
ORIGINAL RESEARCH
published: 16 February 2021

doi: 10.3389/fpsyt.2021.614010

Frontiers in Psychiatry | www.frontiersin.org 1 February 2021 | Volume 12 | Article 614010

Edited by:

Neeltje E. M. Van Haren,

Sophia Children’s

Hospital, Netherlands

Reviewed by:

Delfina Janiri,

Sapienza University of Rome, Italy

Gabriele Sani,

Università Cattolica del Sacro

Cuore, Italy

*Correspondence:

Pamela B. Mahon

pmahon@bwh.harvard.edu

Specialty section:

This article was submitted to

Neuroimaging and Stimulation,

a section of the journal

Frontiers in Psychiatry

Received: 20 October 2020

Accepted: 19 January 2021

Published: 16 February 2021

Citation:

Athey TL, Ceritoglu C, Tward DJ,

Kutten KS, DePaulo JR, Glazer K,

Goes FS, Kelsoe JR, Mondimore F,

Nievergelt CM, Rootes-Murdy K,

Zandi PP, Ratnanather JT and

Mahon PB (2021) A 7 Tesla

Amygdalar-Hippocampal Shape

Analysis of Lithium Response in

Bipolar Disorder.

Front. Psychiatry 12:614010.

doi: 10.3389/fpsyt.2021.614010

A 7 Tesla Amygdalar-Hippocampal
Shape Analysis of Lithium Response
in Bipolar Disorder
Thomas L. Athey 1,2,3, Can Ceritoglu 1, Daniel J. Tward 1,2,3, Kwame S. Kutten 1,

J. Raymond DePaulo 4, Kara Glazer 5, Fernando S. Goes 4, John R. Kelsoe 6,7,

Francis Mondimore 4, Caroline M. Nievergelt 7, Kelly Rootes-Murdy 8, Peter P. Zandi 4,9,

J. Tilak Ratnanather 1,2,3 and Pamela B. Mahon 4,10,11*

1Center for Imaging Science, Johns Hopkins University, Baltimore, MD, United States, 2 Institute for Computational Medicine,

Johns Hopkins University, Baltimore, MD, United States, 3Department of Biomedical Engineering, Johns Hopkins University,

Baltimore, MD, United States, 4Department of Psychiatry and Behavioral Science, Johns Hopkins School of Medicine,

Baltimore, MD, United States, 5Department of Occupational Therapy, Boston University, Boston, MA, United States,
6Department of Psychiatry, VA San Diego Healthcare System, La Jolla, CA, United States, 7Department of Psychiatry,

University of California, San Diego, La Jolla, CA, United States, 8Department of Psychology, Georgia State University, Atlanta,

GA, United States, 9Department of Mental Health, Johns Hopkins Bloomberg School of Public Health, Baltimore, MD,

United States, 10Department of Psychiatry, Brigham & Women’s Hospital, Boston, MA, United States, 11Department of

Psychiatry, Harvard School of Medicine, Boston, MA, United States

Research to discover clinically useful predictors of lithium response in patients with

bipolar disorder has largely found them to be elusive. We demonstrate here that

detailed neuroimaging may have the potential to fill this important gap in mood disorder

therapeutics. Lithium treatment and bipolar disorder have both been shown to affect

anatomy of the hippocampi and amygdalae but there is no consensus on the nature of

their effects. We aimed to investigate structural surface anatomy changes in amygdala

and hippocampus correlated with treatment response in bipolar disorder. Patients with

bipolar disorder (N = 14) underwent lithium treatment, were classified by response status

at acute and long-term time points, and scanned with 7 Tesla structural MRI. Large

Deformation Diffeomorphic Metric Mapping was applied to detect local differences in

hippocampal and amygdalar anatomy between lithium responders and non-responders.

Anatomy was also compared to 21 healthy comparison participants. A patch of the

ventral surface of the left hippocampus was found to be significantly atrophied in

non-responders as compared to responders at the acute time point and was associated

at a trend-level with long-term response status. We did not detect an association

between response status and surface anatomy of the right hippocampus or amygdala. To

the best of our knowledge, this is the first shape analysis of hippocampus and amygdala

in bipolar disorder using 7 Tesla MRI. These results can inform future work investigating

possible neuroimaging predictors of lithium response in bipolar disorder.

Keywords: lithium, 7T MRI, shape analysis, amygdala, hippocampus, bipolar disorder

https://www.frontiersin.org/journals/psychiatry
https://www.frontiersin.org/journals/psychiatry#editorial-board
https://www.frontiersin.org/journals/psychiatry#editorial-board
https://www.frontiersin.org/journals/psychiatry#editorial-board
https://www.frontiersin.org/journals/psychiatry#editorial-board
https://doi.org/10.3389/fpsyt.2021.614010
http://crossmark.crossref.org/dialog/?doi=10.3389/fpsyt.2021.614010&domain=pdf&date_stamp=2021-02-16
https://www.frontiersin.org/journals/psychiatry
https://www.frontiersin.org
https://www.frontiersin.org/journals/psychiatry#articles
https://creativecommons.org/licenses/by/4.0/
mailto:pmahon@bwh.harvard.edu
https://doi.org/10.3389/fpsyt.2021.614010
https://www.frontiersin.org/articles/10.3389/fpsyt.2021.614010/full


Athey et al. Amygdalar-Hippocampal Analysis of Lithium Response

1. INTRODUCTION

Bipolar I disorder (BD) is characterized by a relapsing and
remitting course and is common, affecting an estimated 1% of
the population (1). Treatment of BD is complex, often involves
polypharmacy, and it can take months or even years to find
an effective treatment for an individual patient (2). Lithium is
a common mood-stabilizing treatment that has been shown to
significantly reduce risk of depressive or manic relapse (3, 4).
However, only about 50% of patients with BD respond to lithium
(5). Identification of reliable predictors of treatment response
could greatly reduce illness burden and improve the lives of
patients with BD (6–8).

A limited number of predictors of lithium response in BD
have been identified, including clinical and genetic features (6–9).
Clinical predictors of positive response include an illness pattern
of manic episodes before depressive episodes and later age of
onset of the disorder. However, no single clinical feature has
been found to strongly predict lithium response (8). In terms
of genetics, Genome Wide Association Studies (GWAS) have
now identified genetic variation associated with lithium response,
including single nucleotide polymorphisms (SNPs) located in a
region containing genes for long non-coding RNAs that regulate
gene expression and in the genes SESTD1 and in GADL1 (10–
12). Additional suggestive associations of lithium response have
been reported with SNPs located in the gene GRIA2 and with
microRNAs (13, 14).

Another data modality that may predict treatment response
is neuroimaging (7). Decreased bilateral volumes of hippocampi,
amygdalae, and thalamus, and increased lateral ventricle volume
have been shown in BD, along with altered function and
connectivity in related cortico-limbic circuits (15–20). Lithium
treatment in BD has been associated with larger volumes of
structures such as the hippocampus and amygdala, although not
consistently, as well as hypoactivation in subcortical structures
typically found to be hyperactivated in BD (18, 21–24). Only a few
previous studies have used neuroimaging to examine response
to lithium treatment, with some identifying patterns of structure
and function in cortico-limbic regions and circuits consistent
with a normalizing effect of lithium (25–29). Most studies
examining lithium effects on structural MRI have examined
brain volumes, cortical thickness or surface area, reducing all
morphological information to a single statistic (17, 21, 22, 30).
Exploring more local effects may provide additional information
and potentially help further elucidate lithium’s neurobiological
action. While a few studies have examined subcortical structure
at a more detailed level, with some reporting localized differences
in hippocampus including in CA1, CA2/3 and subiculum, such
studies assessed structural changes related to lithium use and
did not take into account differences in individual responses to
lithium treatment (23, 31–34).

In this study, we combined a focus on response to lithium
treatment with an examination of local structural effects, utilizing
Large Deformation Diffeomorphic Metric Mapping (LDDMM)
methods to identify local morphological differences between
patients with BD who responded to lithium monotherapy
treatment, those who did not respond, and healthy comparison

participants (HC). LDDMM methods can quantify local
morphological differences in brain structures and have been
used previously to study patterns of atrophy in diseases such as
Alzheimer’s and Huntington’s (35, 36). Our goal was to identify
amygdalar and hippocampal shape correlates of lithium response
in BD. This preliminary study could help identify brain features
to be examined in future neuroimaging studies to identify
predictors of lithium response in BD.

2. MATERIALS AND METHODS

2.1. Participants
Participants with BD were recruited at the Johns Hopkins site
of the Pharmacogenomics of Bipolar Disorder Study (PGBD),
an eleven site prospective trial of lithium monotherapy in
adult patients with BD (37). Diagnostic and Statistical Manual
of Mental Disorders (DSM-IV) research diagnosis was made
by a psychiatrist using the Diagnostic Interview for Genetic
Studies (DIGS) (38). Participants with BD were included if
they (i) met DSM-IV criteria for bipolar I disorder, (ii) were
currently euthymic with Beck Depression Inventory (BDI)<19
and Clinician-Administered Rating Scale for Mania (CARS-
M)<8 (39, 40) and (iii) were enrolled in the PGBD study [for
inclusion and exclusion criteria of that study see (37)]. HC were
recruited from the community using flyers, or from participants
in previous research studies at Johns Hopkins who had given
written permission to be re-contacted for future research, and
were included if they had (i) no self-reported psychiatric history
based on the Mini-International Neuropsychiatric Interview
(MINI) (41), (ii) no self-reported family history of psychiatric
disorder in any first-degree family member. All participants met
the inclusion criteria of (i) 18–65 years old, (ii) right handed and
were excluded by (i) alcohol or substance abuse or dependence
during the past 6 months, (ii) dementia or mild cognitive
impairment, (iii) contraindication to an MRI scan.

As part of the PGBD study, participants with BD were
followed through a 16-week stabilization phase to stabilize mood
and titrate off psychotropic medications other than lithium,
followed by a 4-week observation phase. During the 4-week
observation phase, subjects with a Clinical Global Impression-
Severity (CGI-S) score of 3 or less (mildly ill) for at least 4 weeks
were advanced to a maintenance phase. During maintenance
participants were assessed every 2 months for up to 24 months.
Determination of lithium response was according to the PGBD
study (37). Non-response was defined by failure to remit over the
stabilization phase and/or observation phase, or relapse during
the maintenance phase. Relapse was defined by either (i) meeting
criteria for mania and having a CGI-S score of 4 or greater
(markedly ill), (ii) meeting criteria for a major depressive episode
with a 4-week duration, (iii) meeting criteria for a mixed episode
with a CGI-S score of 4 or greater, (iv) psychiatric hospitalization
for a mood episode, or (v) if in the physician’s judgment, the
patient could not be managed on monotherapy and required a
change in medication. Response was defined at two time points:
“acute response” considering whether the patient remained well
enough to advance to the maintenance phase, and “long-term
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response” considering up to 24 months of follow-up during the
maintenance phase.

Participants with BD were consented and enrolled into
the MRI study after beginning the PGBD study. Of the 25
participants (17 female, 8 male) who consented to participate in
the MRI study, two were later excluded due a change in mood
disorder diagnosis, one due to treatment non-compliance, and
one was unable to complete the MRI scan. Participants were
scheduled for MRI scanning after a clinical determination of
acute response was made. A total of 7 participants were lost to
follow-up prior to the MRI scan. Thus, a clinical determination
of lithium response and a completed MRI scan were available
for 14 participants with BD (9 acute responders, 5 acute non-
responders). Two acute responders were determined to be long-
term non-responders. Twenty-one HC were enrolled into the
study and scanned.

2.2. Clinical Assessment
On the day of the MRI scan, all participants completed the
Hopkins Adult Reading Test (42) as an indicator of Full Scale
IQ, as well as the BDI and CARS-M to assess current dessive
and manic symptoms, respectively. Possible dementia and mild
cognitive impairment were assessed using theMini Mental Status
Exam (43) and Montreal Cognitive Assessment (44).

As some participants with BD had initiated treatment
with lithium prior to entering the study, duration of lithium
monotherapy at the time of the scan ranged from 2 months
to 12 years. The mean dose of lithium in the participants was
1, 000 ± 300 MG. At the time of the MRI, four participants who
had exited the PGBD study had recently added an antipsychotic
or antidepressant medication.

2.3. Image Acquisition and Segmentation
T1-weighted MP-RAGE brain scans (TR = 4.3 ms, TE = 1.92
ms, axial orientation, matrix = 225 × 288 × 288, resolution
= 0.8 × 0.764 × 0.764 mm) were acquired on a Phillips 7.0-
Tesla scanner (32 channel head coil) at Kennedy Krieger Institute
(Baltimore, MD).

Binary segmentations in the population were obtained using
the multi-atlas random orbit model (45). First, multi-atlases
of segmented hippocampi, amygdalae and coarse regions were
created from a subset of the population and then used to
generate segmentations in the entire population. The initial
segmentation and editing were manually performed using Seg3D
(46), summarized here.

1. A contributor who was unblinded to the subjects’ clinical
features selected 5 subjects who were representative of the
larger cohort with respect to sex, age, education, and diagnosis.
These subjects are henceforth referred to as the atlas subjects.
All following steps were performed by a contributor who was
blinded to the subjects’ clinical features.

2. Skull strip masks were constructed manually for the atlas
subjects. This segmentation followed the dura mater around
the cerebrum and cerebellum. The inferior most slice was
inferior border of the cerebellum (47).

3. The atlas subjects were segmented for left and right
hippocampus, and left and right amygdala according to the
Mai atlas (48).

The amygdalae were segmented primarily in the coronal
plane, similar to (49). In anterior slices of the amygdalae, white
matter defined the ventrolateral and ventromedial borders.
The dorsomedial border was defined by the semilunar gyrus.
The lateral border was defined by the striations between
the amygdala and claustrum. In more posterior slices, the
lateral ventricle composed the ventrolateral border and the
hippocampus/alveus composed the ventromedial border. The
region of white matter that includes the optic tract composed
the dorsal border of the amygdala.

The hippocampi were segmented primarily in the coronal
and sagittal planes, similar to (50). In the sagittal plane,
the lateral most slice was identified as where gray matter
appeared in the temporal horn of the lateral ventricle. In the
lateral slices, white matter defined the ventral border, and
cerebrospinal fluid (CSF) defined the anterior and posterior
borders. The dorsal border of the hippocampus was defined by
two white matter structures, the alveus and fimbria. The alveus
sits above the anterior portion of the hippocampus and was
included in the segmentation. The fimbria is posterior to the
alveus andwas not included in the segmentation. In themedial
slices, the curvature of the hippocampus causes it to appear
in two sections, one anterior to the other. In both sections,
white matter defined the ventral border. Also, a combination
of white matter and CSF from the lateral ventricle defined the
dorsal border. In the anterior section, the medial most slice
was where the alveus converged with the white matter inferior
to the hippocampus. In the posterior section, the medial-most
slice is where the splenium of the corpus callosum appears.

These guidelines include CA1, CA2, and CA3 regions of the
hippocampus but exclude the subiculum.

4. The 5 atlas subjects were downsampled to 1 × 1 × 1 mm3

voxel size and then passed to MRICloud for single-atlas
segmentation of coarse regions (“7 Label” Segmentation)
such as gray matter, white matter, ventricles, CSF, skull,
and background (51). The MRICloud atlas used was
Adult22_50yrs_283Labels_26atlases_M2_V9B.

5. The automatic labels from Step 4 were upsampled to the
original resolution then combined with the manual labels of
hippocampi and amygdalae from Step 3.

6. Using the labeled atlas images from step 5, the LDDMM
algorithm from MRICloud was used to perform automatic
multi-atlas segmentation in the remaining 30 subjects to
segment the hippocampi and amygdalae (45, 52, 53). Atlas
information was based on segmentations of the atlas subjects
from steps 3 and 4.

7. The 30 amygdala and hippocampus segmentations from Step
6 were reviewed and manually revised when necessary.

2.4. Shape Analysis via Surface-Based
Morphometry
Earlier works have described this method in more detail (35, 36,
54). Briefly,
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FIGURE 1 | Amygdalar and hippocampal surface discretization from spectral

clustering. After clustering, left and right amygdala are divided into 4 patches

each and left and right hippocampus into 9 patches each.

1. Segmentations of the four structures (left/right amygdala and
hippocampus) were converted to triangulated surfaces with
Restricted Delaunay Triangulation (55).

2. The triangulated surfaces were passed to MRICloud to
create population surface templates for both amygdalae
and hippocampi (56). These templates serve as a common
coordinate system for each subcortical structure.

3. The surface templates from step 2, and the triangulated
surfaces from step 1 were passed to MRICloud to calculate
deformations from each patient to the surface templates.
The features on which this paper focuses are the surface
Jacobians of the deformation at each vertex of the surface. The
surface Jacobianmeasures the local expansion/atrophy around
a particular vertex (56).

4. We downsampled the vertices into surface patches for
computational efficiency. The surface patches were
constructed with a spectral clustering method, which
only relies on surface geometry (36). This method computes
the first k eigenvectors of the Laplace-Beltrami operator
associated with the surface. Then, each vertex is transformed
into a k dimensional vector according to the corresponding
elements in the eigenvectors. Finally, we cluster the vertices
using the k-means algorithm.We downsampled the structures
so the patches would have an average surface area of 150
mm2 (57). Figure 1 shows the 4 patches on the amygdalae,
and the 9 patches on the hippocampi. The surface Jacobians
of all vertices in a patch were averaged to obtain the local
expansion/atrophy for that patch.

2.5. Statistical Analysis
Differences in demographic and clinical characteristics and
volumes between the HC, responder, and non-responder groups
were examined using chi-squared tests, one-way ANOVAs
and two-sample t-tests implemented in MATLAB. We used

general linear models to test for associations between groups
(e.g., responder vs. non-responder) and brain shape. The
method has been described in detail elsewhere (36). The
same method was applied to each of the four structures
being investigated, left and right amygdalae, and left and
right hippocampi. After surface mapping described above, each
participant had an expansion factor for each surface patch
in the triangulated surfaces. The expansion factors associated
with a brain structure were concatenated into a vector indexed
by participant i: yi (e.g., 4 dimensional vector for the left
amygdala). These vectors describe how the brain structure
of each participant differs from the template, or “average,”
brain structure.

To determine whether clinical response status had a
significant association with brain shape, we constructed a null
linear model and alternative linear model. The alternative model
included response status and the null model did not. Bothmodels
included covariates for sex, age, and intracranial volume (ICV).
The model coefficients β were fit to minimize the sum of squared
errors (across all subjects) between the predicted expansion
factors and the actual expansion factors.

Y =





| | ... |

y1 y2 ... yn
| | ... |



 , X =













1 1 ... 1
x1,age x2,age ... xn,age
x1,sex x2,sex ... xn,sex
x1,icv x2,icv ... xn,icv

x1,response x2,response ... xn,response













Ynull =





| | | | |

βintercept βage βsex βicv 0
| | | | |



X

Yalt =





| | | | |

βintercept βage βsex βicv βresponse

| | | | |



X

In words, Y(a, b) corresponded to the expansion factor of the
ath patch in participant b and X(c, d) corresponded to the cth
covariate in participant d.

For each patch, the sum of squared errors across all subjects
was computed for both models and the test statistic considered

for patch p was sp =

∑n
i=1(Y(p,i)−Ynull(p,i))

2

∑n
i=1(Y(p,i)−Yalt(p,i))

2 . If the error at

a patch was significantly lower in the alternative model, then
the test statistic was large. A large test statistic implied that
the feature was informative at that patch, i.e., the feature was
associated with expansion or atrophy at that location. We used
permutation testing to control the familywise error rate to 5%
(58). A permutation test rearranged the features among the
subjects and at each rearrangement, the maximum test statistic
(across all surface patches) was used to form a permutation
distribution. Then, the test statistics from the original, true
feature arrangement, were compared to this permutation
distribution. Any test statistic above the 95th percentile of the
permutation distribution was considered significant.
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TABLE 1 | Demographic and clinical characteristics and brain volumes, by group.

Healthy comparison (N = 21) Acute responder (N = 9) Acute non-responder (N = 5) p-value

Demographic characteristics

Age (yrs) 36.3 (13.0) 37.7 (15.2) 31.0 (9.8) 0.65

Sex (% female) 71% 78% 100% 0.39

Education (yrs) 15.4 (2.9) 15.0 (2.5) 17.2 (1.8) 0.32

Clinical characteristics

BDI 1.4 (1.9) 6.4 (6.5) 11.6 (7.3) <0.01*

CARS-M 0.5 (1.3) 1.3 (2.4) 1.0 (2.2) 0.51

HART-FSIQ 110.4 (8.7) 124.9 (8.3) 123.9 (7.8) <0.01*

Volumes (cm3)

Intracranial (ICV) 1,503 (132) 1,472 (134) 1,406 (34) 0.30

Volumes, normalized by ICV

Amygdala, left 0.65 (0.13) 0.69 (0.15) 0.66 (0.23) 0.80

Amygdala, right 0.69 (0.13) 0.71 (0.12) 0.70 (0.19) 0.93

Hippocampus, left 1.81 (0.22) 1.85 (0.20) 1.71 (0.25) 0.52

Hippocampus, right 1.61 (0.21) 1.68 (0.28) 1.61 (0.21) 0.73

Shown are mean (standard deviation) unless otherwise indicated. Group differences tested using chi-square tests for dichotomous variables and F-tests for continuous variables.

Post-hoc pairwise t-tests performed when evidence of a significant (p < 0.05) group difference. *For BDI and HART-FSIQ, p < 0.01 for post-hoc groupwise comparisons of responders

vs. healthy comparison and non-responders vs. healthy comparison.

3. RESULTS

3.1. Demographic and Clinical
Characteristics
Table 1 describes the distributions of demographic and clinical
variables in each acute response group and in HC. As expected,
participants with BD had higher levels of depressive symptoms
than HC, with non-responders displaying the highest levels
of depressive symptoms. Also expected, duration of treatment
with lithium was longer for participants responding to lithium
than those not responding. We did not detect significant
between group differences for the other demographic or clinical
variables tested.

3.2. Volume Results
Average ICV and ICV-normalized region of interest (ROI)
volumes, are presented in Table 1. We did not detect significant
between-group differences of ICV or normalized ROI volumes.

3.3. Shape Analysis
Minimum p-values across all patches are presented in Table 2.
We observed a significant association between expansion factor
and response status in the left hippocampus at the acute time
point. Figure 2 shows that the patch significantly associated with
response status is on the ventral surface, near the CA1, subiculum
junction. This patch was atrophied by about 15% in non-
responders when compared to the other groups. The association
between expansion factor for this patch and response status
maintained trend-level significance at the longer-term treatment
time point for the comparison of non-responders vs. responders.
We did not detect a significant association between expansion
factor and response status in any other structure or patch.

TABLE 2 | Associations between response status and expansion factor,

minimum p-values.

Minimum patch p-value

Acute Long

Non-responders vs.

Responders

Right amygdala 0.20 0.09

Left Amygdala 0.61 0.90

Right hippocampus 0.11 0.28

Left hippocampus 0.03* 0.10

Non-responders vs. Healthy

Comparison ∪ Responders

Right amygdala 0.11 0.13

Left amygdala 0.51 0.76

Right hippocampus 0.27 0.82

Left hippocampus 0.03* 0.49

Shown are the minimum p-value in each structure (minimum of 4 patches in amygdala

or 9 patches in hippocampus). The first comparison is between non-responders and

responders, the second comparison is between non-responders, and the combined

group of healthy subjects and responders. *For left hippocampus, minimum patch

p < 0.05.

4. DISCUSSION

Results of this study provide evidence of lateralized
morphometric differences in hippocampus in a group of
patients with BD who did and did not respond to lithium
treatment. We observed a significant difference in a region
of the ventral left hippocampus, near the CA1/subiculum
junction, which was relatively atrophied in non-responders as
compared to responders. We did not find a significant difference
in volumes of amygdalae or hippocampi between the lithium
responders, non-responders, and HC groups. In this study,
we examined individuals’ responses to lithium treatment and
localized differences in structure, factors that could help explain
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FIGURE 2 | Non-responders were found to have 15% atrophy in a surface

patch on the ventral side of the left hippocampus (in red), when compared

to responders.

disparate findings related to effects of lithium use on structure of
amygdala and hippocampus in the literature (17, 21, 31, 59, 60).
In our sample, all participants with BD were treated with lithium
monotherapy and were prospectively assessed for their response.
Our surface mapping tools allowed for analysis of more localized
shape changes that might not be detected by less detailed metrics
like volume.

While identification of neuroimaging markers holds potential
to predict treatment response, only a few previous studies
have used neuroimaging to examine response to lithium
treatment in BD. Task-based brain activation changes have
been reported in lithium responders as compared to non-
responders using functional MRI. One study found greater
activation to an emotional faces task in prefrontal cortex and
lesser activation in limbic regions in lithium responders as
compared to non-responders (25). Another study comparing
patients with first episode mania responding vs. not responding
to either lithium or quetiapine observed differential changes in
activation in subcortical regions in response to a continuous
performance task with emotional distractors (29). Studies
using functional MRI methods have also identified correlations
between lithium response and amygdala-ventromedial prefrontal
cortex functional connectivity and a normalizing effect of
lithium on resting state connectivity measures (27, 28). Emerging
research suggests these normalizing changes could come
from neuroprotective effects of lithium against glutamatergic
excitotoxicity or its association with higher levels of brain-
derived neurotrophic factor (61). One study using structural MRI

found a correlation between overall gray matter hypertrophy and
clinical response to lithium in BD, but this study did not examine
localized brain changes (26).

Most studies examining effects of lithium use on structural
MRI have examined brain volumes, cortical thickness or surface
area, reducing all morphological information to a single statistic
(17, 21, 22, 30, 62). These studies have identified larger volumes of
amygdalae and hippocampi in lithium-treated patients compared
to patients not treated with lithium, although not consistently.
In a large meta-analysis conducted by the ENIGMA consortium
of 1,710 subjects with BD and 2,594 HC, though smaller
hippocampi and amygdalae were observed in subjects with BD
than in HC subjects, an effect of lithium use on these volumes
was not found (17). Exploring more local effects in subcortical
structure may provide additional information and potentially
help further elucidate lithium’s neurobiological action. A few
studies have examined such structure at a more detailed level,
testing volumes of hippocampal subfields, hippocampal thickness
and subcortical shape (23, 31–34). These studies reported more
localized differences in hippocampus including in CA1, CA2/3
and subiculum, although not consistently. However, these studies
assessed structural changes related to lithium use and did
not take into account differences in individual responses to
lithium treatment.

We combined an examination of local effects in subcortical
structure with a focus on individual differences in response to
lithium treatment and observed a significant difference in a
region of the ventral left hippocampus, near the CA1/subiculum
junction, which was relatively atrophied in non-responders as
compared to responders. CA1 is the primary output of the
hippocampus and is integral in encodingmemory related to space
(63), novel objects (64), and fear (65). While there is limited
literature on morphological differences between patients with
BD taking and not taking lithium, our results are consistent
with one previous study that identified smaller left CA1 and
CA2/3 volumes in patients with BD not using lithium treatment
than in a group using lithium, but only among participants
with numerous affective episodes (33). Alterations in right
hippocampus have also been reported, including a deficit in
right CA1 in unmedicated patients with BD as compared to
lithium treated patients and reduced volume of right CA2/3 and
CA4/DG in patients with psychotic BD not taking vs. taking
lithium (31, 32). Other studies have not detected a difference
between lithium treated vs. not-treated patients with BD when
examining measures of hippocampal shape (23, 34). We note that
these inconsistencies in the literature could be at least partially
explained by the focus on lithium treatment, not taking into
account individual differences in response.

Our observation of a morphological difference in left
hippocampus in lithium non-responders as compared to
responders builds upon previous work describing lithium’s
effects in the brain. Using 7Li magnetic resonance imaging,
euthymic patients with BD who were treated with lithium for
2 or more years were found to have the highest brain lithium
content within a defined cluster in the left hippocampus (66).
Additional support for a laterality effect in lithium response
comes from a longitudinal study showing a decrease in left
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hippocampus volume over the course of treatment in patients
with BD who were non-responders (67). Hippocampal laterality
effects have also been shown with respect to patients with
BD taking vs. not taking lithium, where left hippocampal
volume or subfield volume has been shown to be smaller in
those not taking lithium compared to those taking lithium
or HC (33, 68, 69). Taken together, these findings suggest
that left hippocampus may play a key role in lithium’s
mood stabilizing effects, and coupled with existing evidence
of neurogenesis within the hippocampus lend support for
the hypothesis of a neurogenic mechanism of action for
lithium (70).

Interpretation of this study is limited by the small sample
size. There are no males in our non-responder group, which
may impact on the generalizability of our findings. There
may exist potential confounding by clinical variables such as
duration of illness (71), duration of treatment (21), depressive
predominant polarity (72), or stressful life events (73) and
these variables should be examined in a larger sample powered
to do so. It is also important to note that the images in
this study were collected after treatment was initiated so
these results indicate correlations between brain shape and
response, not predictors of response. Although we utilized a
manual segmentation process, it was primarily performed by
a single trained person blinded to clinical features and so
should not differ systematically between groups. Subregions in
this study were split along the surfaces and thus any changes
occurring within the amygdalae or hippocampi would not
have been detected. However, these methods could support
deeper subregion analysis in future studies by segmenting
images for each subregion, rather than for the whole amygdalae
and hippocampi.

This study, to our knowledge, is the first in-vivo shape
analysis of human brain structures in BD using 7T MRI.
Previous morphological studies in humans used MRI field
strengths of 3T or less (17, 21–23). Higher field strengths
produce images with a higher signal to noise ratio (74)
and might detect more subtle differences in neuroanatomy.
MRICloud’s implementation of LDDMM allowed for both a fast
segmentation process and detection of localized shape changes in
brain structures.

In order to answer the important question of how to
predict lithium response in BD, larger and longitudinal

neuroimaging studies are needed to establish whether there
are any appreciable differences between responders and non-
responders and whether those differences can predict response
prior to treatment initiation or at an early stage of treatment.
In this paper, we describe a possible approach to studying
lithium response via neuroanatomy and report on a specific sub-
region of the hippocampus, CA1, which may be associated with
lithium response.
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