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Abstract

Objectives—Quantitative T1p mapping is a magnetic resonance imaging technique sensitive to
pH and other cellular and microstructural factors and is a potentially valuable tool for identifying
brain alterations in bipolar disorder. Recently, this technique identified differences in the
cerebellum and cerebral white matter of euthymic patients versus healthy controls consistent with
reduced pH in these regions, suggesting an underlying metabolic abnormality. The current study
builds upon this prior work to investigate brain T1p differences across euthymic, depressed, and
manic mood states of bipolar disorder.

Methods—TForty participants with bipolar I disorder and 29 healthy control participants balanced
for age and gender were enrolled. Participants with bipolar disorder were imaged in one or more
mood states, yielding 27, 12, and 13 imaging sessions in euthymic, depressed, and manic mood
states, respectively. Three-dimensional, whole-brain anatomical images and T1p maps were
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acquired for all participants, enabling voxel-wise evaluation of T1p differences between bipolar
mood state and healthy control groups.

Results—All three mood state groups had increased T1p relaxation times in the cerebellum
compared to the healthy control group. Additionally, the depressed and manic groups had reduced
T1p relaxation times in and around the basal ganglia compared to the control and euthymic
groups.

Conclusions—This study implicates the cerebellum and basal ganglia in the pathophysiology of
bipolar disorder and its mood states, the roles of which are relatively unexplored. These findings
motivate further investigation of the underlying cause of the abnormalities, and the potential role
of altered metabolic activity in these regions.
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Introduction

Bipolar I disorder is a debilitating psychiatric illness characterized by severe changes in
mood from euthymic to depressed and manic states. The pathophysiology underlying these
mood-state transitions remains largely unknown. Most 7 vivo studies of bipolar disorder
using advanced imaging technologies have implicated the frontal and limbic regions of the
brain, which are central to emotional processing.12 These findings are largely based on
anatomical, diffusion, functional, and spectroscopic magnetic resonance imaging (MRI)
methods, which point to white matter and functional dysconnectivity between brain regions,
3-8 structural deficits,%10 and altered metabolism.11.12

To further study brain variations in bipolar disorder, we recently employed an MRI
technique that is new to psychiatric brain imaging called quantitative mapping of T1
relaxation in the rotating frame (T1p).13 Compared to the T1 and T2 relaxation times used in
conventional MRI, T1p relaxation times are uniquely sensitive to factors affecting the
chemical exchange of labile protons between free water and the amide and hydroxyl groups
of macromolecules, most notably pH and concentration of exchange sites.14-19 We were
initially motivated to study T1p in bipolar disorder because pH has been found to be reduced
in bipolar disorder in select regions of the brain using MR spectroscopy.2%-2! Unlike MR
spectroscopy, which has very limited spatial resolution and spatial coverage (typically a
single ~8000 mm3 region of interest), T1p relaxation times can be quantified (i.e., mapped)
over the entire brain with relatively high spatial resolution (<20 mm3). Therefore, T1p
mapping provides a relatively efficient pH-sensitive method for identifying and studying
regional brain alterations in bipolar disorder and its mood states. The utility of T1p mapping
was recently demonstrated in our study of participants with bipolar I disorder in the
euthymic state.13 We found that T1p relaxation times were significantly increased in the
cerebellum and cerebral white matter in participants with bipolar disorder compared to a
group of control participants without a history of psychiatric illness. These findings may be
due to reduced pH (e.g., due to increased anaerobic metabolism) and/or reduced
macromolecular concentration (e.g., due to brain atrophy). The cerebellar finding is a
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potentially important observation, and highlights the advantage of technique, as the
cerebellum has received little attention in the illness but may in fact have a significant role in
mood regulation.22.23

The purpose of the current study was to investigate whether T1p differences in bipolar
disorder varied across mood states: euthymia, depression, and mania. Expanding upon our
prior study, we generated spatial maps of T1p relaxation times throughout the brain in
groups of participants with bipolar I disorder in the three mood states. We compared the
mood-state groups with healthy controls and each other. Given the sensitivity of T1p to
temporal changes in pH and macromolecular concentrations that may accompany mood state
transitions, we hypothesized that T1p mapping would reveal mood-state-dependent brain
differences.

We recruited and imaged 40 participants with bipolar I disorder, 11 of whom had repeated
scans in different mood states, and 29 healthy control participants balanced for age and
gender. Our previous study reported imaging data from 15 of the participants with bipolar
disorder in the euthymic state and 25 of the healthy control participants.13 These data were
pooled with new imaging data from the participants with bipolar disorder as well as new
healthy control participants to yield a total of 27 scans in the euthymic state, 12 scans in the
depressed state, 13 scans in the manic state, and 29 healthy control scans. Twenty-nine of the
participants with bipolar disorder were imaged in one mood state (18 in euthymic, four in
depressed, and seven in manic mood states), 10 were imaged in two mood states (five in
euthymic and depressed, three in euthymic and manic, and two in depressed and manic
mood states), and one was imaged in all three mood states. In total, there were 52 imaging
sessions across all mood states and 81 sessions for the entire study including controls. All
imaging sessions were conducted between November 2012 and April 2015 using the same
hardware, software, and protocol. Clinical diagnoses of participants with bipolar I disorder
were confirmed by psychiatric evaluation using DSM-IV-TR criteria. Mood state was
assessed using the Montgomery-Asberg Depression Rating Scale (MADRS)?4 and the
Young Mania Rating Scale (YMRS),2° with depression defined as MADRS = 20, mania
defined as YMRS = 20, and euthymia defined as MADRS < 10 and YMRS < 12. Participant
psychiatric history and current medications were also recorded. Demographics and
medication use of the study population are summarized in Table 1. Written informed consent
was obtained from all participants in accordance with a protocol approved by the
Institutional Review Board at the University of lowa.

Imaging Protocol

Imaging was performed using a 3T MRI system (Magnetom TIM Trio; Siemens Healthcare;
Erlangen, Germany) with a vendor-provided 12-channel head receiver coil. The imaging
protocol has previously been described in detaill3 and is briefly summarized here. First,
high-resolution (1.0 mm isotropic) anatomical T1- and T2-weighted brain images were
acquired using coronal 3D MP-RAGE and sagittal 3D SPACE sequences respectively.
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Second, whole-brain T1p-weighted images were acquired using a coronal 3D GRE sequence
with 1.7x1.7x5.0 mm3 spatial resolution at two different spin-lock times (10 and 55 ms),
enabling calculation of T1p relaxation times by fitting the voxel intensities of the T1p-
weighted images versus spin-lock time using a mono-exponential signal decay model with
time constant T1p.28 The spin-lock pulse frequency was set to 330 Hz.

Image Analysis

T1p maps were processed using AFNI27 and MATLAB (Mathworks; Natick,
Massachusetts). For each participant, the two spin-lock images were fit to a mono-
exponential decay signal model to quantify T1p at each voxel. The T1- and T2-weighted
anatomical images were used to calculate a nonlinear transformation to a common atlas
space?8 using BRAINS AutoWorkup?? and ANTSs.30 This participant-specific transformation
was then applied to the participant's T1p map to align it voxel-wise to the atlas coordinate
system. A common mask was applied to the aligned T1p maps to include only brain tissue
voxels that, when averaged across all 81 datasets, had a mean T1p relaxation time in the
expected range for brain tissue (i.e. 50-120 ms)3! to minimize the influence of cerebral
spinal fluid (CSF) partial volume artifacts. The common atlas includes a set of brain tissue
labels, including a cerebellar parcellation with 64 labels,32 which were used to delineate
anatomical regions.

Statistical Analysis

We assessed how brain T1p relaxation times in each separate mood state group (euthymic,
depressed, and manic) differed versus the healthy control group. These analyses were done
using separate statistical voxel-wise comparisons of the common-atlas-aligned whole-brain
T1p maps using linear mixed effects modeling in R33 with participant age and gender
included as fixed effects. Whole-brain #score maps were generated, thresholded at an
estimated p-value of 0.05, and corrected for multiple comparisons by thresholding
significant voxels that did not belong to a cluster at least 440 mm3 in size using AFNI.27
This cluster size threshold was estimated using AFNI's 3dClustSim function and a Type |
error rate (a) of 0.05. For the euthymic versus control group comparison, we also
investigated whether the 12 euthymic data sets that were not reported in our prior study
revealed findings consistent with the original cohort.13

Using the same voxel-wise analysis procedure, we also assessed how brain T1p relaxation
times in the depressed and manic mood state groups each differed versus the euthymic
group. For these analyses, the linear mixed effects model accounted for the fact that some
participants were imaged in more than one mood state by including a random intercept term
for each unique participant. Effectively, this gives statistical consideration to the repeated
observations from participants imaged in multiple mood states while ensuring investigation
of the relationship between T1p relaxation times and mood states accounts for baseline
differences between individuals.

We performed a similar voxel-wise analysis restricted to the cerebellum to investigate
potential effects of lithium use on T1p relaxation times. We previously reported that
euthymic participants with bipolar disorder using lithium had normalized T1p relaxation
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times in the cerebellum compared to participants with bipolar disorder who were not using
lithium.13:34 Here, we compared participants with bipolar disorder who were not actively
using lithium at the time of their MRI study to those participants who were using lithium,
without regard to mood state. For replication, the analysis was restricted to imaging sessions
not included in the original cohort.13 For multiple comparisons correction, the cluster size
threshold was reduced to 307 mm3 on account of the smaller size of the cerebellum
compared to the whole brain.

Lastly, we calculated cerebral and cerebellar gray matter volumes to investigate whether the
participants with bipolar disorder had significant gray matter changes that could account for
some T1p findings (e.g., due to extensive cellular loss and/or increased CSF). Gray matter
volumes were calculated as percentage of intracranial volume using participant-specific
segmentations calculated as part of the BRAINS AutoWorkup pipeline.29 The percentages
were calculated for all imaging sessions and were statistically compared between
participants with bipolar disorder (n=52) versus healthy controls (n=29) using two-tailed &
tests with p<0.05 considered significant.

Mood States vs. Controls

We first compared whole-brain T1p maps voxel-wise for the euthymic, depressed, and
manic groups versus the healthy control group. Statistical maps highlighting the major
regions of difference are shown in Figure 1. These regions are also summarized in Table 2
with cerebellar sub-regions summarized in Table 3. Average group T1p relaxation times in
atlas-defined brain regions implicated in the voxel-wise analyses are tabulated in
Supplemental Table S1.

We found that the euthymic group had clusters of increased T1p relaxation times throughout
the brain with particularly pronounced clusters in the cerebellum (Figure 1a) and cerebral
white matter (Figure 1b). The cerebellum findings included portions of right and left lobules
V, VI, VIII, and IX, right lobule VII, and the white matter. Other clusters included portions
of the right caudate nucleus and localized regions of the cerebral gray matter including the
right anterior cingulate cortex. When separately analyzing the new data sets in the euthymic
group from those previously reported,13 clusters of increased T1p relaxation times were
found in the cerebellum, consistent with the prior findings, but cerebral white matter clusters
were less prevalent (see Supplemental Figure S1).

We discovered that the depressed group likewise had increased T1p relaxation times in the
cerebellum (Figure 1c) but also had reduced times in portions of the right basal ganglia
(Figure 1d). The cerebellar clusters included portions of right and left lobules IV and V11,
left lobule 1X, right lobules V and VI, and the white matter. The right basal ganglia cluster
included portions of the nucleus accumbens and globus pallidus. Although the left basal
ganglia did not reveal statistically significant differences, it also trended toward reduced T1p
relaxation times in the depressed group (p=0.055). Additional regions exhibiting increased
T1p relaxation times included the cerebral white matter (although not to the same extent as
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the euthymic group) and localized regions of the cerebral gray matter including the right
anterior cingulate cortex.

In the manic group, we also found increased T1p relaxation times in the cerebellum (Figure
1e) and reduced times near the basal ganglia (Figure 1f). The cerebellar differences were
seen in portions of right and left lobule V11, right lobule V111, and the right white matter. The
findings of reduced T1p relaxation times in the vicinity of the basal ganglia included
portions of the bilateral claustra, insulae, and cerebral white matter and the left putamen,
globus pallidus, and amygdala. Localized clusters of increased T1p relaxation times were
seen in the right caudate nucleus and regions of the cerebral gray matter including the right
anterior cingulate cortex.

Depression and Mania vs. Euthymia

To determine if there were any significant mood-state-dependent differences, we compared
whole-brain T1p maps voxel-wise between (i) the depressed and euthymic groups and (ii)
the manic and euthymic groups. The resultant statistical brain maps are shown in Figure 2.
Compared to the euthymic participants, the participants in a depressed state had reduced T1p
relaxation times in the vicinity of the left basal ganglia (putamen and insula) as well as the
cerebral white matter and corpus callosum. The depressed group also had increased T1p
relaxation times in the cerebellum (bilateral vermal lobules IV and V and right medial
lobules V and V1), right hippocampus, and left cuneus. The manic versus euthymic group
comparison did not reveal any significant clusters; however, it is noteworthy that the largest
sub-threshold cluster (317 mm3) consisted of reduced T1p relaxation times in portions of the
left basal ganglia (putamen and globus pallidus).

Lithium Effects

We examined the potential effects of lithium in the cerebellum by comparing the T1p maps
voxel-wise between participants with bipolar disorder not using lithium (N=19) and those
using lithium (N=18). No significant clusters were revealed, suggesting that lithium use did
not have a normalizing effect on T1p when evaluated across mood states.

Gray Matter Volumes

To investigate the possibility that significant gray matter loss contributed to the T1p
findings, we compared cerebral and cerebellar gray matter volumes between the participants
with bipolar disorder and healthy controls. We found that, although there was a trend for
reduced gray matter volumes in the participants with bipolar disorder (cerebral gray matter:
32.1+2.6% vs. 33.1+£2.1%; cerebellar gray matter: 4.76+0.54% vs. 4.98+4.79%), the
differences were not statistically significant (4=0.08 and 0.07, respectively). These findings
do not support a significant reduction in gray matter in the participants with bipolar disorder,
which suggests that the T1p findings in the gray matter are not driven by extensive cellular
loss or an associated increase in CSF.
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Discussion

This study supports our prior finding of cerebellar alterations in bipolar disorder'3 and
provides new insight into how mood states may involve the cerebellum and other brain
regions such as the basal ganglia. We found abnormalities in the cerebellum for all mood
states of bipolar disorder that are consistent with our initial study of participants in the
euthymic state only. We also found differences between mood states, particularly in basal
ganglia and surrounding tissues in depression and mania, suggesting the involvement of
these regions in the manifestation of altered mood states.

Most compellingly, our findings point to cerebellar dysfunction in bipolar disorder, both in
emotion and motor processing regions. Cerebellar differences were observed in all three
mood states, suggesting that cerebellar alterations may be a trait of the illness. However, the
T1p signal in the cerebellum also differed between mood states (Table 3), particularly when
directly comparing the euthymic and depressed groups (Figure 2a). While cerebellar lobules
I-V, VIII, and (to a lesser degree) VI are thought to be involved in motor function, the
posterior vermis and lobules VI and V11 are most likely involved in emotional regulation.3®
Consistent with altered emotional regulation, we observed T1p differences in lobule VII of
participants with mania and lobules VI and VII of participants in the euthymic and depressed
states. In addition, the euthymic and depressed groups had altered T1p signal in aspects of
lobules 1V and/or V, which suggests differences in motor control sites as well and supports

previous observations of altered cerebellar activity during motor tasks in bipolar disorder.
36-41

One intriguing possibility suggested by our findings is that altered metabolism may interfere
with cerebellar function in bipolar disorder. As previously discussed,3 our finding of
increased T1p relaxation times in the cerebellum is consistent with reduced pH, which may
be a consequence of an underlying metabolic variation. To further study potential mood-
state-dependent metabolic differences in the cerebellum, it would be interesting to apply MR
spectroscopy, which to our knowledge has not been applied to the cerebellum in people with
bipolar disorder. However, two MR spectroscopy studies of children at risk for bipolar
disorder found evidence of reduced metabolite concentrations (N-acetyl aspartate, creatine,
myo-inositol, and choline) in the cerebellar vermis.#243 A few other studies have found
evidence of cerebellar metabolic dysfunction in bipolar disorder including reduced FDG-
PET signal in the cerebellar white matter,** GABAergic dysfunction,* and altered
metabolic associativity between the cerebellum and the prefrontal cortex.46 Although this
limited evidence lends support to a cerebellar metabolic dysfunction hypothesis in bipolar
disorder, it also emphasizes that much more information is needed to fully understand the
pathophysiology of the disorder.

Whereas the observed cerebellar abnormalities may be trait- or state-dependent, our findings
in the basal ganglia and surrounding tissues suggest state-dependent changes. We observed
differences consistent with higher pH and/or higher macromolecular concentration in the
basal ganglia in depressed and manic mood states compared to the euthymic mood state and
healthy controls. Several previous observations have linked the basal ganglia to bipolar
disorder, including: (i) structural differences such as altered volume and shape;247-49 (ii)
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metabolic alterations including reduced pH in euthymia versus healthy controls?! and
increased choline levels in all mood states;*” and (iii) mood-state-dependent functional
differences such as response to emotional and reward processing tasks? and resting-state
connectivity to other brain regions involved in emotional regulation.5%-51 Furthermore,
anatomical studies have shown the existence of connections between the basal ganglia and
cerebellum, which suggests an integrated functional network that may, among other
functions, influence mood.5253 Qur findings support the view that altered function and/or
structure in the basal ganglia and cerebellum combine to play an important role in the
etiology or manifestations of different mood states in bipolar disorder.

In addition to cerebellum and basal ganglia differences in bipolar disorder, we also detected
increased T1p signal in regions of the cortical gray matter in all three mood-state groups
compared to the healthy control group, most notably in the right anterior cingulate cortex.
The anterior cingulate is thought to have a significant role in bipolar disorder,1:>4 and variety
of evidence has pointed to metabolic differences in and around this region including reduced
pH, 11125556 which is consistent with our findings. However, T1p measurements in the
cortical gray matter are potentially sensitive to partial volume averaging of CSF, which has a
much greater T1p relaxation time than brain tissue. Thus, the gray matter findings might be
due to a reduction of gray matter volume, and thus increased CSF volume, in the participants
with bipolar disorder. This would be consistent with evidence of cortical thinning in bipolar
disorder.5” However, our results did not support a marked decrease in gray matter volume in
the participants with bipolar disorder compared to the healthy control participants, and the
T1p data was analyzed in such a way to minimize such partial volume artifacts. Thus, our
findings may be driven by abnormal pH and therefore corroborate evidence for reduced pH
in the anterior cingulate as a trait of bipolar disorder.

The potential effects of lithium and other medications on the T1p differences observed in
bipolar disorder remains an important question. Conceivably, quantitative T1p mapping may
help reveal important therapeutic effects of medications or potentially help identify
individuals who may respond to a given therapy. We previously reported that lithium
normalized T1p relaxation times in the cerebellum of participants with bipolar disorder in
the euthymic mood state.13:34 In the present study, we considered the effect of lithium across
all new participants with bipolar disorder, regardless of mood state, given the evidence that
the cerebellar alterations appear to be a trait of the illness. However, in this new cohort, the
lithium effect was not apparent. Additional studies with larger sample sizes and/or
prospective study designs will be required to more clearly discern effects of individual or
mixed medications, duration of use, dose, compliance, and mood state.

The primary limitation of this study is its relatively small sample sizes. Additional samples
are needed to verify the findings by reducing the Type | error rate. The mostly cross-
sectional design of this study also presents a limitation. Although the number of participants
was adequate to identify major differences between the groups, small regions of difference
and potential sub-groups within the population could not be reliably identified. Ideally, a
longitudinal study design with more repeated measures would be better able to detect how
T1p relaxation times change in the brain with mood, and a larger sample could facilitate
sub-group comparisons. Additionally, whereas this study limited recruitment to discrete
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mood state groups, a future study could recruit participants across the spectrum of mood
symptoms, which would enable study of how T1p relaxation times correlate with symptom
severity.

The applied quantitative T1p mapping technique also has limitations that may be addressed
in future studies. First, in this study, spatial resolution was limited to achieve adequate
signal-to-noise ratio (SNR) in a short scan time. Application of more advanced 3D T1p
mapping sequences can potentially enable higher spatial resolution by providing greater
SNR per unit scan time. Longer exam times may also be used to improve spatial resolution
and/or SNR, but this will increase the likelihood of problematic participant motion,
particularly in people in a manic mood state. Second, there are confounding factors not
related to chemical exchange that can influence T1p relaxation times. CSF partial volume
averaging can cause increased T1p signal and may be increased in regions of brain tissue
loss. Although there have been some reports of reduced cerebellar volume in people with
bipolar disorder,%8-60 results have been mixed.81:62 The analyses of cerebellar gray matter
volume in this study and our prior report!3 further suggest that any volume change is small
in our cohort and unlikely to be the dominant driver of our findings. However, we cannot
completely eliminate CSF contamination as a potential confound in our study. In future
studies, an inversion recovery technique can be used to remove confounding signal from
CSF, although this will require a longer scan time.3! Blood volume is another potential
confound, although our findings of increased T1p signal in the cerebellum is inconsistent
with prior reports of decreased blood volume in bipolar disorder.63.64 Additionally, neuro-
inflammation, which has been identified in bipolar disorder and may be mood-state
dependent,55-67 has been conjectured to potentially influence T1p relaxation times, 1368 put
there is not yet evidence of this.1369 It is of note that there are a number of variants of T1p
mapping such as dispersion imaging and adiabatic T1p and RAFF mapping,16:79.71 as well
as complementary techniques such as T2 mapping, that may provide increased sensitivity
and/or specificity to particular disease processes in the future. However, further study is
needed to identify the specific brain pathologies to which T1p and its variants are sensitive
and how these relate to observed T1p abnormalities in psychiatric disorders.

In conclusion, this study adds to the growing evidence for the cerebellum and basal ganglia
as areas of interest in the pathophysiology of bipolar disorder and its mood states and
motivates further investigation of the underlying causes of the observed abnormalities.
Targeted study of these potentially under-appreciated brain regions in bipolar disorder may
lead to new insights into the disease mechanisms and identification of new biomarkers and
therapeutic targets.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Euthymic vs. Control: Cerebellum b Euthymic vs. Control: Cerebral White Matter

Figure 1.
Participants with bipolar disorder have altered mood-state-dependent T1p relaxation times in

the cerebellum, basal ganglia, and cerebral white matter compared to healthy controls. All
brain images show £score maps of the statistically-significant (p<0.05) voxel-wise
differences in T1p relaxation times between the (a,b) euthymic, (c,d) depressed, and (e,f)
manic groups versus the healthy control group. The statistical maps are overlaid on the
average of all N=81 T1-weighted anatomical images in the common atlas space. In the
euthymic state, only increased T1p relaxation times were found, primarily in the cerebellum
(a) and cerebral white matter (b). In the depressed state, increased T1p relaxation times were
again seen in the cerebellum (c). Additionally, reduced T1p relaxation times were found in
portions of the right basal ganglia (d). In the manic state, cerebellar T1p relaxation times
were also increased (€). Similar to the depressed state, regions near the left basal ganglia had
reduced T1p relaxation times (f).
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a Depressed vs. Euthymic: Cerebellum

Figure 2.
T1p relaxation times differ between participants with bipolar disorder in a depressed mood

state compared to those in a euthymic state. All brain images show £score maps overlaid on
the average anatomically-aligned T1-weighted images as in Figure 1. The depressed group
had (a) increased T1p relaxation times in the cerebellum and (b) reduced T1p relaxation
times in the basal ganglia (p<0.05).
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Table 1
Participant demographics and medication use.

Control Euthymic  Depressed Manic

N (Male/Female) 29 (16/13) 27 (14/13) 12 (6/6) 13 (7/6)
Age (yn? 39+14 3714  45:14  40:14
MADRSE - 44+26 30.1+64 6.3%33
YMRS? - 1.6+21 32+31 27.6+42
Lithium (N) - 11 (41%) 6 (50%) 7 (57%)
Anticonvulsants (N) - 9 (33%) 7 (58%) 4 (36%)
Antidepressants (N) - 11 (41%) 6 (50%) 3 (29%)
Antipsychotics (N) - 11 (41%) 6 (50%) 7 (57%)
Sedative Hypnotics (N) - 9 (33%) 9 (75%) 4 (36%)

a\/alues shown as mean + standard deviation

MADRS = Montgomery-Asberg Depression Rating Scale (euthymia < 10, depression = 20)

YMRS = Young Mania Rating Scale (euthymia < 12, mania = 20)

Bipolar Disord. Author manuscript; available in PMC 2019 June 01.

Page 16



Page 17

Johnson et al.

Author Manuscript

‘syuedionged [01u02 Ayljeay pue Japiosip Jejodig yum syuedionued usamiaq saoualayip dT 1 Bulureluod suoibsy

¢ dlqeL

Author Manuscript

dnouB 101u02 3y snsaA dnoib Sxels PooW Ul Ul SBWI) UoIexe|al dT | paonpal/pasesioul = -/+

-/+ + + + +

suoibay 18430
apgInbuID J0LIIUY

1N Ao 1o el RD

eljbues) eseq bulpnjox3
IR SUYM [BIG RO

131JBIN AU/ [81GaI3D
wnijsneln

gnsuy

glepbwy

Snpifled snqojo
SusqUINIIYY SNjanN
uawend

snaejanp axepne

sanssi| Buipunouins pue eibues [eseg

13118 MYM
1811E Al9
wnjegeed

W1 Wby e Wby e by

aeydsiweH

ol1Ue N passa udeq o1WAYINg

dnolo

Author Manuscript

Author Manuscript

Bipolar Disord. Author manuscript; available in PMC 2019 June 01.



Page 18

Johnson et al.

dnoJB [0.1U0D "SA B1BIS POOW U} UI S3WIY UOIeXe[al T | Paonpal/paseaioul = -/+ ‘SUOIIBIO]| JB[[3GaIad [eJaie]/[eIpaLl/[BWIsA = T/IN/A

+ + + X1 8/ngo7
+ + 4+ + o+ gllIN 8nqo7

+ + V1IN 81nqoT

+ glin aingoi

+ o+ + o+ + I SnID VIIA 3IngoT
+ + o+ o+ + 1 SN0 VIIN 8/nqo7
+ o+ + IN 9[nqoy

+ o+ o+ + A 9/ngoy

+ o+ Al 8Ingoy

TN A AN T T WAA N T T W AA N T (WANT)WNRRRD

P wbry w1 wbry w1 Wby aJydsiweH

IR N passa udeq 21WAYINg dnoio

‘sjuedionued j0nuod Ayljeay pue Japiosip Jejodig yum siuedionued ussmiaq saoualajyip dT1 Bulureluod suoibal Jenew Aelb Jejjaqaiad

Author Manuscript

Author Manuscript

€ 9lqeL

Author Manuscript

Author Manuscript

Bipolar Disord. Author manuscript; available in PMC 2019 June 01.



	Abstract
	Introduction
	Methods
	Participants
	Imaging Protocol
	Image Analysis
	Statistical Analysis

	Results
	Mood States vs. Controls
	Depression and Mania vs. Euthymia
	Lithium Effects
	Gray Matter Volumes

	Discussion
	References
	Figure 1
	Figure 2
	Table 1
	Table 2
	Table 3

