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Abstract

Background: Bipolar patients are characterized by dysregulation across the full spectrum of
mood, differentiating them from unipolar depression. The ability to switch neural resources
between default mode network (DMN), salience network (SN), and executive control network
(ECN) has been proposed as a key mechanism for adaptive mood regulation. The anterior insula is
implicated in the modulation of functional network switching. Differential connectivity between
anterior insula and functional networks may provide insights into pathophysiological differences
between bipolar and unipolar mood disorders, with implications for diagnosis and treatment.

Methods: Resting state fMRI data were collected from 98 subjects (35 unipolar, 24 bipolar and
39 healthy controls). Pearson correlations were computed between bilateral insula seed regions
and a priori defined target regions from the DMN, SN, and ECN. After r-to-z transformation, a
one-way MANCOVA was conducted to identify significant differences in connectivity between
groups. Post-hoc pairwise comparisons were conducted and Bonferroni corrections were applied.
Receiver-operator characteristics (ROC) were computed to assess diagnostic sensitivity.

Results: Bipolar patients evidenced significantly altered right anterior insula functional
connectivity with the inferior parietal lobule (IPL) of the ECN relative to unipolar patients and
controls. Right anterior insula-1PL connectivity significantly discriminated bipolar patients.

Conclusions: Impaired functional connectivity between the anterior insula and the IPL of the
ECN distinguishes patients with bipolar depression from unipolar depression and healthy controls.
This finding highlights a pathophysiological mechanism with potential as a therapeutic target and
a clinical biomarker for bipolar disorder, exhibiting reasonable sensitivity and specificity.

Keywords

bipolar depression; unipolar depression; functional network connectivity; frontoparietal; salience;
insula

Introduction

Unipolar and bipolar mood disorders are leading causes of disability, affecting
approximately 300 million people worldwide (1, 2). Despite their public health impact and
long-standing efforts to develop effective interventions, a strikingly high proportion of
individuals struggling with mood disorders still do not fully benefit from currently available
treatments (3, 4). Further, the clinical similarity between a unipolar or bipolar depressive
episode presents a particular diagnostic challenge, with bipolar depression often
misdiagnosed as unipolar depression, thus delaying appropriate treatment, or even worse,
increasing the potential delivery of harmful therapies. Therefore, the field of psychiatry is
faced with two important unmet challenges: first, better methods of differentiating unipolar
versus bipolar depression are needed; and second, an improved understanding of
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pathophysiological mechanisms is necessary for the identification of therapeutic targets for
intervention.

Advances in systems neuroscience have identified distinct and dissociable neural networks
subserving adaptive functioning. Specifically, fronto-parietal executive control, salience, and
default mode networks are linked to key adaptive processes, including emotion regulation,
goal-directed attentional control, decision-making and self-monitoring (5, 6). A parallel
body of research has identified deficits in these core adaptive capabilities underlying mood
disorders, such as emotion and attention dysregulation across mood states (7-13); decreased
reward and increased self- versus external-processing (i.e. rumination) in depression
(13-16); and increased salience/reward processing and decreased behavioral inhibition in
mania (17-20). Linking these core mood-related functional deficits to the integrity of
underlying neural networks provides clues to the circuit-level etiology of mood disorders,
leading to potential new avenues for diagnosis and treatment.

Adaptive Functioning and Neural Processing

Healthy, adaptive functioning relies upon the deployment of allostatic mechanisms to
maintain homeostatic equilibrium(21-24). Achieving this goal in turn relies upon the
continual balance between processing exogenous versus endogenous cues, which signal the
need to either approach or withdraw in the service of optimal functioning(25-28). Healthy
individuals are continually balancing these competing drives through the flexible, integrated
regulation of emotion, cognition, and behavior in a complex feed forward-feedback system
(24, 28). Too much reliance upon any one system threatens homeostatic balance; for
example, overreliance upon salient exogenous cues at the expense of regulatory control can
lead to over-approach, as seen in bipolar disorder (20). Overreliance upon endogenous, self-
focused cues at the expense of external processing can lead to reduced motivation to interact
with the external environment and thus reduced possibilities for reward, as seen in unipolar
depression (29). From this perspective, a major dysfunction in mood disorders is the
inability to flexibly and adaptively switch between competing processing modes and to
adjust behavior accordingly. This dysfunction is linked to deficits in underlying circuit
dynamics, and in particular to the rigid under- or over-reliance upon specific functional
networks. Existing resting-state functional neuroimaging studies show increased self-
focused attention (e.g. rumination) in unipolar depression is associated with increased
default mode network recruitment and reduced salience network recruitment (30-36).
Behavioral, emotional and cognitive dysregulation in bipolar disorder is associated with
disrupted salience network recruitment and decreased fronto-parietal executive control
network recruitment (37-43). Thus, dysfunction in mood disorders may be associated with
inefficient or inflexible switching between processing modes.

Anterior Insula, Interoception and Network Switching

Several recent studies have linked the anterior insula to both the processing of interoceptive
states and adaptive switching between functional networks, making this region an ideal
candidate to explore potential neural circuit dysfunction in mood disorders (44, 45).
Interoceptive awareness and accuracy is fundamental to the ability to selectively filter
exogenous and endogenous stimuli for adaptive regulation (46). Changes in autonomic
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arousal function as prediction errors that reorient attention towards or away from salient
cues, and in adaptive functioning, signal the need to consider and weigh response options
and to regulate accordingly. Clinically speaking, both depressed and (hypo)manic mood
states are characterized by deviations or extremes in levels of visceral autonomic arousal.
Depressed individuals describe fatigue, heaviness, and lethargy that accompany an increase
in negative self-focused thought and behavioral withdrawal. (Hypo)manic individuals
describe a feeling of being full of energy or “keyed up” that accompanies expansive
thinking, increased hedonic engagement, and risky behaviors. However, these amplified
interoceptive cues fail to bring on needed regulatory adjustments that subserve optimal
adaptive functioning, such as shifting from internally-focused to externally-focused attention
and increasing behavioral approach in depression, or regulating away from salient or
rewarding cues and increasing behavioral inhibition in mania. Understanding the
relationship between the quality and intensity of interoceptive visceral states and the failure
to adaptively and flexibly recruit functional neural networks in service of physiological and
behavioral homeostasis may provide further clues to specific dysfunction in mood disorders.

The anterior insula has long been identified for its role in mapping the visceral, autonomic
aspects of emotional experience to higher order cognitive processes (47, 48). More recently,
the anterior insula has been identified as a major “rich club” hub within the salience
network, with extensive functional inter-network connections to default mode, fronto-
parietal executive control and cortico-striatal network hubs, positioning the Al as a key
structure for integrating cognitive, behavioral and affective functional processes (45, 49, 50).
“Rich club” hubs have been defined as regions in the brain with extensive global
connections, and form the functional “backbone” of the brain (28, 49). From a neuronal
network perspective, deficits in functioning of major rich club hub regions have far reaching
consequences due to their global connectedness, such that dysfunction in these structures
causes diffuse and widespread functional impairments (51). Recent research has provided
evidence of the anterior insula’s role as a major hub implicated in predicting changing
regulatory control demands and facilitating switching between default mode and executive
control networks (45, 50, 52). Thus, the anterior insula is a region of particular interest in
mood disorders both for its role in interoceptive awareness and for its role in flexibly
switching between functional networks (53).

The Present Study

Given the role of the anterior insula in both interoceptive awareness and switching between
functional networks, the regulatory dysfunction found across mood disorders, and the
contributing role of visceral autonomic cues to mood disorder dysfunction, we sought to
determine whether differential functional connectivity between the anterior insula (Al) and
key nodes of the default mode (DMN), fronto-parietal executive control (ECN), and salience
networks (SN) distinguishes unipolar depression, bipolar depression, and healthy controls at
the syndromal level. We hypothesized bipolar patients would show weaker functional
connectivity between Al and ECN than unipolar patients or healthy controls, suggesting
deficits in the ability of the Al to instantiate the executive control of emotion in bipolar
depression. By contrast, we hypothesized unipolar patients would show stronger functional
connectivity between Al and DMN relative to bipolar patients or healthy controls,
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suggesting deficits in the ability to instantiate regulation away from internal, self-focused
processing in unipolar depression. In addition, to explore the relationship between functional
connectivity deficits and dimensional aspects of regulatory behavior, we examined the
correlation of connectivity with psychological measures of perceived emotion control,
behavioral approach and behavioral inhibition. We hypothesize dysfunction along the
dimension of emotion regulation will be significantly related to the integrity of Al-functional
network connectivity. Finally, to determine whether specific patterns of Al connectivity to
functional networks might serve as a biomarker of unipolar versus bipolar depression, we
examined the specificity and sensitivity of Al functional connectivity in classifying unipolar
versus bipolar patients.

Participants for this study (N=98) included 35 unipolar depressed patients, 24 bipolar
depressed patients, and 39 healthy controls (see Table 1 for complete demographics).
Patients included for this study were initially recruited as part of three separate protocols
investigating the neural mechanisms of three psychiatric interventions: electroconvulsive
therapy (ECT), transcranial magnetic stimulation (TMS), and cognitive-behavioral therapy
(CBT) at the Massachusetts General Hospital. Only baseline (pre-treatment) data were
included in the present study. Data from a cohort of healthy subjects were included from a
separate study (see Supplement for details on parent studies and inclusion criteria). All study
procedures were approved by the Partners Healthcare Internal Review Board.

Clinical measures

Clinically relevant psychological dimensions were measured using the Affective Control
Scale (ACS; measure of perceived emotion control), (54) and the Behavioral Inhibition
System (BIS)/Behavioral Activation System (BAS) Scales (see Supplement) (55). Higher
scores on the ACS indicate less perceived control of emotions. Higher scores on the BIS
scale indicate greater behavioral avoidance and inhibition. Scores at the extreme ends of the
BAS scales indicate either under-approach (low) or over-approach (high).

Medication Load

To control for the effects of medications, a standardized medication load metric was
calculated for each individual by dividing the patient’s medication dosages by the World
Health Organization (WHO) Defined Daily Dose for that medication (ATC/DDD; https://
www.whocc.no/). Medications were then grouped into three classes (mood stabilizers,
antidepressants, anxiolytics/hypnotics). Medication load values for each medication class
were then entered separately into MANCOVA models.

MRI acquisition and preprocessing

All subjects included in this study were scanned using the same MR protocols in the same 3-
Tesla Siemens Skyra MRI scanner (see Supplement for details). MRI preprocessing and first
level analyses were carried out with a combination of tools from FSL v5.0.4 (FMRIB,

Oxford, UK) and SPM2 (Wellcome Department of Cognitive Neurology, London, UK) using
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in-house scripts as previously described in Van Dijk et al. (56). See Supplement for complete
details of preprocessing steps.

Anatomical Mask Definition

Left and right dorsal Al seed regions of interest (ROI) were defined using masks from the
Kelly et al. (57) three-cluster solution (http://fcon_1000.projects.nitrc.org; see Supplement).
Selection of target ROIs from the ECN, SN, and DMN were defined using max voxel
locations as described in Seeley et al. (5). Target nodes for the ECN included bilateral
posterior parietal cortex (in a region of inferior parietal lobule, IPL), and bilateral
dorsolateral prefrontal cortex (DLPFC). Target nodes for the DMN included bilateral
posterior cingulate cortex and bilateral vmPFC. Target nodes for the SN included bilateral
VLPFC and bilateral dorsal anterior cingulate (see Figure 2, which includes MNI
coordinates). Spherical ROI masks (10mm diameter) were created for each of the target
ROIs using the MarsBar SPM toolbox, with max voxel locations as reported in Seeley et al.
(5) specified as center of sphere.

Resting-State fMRI Analyses

Connectivity maps were obtained at the individual subject level for bilateral dorsal Al seed
regions by averaging the signal across all voxels in the ROl and calculating Pearson’s
product moment correlation between the mean ROI time-series and the time-series from
each whole brain acquired voxel. Correlation maps were converted to z-maps using Fisher’s
r-to-z transformation. Mean Fisher’s ~transformed values were extracted from target ROI
masks using MarsBar and imported into SPSS (IBM, version 24.0) for analysis.

Group-Level Analyses

To control for risk of Type 1 error resulting from testing multiple dependent variables, group
differences in Al seed region functional connectivity with functional network target ROIs
were calculated using a conservative multivariate analysis of covariance (MANCOVA) in
SPSS (IBM, version 24.0), with subject group (unipolar, bipolar, healthy control) as a fixed
factor, Al ROI-to-target ROI z-transformed values as the dependent variables, and age,
gender and medication load entered as covariates. Following evaluation of model
assumptions and multivariate results, post-hoc pairwise comparisons of resulting estimated
marginal means were conducted. To control for multiple comparisons, Bonferroni
corrections were applied to the estimated marginal means of each of these pairwise
comparisons.

Exploratory Analysis: Relationship to Clinically Relevant Variables

To explore the dimensional relationship between self-reported emotion dysregulation and
Al-functional network ROI connectivity patterns, a series of Pearson’s partial correlations
(2-tailed) were conducted between Al ROI- target ROI functional connectivity and scores on
the HAM-D, ACS, BIS and BAS-Reward scales, controlling for age, gender and medication
load. To correct for multiple comparisons, bias corrected and accelerated (BCa) 95%
confidence intervals for the results of correlational analyses were calculated using an
iterative bootstrap method (resample and replace, 1000 samples) in SPSS. Because these
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measures were not administered to the healthy control sample, correlation analyses are
limited to patient samples only.

Receiver-Operating Characteristics (ROC)

Results

To explore the sensitivity and specificity of Al functional connectivity patterns in classifying
bipolar versus unipolar depression, ROC analyses were conducted on significant results from
group level analyses. Specifically, significant Al-network connectivity results were entered
as the test variable, with diagnostic group entered as the state variable, assuming a non-
parametric distribution. Resulting cutoff scores representing the greatest balance between
highest sensitivity and specificity were used to calculate sample-based sensitivity/specificity
proportions and the predictive value of connectivity strength.

Baseline Sample Differences

Healthy control subjects were significantly younger than patients (Table 1); therefore, age
was included as a covariate in all analyses. Table 2 shows baseline clinical characteristics of
unipolar and bipolar depressed patients. Patient groups did not significantly differ in
depression severity scores (HAM-D-17), and endorsed moderate levels of depression.
Bipolar patients showed significantly greater impairment in perceived affective control
(ACS), less behavioral inhibition (BIS) and greater behavioral approach (BAS-Reward) than
unipolar depressed patients (Table 2).

Insula to Functional Network Connectivity

No significant multivariate effects were found for age, gender or medication load (all p s >.
05) A significant multivariate effect was found for group (bipolar, unipolar, healthy controls)
on functional connectivity, Pillai’s Trace=. 12, F=1.74, df=(24, 160), p=.02. Tests for
equality of covariance and error variance were non-significant (Box’s test, p=.56; Levene’s
test p ’s>. 05) indicating model assumptions were not violated. The full results of follow-up
pairwise comparisons of resulting estimated marginal means are summarized in Table 3.
Significantly altered functional connectivity between bilateral dorsal Al and left IPL (ECN)
was found in bipolar patients relative to healthy controls (right Al: Cohen’s ¢=1.02; left Al:
d=0.94), and in bipolar patients relative to unipolar patients (right Al: ¢=0.70), such that
bipolar patients demonstrated reversed polarity (anticorrelated connectivity) relative to
unipolar patients and healthy controls (Figure 3a). Significantly weaker left dorsal Al-left
IPL (ECN) functional connectivity (¢=0.67), but not right dorsal Al-left IPL (ECN), was
found in unipolar patients relative to healthy controls (Figure 3b). Weaker functional
connectivity between right dorsal Al and right VLPFC (SN) was found in bipolar patients
relative to healthy controls (¢=0.64), however this difference did not survive correction for
multiple comparisons (Supplement, Figure S1a). No significant differences in right dorsal
Al-right VLPFC (SN) functional connectivity were found between unipolar patients and
bipolar patients or unipolar patients and healthy controls. Stronger functional connectivity
between left dorsal Al and bilateral vmPFC (DMN) was found in unipolar patients relative
to healthy controls (r. vmPFC: ¢=0.52; left vmPFC: ¢=0.58), but this difference did not
survive correction for multiple comparisons (Supplement, Figure S1b). No significant
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differences in left dorsal Al-vmPFC (DMN) functional connectivity were found between
bipolar and unipolar patients or bipolar patients and healthy controls (Table 3).

Correlation with Dimensional Psychological Variables

Complete results for both dimensional (across diagnoses) and categorical (within diagnoses)
correlational analyses can be found in the Supplement (Table S1).

Perceived emotion control.—Weaker right dorsal Al — left IPL (ECN) functional
connectivity was significantly associated with greater impairment in perceived emotion
control (ACS scores) across the spectrum of depression (Figure 4a). Stronger right dorsal Al
- right VLPFC (SN) functional connectivity was significantly associated with greater
impairment in perceived control in unipolar depression (Supplement, Figure S2).

Behavioral inhibition and reward.—Weaker right dorsal Al - left IPL (ECN) functional
connectivity was significantly associated with greater responsivity to reward across patient
groups (Figure 4b). Weaker right dorsal Al functional connectivity with right JACC was
significantly associated with greater behavioral inhibition in bipolar patients. Weaker right
dorsal Al functional connectivity with right VLPFC (SN) was significantly associated with
greater behavioral inhibition/avoidance in bipolar patients, and /esserbehavioral inhibition/
avoidance in unipolar patients (Figure S3).

Receiver-Operating Characteristics (ROC)

Right dorsal Al — left IPL (ECN) functional connectivity significantly classified bipolar
patients relative to unipolar and healthy controls combined (AUC=.67, SE=.059, p=.01, 95%
Cl: .57, .79) with 71% sensitivity, 65% specificity and a negative predictive value of 87%
and positive predictive value of 40% (Figure 6). It did not classify unipolar patients from the
other two groups combined (AUC=.50, SE=.06, p=.99, 95% CI: .38, .62). When looking at
the two patient groups alone, right dorsal Al-left IPL functional connectivity classified
bipolar from unipolar patients with a moderate effect size, approaching statistical
significance (AUC=.64, SE=.07, p=.07, 95% CI: .50, .78), with 71% sensitivity, 60%
specificity and a negative predictive value of 75% and positive predictive value of 55%. No
other anterior insula functional connectivity differences emerged as significant classifiers of
diagnosis.

Discussion

Dysregulation lies at the heart of both unipolar and bipolar mood disorders, contributing to
the profound impairments caused by these disorders. In the current study, we sought to
better understand disrupted regulatory control across mood disorders by investigating inter-
network functional connectivity of the Al (an integral region for both interoceptive
awareness and regulatory control) and key nodes of the ECN, DMN and SN, using both a
syndromal and dimensional approach. At the categorical, syndromal level, bipolar
depression was distinguished from both unipolar depression and healthy controls by
significantly altered bilateral dorsal Al functional connectivity to the left IPL, a key node of
the frontoparietal ECN. At the dimensional level, weaker right Al-left IPL functional
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connectivity was significantly associated with impaired perceived emotion control and
increased behavioral drive towards rewarding experiences across patient groups, independent
of diagnosis. Last, functional connectivity between the right anterior insula and left IPL was
a significant classifier of bipolar disorder patients. These results suggest altered functional
connectivity of the right Al and the left IPL of the ECN may be both a dimensional and
syndromal marker of bipolar disease.

Syndromal categorical differences

The left IPL has been identified as an important node in an integrative multi-network system
and plays a major role in emotion-cognition integration (58-60). A recent meta-analysis
identified functional roles in executive control, reasoning, working memory, and behavioral
response inhibition for a left IPL region overlapping with the a priori ROl in our study (58).
The left IPL has also been identified as part of a dorsal attention network responsible for
voluntarily re-orienting attention and behavior in response to relevant interoceptive stimuli
in order to align with ongoing goal-directed needs (61, 62). It is strongly activated in tasks
requiring simultaneous processing of interoceptive or affective cues and cognitive demands.
For example, Gu et al. (63) report strong left IPL activation when subjects performed a
cognitive task in the context of an interoceptive distractor. Similarly, Crichtley et al. (64)
found significantly greater engagement of the left IPL when participants simultaneously
monitored their own heartbeat (interoception) and judged the asynchronous timing of an
audio tone (a cognitive task). In healthy subjects, this left IPL region shares strong
functional connections to Al, VLPFC, and dmPFC regions of the SN, and plays an important
role in regulating the endogenous stimuli-driven ventral attention network (58, 62). Our data
highlight the connectivity of the left IPL with the Al, a primary node for interoceptive
information processing. Thus, evidence suggests the left IPL is of particular importance in
integrating both bottom-up and top-down processing of interoceptive, affective and cognitive
functions in the service of guiding behavior, and communication between the anterior insula
and the left IPL facilitates this adaptive regulatory control. Evidence in the current study
suggest deviations in the correlated activation of right Al and left IPL to facilitate cognitive-
affective integration and regulation may be a key indicator of dysfunction in bipolar
depression.

The altered right Al-left IPL functional connectivity found in bipolar patients in this study
represents a reverse in correlation polarity rather than a difference in correlation strength as
originally hypothesized. The interpretation of negative functional connectivity remains
controversial. However, one recent study investigated the relationship between negative
functional connectivity values and network functional efficiency, or how efficiently
information is exchanged within a network of neural regions (65). Specifically, significant
relationships were found between ROI-ROI functional correlations and a network-level
measure related to the functional efficiency across the distributed network of neural regions
that connects two functional nodes (shortest path length; SPL). Higher SPL values,
representing less global efficiency, were related to stronger negative functional correlations
between ROIls. Chen et al. (65) suggest this is due to an accumulation of oscillatory phase
lags in correlated time series fluctuations along a multi-nodal functional pathway between
regions, representing inefficient network organization and resulting in large phase
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differences manifest as negative cross correlations. Their results held at multiple oscillatory
bandwidths and did not change with global signal regression. Although speculative, and in
need of further study, this interpretation suggests the altered Al-IPL functional connectivity
found in the current study may represent inefficient synchrony across a broader functional
network subserving cognitive control in bipolar depression, in which the right Al and left
IPL function as key network hubs.

Unipolar depressed individuals also showed weaker Al-left IPL functional connectivity
compared to healthy subjects, however this deficit was limited to the left dorsal Al. Previous
studies have suggested valence-specific functional laterality for the dorsal Al (66, 67).
Specifically, the right Al is implicated primarily in the regulation of negatively valenced or
avoidance related stimuli, as is evident by greater afferent projections from the sympathetic
nervous system. By contrast, the left Al is implicated in the regulation of positively valenced
or approach-related stimuli, with greater parasympathetic nervous system projections. (67)
Thus, the left lateralized finding in unipolar depression is intriguing and may be related to
deficient regulation of positive or rewarding stimuli. It is interesting that bipolar patients
show a deficit in both left and right functional connectivity of the anterior insula to the IPL,
while unipolar patients show only left-sided deficits, suggesting a disruption in regulation of
positive, rewarding or approach-related interoceptive stimuli in unipolar depression and
disruption in regulation of both positive and negative approach- and avoidance-related
stimuli in bipolar depression.

Dimensional findings: affective control, behavioral inhibition and approach sensitivity

Weaker right Al-left IPL functional connectivity in the current study was significantly
associated with impaired perceived emotion control and increased behavioral drive towards
rewarding experiences across patient groups, independent of diagnosis. These findings
highlight the potential role of this biological signature as a dimensional marker of shared
psychopathology and pathophysiology in mood disorders, although the robustness and utility
of this finding will need to be confirmed through replication in a new sample. Altered right
Al-left IPL connectivity also separated bipolar disorder from both unipolar depression and
healthy controls, and unipolar depression from healthy controls, suggesting a
neurobiological continuum that links dimensional deficits in affective control and approach
behavior with syndromal categorization in mood disorders. Altered integration of the right
Al and the left IPL in the current study is therefore both a dimensional and syndromal
marker of disease, and emerges as a potential target for future therapeutic strategies.

Clinical biomarkers

Our ROC analysis found that the functional connectivity between the right Al and left IPL
was a significant classifier of bipolar disorder patients (Figure 7). This finding highlights the
importance of this biological signature in the pathophysiology of bipolar disorder.
Practically, it suggests the potential value of this anatomically constrained functional signal
in supporting medical decision-making both in clinical practice or patient selection in
clinical trials. The development of biomarkers to classify bipolar disorder from unipolar
depression is an unresolved goal of critical importance in psychiatry, as the clinical
presentation is often similar and therefore difficult to tease apart based solely on the
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anamnesis. Appropriate diagnosis cannot only shorten the time to effective treatment
selection but it can also prevent iatrogenic switch to mania from antidepressants in bipolar
patients. Replication of the current findings in separate larger samples would certainly be
necessary to fully evaluate the utility of Al-IPL functional connectivity as a clinically useful
biomarker, as is the integration of this with other signals to improve the sensitivity and
specificity.

There are several limitations in the current study. First, as a sample of convenience, the
healthy control subjects included in this study were not sufficiently age matched to patient
participants. However, the healthy control cohort represents an age range of optimal
functioning free of age-related deficits in affective and cognitive processing, thus
representing a “gold standard” of functioning against which to compare dysfunction in mood
disorders. Additionally, age was controlled for in all statistical analyses as a covariate of no
interest, and was a non-significant factor in our omnibus test. However, results should be
replicated in an age-matched sample of healthy individuals to confirm the results found here.
Second, although the distribution of gender was not significantly different across samples,
this does not reflect the increased prevalence of depression found in women in
epidemiological studies, potentially limiting the generalizability of these findings (68, 69).
Third, the current sample included a small proportion of bipolar 11 patients (n=6). Although
removing these subjects did not alter the significance of the findings reported here, future
studies with balanced samples are needed to examine differential effects of bipolar
diagnosis. Fourth, we opted for a more conservative ROI-ROI analysis approach; however,
this may mask important differences elsewhere in the brain that are missed by the selection
of specific ROIs. Therefore, future studies examining whole-brain functional connectivity
across depression are needed. Fifth, all included patients were on a stabilized medication
regimen. Although effects of medication were controlled for in all analyses, they cannot be
completely ruled out. Replication in unmedicated samples would help to clarify these
effects. Sixth, in recognition that taking a reductionist approach to understanding biomarkers
of dysfunction of mood disorders by implying one brain region is the root of all dysfunction
is not only highly unlikely, but also highly limiting, we caution against overextension of the
findings here, and encourage future studies that examine more broadly the role of Al in
bipolar and unipolar depression in the context of distributed neural networks.

Finally, although multiple studies have shown dysfunctional recruitment of the VLPFC
during emotion regulation in bipolar disorder, and increased recruitment of DMN in unipolar
disorder, significant findings from the current study related to VLPFC-AI and DMN-AI
functional connectivity did not survive correction for multiple comparisons (see Supplement
for further discussion). Future replications in larger sample sizes would help to clarify
whether the uncorrected results found here represent a true signal or false positives.

Conclusion

Bipolar depression in the present study was distinguished from unipolar depression and
healthy controls by significantly altered dorsal Al functional connectivity to the IPL, a key

Biol Psychiatry Cogn Neurosci Neuroimaging. Author manuscript; available in PMC 2019 May 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Ellard et al. Page 12

node in the ECN, and this altered Al-IPL functional connectivity was related to greater
impairments in the behavioral dimensions of perceived emotion control and reward
sensitivity. This may be tied to the inability to engage regulatory control in response to
physiological shifts in autonomic arousal occurring as reduced arousal in depression and
increased arousal in mania. Thus, bipolar patients may not adaptively respond to shifts in
physiological states due to a disruption in the coordination between interoceptive awareness
and regulatory control. Impaired Al-IPL functional connectivity may be a biomarker of this
dysfunction in bipolar depression, making the IPL a potential classifier of bipolar versus
unipolar depression, and a viable candidate target for focal interventions, e.g.
neuromodulation. Replication of these results in a separate, independent sample would allow
for the evaluation of the clinical utility of this potential biomarker of bipolar depression.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Anterior insula ROls. Bilateral masked dorsal anterior insula clusters derived from Kelly et

al. (2012) 3-cluster parcellation solution. Masks available for download at http://
fcon_1000.projects.nitrc.org.
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Salience Network Frontoparietal Executive Control Network

Figure 2.
Functional network ROI locations. ROI masks derived from the Wake Forest University

Pickatlas (WFU PickAtlas) Automatic Anatomical Labeling tool using 10mm spherical
ROIs. Center of spheres selected from functional network max voxel locations specified in
Seeley et al. (2007), listed as MNI coordinates (x, y, z). Salience network (SN): A) right
dACC (6, 22, 30); B) left dACC (-6, 18, 30); C) left VLPFC/DLPFC (-38, 52, 10); D) right
VLPFC (42, 46, 0); Frontoparietal executive control network (ECN): E) right lateral parietal
(38, -56, 44), F) right DLPFC (46, 46, 14); G) left inferior parietal lobule (=48, -48, 48); H)
left DLPFC (-34, 46, 10). Default mode network (DMN): 1) right vmPFC (2, 36, 10); J)
right posterior cingulate cortex (7, —43, 33); K) left posterior cingulate cortex (=7, —43, 33);
L) left vmPFC (-2, 36, 10).
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Figure 3.
ECN functional connectivity. Functional connectivity differences between (A) right dorsal

anterior insula (B) left dorsal anterior insula and left inferior parietal lobule ROI of the ECN.
*** 1 <.001 Bonferroni corrected. **p<.01 Bonferroni corrected. *p<.05 Bonferroni
corrected. +p<.05 uncorrected.
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Figure 4.

Partial correlation between clinical dimensions and functional connectivity. (A) Partial

correlation between perceived emaotion control (ACS) and right dorsal Al — left IPL
functional connectivity strength. Higher scores on the ACS reflect greater impairment in
emotion control. (B) Partial correlation between behavioral responsivity to reward (BAS-
Reward) and right dorsal anterior insula — left inferior parietal lobule (ECN) functional

connectivity strength.
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ROC analysis. Right dorsal Al — left IPL (ECN) functional connectivity significantly
moderately classified bipolar patients relative to unipolar or healthy controls. AUC = .67, SE
=.059, p=.01, 95% ClI: .57, .79; 71% sensitivity, 65% specificity; 87% negative predictive

value.
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Table 1.
Study demographics.
Bipolar Unipolar HC
Measure N (%) N (%) N (%) Sig.
a
Gender 0.43
Male 12 (50.00) 22 (62.9) 19 (48.7)
Female 12 (50.00) 13 (37.1) 20 (51.3)
Age 4558 +14.97 427741473 2500+321 <.001”
Race
White 22 (91.7) 32(91.3) 29 (74.4) 0.06?
Black 1 (4.02) 1(2.9) 3(7.7)
East Asian 0 (0.0) 1(2.9) 1(2.6)
Asian 1 (4.2) 0 (0.0) 3(7.7)
Other or unreported 0 (0.0) 1(2.9) 3(7.7)
Other Diagnostic Variables
Current Anxiety 23 (95.83) 29 (82.86) 0 0.72°
Lifetime Mania (BP I) 18 (75.00) 0 0
Lifetime Hypomania (BP Il) 6 (25.00) 0 0

Note. Significant differences between group demographics calculated using

aKruskaI-WaIIis H Test, or

bone-way ANOVA.

cTukey HSD post-hoc test of pairwise comparison between patient groups non-significant at p = .64.
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Table 2.
Baseline clinical characteristics.
Bipolar Unipolar
Means (SD) Means (SD) t Sig.
Medication Load

Mood stabilizers  1.55 (1.21) 0.50 (0.48) 414 <001
Antidepressants  1.14 (1.06) 1.98 (1.66) -2.2 0.03
Anxiolytics  0.34(0.32)  0.24(0.32) 135 0.18

Baseline Clinical Characteristics
HAM-D-17 13.63(7.61) 16.82(6.38) 1.68 0.10
ACS 435(062) 394(069) 231 003
BIS 235(6.14) 16.82(3.41) 525 <.000
BAS - Drive  7.17 (3.03) 4.33(2.90) 3.57 0.001
BAS-Reward 11.75(2.33) 858(3.75)  3.66 0.001
BAS-Fun Seeking  6.21(3.35)  4.93(2.82) 151  0.14

Note. Standardized medication load metric was calculated for each individual patient by dividing each of the patient’s prescribed medication
dosages by the World Health Organization (WHO) Collaborating Centre for Drug Statistics Methodology Anatomical Therapeutic Chemical
Defined Daily Dose for that medication (ATC/DDD; https://www.whocc.no/). HAM-D-17 = Hamilton Depression Rating Scale, 17-items; ACS =
Affective Control Scale. BIS = Behavioral Inhibition Scale. BAS-Drive = Behavioral Activation, Drive Subscale; BAS-Reward = Behavioral
Activation, Reward Subscale; BAS-Fun Seeking = Behavioral Activation, Fun Seeking Subscale.
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