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Abstract
This study for the first time investigated resting state corticolimbic connectivity abnormalities in
unmedicated bipolar disorder (BD) and compared them with findings in healthy controls and
unipolar major depressive disorder (MDD) patient groups. Resting state correlations of low
frequency BOLD fluctuations (LFBF) in echoplanar functional magnetic resonance (fMRI) data
were acquired from a priori defined regions of interests (ROIs) in the pregenual anterior cingulate
cortex (pgACC), dorsomedial thalamus (DMTHAL), pallidostriatum (PST) and amygdala
(AMYG), to investigate corticolimbic functional connectivity in unmedicated BD patients in
comparison to healthy subjects and MDD patients. Data were acquired from 11 unmedicated BD
patients [six manic (BDM) and five depressed (BDD)], and compared with data available from 15
unmedicated MDD and 15 healthy subjects. BD patients had significantly decreased pgACC
connectivity to the left and right DMTHAL, similar to findings seen in MDD. Additionally, BD
patients had decreased pgACC connectivity with the left and right AMYG as well as the left PST.
An exploratory analysis revealed that both BDD and BDM patients had decreased connectivity
between the pgACC and DMTHAL. The results of the study indicate a common finding of
decreased corticolimbic functional connectivity in different types of mood disorders.
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1. Introduction
Converging findings from animal and human studies point to the anterior cingulate–
pallidostriatal–thalamic– amygdala circuit as a putative corticolimbic mood-regulating
circuit (MRC) that may be dysfunctional in mood disorders (Drevets, 1998;Anand and
Charney, 2000; Mayberg, 2003). Brain-imaging techniques such as functional magnetic
resonance imaging (fMRI) and positron emission tomography have shown increased
activation in major depressive disorder (MDD) of mood-generating limbic areas such as the
amygdala (AMYG) (Ketter et al., 2001; Sheline et al., 2001; Drevets et al., 2002; Siegle et
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al., 2002; Anand et al 2005a), ventral striatum (VST), and dorsomedial thalamus
(DMTHAL) (Drevets, 1998; Taber et al., 2004). Other areas of the brain that are also
implicated are the insula, hippocampus and parahippocampal areas (Mayberg et al., 1999;
Phillips et al., 2003; Anand et al., 2005a). Conversely, decreased activation of certain
cortical areas have been reported in MDD — in particular, the pregenual and ventral
subdivisions of the anterior cingulate cortex (pgACC and vACC) (Drevets et al., 1997;
Mayberg et al., 1999), the anteromedial prefrontal cortex, the orbitofrontal cortex (OFC),
and the dorsolateral prefrontal cortex (DLPFC) (Mayberg et al., 1999; Ketter et al., 2001).

Compared with the literature on MDD, considerably fewer studies have investigated
regional brain activation in bipolar disorder (BD). In studies in which phase of illness has
been characterized, most have been conducted in BD depression (BDD), which has also has
been reported to be associated with increased limbic activation and decreased activation of
cortical regions such as the DLPFC and ACC (Buchsbaum et al., 1986; Baxter et al., 1989;
Drevets et al., 1997; Yurgelun-Todd et al., 2000; Ketter et al., 2001; Blumberg et al., 2003;
Phillips et al., 2003; Chang et al., 2004). In mania (BDM), increased metabolism of the
ventral and dorsal ACC, the striatum (Drevets et al., 1997; Blumberg et al., 2000), and the
amygdala (Altshuler et al., 2005) [another study reported decreased amygdala activation
(Lennox et al., 2004)], and decreased activity of the OFC (Blumberg et al., 1999), have been
reported. Strakowski et al. (2004) have reported an abnormality in the anterior limbic
network in BD in response to cognitive stimuli. Compared with healthy subjects,
unmedicated euthymic BP patients showed increased activation in the limbic and paralimbic
areas (parahippocampus, amygdala and insula) as well as ventral prefrontal regions when
performing attentional tasks (Strakowski et al., 2004). Therefore, in BD, abnormalities
within the prefrontal cortex, subcortical structures such as the striatum and thalamus, and
medial temporal structures such as the amygdala and the parahippocampus, are likely to be
present (Strakowski et al., 2005; Adler et al., 2006).

Methodological issues such as medication status and inadequate identification of the phase
of illness may have contributed to discrepant results in some of the above studies.
Unmedicated BD subjects are difficult to recruit for studies. Furthermore, the discrepant
findings of changes in local activation also suggest that the abnormality may lie at a circuit
level in terms of the corticolimbic connectivity rather than in localized brain regions.

Recently, there has been considerable interest generated from the discovery of spontaneous
low frequency (<0.08 Hz) blood oxygen level-dependent (BOLD) fluctuations (LFBF) in
resting state in echoplanar imaging (EPI) data (Raichle et al., 2001). It has been recognized
that these LFBFs are not caused by instrumentation or physiological effects (such as cardiac
and respiratory cycles) originating outside the brain (Biswal et al., 1995). It has also been
shown that these resting state signal changes reflect alterations in blood flow and
oxygenation that may be coupled to neuronal activity and that LFBFs correlate between
brain areas of plausible functional connectivity (Biswal et al., 1995; Lowe et al., 2000;
Cordes et al., 2001; Peltier and Noll, 2002; Hampson et al., 2002; Salvador et al., 2005).
Published studies of connectivity abnormalities using the LFBF correlation method have
been reported in neuropsychiatric conditions such as attention deficit hyperactivity disorder
(ADHD) (Castellanos et al., 2008), schizophrenia (Liang et al., 2006; Garrity et al., 2007;
Zhou et al., 2007), Alzheimer’s disease (Greicius et al., 2004), substance abuse (Li et al.,
2000), multiple sclerosis (Lowe et al., 2002), and autism (Cherkassky et al., 2006).

We have previously reported the results of our study in which corticolimbic connectivity
was measured using the resting state LFBF correlation method in unmedicated MDD
patients and healthy subjects (Anand et al., 2005a). The results of this study indicated that
resting state functional connectivity between the pgACC and the limbic regions – amygdala
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(AMYG), pallidostriatum (PST) and dorsomedial thalamus (DMTHAL) – is decreased in
MDD (Anand et al., 2005a,b). In this study, we report, for the first time, corticolimbic
connectivity abnormalities in unmedicated BD patients in both the manic and depressed
phase of the illness and a comparison with corticolimbic connectivity abnormalities
previously reported in MDD patients and healthy controls. Our unitary hypothesis was that
mood dyregulation arises from decreased corticolimbic connectivity, and hence in BD
(whether in the manic or the depressed phase) decreased connectivity will be seen similar to
that seen in MDD.

2. Methods
2.1. Subjects

Medication-free unipolar depressed (MDD), bipolar depressed (BDD) and bipolar manic
(BDM) outpatients were recruited from the outpatient clinic at University Hospital, Indiana
University School of Medicine, and by advertisement, from the community. Closely
matched healthy subjects were recruited through advertisements. 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 healthy control
subjects were paid $50 for screening and $50 for each MRI scan. Inclusion criteria for MDD
patients were as follows: age 18–60 years and ability to give voluntary informed consent;
satisfy Diagnostic and Statistical Manual fourth edition (DSM-IV) criteria for Major
Depressive Episode; have a 25-item Hamilton Depression Rating Scale (HDRS) (Thase et
al., 1991) score > 18; satisfy criteria to undergo an MRI scan based on an MRI screening
questionnaire; and be able to be managed as outpatients. The inclusion criterion for BD
patients was that they satisfy DSM-IV criteria for Bipolar Disorder either in the hypomanic
or manic (Young Mania rating Scale (Young et al., 1978) (YMRS) > 10) or depressed
episode (HDRS > 18). Other inclusion criteria were the same as those for MDD patients.
Exclusion criteria for patients were as follows: meeting DSM-IV criteria for schizophrenia,
schizoaffective disorder, or an anxiety disorder as a primary diagnosis; use of psychotropic
agents in the past 2 weeks; use of fluoxetine in the past 4 weeks; being acutely suicidal or
homicidal or requiring inpatient treatment; meeting DSM-IV criteria for substance
dependence within the past year, except caffeine or nicotine; positive urinary toxicology
screening at baseline; use of alcohol in the past week; serious medical or neurological
illness; current pregnancy or breast-feeding; metallic implants or other contraindications to
MRI. Inclusion criteria for healthy subjects were as follows: ages 18–60 years and ability to
give voluntary informed consent; no history of psychiatric illness or substance abuse or
dependence; no significant family history of psychiatric or neurological illness; not currently
taking any prescription or centrally acting medications; no use of alcohol in the past week;
and no serious medical or neurological illness. Exclusion criteria for healthy subjects were
as follows: under 18 years of age; pregnant or breast-feeding; metallic implants or other
contraindication to MRI.

2.2. Behavioral ratings
Subjects were rated on the 25-item HDRS and the YMRS at the time of the baseline scan.

2.3. MRI data
Scans were performed in either the morning or the early afternoon.

2.3.1. Image acquisition—Imaging data were acquired using a General Electric
(Waukesha, WI) 1.5 T MRI scanner. Subjects were placed in a birdcage head coil and
individually fitted to a bite bar partially composed of dental impression compound attached
to the coil to reduce head motion. For the resting state connectivity scan, the subjects were
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asked to keep their eyes closed, stay awake, and not think of anything in particular. The MRI
sequence included a T1-weighted whole brain image using a Spoiled Gradient-Echo
Recalled sequence (SPGR) sequence to provide real 1 × 1 × 1 mm3 spatial resolution. Next,
a T1-weighted axial image, to identify slices for the various regions of interest (ROIs), was
acquired with the following sequence: TR/TE 500/12 ms; 16 slices; Thickness/Gap 7.0/2.0
mm; matrix 256 × 128; FOV 24 × 24 cm; 1 NEX. The short TR limits the number of slices
that can be acquired; therefore four noncontiguous axial slices were acquired that covered
the areas of interest at the level of the pgACC, DMTHAL/PST and AMYG identified by a
trained radiology staff member (YW) during the scan. Other scans for local brain activation
in response to emotional stimuli and connectivity scans during steady state exposure to
neutral, positive and negative pictures were also acquired during the fMRI session as
previously described (Anand et al., 2005a); however, this report is mainly focused on the
results of resting state connectivity. During the resting state, awake with eyes closed,
subjects were asked to stay awake and think of nothing in particular. After the scan, the
patients were interviewed, and it was assessed whether they complied with the instructions
or were awake throughout the scan. Subjects who were judged not have complied with the
instructions were excluded from the study.

2.4. Image analysis
The raw imaging data were Hamming-filtered to improve signal-to-noise ratio with minimal
reduction in spatial resolution (Lowe and Sorenson, 1997). Motion was measured, but
motion correction was not performed on the data as it can lead to increase in spatial
correlation in LFBF data (Lowe et al., 1998). Moreover, with a limited number of slices
motion correction is not reliable with the usual registration routines.

2.4.1. Selection of regions of interest (ROIs)—ROIs were placed by a trained
radiology staff member (YW) corresponding to the a priori defined areas of the MRC (Fig.
1). The pregenual ACC (the area just anterior to the genu of the corpus callosum) (subregion
of Brodmann area 24) was chosen as the reference ROI as a number of neurological studies
have indicated that this area, as well as the more inferior subgenual ACC, is involved in the
regulation of emotions (Damasio, 1997;Critchley, 2004), and activity in these areas has been
shown to accompany reward-based emotional/motivational processing (Critchley, 2004).
Another more caudal area of the subgenual ACC (Area 25) has also been described in
imaging studies to be involved in emotion regulation (Mayberg et al., 2005). We chose to
study the pgACC because the signal there was less likely to be corrupted by susceptibility
artifacts than the more ventral subgenual ACC or Area 25. The pallidostriatal ROI was
defined as reported by Burruss (2000) and partially covered putamen and lateral palladium.
The DMTHAL ROI was centered in the medial dorsal posterior part of the thalamus. The
AMYG ROI was centered on the AMYG based on anatomical landmarks for that region.
The “draw dataset” function in Analysis of Functional Neuroimages (AFNI) software was
used to define ROIs as fixed size circles with a radius of 6 mm for the ACC, DMTHAL and
PST and 4 mm for the AMYG (Fig. 1). The radiologist was not aware of the group status
while placing ROIs. As non-contiguous EPI slices were selected, corresponding to the axial
high-resolution T1 images that covered ROIs, the distance between the four EPI slices
varied according to individual anatomy and position. ROI time series were averaged using
the AFNI function “3dmaskave.” This function produces the time-wise arithmetic average
for each voxel in an ROI mask. The result is an average time series for each ROI.

2.4.2. LFBF correlation analysis—The analysis was done as previously described
(Anand et al., 2005a). Briefly, the first 50 scans were discarded to allow MR signal to reach
steady state and the next 512 time points were included in the analysis. Averaged data from
all the voxels within each ROI (as defined above) were detrended for global signal drifts
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using previously described methods (Lowe and Russell, 1999) and then passed through a
finite-impulse response (FIR) filter to remove all frequencies above 0.08 Hz. This procedure
removes the oxygenation fluctuations from physiological processes such as direct sampling
of respiratory and cardiac-related oxygenation fluctuations (Lowe et al., 1998; Cordes et al.,
2001). Next, the Pearson correlation coefficient (cc) was calculated between the averaged
LFBF time series of pgACC as the reference region with the averaged time series of each of
the limbic ROIs across all time points (512 time points) (Lowe et al., 1998). The correlation
coefficient was then transformed to a t statistic (Lowe et al., 1998; Anand et al., 2005a) to
enable comparison between groups. This t-score was used as the measure of corticolimbic
functional connectivity.

2.5. Statistical analysis
One-way analysis of variance (ANOVA) was performed to evaluate the effect of diagnostic
groups on pgACC connectivity with the DMTHAL, PST and AMYG on each side. For
significant ANOVA results, post hoc analysis was performed using Fisher's protected least
square difference (Fisher's PLSD).

3. Results
Twelve unmedicated bipolar subjects in either the manic (BDM) or the depressed (BDD)
phase completed the study. One BDD subject’s imaging data were discarded because of
technical difficulties during the acquisition of the scan. The results of the remaining 11 BD
subjects (6 BDM, 5 BDD) were then compared with those of 15 unipolar depressed (MDD)
subjects and 15 healthy subjects who we had previously studied using the same paradigm
(Anand et al., 2005a). One BDM patient, after inclusion in the study, reported taking a small
dose of gabapentin for chronic leg pain. The dose of gabapentin was very small, and it was
not being taken for mood stabilization. Exclusion of this patient’s data did not change the
results of the study. Therefore, it was decided not to exclude this patient. Table 1 presents
the demographics and illness characteristics of each group. The BD group was slightly older
(age: 33±12 years) than the MDD group (29±9 years), but the difference was not significant.
A bite bar customized for each individual was used to minimize the effect of motion. Mean
displacement over surface (Jiang et al., 1995), calculated to assess for motion effects, was
0.33±0.19 mm, 0.20±0.06 mm and 0.18±0.10 mm, respectively, in the BD, MDD and
healthy subjects groups.

3.1. Resting state connectivity in bipolar disorder compared with unipolar depression and
healthy subjects

Both the unipolar depressed group and the bipolar group had decreased connectivity,
compared with healthy subjects, between the pgACC and the AMYG, THAL and PST on
each side (Fig. 2). The ANOVA for differences between the three groups was significant for
the right AMYG (F=3.74, df=2, P<0.04) and for the left DMTHAL (F=7.27, df=2, P<0.003)
and the right DMTHAL (F=6.270, df=2, P<0.005), and there was a trend for significance for
the left AMYG and the left PST. Post hoc tests of significance revealed that the difference
was significant between BD as a group and healthy subjects for the pgACC and for the left
(P<0.05) and right AMYG (P<0.01) as well as the left PST (P<0.04) connectivity. Both the
BD and the MDD groups had decreased connectivity between the pgACC and the left
DMTHAL (BD: P<0.005; MDD: P<0.01) and right DMTHAL (BD: P<0.005; MDD:
P<0.05) as well as the left PST (BD: P<0.04; MDD: P<0.07). No significant differences
were seen between BD and MDD subjects.
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3.2. Resting state connectivity in bipolar depression and bipolar mania compared to
healthy subjects

An exploratory analysis, keeping in mind the small number of subjects in each BD
subgroup, was conducted. Both BDD and BDM patients exhibited decreased corticolimbic
connectivity compared with healthy subjects. One-way ANOVA for differences between the
groups was significant for the left DMTHAL (F=5, df=3, P<0.005) and for the right
DMTHAL (F=4, df=3, P<0.005), and there was a trend for significance for the right and left
AMYG (P<0.07). A post hoc t-test revealed a significant decrease for left DMTHAL
connectivity between BDD and healthy controls (P<0.005) and BDM and healthy controls
(P<0.005), for the right DMTHAL between BDD and healthy controls (P<0.01) and BDM
and healthy controls (P<0.01). Additionally, significant differences were found for pgACC
connectivity to the right AMYG between BDD patients and healthy controls (P<0.05), and
for the left AMYG for BDM patients and healthy controls (P<0.05).

4. Discussion
The findings of this study indicated decreased corticolimbic connectivity in BD patients
compared with healthy subjects, similar to results previously reported for MDD; however,
the abnormalities seemed to be more severe in the BD group. This is not a surprising finding
as BD is a more severe illness of mood regulation than MDD. The BD subgroup also had a
longer duration of illness and had had more mood episodes than the MDD group, and it was
slightly older than the MDD and healthy control groups. The greater severity of mood
disorder in the BD group could also explain the greater decrease in connectivity in this
group. Motion was slightly greater in the bipolar group, but when used as a covariate in the
analysis, it did not change the findings of the study.

An exploratory analysis was done (keeping in mind the small number of patients in each
subgroup of BD) and showed that the BDD and the BDM subgroups had similar decreases
in corticolimbic connectivity compared with healthy subjects. Some differences were noted,
e.g. the decreased pgACC-left AMYG connectivity only in BDM and not in BDD, and the
decreased pgACC-right AMYG connectivity in BDD, which will need to investigated in
future studies with a larger number of subjects.

The decreased corticolimbic LFBF correlations results indicate possible decreased phase
coherence between LFBF sampled in the ACC and the limbic regions in BD and MDD
patients. Phase synchrony has been related to the integrity of the circuits between two brain
regions (Spencer et al., 2004). Single neuron studies with intraneuronal electrodes and, to
some extent, electroencephalograhic studies have shown that if two brain regions are locked
in phase with each other, their functioning is closely connected (Varela et al., 2001). Hence,
decreased phase coherence could be associated with a decreased regulatory effect of the
ACC over the limbic areas leading to mood dysregulation in bipolar and unipolar depression
as well as mania.

The decreased corticolimbic connectivity seen in mood disorders across diagnosis and phase
of illness suggests that the decreased connectivity may be a trait abnormality. However, in a
previous study (Anand et al., 2005b), we found that antidepressant treatment leads to an
increase in corticolimbic connectivity in MDD patients, and therefore the connectivity
abnormality may be state-dependent. To investigate whether the decreased connectivity is
state- or trait-dependent, these findings will need to be investigated in BD before and after
treatment and also in unmedicated euthymic BD and MDD patients.

The ROIs were placed within the corticolimbic system based on a priori identified and
agreed upon anatomical landmarks as discussed in Section 2.4. The EPI slices that were
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selected on matching high-resolution T1 images were not contiguous but included only
slices chosen by the radiologist to cover the ROIs. Therefore, the location of the EPI slices,
the distance between the four EPI slices, and the placement of the ROIs did vary slightly
from subject to subject due to differences in subjects’ anatomy and head position. To place
ROIs in exactly the same location for all subjects, it would have been necessary to normalize
the data into a standardized space and therefore have considerably larger slice coverage.
This was not possible without a very significant increase of the TR. As discussed in Section
2, the data were acquired with a short TR to avoid aliasing effects of fluctuations in the
BOLD signals due to cardiac and respiratory cycles. In future studies, to acquire data from
the whole brain, methods such as recording of cardiac and respiratory cycles along with
fMRI acquisition with subsequent retrospective correction for effects of these physiological
variables on the BOLD signal could be used (Glover et al., 2000).

The correlation of LFBF between two areas is a measure of functional connectivity, i.e. that
the two are in synchrony (Friston et al., 1993). However, this could also occur due to the
influence of a third factor that may be simultaneously affecting both the areas. In the future,
to measure the direct effect of one area over another, i.e. to measure effective connectivity,
techniques such as structural equation modeling (SEM) (Seminowicz et al., 2004) or newer
techniques such as dynamic causal modeling (DCM) (Friston et al., 2003) could be used. An
investigation of structural connectivity using diffusion tensor imaging (DTI) could also shed
light on the relationship between functional and structural connectivity.

The analysis performed here is a straightforward hypothesis-driven analysis based on an a
priori expectation of involved regions of the brain. The a priori defined ROI approach has
the advantage of reducing the magnitude of correction needed for a large number of voxels;
one can correct only for a small number of ROIs, thereby considerably increasing statistical
power (Poldrack, 2007). The same analysis was performed on controls and patients, and
statistically meaningful conclusions were drawn. Connectivities with other regions were not
investigated, and no conclusions were drawn regarding regions that were not examined.

Out of the three a priori identified limbic structures whose connectivity with the pgACC
was investigated in this study, the connectivity of the pgACC-DMTHAL was present in all
mood disorders (Fig. 2). This is not surprising as the thalamus is an integral part of the
cingulate–pallidostriatal–thalamic–amygdala mood-regulating circuit (Taber et al., 2004).
The DMTHAL has major connections with the ACC, the ventral PST, and the AMYG, and
therefore it is central to the circuit (Taber et al., 2004). Decreases in pgACC connectivity
were also seen for the AMYG. The AMYG is located in the more ventral part of the brain,
and the BOLD signal from the AMYG has a lower signal-to-noise ratio due to susceptibility
artifacts. Therefore, the variance for the data was greater in this region. In future studies,
more sophisticated techniques using advanced hardware and techniques such as z-shimming
to reduce susceptibility artifacts could be used to image the ventral areas of the brain
(Glover, 1999).

Another limitation of this study was that we did not measure differences in gray matter
density within ROIs between groups due to the small number of subjects studied. It is
possible that the ROIs may have contained more or less gray matter in the different groups,
leading to partial-volume effects that could have affected the results. In future studies,
measurement of gray matter density using techniques such as voxel-based morphometry
(Ashburner and Friston, 2000) could be used to investigate differences in gray matter
density between groups.

The duration of medication-free period for psychiatric studies is always a compromise
between what is ideal and what is clinically feasible. We chose a minimum period of 2
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weeks for patients to be off medication (except for fluoxetine, for which we required a 4-
week drug-free period) and inclusion criteria for no substance dependence in the past year
and a negative urine drug screen at the time of screening for the study. However, long-term
effects of psychotropic agents may still be present. Future studies will need to be conducted
to address this issue with a larger number of subjects with longer medication-free and
substance-free periods before the study.

The findings of this study are consistent with a common abnormality of corticolimbic
functional connectivity in bipolar disorder and depression, and they need to be confirmed
with a larger number of patients and with more sophisticated techniques to measure
functional connectivity within the brain.
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Fig. 1.
Region of interest (ROI) placement for sampling of low frequency BOLD fluctuations
(LFBF) for corticolimbic connectivity analysis. 1. Pregenual anterior cingulate cortex
(pgACC); 2, 3: pallidostriatum (PST); 4, 5: dorsomedial thalamus (DMTHAL); 6, 7:
amygdala (AMYG).
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Fig. 2.
Cortiolimbic connectivity in major depression (N=15), healthy controls (N=15), bipolar
disorder (N=11), bipolar mania (N=6), and bipolar depression (N=5). Post hoc t-tests results
for significant differences with each of the mood disorder groups and healthy subjects as
described in the text are denoted by *P<0.05, **P<0.01 and ***P<0.005. A. Pregenual
anterior cingular cortex (ACC) and dorsomedial thalamus connectivity. B. Pregenual
anterior cingular cortex (ACC) and amygdala connectivity. C. Pregenual anterior cingular
cortex (ACC) and striatal connectivity.
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