra-rater reliability, ten different randomly selected brains were re-traced by each
investigator and intraclass correlation coefficients (ICCs) were computed. Results from
intra-rater testing revealed excellent reliability, with ICCs of 0.83 and 0.86 for the left and
right amygdala, respectively, and 0.89 and 0.92 for the left and right hippocampus,
respectively.

2.6 Subcortical mesh mapping
For the 3D morphometric analysis of the amygdala and hippocampus, surface meshes were
constructed for each subject using a surface-based anatomical modeling approach that has
been detailed previously (Thompson et al. 1996). This method converts manual tracings to
mesh surfaces through first digitizing points along the amygdalar and hippocampal tissue
boundaries (identified by tracings), then resamples these points to make structural
boundaries spatially uniform by stretching a regular parametric grid over each surface
(Figure 1). A medial core, or curve threading down the longitudinal center of each region,
was then computed separately for the amygdala and hippocampus. The resulting distance
from the subcortical structure’s medial core to each surface point of that structure determine
radial distance, the dependent variable in our analysis of subcortical structure; smaller radial
distances reflect local areas of small volume, whereas larger radial distances reflect local
areas of large volume. Because the same surface grid was initially imposed on each subject,
statistical comparisons could be made at homologous subcortical surface points to index
diagnosis-related (between-group) differences in radial distance, as described below.
Probability values from statistical comparisons, mapped at each surface point, generate a
three-dimensional representation of structural differences between groups.

2.7 Analysis of diagnostic effects
A general linear model (GLM) was fit at each location along the amygdala and hippocampus
surface mesh to identify surface points having a significant association between diagnosis
and radial distance. This model included age, gender and TBV as covariates. Because mesh-
mapping methods assess point-wise, highly localized effects of structural differences, we,
like prior studies that have used these procedures (Narr et al. 2004; Thompson et al. 2004;
Bearden et al. 2008) did not include hemisphere as a repeated measure. Results from the
surface-based GLM analyses were mapped onto the average surface mesh as uncorrected,
color-coded pvalues to provide a visual representation of illness effects.

Because multiple comparisons were made across many surface points, permutation testing
was used, as previously described (Thompson et al. 2004) to assess regional significance.
This procedure measures the distribution of features in the statistical maps that would be
observed by accident if group assignment were random, and provides an overall p value for
the observed effects that is corrected for multiple comparisons.
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2.8 Exploratory analyses of associations between subcortical structure and clinical and
demographic variables

To explore possible associations between prior course of illness and subcortical radial size,
individual linear regression models were fit for the clinical variables listed in Table 1. For
prior course of illness variables that were highly collinear with age (such as illness duration,
r=0.82, p<0.0001), gender and TBV, but not age, were included as covariates; all other
models controlled for all three variables.

Associations between radial distance and current medications were explored through direct
group comparisons between patients who were (N=22) or were not (N=10) treated at the
time of scanning. Follow-up multiple linear regression models were used to further explore
whether there were significant associations between radial distance and specific medication
type (anticonvulsants, N=14; antipsychotics, N=15; and antidepressants, N=4). Additionally,
although all subjects in our sample were lithium free at the time of scanning, and although
there is not evidence to suggest a permanent effect of this medication on neural structure, we
none-the-less conducted additional analyses comparing radial distance between patients who
had (N=8) and who had not (N=20) taken lithium in the past to determine whether prior
exposure was itself a significant confounder, as well as compared radial distance between
lithium-naïve patients and healthy controls.

Finally, since at least one previous study found an abnormal relationship between age and
subcortical structure in bipolar adolescents (Chen et al. 2004), we also explored the effects
of this factor on radial distance of the amygdala and hippocampus. In this exploratory
analysis, we refit the primary main effects models adding the interaction of diagnosis and
age. This revised model was run at each surface point, controlling for gender and TBV.
Additionally, the interaction of diagnosis and gender was explored.

3. Results
3.1 Subject demographics

Bipolar subjects did not differ significantly from healthy controls in age, gender, educational
level or race (Table 1). On the day of the scan, bipolar patients’ average HAMD and YMRS
scores were 4.5+/-2.3 and 1.8+/- 2.2, respectively.

3.2 Mesh mapping results: effect of bipolar illness
Statistical analyses of the radial distance of the hippocampus and amygdala revealed no
significant differences between groups for either region (corrected p’s for the left and right
amygdala: 0.475 and 0.489, respectively; corrected p’s for the left and right hippocampus:
0.804 and 0.375, respectively).

3.3 Mesh mapping results: associations with clinical and demographic variables
Results from our exploratory analysis of medication effects revealed no significant
differences between medicated and unmedicated bipolar subjects and radial size in the
hippocampus. A significant difference in radial distance, however, was observed between
medicated (N=22) and unmedicated (N=10) subjects in the left amygdala (Figure 2a), with
radial size increases observed in medicated compared to unmedicated bipolar subjects
(corrected p values: left=0.047; right=0.827). Visual comparisons of these maps with surface
based representations of amygdala subnuclei (provided by Yang et al. 2009) suggest that
medication associations were present in the central nucleus, and midline portions of the
lateral and basolateral nuclei. Follow-up multiple linear regression analyses indicated that no
particular medication type (anticonvulsants, N=14; antipsychotics, N=15; and
antidepressants, N=4) drove this group difference. Furthermore, follow-up pairwise
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comparisons revealed no significant differences in radial size between medicated bipolar
subjects and healthy subjects (corrected p’s>0.2) or between unmedicated bipolar subjects
and healthy subjects (corrected p’s>0.498). Moreover, no group differences in radial size
were observed in the amygdala or hippocampus between patients who had (N=8) and who
had not (N=20) had prior exposure to lithium medication, or between lithium-naïve patients
and healthy controls (all p’s>0.4).

Exploratory analyses examining the effect of prior course of illness revealed significant
positive correlations between radial distance in the left amygdala and prior number of
hospitalizations for mania (corrected p values: left=0.046; right=0.682; Figure 2b). Visual
comparisons of these maps with surface based representations of amygdala subnuclei
(provided by Yang et al. 2009) show that these associations were again localized to the
central nucleus, and midline portions of the lateral and basolateral nuclei. All other prior
course of illness variables showed no significant associations with radial distance of the
amygdala or hippocampus (all corrected p’s<0.2).

Finally, a diagnosis by age interaction (controlling for gender and TBV) was found for the
right amygdala that was localized to a gray matter subregion roughly corresponding to the
basolateral nucleus (corrected p’s: left=0.172; right=0.046; Figure 3). Follow-up within-
group analyses, controlling for gender and TBV, showed that radial size of this region
decreased with age in healthy controls (corrected p’s: left=0.075, right=0.013), but not in
bipolar patients (corrected p’s: left=0.897, right=0.451). No interaction effects were found
for the left or right hippocampus (corrected p’s: left=0.600, right=0.388). Moreover, no
diagnosis by gender interaction effects were found for either structure (corrected p’s=n.s.).

Given that our initial exploratory analyses found a significant positive association between
radial distance of the amygdala and current use of medication, prior hospitalizations for
mania and age, we refit our statistical model to include all of these variables, while
controlling for gender and TBV. This joint model allowed us to determine whether these
variables had unique contributions to radial distance, or had overlapping effects. Results
from this analysis showed that the effects of these individual factors on radial distance were
no longer significant in the joint model (corrected p’s for prior hospitalizations for mania:
left=0.076, right=0.505; corrected p’s for current medication treatment: left=0.139,
right=0.554), suggesting that associations between amygdala structure and age may be
related to exposure to medications that induce gray matter hypertrophy, the occurrence of
manic episodes, or both.

4. Discussion
Using surface based mesh-mapping methods, our study found no significant differences in
the regional morphology of either the amygdala or hippocampus between lithium-free
euthymic bipolar subjects and healthy controls. These data add to the existing literature
examining structural differences in the amygdala and hippocampus in this disorder and
suggest that when the possible confounding effects of lithium treatment and mood are
controlled for, no structural differences are evident between bipolar patients and healthy
control subjects. Although contrary to our a priori hypotheses, these findings regarding the
main effect of diagnosis on amygdala structure agree with at least two recent studies of
bipolar disorder (Killgore et al. 2009; Brown et al. 2011). Likewise, the lack of a between-
group difference in the hippocampus is consistent with prior neuroimaging reports of
subjects with bipolar disorder both taking or not taking lithium (Strakowski et al. 1999;
Hauser et al. 2000; Brambilla et al. 2003; Chen et al. 2004).

A secondary aim of the current study was to explore potential associations between regional
morphology of the amygdala and hippocampus and demographic and course of illness
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variables. Several interesting findings resulted from these secondary analyses. First, an age
by diagnosis interaction was observed in the basolateral portion of the right amygdala that
was driven by an inverse association between age and radial distance in healthy controls, but
not bipolar subjects. Such a pattern of age-related reduction in amygdala volume in healthy
subjects is consistent with prior investigations (Allen et al. 2005; Walhovd et al. 2005).
Moreover, the age by diagnosis interaction that we observed in this study of bipolar adults is
consistent with at least one study examining age-related changes in amygdala volume in
young adults with bipolar disorder (Chen et al. 2004). These data add support to the
suggestion that altered age-related trajectories of this region may explain why smaller
amygdala size is more consistently found in studies of bipolar children and adolescents
(Blumberg et al. 2003; DelBello et al. 2004; Blumberg et al. 2005; Chang et al. 2005) and in
bipolar individuals experiencing a first-episode of mania or depression (Rosso et al. 2007),
whereas amygdala enlargement is more consistently found in studies of chronically ill
bipolar adults (that is, those with a greater number of prior episodes or longer duration of
illness; Altshuler et al. 1998; Strakowski et al. 1999; Altshuler et al. 2000; Brambilla et al.
2003; Frangou 2005).

The factors underlying the apparent abnormalities in age-related changes in amygdala
structure in bipolar patients are unknown. However, given that medication and the number
of prior hospitalizations for mania were also found to be associated with increases in radial
distance in separate exploratory analyses, and given that the effects of these individual
factors on radial distance were no longer significant in the joint model, the apparent absence
of an age related structural decline in this region of patients could be related to exposure to
medications that induce gray matter hypertrophy, the occurrence of severe manic episodes,
or both. Future studies, therefore, that attempt to tease apart the unique impact of each of
these variables on regional amygdala morphology, while controlling for lithium and mood
state in bipolar disorder are needed.

The positive correlations that we observed between radial distance of the left amygdala and
number of prior of hospitalizations for mania is consistent with a prior study by our group,
in which we found a positive correlation between left amygdala volume and prior number of
manic episodes (Altshuler et al. 2000). While it is possible that this finding may be reflective
of a more severe form of bipolar illness, another possibility is that an episode of mania itself
may have enduring hypertrophic effects on gray matter. Indeed, no studies, to our
knowledge have explicitly controlled for mood state when investigating subcortical gray
matter abnormalities in bipolar disorder, despite recent evidence showing a significant effect
of mood state on brain structure (Brooks et al. 2009; Nery et al. 2009; Foland-Ross et al. in
press). Sampling from an entirely euthymic bipolar sample, therefore, represents a unique
strength of the current investigation. Future studies that address the impact of mood state on
brain structure in bipolar disorder using a longitudinal approach would be helpful in
delineating the specific impact of mania on brain structure, as well as in determining
whether mood-state related anomalies in structure are transient or enduring.

Finally, in addition to the associations that we observed between amygdala structure, prior
hospitalizations for mania, and age, we also observed a relationship between current
medication status (treated versus untreated) and radial size of the left amygdala. The
significant enlargement that was present in this region in medicated versus unmedicated
bipolar patients is in agreement with a recent study by Savitz (2010), who reported reduced
total amygdala volume in 18 unmedicated, compared to 17 medicated bipolar subjects. This
prior finding, in concert with our own, may suggest that neuroplastic changes in this region
could be moderated by any number of mood stabilizing medications. Unlike Savitz,
however, we did not observe a significant reduction in overall amygdala size in unmedicated
bipolar patients versus healthy controls. As the number of unmedicated subjects in the
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current study was small (N=10), however, we had limited power to examine this issue. This
lower sample size may also have diminished our power to detect a significant association
between amygdala volume and specific medication type (antipsychotics, antidepressants or
anticonvulsants). Further investigation on the impact of medication type in larger bipolar
samples is needed.

It is interesting that the effects of medication and mania history were found in the left, but
not right hemisphere in our patient sample. This apparent laterality is consistent with prior
work from our group, showing increased left amygdala activation in manic bipolar patients
during the visual processing of emotional stimuli (Altshuler et al. 2005), and increased
volume or the left amygdala in patients reporting a higher number of manic episodes
(Altshuler et al. 2000). The meaning of this apparent lateralization, and its causes, are not
currently well understood. However, prior work suggests that the left amygdala, which is
typically smaller than the right (Pedraza et al. 2004), is more critically involved in the
explicit, conscious, and verbal processing of affective material (Gazzaniga 1995; Morris et
al. 1998). In this context, it would be interesting for future studies of bipolar disorder to
examine possible associations between structural characteristics of the left amygdala, and
performance on various left-lateralized amygdaladependent behavioral tasks and activation
paradigms. Along these lines, given that an interaction of diagnosis and age was found in the
right, but not left hemisphere, future studies should examine whether anomalies in age-
related declines in the radial distance of this structure are also related to abnormal changes in
right amygdala-based functions and behaviors (e.g., the subconscious processing of
emotional material; Gazzaniga 1995; Morris et al. 1998).

Our findings should be considered in light of several limitations. First, the number of
subjects in our patient sample that were unmedicated was small, limiting our power to detect
areas that were significantly impacted by current medication status. Additionally, a small
number of subjects in our patient sample (N=8) had reported taking lithium in the years prior
to scanning, and previous exposure to this medication could have affected our results. Yet,
to our knowledge, there is no evidence to suggest that the effects of lithium on neural
structure are enduring. In fact, in our sample, comparisons between patients who had and
had not previously taken this medication indicated that prior lithium use itself was not a
significant confounder. We may have been underpowered to thoroughly address this issue
however; future studies that follow subjects longitudinally both before, during and after
treatment with lithium, are needed to assess whether gray matter hypertrophy caused by this
medication is reversible upon medication withdrawal. Second, it is important to note that a
majority of the subjects within our patient sample (69%) were receiving treatment with one
or more psychotropic medications at the time of scanning. As such, it remains possible,
particularly given our findings of a hypertropic effect of current medication status on
structure in the right amygdala, that medication may have masked any diagnosis-specific
alterations in amygdalar and hippocampal gray matter morphology. Indeed, this limitation
represents a major issue for studies of chronically ill patients, as recruitment of large
numbers of unmedicated individuals with bipolar disorder remains difficult (Phillips et al.
2008). It will be critical, therefore, for future investigations to continue to try to elucidate the
effects of medication on brain structure. Third, while a logical next step in our analysis
could involve the use of model selection to identify the best group of predictors, the point-
wise analysis tools currently available for the analysis of subcortical mesh maps do not
easily allow for this. Future methodological development and/or use of normalized measures
of illness history in studies that examine subcortical structure using the mesh mapping
approach would therefore be of interest. Fourth, the manual tracing method, which we
utilized in order to derive surface meshes, is susceptible to measurement error. We
attempted to minimize these errors, however, through training our analysts (C.P, R.V.) using
well-established and specific tracing protocols and through blinding these individuals to
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diagnostic, demographic and clinical variables. Fifth, while we have highlighted the
involvement of mood state, medication and neuroimaging analysis approach as possible
factors contributing to prior inconsistencies in the neuroimaging literature of bipolar
disorder, many other factors not considered here (e.g. genes, age, chronicity, comorbidity)
may have contributed to variability in prior findings. Future studies that take these other
factors into account are needed. Finally, caution should be exercised in interpreting our
findings regarding associations between radial distance and clinical variables. Illness history
was assessed retrospectively, and may be influenced by errors in subject recall and/or
reporting bias. Further, multiple analyses between subcortical structure and clinical variables
were conducted, and the possibility of Type I error cannot be excluded. Because we did not
have specific hypotheses regarding which clinical variables might be associated with
subcortical structure, these findings were considered exploratory and require replication in
future studies to ensure their validity.

In conclusion, using mesh-based structural neuroimaging analysis methods, we found no
evidence for a structural abnormality of the amygdala or hippocampus between lithium-free
euthymic bipolar adults and healthy control subjects. Exploratory analyses nevertheless
revealed, in bipolar subjects, a lack of the age-related structural decline that was observed in
the basloateral portion of the right amygdala of healthy subjects. Additionally, enlargement
in dorsal and ventral midline subregions of the left amygdala was found in patients having a
higher number of prior hospitalizations for mania and in patients who were receiving (non-
lithium) medication. Taken together, these findings suggest that when bipolar patients are
not treated with lithium, and are in a euthymic mood state, there is no evidence of a
structural abnormality in amygdala or hippocampus, but other clinical variables may
nevertheless impact gray matter structure in the amygdala. Future studies that replicate these
findings would help to establish the validity of these observations.
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Figure 1.
Schematic of the mesh mapping method. The surface-based mesh mapping method relies on
(A) manually tracing the subcortical structure (B) computing a three-dimensional parametric
mesh model of the structure, (C) estimating the distance between the central core of the
structure to each surface point (i.e., the radial distance), and recording radial distance
estimates at each surface point to create subject and group average color-coded maps of the
radial distance (D). These maps are then assessed statistically by fitting a statistical model
separately at each surface point to provide group differences in radial distance, or
associations with clinical and demographic variables (E).
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Figure 2.
Statistical maps showing regional positive associations between amygdala surface structure
and current medication use (A) and prior hospitalizations for mania (B). Probability maps
show thresholded, uncorrected p values in color. See the Results section of the text for
corrected p values.
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Figure 3.
Associations between amygdala radial size and age in healthy controls (A) and bipolar
subjects (B). The significance of these correlations is plotted as uncorrected color-coded p
values, with cool colors indicating negative correlations and hot colors, positive correlations.
Red areas in (C) indicate areas in areas of significant age by diagnosis interactions (i.e. areas
in which age-related changes in radial size differ between groups).

Foland-Ross et al. Page 15

Psychiatry Res. Author manuscript; available in PMC 2014 March 30.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Foland-Ross et al. Page 16

Table 1

Subject demographics

Demographic variable Subjects with bipolar disorder (N=32) Healthy controls (N=32) Group difference

Age (Mean ± SD) 37.9±11.9 38.3±12.9 p=0.91 t=0.12

N Female (%) 20 (60.6) 19 (59.4) p=1.00

Education levela 3.0±0.6 3.2±0.6 p=0.35

Race p=0.21

 N Caucasian (%) 23 (71.9) 23 (71.9) -

 N Asian (%) 2 (6.3) 6 (18.8) -

 N African American (%) 6 (18.8) 3 (9.4) -

 N Other (%) 1 (3.1) 0 (0) -

HAMDb 4.5±2.3 - -

YMRSc 1.8±2.2 - -

Duration of Illness (years) 19.1±12.4 - -

Age at Onset 17.1±6.5 - -

Prior Manias 8.8±11.4 - -

Prior depressions 10.6±18.8 - -

Prior hospitalizations 2.5±2.7 - -

N with a history of psychosis (%) 16 (48.5) - -

Months Euthymic 17.9±22.3 - -

Patient medications

 N Unmedicated (%) 10 (31) - -

 N Lithium (%)* 0 (0) - -

 N Anticonvulsantsd (%) 14 (44) - -

 N Antipsychoticse (%) 15 (47) - -

 N Antidepressantsf (%) 4 (13) - -

a
Educational level for each subject was rated on a four-point scale (1, grade 8 or less; 2, grade 9–12; 3, 1–4 years of college or university; 5, five or

more years of college or university);

b
Hamilton Depression Rating Scale;

c
Young Mania Rating Scale;

d
includes treatment with Divalproex sodium (N=5), Lamotrigine (N=10), Oxcarbazepine (N=1) or Carbamazepine (N=2);

e
includes treatment with Aripiprazole (N=8), Risperidone (N=1), Ziprasidone (N=1), Olanzapine (N=3), Quetiapine (N=4);

f
includes treatment with Paroxetine (N=1), Fluoxetine (N=2), Citalopram (N=1), Escitalopram (N=1),Venlafaxine (N=1),Bupropion

(N=2),Trazodone (N=1);

g
includes treatment with Temazepam (N=1). Months euthymic indicated time euthymic prior to scanning. All p values indicate 2-tailed

significance levels.

*
Although no patients in the current study were taking lithium at the time of scanning, (25%) were documented as having lifetime exposure to this

medication.
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