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Abstract

Background—This study, for the first time, investigated lithium monotherapy associated effects
on amygdala-ventromedial prefrontal cortex (vMPFC) resting-state functional connectivity and
correlation with clinical improvement in bipolar disorder (BP)

Methods—Thirty-six medication-free subjects — 24 BP (12 hypomanic BPM) and 12 depressed
(BPD)) and 12 closely matched healthy controls (HC), were included. BP subjects were treated
with lithium and scanned at baseline, after 2 weeks and 8 weeks. HC were scanned at same time
points but were not treated. The effect of lithium was studied for the BP group as a whole using
two way (group, time) ANOVA while regressing out effects of state. Next, correlation between
changes in amygdala-vMPFC resting-state connectivity and clinical global impression (CGlI) of
severity and improvement scale scores for overall BP illness was calculated. An exploratory
analysis was also conducted for the BPD and BPM subgroups separately.

Results—Group by time interaction revealed that lithium monotherapy in patients was associated
with increase in amygdala-medial OFC connectivity after 8 weeks of treatment (p = 0.05 (cluster-
wise corrected)) compared to repeat testing in healthy controls. Increased amygdala-vMPFC
connectivity correlated with clinical improvement at week 2 and week 8 as measured with the
CGI-I scale.

Limitations—The results pertain to open-label treatment and do not account for non-treatment
related improvement effects. Only functional connectivity was measured which does not give
information regarding one regions effect on the other.

Conclusions—Lithium monotherapy in BP is associated with modulation of amygdala-vMPFC
connectivity which correlates with state-independent global clinical improvement.

"Correspondence to: Cleveland Clinic Center for Behavioral Health, 9500 Euclid Avenue P-57, Mailbox, Cleveland, OH 44122, United
States. ananda@ccf.org (A. Anand).

Conflict of interest
None of the authors have any conflict of interests pertaining to the work described in the manuscript.

Contributors

Murat Altinay, MD: conducted imaging and statistical analyses, preparation of manuscript.

Harish Karne MS: Conducted image and statistical analyses and was involved in manuscript preparation.

Amit Anand, MD: wrote the protocol and design of study, conducted study and was involved in image and statistical analyses as well
as manuscript preparation.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Altinay et al.

Page 2

1. Background

Bipolar disorder (BP) is a severe mood disorder characterized by periods of depression
(BPD) and (hypo)mania (BPM). Mood generating subcortical areas such as the amygdala
and mood regulating cortical areas such as the ventromedial prefrontal cortex (vMPFC) play
an important role in mood regulation and understanding the pathophysiology of BP.

Within the vMPFC region, the anterior cingulate cortex (ACC)- particularly ventral ACC
(VACC), has been shown to be activated with emotional processes involved in reward and
motivation and is thought to be the affective subdivision of the ACC (Bush et al., 2002;
Critchley, 2004; Devinsky et al., 1995; Vogt et al., 1992). The vACC has also been shown to
be more active in baseline resting states and is more strongly linked to autonomic control
centers, which are activated in emotional states (Raichle et al., 2001). Moreover, vACC has
been shown to have extensive reciprocal connections with the amygdala (Anand and
Charney, 2000; Barbas and De Olmos, 1990; McDonald et al., 1999; Morgan et al., 1993;
Paus, 2001; Sotres-Bayon et al., 2004), which suggests that these areas are functionally
coupled (Ghashghaei and Barbas, 2002; McDonald, 1991, 1998) and that these connections
play an integral role in the regulation of mood states (Amaral and Price, 1984; Damasio,
1997; Price, 2005; Sotres-Bayon et al., 2004). The medial orbitofrontal cortex (mOFC) is
another area, which has been shown to have abnormal activation and connectivity in BP
(Strakowski et al., 2004).

The importance of amygdala in generating emotional responses was shown in numerous
studies (Adolphs et al., 2002; Amaral, 2003; Davis, 1992a; Davis and Myers, 2002; Hilton
SM, 1963; Kaada, 1972; Kapp BS, 1992; LeDoux, 1992; Sanders and Shekhar, 1995). The
amygdala has been identified as a key limbic region, which integrates sensory information
particularly in relation to fear and anxiety and promotes appropriate visceral and behavioral
responses (Amaral, 2003; Davis, 1992b; LeDoux, 2000). Functional magnetic resonance
imaging (fMRI) studies report that increased amygdala activation is associated with several
affective states including fear response to negative social stimuli (Adolphs et al., 2001;
Baxter and Murray, 2002; Hariri et al., 2002; Phillips and Swartz, 2014). In addition to
activation, amygdala and frontal brain regions were also shown to be involved in
abnormalities in functional connectivity in patients with BP. In their 2009 paper, Al-meida
and colleagues showed that patients with BP had abnormal amygdala-medial orbito-frontal
cortex connectivity (Almeida et al., 2009). Similarly, Anticevic and colleagues showed that
compared to healthy controls, patients with bipolar-1 disorders showed decreased amygdala-
dorsolateral prefrontal cortex (DLPFC) connectivity. Therefore, vMPFC and amygdala
activation and connectivity may play an integral role in the pathophysiology of BP (Almeida
et al., 2009) and pharmacological treatments, which are effective in BP, would be expected
to have a significant effect on vMPFC-amygdala activation and connectivity (Almeida et al.,
2009; Altshuler et al., 1998; Anticevic et al., 2013)

Lithium has been used in the treatment of bipolar disorder (BP) for nearly six decades at
present and remains as one of the most effective and specific treatments for this disorder
(Maniji et al., 1999; Soares and Gershon, 1998). Lithium is effective for both the depressed
and manic phases of BP (Price and Heninger, 1994). Furthermore, lithium has been shown in
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many studies to be prophylactic against future mood episodes and maintenance of stable
mood.(Dunner et al., 1976; Fieve et al., 1976; Goodwin et al., 2016; Kane et al., 1982;
Tondo et al., 1998). Lithium is a life-saving medication as it has consistently been shown to
decrease the rate of suicides as well as overall mortality in subjects who take it (Cipriani et
al., 2013). However, despite decades of clinical use and research, the neural and molecular
mechanisms of action of lithium remain unclear. Elucidating these mechanisms will
tremendously increase our knowledge regarding the etiology of BP and how to treat it.

In the past few decades, exciting data has become available regarding the effect of lithium on
neuronal plasticity, regional gray matter density and neuronal viability pointing to
neurotrophic effects of lithium (McDonald, 2015). Lithium effects on neuronal plasticity
could restore the integrity of the corticolimbic circuit involved in mood regulation (Anand
and Shekhar, 2003; Gray et al., 2003; Soares, 2002). In this regard, a number of studies to
date have reported structural changes associated with lithium therapy. Meta-analyses
(Kempton et al., 2008; McDonald et al., 2004), as well an analysis of data from an
international consortium (Hallahan et al., 2011) have provided further evidence in support of
this finding, however a number of studies have also reported no changes with lithium
treatment (McDonald, 2015). One major methodological issue has been that most studies to
date have used a cross-sectional design to compare structural volumetric differences between
subjects on lithium for a variable period of time versus subjects who are not on lithium. In
many of these studies, subjects were also on other mood-stabilizing medications. Only very
few studies have used a rigorous longitudinal design to study lithium effects, however all of
these studies have investigated the effects of lithium on brain structure and no study has been
done to date has examined the effect of lithium monotherapy on brain activation and
connectivity.

In addition to the abovementioned lithium-associated structural and neuronal changes,
lithium effects were also shown to be associated with changes in electroencephalography
(EEG) oscillations. In his 2016 review, Atagun demonstrated that lithium enhances the
magnitudes of oscillations in delta and theta waves, which were found to be of lower
magnitudes in patients with BP at baseline (Atagun, 2016). One other important finding in
that paper was that there was a correlation found between lithium levels and the brain
oscillations. These findings suggest that lithium effects on brain neurophysiological function
may underlie its efficacy in BP. In this regard, we have previously reported that cortico-
limbic connectivity is reduced in major depression and bipolar disorder (Anand et al., 2009,
2005). We have also shown that antidepressant treatment with selective serotonin reuptake
inhibitors (SSRI) increases cortico-limbic connectivity in depressed patients.

In this study, we investigated lithium monotherapy associated effects on amygdala-vMPFC
resting-state functional connectivity in medication-free BP using resting state low-frequency
BOLD (blood oxygen level dependence) fluctuations (LFBF) correlation. Keeping in mind
the integral role of vMPFC and amygdala in mood regulation we a priori confined our a
priori hypothesis to amygdala-vMPFC connectivity. Furthermore, both the early effects (2
weeks) and late (8 weeks) effects of treatment were measured. Closely matched healthy
controls (HC) were scanned at the same time points but did not receive any treatment. The
hypothesis tested was that lithium treatment would be associated with increase in amygdala-

J Affect Disord. Author manuscript; available in PMC 2019 January 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Altinay et al.

Page 4

VMPFC connectivity, that these effects would be cumulative over time and that the increase
in connectivity will correlate with clinical improvement.

2. Methods

2.1. Participants

Thirty-six medication-free subjects — 24 BP (12 BPM and 12 BPD) and 12 HC closely
matched for age and gender were recruited from the outpatient clinic at University Hospital,
Indiana University School of Medicine and by advertisement from the community. All
subjects took part in the study after signing an informed consent form approved by the
Investigational Review Board (IRB) at Indiana University School of Medicine. Both patients
and HC were paid $50 for screening and $50 for each MRI scan. All subjects underwent a
detailed structured diagnostic interview — Mini Neuropsychiatric Interview (MINI) that
generated a DSM-IV diagnosis. Inclusion criteria for were: ages 18-60 years (inclusive) and
able to give voluntary informed consent; 2) Satisfy criteria for Diagnostic and Statistical
Manual 4th edition (DSM-1V) for Bipolar Disorder Depressive Episode or for (hypo)manic
episode; 3) Satisfy criteria to undergo an MRI scan based on MRI screening questionnaire;
4) Able to be managed as outpatients during the study as ascertained by the following — i.
Clinical Global Severity Scale <5 i.e. moderately ill ii. No significant suicidal or homicidal
ideation or grossly disabled; 5) Satisfy criteria for DSM-IV depressive episode-current; 17-
item Hamilton Depression Rating Scale (HDRS) score = 12 but < 30 and Young Mania
Rating Scale (YMRS) score < 8 or for manic or hypomanic episode with HDRS < 13 and
YMRS >13.

Exclusion criteria for all patients were: 1) meeting DSM-IV criteria for schizophrenia,
schizoaffective disorder, or an anxiety disorder as a primary diagnosis; 2) use of
psychotropics in the past 2 weeks; use of fluoxetine in the past 4 weeks; 3) acutely suicidal
or homicidal or requiring inpatient treatment; 4) meeting DSM-IV criteria for substance
dependence within the past year, except caffeine or nicotine; 5) positive urinary toxicology
screening at baseline; 6) use of alcohol in the past 1 week; serious medical or neurological
illness; 7) current pregnancy or breast feeding; 8) metallic implants or other
contraindications to MRI. Inclusion criteria for healthy subjects were: 1) ages 18-60 years
and ability to give voluntary informed consent; 2) no history of psychiatric illness or
substance abuse or dependence; 3) no significant family history of psychiatric or
neurological illness; 4) not currently taking any prescription or centrally acting medications;
5) no use of alcohol in the past 1 week; and no serious medical or neurological illness.
Exclusion criteria for healthy subjects were: 1) under 18 years of age; 2) pregnant or breast-
feeding; 3) metallic implants or other contraindication to MRI.

2.1.1. Lithium treatment—Immediately after the baseline scan, BP subjects were started
on lithium treatment 300 mg p.o. BID. Levels were checked after one week and when
necessary lithium was increased to achieve trough levels between 0.5 — 1.0/L meq depending
on efficacy and tolerance. Lithium levels were also checked near the time of the second and
third scans. Patients were educated in detail about the side effects of lithium, ways to avoid
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these side effects, and how to contact the research team in case of uncomfortable side
effects.

2.2. Behavioral ratings

Subjects were rated on 17-item HDRS and YMRS at baseline and weekly thereafter.
Subjects were also rated on the Clinical Global Impression Scales for Severity and
Improvement (CGI-S and CGI-I) scales. Lower ratings in CGI are associated with clinical
improvement.

2.3. Functional MRI acquisition

Scans were done either in the morning or early afternoon. After a short scout imaging scan
to survey head position and center the field of view (FOV), a high resolution 3D
magnetization prepared rapid gradient echo (MPRAGE) scan was performed and used for
co-registration and normalization of the functional image volumes to a Montreal
Neurological Institute (MNI) space, as well as for the structural analyses. This high-
resolution anatomical volume comprised of 160 sagittal slices and had 1.0 x 1.0 x 1.2 mm
voxel dimensions, as optimized by the Alzheimer’s disease Neuroimaging Initiative
protocol. Immediately following a 2:37 min long gradient recalled echo (GRE) field
mapping scan was used for post-processing field inhomogeneity correction algorithms
available in SPM’s FieldMap extension. This dual echo (TE 4.97 ms; 7.43 ms) whole-brain
(39 axial slices; FOV 220 x 220 mm; voxel dimension 2.5 x 2.5 x 3.5 mm) scan was
manually shimmed to ensure optimization of the signal, especially in the ventral areas of the
brain.

Functional connectivity scans were acquired using a T2*-weighted gradient echo-planar
imaging (EPI) sequence TR/TE 2250/29 ms; with same slice locations and voxel dimension
as in the GRE field mapping scan. The prospective motion correction algorithm (3D-PACE,
Siemens) provided a dynamic, real-time adjustment for detected head motion. An integrated
parallel acquisition technique reduction factor of 2 was implemented with a generalized
autocalibrating partially parallel acquisition (GRAPPA) to improve spatial resolution to
reduce geometric distortion and scan time.

For resting state functional connectivity, 145 image volumes were acquired in 5:33 min.
Functional connectivity image volumes were acquired while subjects were in the resting
state with eyes closed, instructed to think nothing in particular. After the resting state scan
was completed, the subjects were asked whether they stayed awake and complied with
instructions and only those who complied with the instructions were included in the
analysis.

2.4, Data analyses

2.4.1. Image analysis

2.4.1.1. Pre-processing including motion correction: The images were corrected for
physiologic noise (Beall, 2010; Beall and Lowe, 2014; Glover et al., 2000) using signals
obtained with PESTICA (Physiologic Estimation by Temporal ICA) (Beall and Lowe,
2007). Special attention was paid to motion correction because both linear and non-linear
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motion artifacts have been shown to affect functional results (Power et al., 2012; Van Dijk et
al., 2012). Motion correction was performed using SLice-Oriented MOtion COrrection
(SLOMOCO) (Beall and Lowe, 2014). SLOMOCO first performs an in-plane slicewise
motion registration followed by an out-of-plane motion parameter estimation and
regularization. The regularized out-of-plane and residual in-plane motion parameters are
used in a slice-specific second-order motion model that accounts for the effect of adjacent
slice motion into or out of the slice of interest as well as the present slice. Finally, the
software regresses the physiologic noise model in parallel with the slice-wise second-order
motion model, and this regression correction comprises the last stage of SLOMOCO to
produce data that has been corrected for physiologic noise and motion.

After motion correction, images were corrected for non-neural sources of variance using a
regression-based correction with time series obtained from eroded white matter and
ventricular masks (Jo et al., 2010). The corrected images were normalized to Montreal
Neurological Institute (MNI) space, resampled to 2 mm isotropic voxels and finally,
bandpass filtered to retain low-frequency fluctuations (0.008-0.08 Hz) using 3dBandpass,
from AFNI (Analysis of Functional Neuroimages) (Cox, 1996). For every scan the number
of mation-corrupted volumes was identified using the Jiang average voxel displacement
measurement (Jiang et al., 1995) computed from the slice-wise motion parameters from
SLOMOCO. A corrupted volume was defined as a volume where at least one slice within
that volume experienced greater than 2 mm of out of plane motion. Any subject with 15 or
more volumes with greater than 2 mm of out of plane motion were excluded from the
analysis (Beall and Lowe, 2014; Jiang et al., 1995).

2.4.1.2. First level analysisfor generation of connectivity maps. Seed and Tar get
Regions of Interest (ROIs): (Supplementary Figure 1): Seed region -Left and right
amygdala ROIs from the SPM MarsBar toolbox AAL atlas were used to extract reference
region time series to calculate first level left and right amygdala connectivity maps. 7arget
Region—- A mask for vYMPFC with the following regions in the ventral medial part of the
frontal cortex was made from AAL atlas (Rigucci et al., 2010): ACC, medial frontal orbital
cortex, middle frontal orbital cortex (LOFC), superior frontal orbital cortex, inferior frontal
orbital cortex, olfactory cortex and gyrus rectus. Additionally, the dorsal anterior cingulate
cortex (dACC) was also included in the mask keeping in mind a number of studies which
have implicated this region as being involved in mood disorders. The resultant overall mask
(Supplementary Figure 1) was used as the target region in the group analysis for
connectivity as detailed in the second level analysis below.

Mean of the time series of each amygdala ROI for each subject was extracted from the
filtered preprocessed images. Next, resting state functional connectivity maps were created
for each reference region in Statistical Parametric Mapping version 8 (SPM8) (Penny et al.,
2011) image analysis software, quantifying the correlation between the reference regions
time series and the whole brain. Subsequently, the resting state connectivity maps from the
first level analysis were z-transformed and were smoothed with a 8 mm kernel and then were
used for between group second-level analyses.
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2.4.1.3. Second-level group analysis: Second level analyses was conducted with voxelwise
threshold at p < 0.001 using the vMPFC ROI as an implicit mask at a cluster-level
significance threshold of 0.05 (corrected) calculated at k = 28 using 3DClustsim tool in
AFNI.

2.4.1.3.1. Basdline Differences: A two sample #test was conducted in FMRIB Software
Library (FSL) (Analysis Group, 2012) to look at the differences between HC and BP groups
at baseline. Since BP group consisted of depressed and hypomanic state subjects state
related effects were regressed out to look at differences between HC and BP. Separately,
differences between BPD and HC and BPM and HC were also explored.

2.4.1.3.2. Treatment associated effectsin BP and HCs: Group x Time RMANOVA analysis
was conducted on the first level amygdala connectivity maps. Group effects (BP vs HC) at
different time points ((week-2 vs. baseline), (week-8 vs. baseline) & (week-2 vs. week-8))
with correction for state were calculated. For the sake of completeness, a supplementary
analysis was conducted to look at the differences between BPD vs C, BPM vs. HC and BPD
and BPM groups for lithium treatment effect. Statistical analyses was further done by
extracting the time series from significant clusters and conducting ANOVA analyses in SPSS
ver.21.

2.4.1.3.3. Correlation between changesin imaging measures and clinical improvement: To
look at the correlations between the changes in connectivity maps and behavioral measures a
one-sample £test between the changes in connectivity (week-2 - baseline) and (week 8-
baseline) CGI-S ratings as covariate was run in FSL. The same was done for changes in
connectivity and the CGI-I ratings. The correlation analysis was carried out for both left &
right amygdala connectivity separately. Statistical analyses was further done by extracting
the time series from significant clusters and conducting ANOVA analyses in SPSS ver.21.

3.1. Demographic and Iliness characteristics

A total of 29 subjects completed 8 weeks of treatment. Five subjects were excluded from the
study for the following reasons: 1 had a poor quality week-2 resting state scan, 1 subject did
not have the week-2 scan, 1 subject had significant amount of motion in the week-8 and 2
subjects were in a mixed state at the start of the study. No subject reported falling asleep
during the scan when asked at the end of the scan. Therefore, 24 subjects with BP and 12
age and gender closely matched HC were included who completed all three scans. Table 1
summarizes the clinical and demographic characteristics of the 24 subjects.

3.1.1. Treatment associated effects on clinical improvement—Lithium treatment
was associated with significant clinical improvement in BP subjects as a whole after 8 weeks
as measured with CGI-1 (df = 1, 46, F = 5.127, p = 0.028). Within the subgroups BPD
showed significant improvement after 8 weeks in 17-tiem HAM D scores (df =1, 22, F =
23.215, p < 0.001) and no significant change in YMRS. BPM showed significant decrease in
YMRS scores (df = 1, 22, F = 169.202, p < 0.001) and a trend for an increase in 17-item
HAM-D scores (df = 1, 22, F = 3.936, p = 0.06).
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Some of the subject-reported side effects that are known to be associated with lithium
treatment were: headache, increased appetite, dry mouth, blurred vision, dizziness, muscle
twitching, bad taste after the drug was taken, heart palpitations, fatigue, nervousness and
forgetfulness.

3.1.2. Baseline differences—The aim of this study was to investigate treatment effects
of lithium monotherapy in the BP group. However, for sake of completeness baseline
differences between the groups were examined even though the numbers were small
particularly in the comparison of BP subgroups. Results were examined at p = 0.05 (cluster-
wise corrected) as mentioned in the methods section (Supplementary Table 1). BP group (N
= 24) as a whole showed decreased right amygdala connectivity to right superior and medial
OFC (df =1, 34, F =17.909, p < 0.001).

In terms of individual BP groups, BPM in comparison to HC showed decreased left
amygdala connectivity with subgenual ACC and medial OFC (df = 1,22,F = 16.378,p =
0.001). There were no significant baseline differences seen between BPD and HC groups.
No significant differences were seen between the BPD (N = 12) and BPM (n = 12) groups.

3.1.3. Lithium monotherapy associated changes in Amygdala-vMPFC
connectivity—L.ithium effect in BP vs HC was investigated using a two way (group x
time) Repeated Measures Analysis of Variance (RMANOVA) and subsequent post-hoc
pairwise tests for significant regions.

3.1.3.1. BP vsHC group (Table 2): A group (BP vs. HC) by time factorial analysis for
baseline vs. 8 week revealed a significant clusters within the medial OFC. Left amygdala
connectivity to Left & rectus gyrus (group x time df = 1, 34, F = 15.285, p < 0.001,) (Fig. 1)
and right amygdala connectivity to right superior OFC (group x time df = 1, 34, F = 26.574,
p < 0.001)(Fig. 2). Baseline vs. 2 weeks and 2 weeks vs. 8 weeks analysis did not reveal any
significant differences.

3.1.3.2. BPD vsHC group: A group (BPD vs. HC) by time factorial analysis significant
increases in connectivity in right amygdala connectivity to right inferior OFC (group x time
df =1, 22, F =18.799, p < 0.001,) and superior OFC (group x time df = 1, 22, F = 19.059, p
< 0.001) and left amygdala connectivity with the right inferior OFC (group x time df = 1,
22, F =21.959, p < 0.001) (Supplementary Table 2 and Supplementary Figures 2 and 3) at 8
weeks compared to baseline)

3.1.3.3. BPM subgroup vsHC group: A group (BPM vs. HC) by time factorial analysis
revealed significant increase in connectivity between left amygdala and subgenual ACC
(group x time df=1, 22, F = 26.142, p < 0.001) and lateral OFC (group x time Df =1, 22, F
= 26.540, p < 0.001) and right amygdala and right medial OFC (group x time df =1, 22, F =
19.454, p < 0.001) after 2 weeks of treatment. After 8 weeks of treatment significant
increases in connectivity were seen for left amygdala connectivity to medial OFC (group x
time df = 1, 22, F = 20.730, p < 0.001) and right amygdala connectivity to medial OFC
(group x time df =1, 22, F = 17.533, p < 0.001) (Supplementary Table 3 and Supplementary
Figures 4 and 5)
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3.1.3.4. BPD vs BPM group: No significant differences were seen between BPD and BPM
subgroups for lithium effects over time at week 2 and week 8.

3.1.4. Correlation with clinical improvement—Results of the correlation analysis
revealed that in BP group as a whole, the increased connectivity between left amygdala and
right medial OFC between baseline and week 2 was negatively correlated with the week-2
CGI-I ratings (cluster size = 28, cluster-wise corrected p = 0.05); i.e.: the greater the increase
in left amygdala vVMPFC connectivity between baseline and week 2, the lower the CGI-I
ratings at week 2 (signifying more improvement) (df = 1, 21, p < 0.001, R? = 0.495).
Between baseline and week 8, the increased connectivity between right amygdala and left
and right sgACC extending into medial OFC, negatively correlated with the week 8 CGI-I
ratings in BP group (cluster size = 28, cluster-wise corrected p = 0.05) i.e. the greater the
increase in left amygdala-vMPFC connectivity, the lower the week 8 CGI-I ratings
(signifying greater improvement) (df = 1, 21, p < 0.001, R2 = 0.512) (Table 3 and Figs. 3 and
4).

No significant correlations were seen between changes in the amygdala-vMPFC
connectivity and changes in CGI-S scores. No significant correlation were seen between
changes in amygdala-vMPFC connectivity and changes in HAM-D or YMRS scores in the
depressed and hypomanic groups respectively.

4. Discussion

This study demonstrates that lithium treatment of BP is associated with its modulation of
resting state amygdala-vMPFC connectivity with no significant differences seen between
BPD and BPM. These effects were seen as early as week 2, were maintained at week 8 and
correlated with clinical improvement at week 2 and 8.

The results of this study supports findings of previous studies that showed lithium associated
structural changes in mood generating/regulating areas of the brain and demonstrates one of
the first results on the effects of lithium monotherapy on resting state brain amygdala-
VMPFC connectivity in a relatively large number of medication-free subjects.

VMPFC plays an important role in emotional regulation/processing, decision-making and
impulse control. Given that impulsivity, increased risky behavior, poor impulse-control and
impaired decision making are some of the key symptoms of bipolar disorder, amygdala-
VMPFC connectivity abnormalities may explain these symptoms. In this regard, changes in
amygdala-vMPFC connectivity were associated with clinical improvement as measured with
the CGI-I regardless of baseline mood state.

Inspection of the results showed that within the vMPFC region, there were several
subregions that consistently (between both baseline-week 2 and baseline-week 8) showed
increased resting state connectivity with the amygdala during the course of lithium
treatment; OFC, ACC and rectus gyrus. ACC and OFC are considered as key structures in
mood regulation and play an important role in the reward system, decision-making,
attention, motivation and emotional responses (Devinsky et al., 1995; Kringelbach, 2005;
Vogt et al., 1992); all of which can be considered as hallmark symptoms of patients with BP.
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To date, there have been several different research studies that demonstrated ACC and OFC
abnormalities in BP along with these areas’ clinical significance in mood regulation
(Magioncalda et al., 2015) (Torrisi et al., 2013) (Versace et al., 2010). Torrisi and colleagues
also demonstrated that ACC played a significant role in BP pathology in their paper (Torrisi
et al., 2013), they demonstrated that in euthymic bipolar-I patients, there was an increased
amygdala ventrolateral prefrontal cortex (VLPFC) connectivity. However, this increased
connectivity which was found to be moderated by the ACC. This increased connectivity
between amygdala and VLPFC modulated by ACC (part of the vMPFC) was interpreted as
the neurological correlate of remission in BP-1.

In addition to ACC and OFC, rectus gyrus, too plays a role in mood regulation. Previous
studies showed that rectus gyrus is a part of the medial-frontal network (Ongur and Price,
2000) and has strong connections to limbic regions such as the amygdala, brainstem and
hypothalamus. The medial frontal network was shown to play a role in self-referential
processing. In an fMRI study (Lemogne et al., 2009), patients with MDD showed increased
functional connectivity between the medial-frontal network, the dorsal ACC and the
dorsolateral prefrontal cortex, suggesting that these results could be due to excessive self-
focus in MDD. Given that decreased self-focus and at times poor insight are of the key
symptoms of BP, lithium’s effects on increasing the connectivity in this region could support
these previous findings and suggest the importance of rectus gyrus playing a role in in mood
regulation (Accolla et al., 2016).

These findings are in parallel with previous studies that investigated fronto-amygdalar
functional connectivity abnormalities in BP (Almeida et al., 2009; Anticevic et al., 2013).
Despite the differences in patient selection (BP who are on different medications and BP-1
with psychotic features), findings from these studies along with our study seem to suggest
that fronto-amygdalar disconnection could be one of the mechanisms underlying the
pathophysiology of BP.

We observed increased connectivity associated with lithium treatment in both BPD and
BPM groups. There was a correlation between the increase in resting state connectivity
between left amygdala and vMPFC and overall clinical improvement as measured with the
CGlI-I both at week 2 as well as week 8. Moreover, the increase in amygdala-vMPFC
connectivity in BPD and BPM subgroups was not correlated with the decrease in HDRS or
YMRS scores respectively. As both BPD and BPM groups exhibit dysregulation and overall
clinical improvement regardless of mood state was related to increased amygdala-vMPFC
connectivity these results suggest that lithium related changes in amygdala-vMPFC
connectivity may be more related to lithium related mood stabilization. Therefore, it is
possible that lithium effects on amygdala-vMPFC connectivity may be related to its
prophylactic effects of mood stabilization and prevention of episodes of depression and
mania. To investigate this hypothesis, future studies will need to be conducted in which post-
acute treatment scan changes can be correlated with occurrence of depressive relapse over a
follow-up period of many months.

J Affect Disord. Author manuscript; available in PMC 2019 January 01.
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5. Limitations

A limitation of this study is the small number of subjects that were studied. This limited our
ability to conduct more detailed analyses such as investigating the effect across all three
timepoints in a single analyses. It further limited the corrections that could also be made for
the number of reference regions studied as well as the number of behavioral scales used. We
could also only test our a priori hypothesis with a specific target region and not conduct a
meaningful whole brain analyses. Nevertheless, in this study we were able to study effects of
lithium monotherapy on 24 BP medication subjects across three time points which has not
been done so far. Future studies with a larger number of subjects will be needed to confirm
the findings of this study.

Correlation with behavioral changes provides face validity that the changes in connectivity
measures were associated with lithium treatment related response. However, as only open
label lithium treatment was given in the BP group it is not possible to tease out whether
effect associated were only due to lithium treatment or due to a placebo effect. It is also not
clear whether the changes are due to general clinical improvement effects or specific effects
of lithium. To tease out purely lithium related changes in patients, studies which compare
lithium treatment to placebo effects will need to be conducted. These studies are difficult to
justify on an ethical basis and are unlikely to be conducted in a clinical population. However,
results of this study do show connectivity changes associated with open-labeled real-world
lithium treatment.

The LFBF fluctuation correlation method measures functional connectivity i.e. the temporal
correlation between events in two regions. However, it does not given any information
regarding the directionality of the change. To investigate whether lithium effects alter the
effect of amygdala on vMPFC (especially ACC) or vice versa effective connectivity methods
such as structural equation modeling or dynamic causal modeling will have to be applied in
future analyses. The functional connectivity seen could also be due to a third region or factor
which may be simultaneously effecting resting state LFBF fluctuation in both the amygdala
and vMPFC leading to increased correlation between these two areas. Common molecular
changes in both these areas could also lead to both these regions be in phase. Multimodal
imaging with fMRI, positron emission tomography and magnetic resonance spectroscopy
will be needed in future studies to tease out such relationships.

6. Conclusion

In summary, the results of the study indicate that the lithium effect on mood state may be
related to its effects on increasing amygdala-vMPFC connectivity. These effects could
possibly be used to monitor lithium effects and efficacy in bipolar disorder. Furthermore,
with further confirmation with future studies such effects could also be used for
development of medications that will be effective in mood disorders.
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Fig. 1.
Group X time effect between left amygdala and left & right rectus gyrus connectivity in BP

& HC between baseline and week-8. The statistical significance was set at p = 0.001 and
cluster size = 28, which corresponded to a cluster-wise corrected p = 0.05.
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Group X time effect between right amygdala and right superior OFC connectivity in BP &

HC between baseline and week-8. The statistical significance was set at p = 0.001 and
cluster size = 28, which corresponded to a cluster-wise corrected p = 0.05.

J Affect Disord. Author manuscript; available in PMC 2019 January 01.

Page 17

Growp

Esipolsr
I Healthy



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Altinay et al.

Page 18

-

between left amygdala

2
I

Change in connectivi

A

L L L L
19 is 10

Week-2 CGll Ratings

L
M

Fig. 3.
Change in connectivity between left amygdala and left superior OFC in BP (Week 2 —

Baseline) significantly correlates with Week-2 CGI-I ratings. The statistical significance was
set at z > 3 and cluster size = 28, which corresponded to a cluster-wise corrected p = 0.05.
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Cr?ange in connectivity between right amygdala and left & right subgACC extending into
medial OFC in BP (Week 8 — Baseline) significantly correlates with week-8 CGlI ratings,
the statistical significance was set at z > 3 and cluster size = 28, which corresponded to a

cluster-wise corrected p = 0.05.
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