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Major Depressive Disorder Is Associated With
Abnormal Interoceptive Activity and Functional
Connectivity in the Insula

Jason A. Avery, Wayne C. Drevets, Scott E. Moseman, Jerzy Bodurka, Joel C. Barcalow, and
W. Kyle Simmons

Background: Somatic complaints and altered interoceptive awareness are common features in the clinical presentation of major
depressive disorder (MDD). Recently, neurobiological evidence has accumulated demonstrating that the insula is one of the primary
cortical structures underlying interoceptive awareness. Abnormal interoceptive representation within the insula may thus contribute to
the pathophysiology and symptomatology of MDD.

Methods: We compared functional magnetic resonance imaging blood oxygenation level-dependent responses between 20
unmedicated adults with MDD and 20 healthy control participants during a task requiring attention to visceral interoceptive sensations
and also assessed the relationship of this blood oxygenation level-dependent response to depression severity, as rated using the
Hamilton Depression Rating Scale. Additionally, we examined between-group differences in insula resting-state functional connectivity
and its relationship to Hamilton Depression Rating Scale ratings of depression severity.

Results: Relative to the healthy control subjects, unmedicated MDD subjects exhibited decreased activity bilaterally in the dorsal mid-
insula cortex (dmlIC) during interoception. Activity within the insula during the interoceptive attention task was negatively correlated
with both depression severity and somatic symptom severity in depressed subjects. Major depressive disorder also was associated with
greater resting-state functional connectivity between the dmIC and limbic brain regions implicated previously in MDD, including the
amygdala, subgenual prefrontal cortex, and orbitofrontal cortex. Moreover, functional connectivity between these regions and the dmiC
was positively correlated with depression severity.

Conclusions: Major depressive disorder and the somatic symptoms of depression are associated with abnormal interoceptive

representation within the insula.
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disorder (MDD) involve somatic disturbances and an altered

sense of body awareness (1,2). In particular, multiple
behavioral and psychophysiological studies have reported
decreased heartbeat perception in individuals with MDD (3-8).
Despite these findings, the role of interoception in mood
disorders remains poorly understood. Influential theoretical
accounts and accompanying empirical evidence suggest that
emotion and decision making are grounded in the perception of
interoceptive signals (9-11), which accords well with MDD
patients’ clinical reports of emotional dissociation (12). With the
advent of theories stating that mood and anxiety disorders are
fundamentally disorders of interoception (13), there is clearly a
need to understand the neural bases of interoception and how

S ome of the most pervasive symptoms of major depressive
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the function of interoception-related brain regions may be related
to depressive symptoms.

A limited number of previous interoception studies in MDD
have employed behavioral measures of heartbeat perception
accuracy as the primary metric of interoceptive awareness, with
varied results (4,5). Some studies reported decreased accuracy in
depression, but these findings were either based on data from
subclinical populations (6) or from populations with varied
medication status (5,7,8), confounding the interpretation of their
results in regard to an effect of major depression. In contrast,
both clinical and subclinical levels of anxiety were associated with
increased interoceptive accuracy (3,14), a finding that appears
challenging to reconcile with the reports of decreased accuracy in
depression, since depressive and anxiety symptoms occur con-
comitantly in most patients with MDD. Findings based on heart-
beat perception accuracy are further complicated by the fact that
healthy subjects often do not show reliable heartbeat perception
accuracy (3). Consequently, the interpretation of interoceptive
accuracy metrics is challenging. Importantly, the recent finding
that heartbeat evoked potential is reduced in depressed subjects
(7) suggests that, apart from differences in interoceptive accuracy,
the neural basis underlying the interoceptive signal itself may be
disturbed in depression.

In healthy humans, recent neuropsychological and functional
neuroimaging studies have established a role for the insula in
interoceptive awareness (15-18). The insula receives afferent
projections from the vagus nerve via the nucleus of the solitary
tract and the parvocellular portion of the ventroposteromedial
nucleus of the thalamus that convey visceral information impor-
tant for homeostatic regulation (19-21). Meta-analyses of human
neuroimaging studies, which parcellated the insula among
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various functional domains, have associated interoception with
the activity of mid-insular cortex (22,23), a region that appears
homeostatically sensitive (24). Likewise, hemodynamic activity
increases in mid-insular cortex in human subjects performing
tasks involving visceral interoceptive attention (15,25,26) or direct
visceral stimulation (27,28). Notably, the mid-insula regions
underlying interoception appear at least partially dissociable from
dorsal and ventral anterior insula regions involved in cognitive
and emotional processing, respectively (15), suggesting the
hypothesis that multiple insula regions play distinct roles in
the symptoms expressed in MDD, with somatic abnormalities
observed in MDD conceivably resulting either from mood- and
anxiety-related pathophysiology within the insula (29-32) or from
abnormal visceral afferent input into this region (13).

The extensive structural and functional connectivity between
the insula and other brain structures also provide indirect
evidence for its role in MDD. The insula has strong functional
connectivity to the medial prefrontal network of regions such as
the subgenual prefrontal cortex (sgPFC) and other ventromedial
prefrontal cortex regions that play major roles in visceromotor
regulation and exhibit increased metabolism and resting-state
functional connectivity in the depressed versus the nondepressed
phases of MDD (15,33-35). The insula also shares substantial
anatomical connections with the amygdala and orbitofrontal
cortex (OFC) (36-38), regions that display molecular, histological,
and functional abnormalities in MDD (33,39-41).

Given the reported interoceptive deficits in MDD and the
insula’s role in interoception, it is surprising that to date, no
published study has directly demonstrated that depression is
associated with abnormal insula function during interoception. If
the neural circuitry involving viscerosensory regions of the insula
underlies altered interoception in MDD, then we should observe
the following: 1) During an interoceptive attention task, subjects
with MDD will exhibit decreased hemodynamic response within
the mid-insula. 2) The magnitude of the hemodynamic response
in the insula during interoceptive attention will correlate
with behavioral measures of depression severity and the severity
of depressed subjects’ self-reported somatic symptoms. 3) Given
this region’s extensive limbic connectivity (35,42), in MDD patients
the mid-insula will exhibit increased functional connectivity to
other limbic or paralimbic structures, particularly to the ventrome-
dial prefrontal cortex and other regions implicated in depres-
sion, such as the amygdala and OFC. 4) The magnitude of func-
tional connectivity to these regions will also relate to depression
severity.

Methods and Materials

Participants

Forty right-handed, native English-speaking volunteers
between the ages of 21 and 50 years participated in the study:
20 subjects with MDD (13 female subjects; mean [SD] age = 36 [9]
years; range = 21-50 years) and 20 healthy control subjects (12
female subjects; mean [SD] age = 33 [7] years; range = 21-45
years). All subjects underwent clinical screening assessments,
including a Structured Clinical Interview for DSM-IV Axis |
Disorders (SCID-l) performed by Master's-level clinicians with
experience in psychiatric diagnosis. In addition, for every subject,
the SCID-l results were compared with those of psychiatric
interviews performed by a research psychiatrist, with any dis-
crepancies between the two assessments resolved before inclu-
sion in the study. All depressed subjects met DSM-IV criteria for
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MDD in a current major depressive episode. Depression severity
was assessed using the 25-item Hamilton Depression Rating Scale
(HDRS) (43). Anxiety severity was assessed using the Hamilton
Anxiety Rating Scale (44).

Volunteers were excluded from participation if they had been
exposed to psychotropic medications or other drugs likely to
affect cerebral function or blood flow within 3 weeks (6 weeks for
fluoxetine) or had manifested a major neurological or medical
disorder, substance abuse, a past history of traumatic brain injury,
or current pregnancy. Additionally, healthy control subjects were
excluded for having met criteria for any Axis | psychiatric disorder
on the SCID-I.

All subjects received compensation for their participation and
provided written informed consent as approved by the University
of Oklahoma Institutional Review Board.

Experimental Design

A high-resolution anatomical magnetic resonance imaging
(MRI) scan was obtained for each subject, followed by a 450-
second resting-state blood oxygen level-dependent (BOLD)-
functional magnetic resonance imaging (fMRI) scan, during which
the subject viewed a black fixation mark against a white back-
ground. During this time, they were asked to keep their eyes
open, focus on the fixation mark, clear their mind, and not think
of anything in particular.

After the resting-state scan, each subject completed three
additional fMRI scans while undergoing the focused awareness
task. Within each 9-minute, 10-second scan, they alternated
between two experimental conditions, the interoceptive attention
condition and the exteroceptive attention condition. During the
interoceptive condition, the word HEART, STOMACH, or BLADDER
was presented for 10 seconds in black font against a white
background. During this time, subjects were instructed to focus
attention on the intensity of the sensations experienced from that
organ, such as heartbeat or stomach or bladder distension.
Previous research has demonstrated that focal attention on a
perceptual modality amplifies activity in brain regions underlying
that modality (45-47). The interoceptive attention task used here
capitalizes on this attentional spotlight effect by instructing
participants to focus on their naturally occurring interoceptive
sensations. We have previously demonstrated in healthy adults
that this task is effective at mapping interoceptive regions in the
insula (15). As an exteroceptive attention control condition,
subjects fixated on the word TARGET, which randomly switched
to the lowercase word (target) for a 500-millisecond duration
during the 10-second exteroceptive task trial. Subjects were
instructed to attend to the exteroceptive target and to count
the number of times they saw the lowercase word during each
10-second trial. Following one half of the trials of each condition,
the subjects were shown for 5 seconds a number line with values
from 1 to 7 and asked to indicate via a magnetic resonance
compatible scroll wheel either the intensity of the sensations
(with 1 indicating no sensation and 7 indicating an extremely
strong sensation) or the number of targets perceived in the
preceding trial. These ratings were included to help ensure that
subjects remained attentive to the task. After receiving verbal
instructions, all subjects practiced the interoceptive and exter-
oceptive tasks before performing them in the scanner, were
observed to make stimulus intensity responses, and finally were
asked to indicate whether they had any remaining questions
about the task demands.

For additional imaging task details, see Supplemental Methods
in Supplement 1.
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Data Acquisition

Functional and structural magnetic resonance images were
collected using a General Electric Discovery MR750 whole-body
3-Tesla MRI scanner (GE Healthcare, Milwaukee, Wisconsin), using
a scalable 32-channel digital MRI receiver capable of performing
massively parallel fMRI. A brain-dedicated receive-only 32-
element coil array (Nova Medical Inc, Wilmington, Massachu-
setts), optimized for parallel imaging, was used for MRI signal
reception. A single-shot gradient-recalled echo-planar imaging
sequence with sensitivity encoding depicting BOLD contrast was
used for functional scans (see Supplemental Methods in
Supplement 1 for detailed scan parameters). Simultaneous phys-
iological pulse oximetry and respiration waveform recordings
were collected for each fMRI run. The pulse oximetry readings
were used to calculate heart rate during functional scans (see
Supplemental Methods in Supplement 1).

Data Preprocessing and Subject-Level Statistical Analyses

Functional image preprocessing was performed using AFNI
(http://afni.nimh.nih.gov/afni), as detailed in Supplemental Meth-
ods in Supplement 1. Each subject’s data from the focused
awareness task were analyzed using a multiple linear regression
model.

Group Analyses

A whole-brain voxel-wise analysis was conducted to examine
group differences in heartbeat interoceptive attention. The beta
values derived from the contrast of heartbeat interoception
versus the exteroceptive control condition, which indicate the
mean percent signal change during interoceptive attention
relative to exteroception, were extracted for each subject. These
values were then included in a two-sample random effects t test.

”
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Additionally, the HDRS scores of the depressed subjects were
used to conduct a whole-brain voxelwise correlation analysis
examining the relationship between heartbeat interoceptive
attention and depression severity. Both analyses were performed
using the AFNI program 3dttest++ and subsequently corrected
for multiple comparisons at p < .05 (see Supplemental Methods in
Supplement 1 for details).

Region of Interest Analyses

Using the dorsal mid-insula cortex (dmIC) clusters identified in
the voxel-wise analysis above (Figure 1), the average beta
coefficients for stomach interoception versus exteroception and
bladder interoception versus exteroception were extracted within
these regions of interest (ROIs), to examine group differences in
these modalities. The relationship between insular activation
during interoceptive attention and behavioral measures of
depression and anxiety was also examined by calculating the
correlation between the beta values for heartbeat attention
versus exteroception within the dmlC clusters and the depressed
subjects’ HDRS and Hamilton Anxiety Rating Scale scores, respec-
tively. Following this, post hoc analyses were conducted to further
specify this relationship using the HDRS subscales as defined by
Cleary and Guy (48). As we were primarily interested in the
relationship of these variables and activity within these regions,
these analyses were performed in an external statistical
analysis suite.

Functional Connectivity Analyses

Because our primary interests were group differences in
interoception-related brain activity and earlier studies demon-
strated homeostatic sensitivity and selectivity for interoceptive
attention in the dmlC (15,24), this region was used as the seed for

-
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subjects

[ .

p < .05 (corrected)

t-value

Figure 1. Group differences in heartbeat interoception. Depressed subjects (major depressive disorder [MDD]) exhibited decreased hemodynamic activity
compared with healthy subjects (HC) within multiple brain regions during attention to heartbeat sensations. Group differences in heartbeat interoception
were observed in bilateral dorsal mid-insula cortex (dmlIC) and bilateral orbitofrontal cortex (OFC), as well as right amygdala (Amyg). Importantly, the
group differences in heartbeat interoception within the insula were confined to regions of the dmIC that have been implicated in primary viscerosensory
representation within the insula (15). All results shown were corrected for multiple comparisons at peorrected < -05. BA, Brodmann area; L, left; m, medial; R,

right; sgPFC, subgenual prefrontal cortex.
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functional connectivity analyses of the resting-state BOLD image
data. The seed time series from both dmIC ROIs (Figure 1) was
used to identify brain regions that showed group differences in
functional connectivity to the dmlIC, as well as regions where
dmiC resting-state functional connectivity was associated with
behavioral measures of depression or anxiety. These analyses
were performed using the AFNI program 3dttest++, and the
resulting statistical maps were corrected for multiple comparisons
at p < .05 (see Supplement 1 for details).

Results

The depression severity for the MDD group ranged from mild to
severe (11 to 34), with a mean HDRS score of 23.1 (SD = 7.5; the
demographic and clinical characteristics appear in Table 1 and
Supplemental Results in Supplement 1). All of the MDD subjects
were currently unmedicated, and none were currently undergoing
psychotherapy. Eight of the MDD subjects were drug naive, and
among those who previously had taken medications, the mean
time free of psychotropic medications was 8.3 years (SD = 7.3
years). Nine MDD subjects had secondary, comorbid anxiety
disorders (social phobia n = 4, posttraumatic stress disorder n = 3,
simple phobia n = 1, panic disorder n = 1); the performance and
behavioral measures of these subjects did not differ from those
without secondary comorbid anxiety diagnoses (Supplement 1).

Imaging Results

Group Differences in Activity During Interoceptive Atten-
tion. Voxelwise analysis revealed that depressed subjects exhib-
ited decreased hemodynamic response during interoceptive
attention to heartbeat sensations, specifically within the bilateral
dmiC (Figure 1, Table 2). No other regions of the insula exhibited
group differences in the hemodynamic response to heartbeat
attention. Outside of the insula, depressed subjects exhibited
significantly lower BOLD activity during heartbeat attention in
multiple brain regions implicated in emotional, sensory, and
reward processing, including the right amygdala, sgPFC (located

Table 1. Demographic and Clinical Characteristics of the Study Samples

HC MDD [ p

Sample Size (n) 20 20
Age, Years (SD) 33 (7) 36 (9) -1.3 .20
Gender 12F 13F
Body Mass Index (kg/m?) 27.4 27.8 -5 79
Resting Heart Rate (bpm) 66 (10) 65 (8) 5 63
Task Heart Rate (bpm)” 68 (8) 66 (8) 8 A3
HDRS, Mean (SD) 1.2 (1.6) 23.1 (75 —120 <.001
HARS, Mean (SD) 1.2(19) 17049 —136 <.001
Age of Onset, Years (SD) NA 19 (10)
lliness Duration, Months (SD)° NA 61 (75)
Drug-Naive (n/20) NA 8/20
Currently Unmedicated NA 20/20
Mean Duration Drug-Free, NA 99 (87)

Months (SD)°
Comorbid Anxiety Disorder (n) 0 9

F, female; HARS, Hamilton Anxiety Rating Scale; HC, healthy control
subjects; HDRS, Hamilton Depression Rating Scale; MDD, major depressive
disorder; MDE, major depressive episode; NA, not applicable.

“Heart rate calculated during interoception tasks did not differ from
average heart rate during the focused awareness task.

°Of current MDE.

“Of non-drug-naive subjects.
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Table 2. Brain Regions Exhibiting Differences in the Hemodynamic
Response to Heartbeat Interoception Versus Exteroceptive Attention
between Healthy and Depressed Subjects

Peak Coordinates”

Volume

Side/Location” X y z tsg (mm?)

R lateral OFC (BA11l) +24 +29 -8 4.01 1474
R caudate +18 +17 +14 4.46 1104
L lateral OFC (BA11l) —18 +31 -5 3.78 568
L superior Parietal Lobule —-27 —60 +48 439 568
R dmiIC +39 —6 +16 3.62 563
R posterior OFC (BA13a) +18 +15 —12 3.87 520
L dmIC —34 —6 +16 3.30 279
R amygdala +18 -3 -10 3.90 252
L sgPFC (BA32pl) —4 +17 —14 3.59 161

BA, Brodmann area; dmlC, dorsal mid-insula cortex; L, left; MDD, major
depressive disorder; OFC, orbitofrontal cortex; R, right; sgPFC, subgenual
prefrontal cortex.

“In all cases, activity was greater in healthy subjects compared with
the MDD group.

®All coordinates reported according to Talairach stereotaxic atlas (73).
This format uses three numbers (x, y, z) to describe the distance from the
anterior commissure. The x, y, z dimensions refer to right(+)-to-left(—),
anterior(+)-to-posterior(—), and dorsal(+)-to-ventral(—), respectively.

in the putative prelimbic region corresponding to Brodmann area
[BA] 32pl) (38,49), lateral OFC, posterior OFC (BA13a; located near
the caudal part of the olfactory sulcus), and right caudate nucleus
(Figure 1, Table 2).

A subsequent ROI analysis within the dmlIC clusters revealed
that depressed subjects also exhibited decreased BOLD activity
for both stomach and bladder attention bilaterally in the dmiIC
(Figure S1 and Table S2 in Supplement 1; also see Figure S5 and
Table S12 in Supplement 1 for results from voxelwise analyses of
group differences during both stomach and bladder interoception).

The Relationship between Heartbeat Interoceptive Atten-
tion and Behavioral Symptom Severity. Using ROl analyses
within the left dmIC cluster identified in the heartbeat attention
contrast (Figure 1), a negative correlation between BOLD activity
during heartbeat interoceptive attention and HDRS measures of
depression severity was observed within the MDD group (left
insula: r = —.44; p = .05; Figure 2, Table S3 in Supplement 1).
Importantly, this appears to be largely attributable to the subjects’
somatic-depressive complaints, as only the HDRS somatization
subscale (48) exhibited a significant relationship with dmIC activity
(r=—.53, p < .02; Figure 2, Table S4 in Supplement 1). None of the
other HDRS subscales significantly related to dmlC activity (p > .5).

Additionally, voxelwise analyses outside the dmIC ROI revealed
that depressed subjects exhibited a significant negative correla-
tion between BOLD activity during heartbeat attention and HDRS
measures of depression severity within left ventral anterior insular
cortex and left ventral and dorsal mid-insula (Figure S2 and
Table S5 in Supplement 1). Other regions exhibiting a negative
correlation between depression severity and heartbeat intero-
ception activity included the bilateral amygdala and left posterior
OFC.

Functional Connectivity Results

Group Differences in Functional Connectivity to the dmiC.
Depressed subjects exhibited significantly greater resting-state
functional connectivity between the dmlIC and multiple brain
regions involved in affective and sensory processing (Figure 3,
Table 3). Notably, bilateral dmIC exhibited significantly greater

www.sobp.org/journal
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Figure 2. Dorsal mid-insula cortex (dmlIC) activation during heartbeat interoception is correlated with depression severity and the severity of somatic
symptoms. Within the left dmIC, which was identified in Figure 1, a significant negative correlation was observed between depressed subjects’
hemodynamic response during heartbeat interoceptive attention vs. exteroception and scores on the Hamilton Depression Rating Scale (HDRS). A
significant negative correlation was also observed between hemodynamic response and the HDRS somatization subscale (48) (see Supplemental Methods
in Supplement 1). Values on the x axis indicate scores on the HDRS, which was administered before the functional magnetic resonance imaging scan.
Values on the y axis are beta coefficients representing percent signal change during heartbeat interoception vs. exteroception within the left dmlC cluster
from Figure 1. Circular regions of interest (ROIs) in left dmlIC are for illustrative purposes only.

functional connectivity to the amygdala and medial OFC in
depressed versus healthy subjects.

Functional Connectivity to the dmlIC Is Associated with
Depression Severity. Within the MDD group, depression severity,

subjects

t-value

L.Amyg.

Right dmIC Seed

as measured by the HDRS, was positively associated with func-
tional connectivity between the dmlIC and both the left amygdala
and the medial OFC (Figure S2 and Table S5 in Supplement 1),
regions that also exhibited increased dmlIC functional connectivity

Figure 3. Group differences in blood oxygen level-
dependent resting-state functional connectivity to the
dorsal mid-insula cortex (dmlC). The left and right dmIC
regions, identified in Figure 1, were used as seeds for a
comparison of resting-state functional connectivity
between healthy (HC) and depressed subjects. Many of
the circled regions, including the amygdala (Amyg) and
orbitofrontal cortex (OFC), have previously been impli-
cated in the pathophysiology of major depressive
disorder (MDD). In the present study, depressed partici-
pants exhibited significantly stronger resting-state func-
tional connectivity between these regions and the dmlC.
All results corrected for multiple comparisons at peorrected <
.05. BA, Brodmann area; L, left; lat, lateral; m, medial.

m.OFC (BA11m)
N

lat.OFC
(BA47/12)

~o
m.OFC (BA11m)

p < .05 (corrected)
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Table 3. Brain Regions Exhibiting Greater dmIC Resting-State Functional
Connectivity in the MDD Subjects Compared with Healthy Participants

Peak Coordinates”

Volume
Side/Location X y z tsg (mm?)
Left dmIC Seed

Depressed > Healthy
R middle temporal gyrus +45  —68 +7 —4.66 477
L amygdala -20 +3  —-19 -—404 31
R middle occipital gyrus +27 —66 +23 —4.11 268
L medial OFC (BA11m) —-13 +45 —-10 —3.37 177
R medial OFC (BA11m) +10 +52 —12 —4.7 166
R amygdala +22 +3 =19 343 129

Healthy > Depressed
R cerebellum +18 —75 =22 4.87 423

Right dmIC Seed

Depressed > Healthy
L medial OFC (BA11m) -1 +48 -8 —455 745
R medial OFC (BA11m) +10 +53 —14 —461 562
R middle temporal gyrus  +52 —68 +13 —4.29 466
R middle occipital gyrus ~ +25 —64 +20 —3.97 316
L precentral gyrus —-29 -8 +48 —483 263
L amygdala —24 +3  —-19 399 198
L lateral OFC (BA47/12) —-36 +36 -7 —3.09 118

BA, Brodmann area; dmlC, dorsal mid-insula cortex; L, left; MDD, major
depressive disorder; OFC, orbitofrontal cortex; R, right.

“All coordinates reported according to Talairach stereotaxic atlas (73).
This format uses three numbers (x, y, z) to describe the distance from the
anterior commissure. The x, y, z dimensions refer to right(+)-to-left(—),
anterior(+)-to-posterior(—), and dorsal(+)-to-ventral(—), respectively.

in MDD subjects versus control subjects (Figure 3, Table 3).
Functional connectivity between the dmIC and both posterior
OFC and sgPFC, regions exhibiting decreased activity during
heartbeat attention, was also positively correlated to depression
severity. Additionally, dmIC connectivity with both anterior and
posterior insula was greater with increasing depression severity.

Comment

Prior findings have demonstrated that MDD is associated with
interoceptive deficits assessed behaviorally (4-7) and that the
insula contributes to interoception in healthy humans (15-17).
These findings warranted the prediction that MDD patients would
exhibit abnormal insula hemodynamic activity during interocep-
tive attention and that this activity would be related to depres-
sion severity. Both hypotheses were confirmed in the present
study. Within the dorsal mid-insula, as well as a network of brain
regions involved in emotion and visceral control, unmedicated
and currently depressed adults exhibited decreased activation
during interoceptive attention relative to healthy control subjects.
This reduced dmlC activity in depression was observed during
attention to interoceptive signals broadly (i.e., attention to heart-
beat, stomach, and bladder sensations), potentially consistent
with evidence that behavioral measures of interoceptive sensi-
tivity are correlated across interoceptive modalities (50). The
function of the dorsal mid-insula region identified here has been
previously identified as being homeostatically sensitive (24) and
selective for interoception (15). Crucially, this region appears to
constitute the human homologue of a location identified in
macaque monkeys as the terminus of a major vagal afferent
pathway, originating from the entrance of the vagus nerve into the
solitary nuclear complex in the medulla, through the parvocellular
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portion of the ventroposteromedial nucleus of the thalamus, and
ending in the dorsal insula/frontal operculum (19-21).

Although relatively more attention has been paid to the role of
the anterior insula in mood disorders, there is a growing body of
evidence that the dmiC is also critically affected. For example,
recent studies have highlighted mood- and anxiety-related
abnormalities in dmIC gray matter volume (29), gamma-
aminobutyric acid-benzodiazepine site binding potential (30),
and regional cerebral blood flow (31). Until the present study,
however, the functional significance of these findings had not
been explored. Our data suggest that structural and functional
abnormalities in the dmlC present in depressed subjects may lead
to altered information processing of interoceptive signals, as
indexed by the diminished hemodynamic response of the insula
during interoceptive attention.

Hemodynamic response during heartbeat interoception was
significantly negatively correlated with HDRS symptom severity in
the dmliC, as was the relationship between hemodynamic
response and severity of somatic symptoms. Additionally, a
relationship between depression severity and BOLD activity
during interoception was observed in the amygdala, as well as
in the ventral anterior insula and ventral mid-insula. The ventral
anterior region of the insula implicated here is rostrally con-
tiguous with the caudal orbitofrontal cortex and is the insula
region most strongly associated with emotion (22,49). Addition-
ally, ventral anterior insula metabolism may also serve as a
predictive measure of response to distinct treatment methods
for depression (32).

Recently, Paulus and Stein (13) have theorized that amplifica-
tion of interoceptive signals within the insula contributes to the
pathogenesis of depression. By this account, the emotional
dysregulation and negative affect associated with MDD (2) result
from amplified interoceptive background noise that interferes
with an individual’s ability to generate accurate predictions about
how external stimuli will affect one’s homeostatic state and
general well-being. We envision at least two scenarios by which
increased basal noise within the dmIC might contribute to the
pathology of MDD. First, the finding in the present study that
resting-state functional connectivity between the amygdala and
the dmIC is not only increased in MDD but is also predictive of
depression severity suggests that interoceptive deficits and
amygdala pathophysiology in MDD may be functionally related.
Pathologically increased amygdala activity in MDD subjects
(33,51) might propagate to the insula, thereby leading to
maladaptive information processing in this region. The resulting
reduced interoceptive signal-to-noise ratio could thus interfere
with depressed subjects’ ability to reliably discriminate afferent
homeostatic signals, perhaps also causing a form of emotional
allodynia (52,53) (i.e., where psychic pain or visceral discomfort is
caused by a nonpainful stimulus), conceivably accounting for the
idiopathic pain states that commonly manifest in MDD (1). This is
supported by recent evidence implicating the dmliC in the
interaction between chronic pain and depression (52,54,55), as
well as the present study’s finding of increased dmIC connectivity
in depressed subjects to anterior and posterior insula regions
associated with emotional and pain processing (56-58). Alter-
nately, peripheral pathology, perhaps due to heightened pain
responses (1) or chronic inflammation (59,60), which directly
affects dmlC function (61), could be propagated to the amygdala,
heightening its activity and resulting in the exaggerated emo-
tional responses and negative emotional processing bias
observed in MDD (33,51,62). The precise origin of this increased
basal noise in the dmIC, whether peripheral or limbic, cannot be

www.sobp.org/journal



264 BIOL PSYCHIATRY 2014;76:258-266

inferred from the present data, due to the multiple reciprocal
neural connections along the entire length of the insula (36,37)
(see Supplemental Discussion in Supplement 1 for more discus-
sion on interoception in anxiety and depression). Ultimately, due
to the difficulties inherent in interpreting group differences in
hemodynamic response, our data cannot elucidate the specific
pathophysiology underlying the abnormal BOLD activity
observed during interoception in MDD. Future studies using
other imaging modalities that can provide more direct assays of
neural activity (e.g. electrophysiological or glucose metabolic
activity) within the dmlIC during interoception may be helpful in
resolving this question.

Consistent with previous findings in resting-state studies of
MDD, depressed subjects exhibited increased functional connec-
tivity between default mode network regions, such as the sgPFC
(35,42,63), as well as brain regions previously implicated in the
pathophysiology of depression, most notably the amygdala and
OFC (33,38). Major depressive disorder is associated with neuro-
pathological and neuroimaging abnormalities within the sgPFC
(33,40,41) and cerebral blood flow and glucose metabolism in the
sgPFC also correlate with depression severity (33,64). Based upon
cytoarchitecture and connectivity, Ongiir et al. (49) suggest that
BA32pl is the human homologue of rodent prelimbic cortex, a
region associated with the enhancement of fear responses
mediated via the amygdala (49,65) [this region is adjacent to
but distinct from BA25, a region of sgPFC considered to be the
human homologue of infralimbic cortex (49), which also has been
implicated in depression (66,67)]. Given our observation that both
the amygdala and the sgPFC (BA32pl) exhibited functional
connectivity to the dmIC that was positively correlated with
depression severity, the present study offers neurophysiological
findings that appear compatible with preclinical evidence that
activity within this region increases emotional expression medi-
ated via the central nucleus of the amygdala (65).

Similarly, volumetric abnormalities as well as increased
regional cerebral blood flow and metabolism in the OFC have
been reported in neuroimaging and postmortem neuropatholog-
ical studies of MDD (33,39,68), and lesions of the OFC increase the
risk for developing MDD (69). The posterior OFC (BA13a) con-
stitutes one of the three areas identified by Ongiir and Price (70)
as forming critical junctions between the medial (visceromotor)
and orbital (sensory) prefrontal cortical networks (38,49). The
other two junction areas between these networks, BA45a and
BA120/47s, previously were shown to exhibit increased cerebral
blood flow and metabolism in MDD (38,71). The involvement of
BA13a in decreased interoceptive activity observed in depressed
subjects in the present study, as well as the significant correlation
between functional connectivity to the dmIC and depression
severity, implicate this region in the pathophysiology of MDD as
well. The involvement of this area of convergence between
networks is noteworthy because the other PFC areas where
abnormalities were observed in depressed patients under inter-
oception and under resting connectivity with dmlIC implicate
both the medial prefrontal (sgPFC) and the orbital (OFC regions
111 and 11m) networks (Tables 2 and 3; Figures 2 and 3)
(38,49,70).

Conclusion

Major depressive disorder is associated with a reduced
hemodynamic response during interoception within the dmiC, a
primary viscerosensory region of the insula, as well as in a
network of regions involved in emotional and visceral control,
many of which have been implicated previously in depression.
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Additionally, ventral anterior and ventral and dorsal mid-insula
hemodynamic activity during interoception correlates inversely
with depression severity. This reduction in task-related activity is
accompanied by greater functional connectivity between the
dmlC and this network of regions under the resting condition to
an extent that is positively correlated with depression severity.
Consistent with the findings of this study, the vagal nerve
stimulation-induced BOLD response, specifically within right
dmlC, is positively correlated with HDRS scores in treatment-
resistant depression (72). Combined with its role in vagal afferent
signaling and extensive limbic connectivity, these findings sug-
gest that changes in dmlIC activity play a mechanistic role in the
efficacy of vagal nerve stimulation treatment for depression.
Future studies are needed to determine if the abnormal inter-
oceptive activity we observed reflects a state or trait effect by
assessing the hemodynamic correlates of interoception in indi-
viduals studied in the remitted condition of MDD and individuals
who are at high familial risk for developing MDD. It will also be
important to explore the effect of antidepressant medications on
group differences in interoception and the mechanisms by which
pharmacologic interventions may exert their influence in this
region of the cortex. The findings of the present study demon-
strate that abnormal activity and connectivity within primary
viscerosensory regions of the insula play an important role in the
depressive symptoms experienced by individuals with MDD and
may offer a promising therapeutic target for depression.
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Supplemental Methods

Additional Imaging Task Details

After the resting scan, but prior to the start of the Focused Awareness scans, we
presented to each subject a three-minute practice version of the task while they lay in
the scanner. This shortened practice version of the task included all interoceptive and
exteroceptive conditions present within the full task, as well as rating periods for all task
conditions. We observed participants throughout these practice sessions and ensured
both that they were able to use the scroll-wheel to make responses and that they fully
understood the requirements of the task itself.

In each of the three functional magnetic resonance imaging (fMRI) task scanning
runs, we presented the task conditions in a pseudo-random order optimized for fMRI

analysis by Optseq2 (http://surfer.nmr.mgh.harvard.edu/optseq/). Each condition trial

was separated by a variable-duration interstimulus interval lasting between 2.5 and
22.5-seconds (mean interval = 6.7 seconds), during which time subjects saw only a
black fixation mark against a white background. Stimuli were projected onto a screen
located inside the scanner bore and viewed through a mirror system mounted on the
head-coil. We controlled stimulus presentation and response collection using Eprime2

software (www.pstnet.com). Upon entering the scanner, subjects first underwent a 7

minute 30 second resting-state fMRI scan, during which they viewed a black fixation-
cross presented against a white background. We instructed subjects to focus on the
fixation-cross, and that for the duration of the resting scan they were simply to clear

their mind and not think of anything in particular.

Heart Rate Analysis

We analyzed the pulse oximetry recordings for the resting and Focused
Awareness task scans using the suite of 1D analysis tools available within the AFNI
software package as follows. For each 10-second period during the scans (45 during
the resting scan, and 55 during each Focused Awareness task scan), we normalized
the pulse oximetry recording to a maximum intensity of 1 within the 10-second window

and raised the intensity values to the 4th power, in order to account for low-level noise


http://surfer.nmr.mgh.harvard.edu/optseq/
http://www.pstnet.com/
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within the recorded signal. We then calculated the derivative of the signal to isolate local
signal peaks and multiplied the output by a step function to isolate time points with a
positive slope. The result was a binary output with a ‘1’ representing each individual
heartbeat within the 10-second window. We subsequently calculated the average R-R
distance (the time between individual heart beats) within each 10-second period and
averaged the resulting values to obtain the mean R-R distance for each scan. We then
divided the number corresponding to the pulse oximeter sampling frequency (50 hz x 60
seconds = 3000) by the average R-R distance to obtain the average heart rate
throughout the scan. The output of this procedure on each 10-second scan window was
visually confirmed alongside the raw pulse oximeter recording to ensure accurate
labeling of each heartbeat within that 10-second window.

We obtained the resting heart rate for each subject by applying this procedure to
the pulse oximeter recording from each subject’s resting scan. Likewise, we applied this
procedure to the output from each Focused Awareness task scan and took the average
of the three scans to obtain overall heart rate during the task. To calculate average
heart rate during heartbeat interoception trials, we ran this procedure only on the 10-
second time period corresponding to each heartbeat interoception trial during the
Focused Awareness task scans and then calculated the average heart rate during those

periods.

Imaging Scan Parameters

We used the following echo-planar imaging (EPI) imaging parameters for the
three task scanning runs: field of view (FOV)/slice/gap = 240/2.9/0 mm, axial slices per
volume = 46, acquisition matrix = 96 x 96, repetition/echo time TR/TE = 2500/30 ms,
SENSE acceleration factor R = 2 in the phase encoding (anterior-posterior) direction,
flip angle = 90°, sampling bandwidth = 250 kHz, number of volumes = 220, scan time =
550 sec. We used the same EPI imaging parameters for the resting-state scan, except
for: TE = 25 ms, number of volumes = 180, scan time = 450 sec. All EPI images were
reconstructed into a 128 x 128 matrix, in which the resulting fMRI voxel volume was
1.875 x 1.875 x 2.9 mm°>. As demonstrated by measurements of temporal signal-to-

noise ratio (TSNR), these scan parameters ensured high image quality and reduced
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magnetic susceptibility artifacts within limbic regions, including the orbitofrontal cortex
(OFC) and subgenual prefrontal cortex (sgPFC) (see Figure S4). We used a T1-
weighted magnetization-prepared rapid gradient-echo sequence with SENSE to provide
an anatomical reference for the fMRI analysis. The anatomical scan had the following
parameters: FOV = 240 mm, axial slices per volume = 176, slice thickness = 0.9 mm,
image matrix = 256 x 256, voxel volume 0.938 x 0.938 x 0.9 mm?, TR/TE = 5/2.02 ms,
acceleration factor R = 2, flip angle = 8°, inversion time Tl = 725 ms, sampling
bandwidth = 31.25 kHz, scan time = 372 sec.

Data Preprocessing

We registered the anatomical scan to the first volume of the resting-state EPI
time-course using AFNI's anatomical-to-epi alignment procedure. We then spatially
transformed the anatomical scan to the stereotaxic array of Talairach and Tournoux (1)
using AFNI's automated algorithm and the transformation parameters were saved for
use later in the preprocessing. We excluded the first 4 volumes of each EPI time-course
from data analysis to allow the fMRI signal to reach steady state. Subsequently, we
applied a slice timing correction to all EPI volumes. We saved estimates of the
transformations necessary to register all EPI volumes to the first volume of the first EPI
time-course both for the next step in the preprocessing and also for use in the statistical
analyses. We implemented motion correction and spatial transformation of the EPI data
in a single image transformation, and resampled all images to a 1.75 x 1.75 x 1.75 mm?®
grid. We then smoothed the EPI data with a 6-mm full-width at half-maximum (FWHM)
Gaussian kernel, and normalized the signal intensity for each EPI volume to reflect

percent signal change from each voxel's mean intensity across the time-course.

Subject-level Statistical Analyses

The regression model included regressors for each interoceptive attention
condition and the exteroception condition. To adjust the model for the shape and delay
of the blood oxygenation level-dependent (BOLD) function, we constructed the task
regressors by convolution of a gamma-variate function and a boxcar function having a

10-second width (or 5-second width for modeling response periods) beginning at the
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onset of each occurrence of the condition. Additionally, the regression model included
regressors of non-interest to account for each run’s signal mean, linear, quadratic, and
cubic signal trends, as well as the 6 normalized motion parameters (3 translations, 3

rotations) computed during the image registration preprocessing.

Resting Scan Preprocessing

For preprocessing of the resting-state scans, we employed a modified version of
the ANATICOR method (2), implemented through the AFNI program afni_restproc.py
(available in the AFNI binaries distributed through the AFNI website). We excluded the
first 4 volumes of the resting state-scan in order to remove T1 effects in the data. We
then used a de-spiking interpolation algorithm (AFNI's 3dDespike) to remove any
transient signal spikes from the data that might artificially inflate estimates of the
correlation among voxels’ time-series, followed by slice time correction. We then
registered each volume in the resting state EPI time-course to the first volume (which
was registered to the anatomical scan). We constructed masks of the subject’s
ventricles and white matter from the subject’'s anatomical scan using FreeSurfer

(http://surfer.nmr.mgh.harvard.edu/), and eroded each mask slightly to prevent partial

volume effects that might include signal from gray matter voxels in the mask. First we
calculated the average time course during the resting-state run within the ventricle
mask. Next, to produce estimates of the local physiological noise, we calculated for
each gray matter voxel the average signal time-course for all white matter voxels within
a 1.5 cm radius. We also used the respiration and cardiac traces collected during the
resting-state scan to calculate RETROICOR (3) and respiration volume per time (RVT)
(4) parameters using the RetroTS.m plugin for MATLAB. We then removed the mean,
linear, quadratic, and cubic trends from all the regressors of non-interest described
above. In total, the estimates of physiological and non-physiological noise included the
6 motion parameters (3 translations, 3 rotations), the average ventricle signal, the
average local white matter signal, and 13 respiration regressors from RETROICOR and
RVT. We constructed the predicted time-course for these nuisance variables using
AFNI's 3dTfitter program, and then subtracted this predicted time-course from each

resting-state voxel time-course, yielding a residual time-course for each voxel. We then


http://surfer.nmr.mgh.harvard.edu/
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smoothed this residual resting-state time-course with a 6 mm FWHM Gaussian kernel,
resampled it to a 1.75 mm x 1.75 mm x 1.75 mm grid, and spatially transformed it to

stereotaxic space for all subsequent analyses.

Motion Censoring/Additional Motion Correction

Recently, much attention has been paid to the possibility that uncontrolled
subject motion can induce artifactual group differences in resting-state functional
connectivity analyses (5; 6). We thus implemented motion-censoring algorithms (a.k.a.
“scrubbing”) to guard against this possibility in the present study. In order to remove any
additional motion related signal artifacts that were still present after regression of motion
parameters, we implemented a censoring technique to identify and remove any time
point with motion above a certain predefined threshold. We used the AFNI program
1d_tool.py on the 6 motion parameters created during the volume registration step. The
output was a single time series reflecting the Euclidean normalized derivative of the
motion parameters. We then thresholded this time series, so that any time point where
the derivative was greater than 0.3 (roughly 0.3 mm motion) was censored. We also
used the AFNI program 3dToutcount to plot the fraction of voxels within a brain mask
per time point that were considered outliers. The source of these outliers could include
head motion or miscellaneous signal artifacts. We then censored any time point where
greater than 5% of brain voxels were considered outliers. We then combined these lists
of censored time points created by both methods to create a list of time points censored
by both methods. We provided this combined list to the AFNI program 3dDeconvolve,
which removed those time points from consideration during the subsequent regression

analysis.

Resting-State Functional Connectivity Analyses

At the subject-level, we constructed the seed time-series for both of the dorsal
mid-insula regions of interest (ROIs) identified in the heartbeat interoception contrast
(Figure 1) by calculating the average time series during the resting-state scan within the
ROIs. Using multiple regression analysis, we produced maps of the time-course

correlations (r-values) between both of the seed regions and all other voxels in the
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brain. We then transformed these r-values to Z-scores. To identify voxels exhibiting
group differences in spontaneous BOLD fluctuations correlated with the insular seed
regions, we implemented group-level random effects t-tests comparing the Z-scores
generated for the healthy subjects against the Z-scores generated for the depressed
subjects. We corrected all resulting statistical maps for multiple comparisons at p < .05
(using the method described below).

To identify regions where resting-state functional connectivity to the insula was
associated with depression severity, we examined the correlation between functional
connectivity Z-scores for both insula seed regions and the total Hamilton Depression
Rating Scale (HDRS) scores of the depressed subjects. We performed a one-sample t-
test, using the depressed subjects’ HDRS scores entered as a covariate, in order to
determine if the correlation coefficient for the relationship between Z-scores and HDRS
scores within each voxel was significantly different from 0. Resultant maps were cluster-

size corrected for multiple comparisons at p < .05 as mentioned below.

Correction for Multiple Comparisons and Anatomical ROI Definitions

All voxel-wise statistical maps created for analysis of task data and resting-state
data were corrected for multiple comparisons at p < .05 as follows. Within a priori-
defined regions of interest, we used a voxel-wise p-value of .01 and a small-volume
correction for multiple comparisons using Monte Carlo simulations of cluster size. Those
regions included the insular cortex, the amygdala, the orbitofrontal cortex, the caudate,
and the ventromedial prefrontal cortex. Outside of these regions of interest we used a
voxel-wise threshold of p < .001, combined with Monte Carlo simulations of cluster size.
We subsequently applied a mask to all contrast maps (see Figure S4) to ensure that in
all brain regions exhibiting group differences in interoception or functional connectivity,
the TSNR was greater than 40 (Figure S4), allowing for reliable detection of effects
between conditions (7).

The regions-of-interest defined a priori in the amygdala and caudate were
defined using pre-rendered stereotaxic ROl masks available in AFNI. These ROI masks
are part of an anatomical atlas based on probability maps generated for 35 cortical

areas (8) and the parcellation of cortical and subcortical structures (of the AFNI
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Talairach N27 atlas brain) generated by the FreeSurfer program. The left and right
insula region-of-interest masks were also generated by the FreeSurfer program, which
we applied to the AFNI Talairach N27 atlas brain.

The anterior OFC ROI was bounded posteriorly by a line drawn at the anterior
edge of the genu of the corpus callosum (Y = 32 on the AFNI Talairach N27 atlas brain).
The ROI was bounded anteriorly by the frontal pole (Y = 61), and ventrally by the ventral
edge of the cortex (at approximately Z = -19). Dorsally, the OFC ROI extended up to the
fundus of the transverse orbital sulcus, and medially to the medial edge of the medial
orbital gyrus (according to the methods defined by Chiavaras et al., 2001 (9)). Laterally,
the ROI extended to the edge of the lateral intermediate orbital sulcus or the lateral
orbital sulcus, whichever of the two was located more medially.

The ventromedial prefrontal cortex (vmPFC) ROI was bounded anteriorly by a
line drawn at the anterior edge of the genu of the corpus callosum (Y = 31 on the AFNI
Talairach N27 atlas brain; which ensured that the OFC and vmPFC ROIs did not
overlap) and posteriorly by a line drawn at the posterior edge of the genu (Y = 9). The
ROI was bounded medially and ventrally by the medial and ventral surfaces of the
cortex, respectively. Dorsally, the ROI extended to the fundus of the olfactory sulcus
and the corpus callosum. Laterally, the vmPFC ROI extended to the lateral edge of the

olfactory sulcus.

Supplemental Results

Demographic and Clinical Characteristics

The demographic and clinical characteristics of the study samples are listed in
Table 1. As expected, the healthy and depressed groups differed significantly on
measures of depression (HDRS: tsg = -12.0, p < .001) and anxiety (Hamilton Anxiety
Rating Scale (HARS): t3s = -13.6, p < .001). The mean age did not differ significantly
between groups (tzg = -1.3, p = .20), nor did body mass index (tsg=-.3, p =.79).

Resting heart rate, obtained during the resting scan, did not differ between
depressed and healthy subjects (t33 = .5, p = .63; Table 1). Average heart rate during
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the Focused Awareness task also did not differ between subjects (tzs = .8, p = .43).
Additionally, for both healthy and depressed subjects, heart rate during interoception did
not differ from the average heart rate during the task itself (p > .3), nor did heart rate

during heartbeat interoception differ between subjects (t3s= .9, p = .36).

Focused Awareness Task Ratings

As previously described in the Methods section, subject responses were
collected after half of the trials to help ensure subjects remained attentive to the task.
Depressed and healthy subjects did not differ significantly in the reported subjective
intensity of interoceptive sensations (see Table S1). The groups also did not differ in
their accuracy in detecting exteroceptive targets (see Table S1), indicating that any
observed group difference during the interoceptive attention condition is unlikely to be

attributable to a global deficit in attention in the major depressive disorder (MDD) group.

Comorbidity within MDD Subjects

Nine of the MDD subjects had secondary comorbid anxiety disorders (social
phobia n = 4, posttraumatic stress disorder n = 3, simple phobia n = 1, panic disorder n
= 1). Depressed subjects with and without secondary comorbid anxiety diagnoses did
not differ significantly in mean behavioral measures of anxiety or depression (HDRS: t;g
= .17, p = .87; HARS: t;g3= .45, p = .66; Table S7). Nor did the depressed subjects with
or without comorbid anxiety disorders differ in activity of the dorsal mid-insula during
heart interoception (left dorsal mid-insula: t;g = -.18, p = .86; right dorsal mid-insula: t;g=
-.32, p =.75; Table S8).

We supplemented the ROI analyses mentioned above with whole-brain voxel-
wise analyses of the BOLD response during heart, stomach, and bladder interoception.
After correction for multiple comparisons, we did not identify any regions of the brain
exhibiting significant differences in response between depressed subjects with and
without secondary comorbid anxiety diagnoses.

10
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The Hemodynamic Response to Interoception and Other Behavioral Measures

We conducted further analyses of the relationship between the hemodynamic
response during interoceptive attention and behavioral measures collected from healthy
and depressed subjects.

Focused Awareness task ratings

The hemodynamic response within the dorsal mid-insula cortex (dmIC) during
heartbeat interoception was significantly related to healthy subject’s ratings of the
intensity of heartbeat sensations (Right: r = -.73, p < .001; Left: r = -.47, p <.04), but not
the ratings made by depressed subjects (Right: r = .24, p = .31; Left: r = .07, p =.78). A
test of the difference in slopes of these relationships revealed that depressed and
healthy subjects differed significantly in the relationship between right dmIC activity and
heartbeat intensity ratings (t =-2.51, p <.02).

Subsequently, we conducted a whole-brain voxel-wise analysis to locate other
brain regions exhibiting similar group differences in the relationship between heartbeat
intensity ratings and BOLD response during heartbeat interoception. After correction for
multiple comparisons, the right dmIC (Talairach coordinate: 38, -4, 11) was the only
region of the brain that exhibited significant group differences in this relationship. The
activation cluster within this group analysis was spatially contiguous with the right dmIC
cluster where group differences in the magnitude of the hemodynamic response to
heartbeat interoception were first observed (Figure 1).

Major depressive episode duration

ROI analysis results: We did not observe any significant correlations between
dmIC task activation and major depressive episode duration in the depressed subjects
(Table S9).

Somatic symptom severity

Voxel-wise analysis results: Depressed subjects exhibited a significant negative
correlation between BOLD activity during heartbeat interoception and somatic symptom
severity, as measured by the HDRS somatic symptom sub-scale (10), within bilateral
amygdala and medial OFC (Table S10).

11
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Anxiety severity

ROI analysis results: Within the depressed subjects, we observed no significant
correlation between HARS scores and task activation within either dmIC cluster (Table
S3).

Voxel-wise analysis results: After applying corrections for multiple comparisons,
we did not observe any region of the brain that showed a significant relationship
between activation during heartbeat interoception and anxiety, as measured by the
HARS.

Additionally, using the AFNI program 3dttest++, we re-ran the whole-brain voxel-
wise analysis of group differences in heartbeat interoception between depressed and
healthy subjects (Figure 1, Table 2), this time including HARS severity scores as a
covariate of no interest. The results of this analysis were almost identical to the results
of the original analysis (e.g., see Figure 1, Table 2). All of the brain regions previously
identified within this contrast were present after including the HARS covariate, though in

some cases those regions were larger or smaller by a small number of voxels.

Functional Connectivity of the dmIC and Other Behavioral Measures
Somatic symptom severity

Depressed subjects exhibited a significant positive correlation between left dmIC
functional connectivity and somatic symptom severity, as measured by the HDRS
somatic symptom sub-scale (10), within right amygdala and right sgPFC (Table S11).
After correction for multiple comparisons, no brain regions exhibited a significant
correlation between right dmIC functional connectivity and somatic symptom severity.
Anxiety severity

After applying corrections for multiple comparisons, we did not observe any
region of the brain that showed a significant relationship between dmIC functional

connectivity and anxiety, as measured by the HARS.
Additional Group Differences in Stomach and Bladder Interoception

Having identified that depressed subjects also exhibit decreased dmIC response

to stomach and bladder interoception within the dmIC, we subsequently conducted

12
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whole-brain group analyses comparing the hemodynamic response to stomach and
bladder interoception between groups. The analyses were conducted as described in
the methods section of the main paper, and both contrast maps were corrected for
multiple comparisons as described above in the Supplemental Methods.

As expected, depressed subjects exhibited significantly decreased hemodynamic
activity compared to healthy subjects within multiple other brain regions during attention
to stomach and bladder sensations (Figure S5, Table S12), including many regions also
observed within the heartbeat interoception contrast (Figure 1). Group differences in
stomach and bladder interoception were observed in ventral mid-insula, a region
previously identified along with dmIC as functionally selective for interoceptive attention,
as well as the amygdala and OFC. Depressed subjects also exhibited decreased
hemodynamic response within right dorsal anterior insula, involved in salience
processing and focal attention (11; 12), as well as the right precuneus, a component of

the default mode network (13), during stomach interoception.

Supplemental Discussion

Depression, Anxiety, and Interoceptive Awareness

Previous research suggests that both anxiety and depression play a part in
modulating interoceptive awareness (14; 15). Some evidence suggests that anxiety and
depression lie at opposite ends along a continuum of interoceptive awareness, with
anxiety as a positive modulator and depression as a negative modulator (14). For
example, trait anxiety has been associated with increased heartbeat perception
accuracy (16) and panic disorder with increased sensitivity to anxiogenic challenge by
sodium lactate infusion and 35% CO2 inhalation (17; 18). Depression, on the other
hand, has been associated with decreased interoceptive accuracy and decreased
heartbeat-evoked potential (14; 19).

However, due to the frequent comorbidity of mood and anxiety disorders (20),
this relationship becomes much more complicated. The negative relationship between

heartbeat perception accuracy and depression held only at high anxiety levels (14), and
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depression-specific symptoms seem to modulate the relationship between anxiety and
interoception (21). Additionally, though recent studies have attempted to account for this
factor by recruiting depressed subjects with no comorbid anxiety disorders, those
subjects still report significantly higher levels of anxiety than controls (22). One possible
explanation for these discrepant findings comes from the hypothesis that, rather than
considering anxiety and depression to be two distinct conditions, major depressive
episodes occur as an adaptive, homeostatic response, possibly to chronically high
levels of anxiety (23). In this scenario, the acute state of depression, with its
accompanying physiological changes, such as decreased parasympathetic regulation of
cardiac tone (24) and decreased baroreceptor sensitivity (25), conceivably may result in
decreased interoceptive awareness, regardless of the presence of anxiety. However,
this does not entirely preclude the effect of anxiety, as higher levels of chronic anxiety
conceivably may lead to more severe depression and thus result in a greater decrease
in interoceptive awareness.

In this study, depressed subjects both with and without comorbid anxiety
disorders had significantly higher levels of both anxiety and depressive symptoms than
controls, accompanied by significantly decreased dmIC activation during interoceptive
attention. Within MDD subjects, severity of depression (as rated by the HDRS scores)
negatively correlated with activation during heartbeat interoception within the insula, as
well as with resting state functional connectivity between the insula and depression-
associated brain regions. A subsequent analysis using sub-scales of the HDRS (10)
revealed that the relationship between heartbeat interoception and depression severity
was strongly driven by the severity of somatic symptoms in depressed subjects.
Importantly, behavioral measures of anxiety alone did not significantly modulate
heartbeat interoception; neither did the presence of comorbid anxiety disorders among
the MDD subjects. This suggests that, within these subjects, the hemodynamic activity
within the insula during visceral interoception is most strongly associated with the
somatic symptoms that accompany major depression.

14
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The Focused Awareness Task

The Focused Awareness task originally was designed to identify areas of the
insula selectively responsive for cognitive, sensory, and emotional processes, in an
attempt to reconcile patterns of activation reported across various studies that overlap
within the same regions of the insula. Neuroimaging studies of gustation (a sensory
modality that shares a common neural pathway with vagal afferents from the heart and
viscera (26)) also frequently report a variability in the location of gustatory activation
within the insula, dependent on the specific cognitive requirements of the task (27; 28).
The Focused Awareness task thus was designed so that participants would passively
attend to the sensations from their heart and viscera, in order to directly isolate primary
viscerosensory regions of the insula, without the confounding demands of other
cognitive tasks, such as exteroceptive attention to compare heartbeats against external
auditory tones. The results of the Focused Awareness task bear this out, as attention to
heart and stomach sensations selectively activated regions of the mid-insula identified
through cytoarchitecture, anatomical studies, and neuroimaging meta-analyses as
primary viscerosensory areas of the insula (26; 29-32).

Through this method, we are able to identify group differences in activation
during interoceptive attention within these primary sensory regions of the insula, though
the very nature of the task precludes the ability to identify group differences in
interoceptive accuracy. Within the current study, the self-report ratings made by
subjects after interoceptive attention trials relate specifically to the subjective intensity of
their experience during the preceding trial, and were primarily included to ensure that
subjects remained attentive to the task. Our comparisons of intensity ratings between
groups were done in order to confirm that both depressed and healthy subjects
performed the task equivalently. Given that these ratings were not measures of
objective interoceptive accuracy, the lack of group differences in the magnitude of these
ratings does not noticeably contradict findings from previous studies measuring
heartbeat perception accuracy in depression (19; 22; 33; 34).

The lack of an external accuracy measure for interoceptive trials makes it difficult
to verify objectively that all subjects performed the task equivalently. However, analysis

of post-trial rating periods, during which subjects reported the subjective intensity of
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interoceptive sensations or the number of targets presented, allows us to demonstrate
that the two groups performed the exteroception tasks equally well and rated the
interoceptive sensations as having equal intensity (see Supplemental Results section).
In post-scan interviews, all MDD and healthy control subjects reported both
understanding and performing the interoception task.

Additionally, we have demonstrated in a separate study that the accuracy of
subjects’ interoceptive perceptions is correlated with the activity of the mid-insula during
this same interoception task used in the present study (35). This gives us even more
confidence that MDD patrticipants are performing the interoception task as instructed,
and that the activity of this region is related to interoceptive awareness.

Analysis of the Focused Awareness task data within this study revealed group
differences within a specific region of the insula, previously identified as selective for
visceral interoception. In depressed subjects, activity within this region during heartbeat
interoception was correlated with the severity of their depression (r = -.44; p = .05) as
well as the severity of their somatic symptoms (r = -.53; p = .02). Likewise, in depressed
subjects, the functional connectivity between this region and limbic brain regions such
as the amygdala also correlated with depression severity (Figure S3). These findings all
indicate that the results of this study accurately reflect depression-related effects on the

cortical representation of visceral interoception.
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Table S1. Focused Awareness task ratings

HC Mean (SD) MDD Mean (SD) tag p
Intensity Ratings
Heart 4.08 (1.75) 4.31 (1.50) -.45 .66
Stomach 4.6 (1.57) 4.88 (1.50) -.58 .56
Bladder 5.06 (1.66) 4.29 (1.81) 1.40 A7
Target Detection Accuracy
% Accuracy 90.0 (15.7) 85.5(13.5) .96 .34

HC, healthy controls; MDD, major depressive disorder subjects.

Table S2. Group differences in dmIC activity during stomach and bladder

interoception

Healthy Subjects MDD Subjects HC-MDD
% signal change % signal change
Mean (SD) t1o p Mean (SD)  ty p tas p
L dmiIC
Stomach  .028 (.02) 7.26 <.001 .010 (.02) 2.17 .04 299 .005
Bladder .023 (.02) 459 <.001 .005(.02) .84 41 252 .02
R dmiIC
Stomach  .031(.02) 6.99 <.001 .014 (.03) 2.00 .06 199 .05
Bladder .029 (.03) 3.87 .001 .008 (.03) 1.06 .30 1.97 .06

dmlC, dorsal mid-insula cortex; HC, healthy controls; L, left; MDD, major depressive disorder subjects; R,

right.
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Table S3. Correlation of dmIC activity during interoception with total HDRS and
HARS rating scale scores in the depressed subjects

HDRS HARS
ls p ls p

L dmiIC

Heart -.44 .05 -.23 .33

Stomach -.18 .45 -.13 .58

Bladder -.31 .18 -.27 .26
R dmiC

Heart -31 .18 -.10 .68

Stomach 14 .56 -.02 .94

Bladder -.03 .92 -.12 .62

dmlC, dorsal mid-insula cortex; HARS, Hamilton Anxiety Rating Scale; HDRS, Hamilton Depression
Rating Scale; L, left; MDD, major depressive disorder subjects; R, right.

Table S4. Correlation of dmIC activity during heartbeat interoception with HDRS
sub-scales in depressed subjects from (Cleary and Guy, (10))

L dmiIC R dmlIC
HDRS Factor lg p Mg p
Anxiety/Somatization -.53 .02 -41 .07
Weight Loss® -- -- -- --
Cognitive Disturbance .03 .90 <.01 >.99
Diurnal Variation .03 .90 -12 .61
Retardation -.13 .59 -.03 .89
Sleep Disturbance -.06 .81 -.01 .95

% The Weight Loss factor from Cleary and Guy (10) was excluded as no subjects reported significant
weight changes.

Bolded values indicate significance.

dmIC, dorsal mid-insula cortex; HDRS, Hamilton Depression Rating Scale; L, left; R, right.
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Table S5. Brain regions where the hemodynamic
interoception was correlated with depression severity®

response to

Side / Location Peak Coordinates® tag Volume
X Y z (mm?3)

L Amygdala -25 -4 -19 -4.54 1549

L Ventral Anterior Insula -36 +10 -7 -5.58 1184

L Posterior OFC (BA13a) -10 +13 -10 -4.69 997

L Superior Parietal Lobule -24 -55 +39 -6.90 590

L Middle Occipital Gyrus® -29 -69 +21 -5.45 557

L Ventral and Dorsal Mid-Insula -36 -4 2 -3.60 214

R Amygdala +18 +1 -17 -3.44 107

4 Within the depressed subjects.

heartbeat

® All coordinates reported according to Talairach stereotaxic atlas (1). This format uses three numbers
(X,Y,Z) to describe the distance from the anterior commissure. The X,Y,Z dimensions refer to right(+)-
to-left(-), anterior(+)-to-posterior(-), and dorsal(+)-to-ventral(-) respectively.
BA, Brodmann area,; L, left; OFC, orbitofrontal cortex; R, right.
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Table S6. Brain regions where functional connectivity with the dmIC was
correlated with depression severity

Side / Location Peak Coordinates?® tig Volume
X Y z (mm?3)

Left dmIC Seed

R Posterior OFC (BA13a) +10 +22 -8 494 879
R Subgenual PFC (BA32pl)
R Medial OFC (BA11l/m) +22 +55 -8  4.60 573
L Ventral Mid-Insula -39 -3 -14 4.79 498
L Posterior OFC (BA13a) -8 +17 -12 4.69 466
L Subgenual PFC (BA32pl)

R Supramarginal Gyrus +34 -52 +27 5.99 391
R Ventral Posterior Insula -38 -19 +2 3.86 381
L Middle Temporal Gyrus -52 -40 -3 5.13 279
L Amygdala -18 +4 -14  3.63 166
L Medial OFC (BA11l/m) -15 +52 -10 4.26 150

Right dmIC Seed
R Ventral Anterior Insula +36 +11 -5 5.04 1201
R Medial OFC (BA11l/m) +22 +48 -7 5.34 1120
L Posterior OFC (BA13a) -18 +8 12 471 900
R Inferior Frontal Gyrus +46 +22 +13 6.13 718
L Ventral Mid-Insula -36 -1 -12 4.30 488
R Ventral Posterior Insula -38 -15 -1 414 343
R Superior Frontal Gyrus +20 +52 +25 4.96 241
L Ventral Anterior Insula -34 +15 -1 4.03 230
L Subgenual PFC (BA32pl) -4 +20 -12 4.00 204
L Medial OFC (BA11l/m) 20 +39 -12 3.87 123
R Posterior OFC (BA13a) +13 +18 -17 3.26 113
L Medial OFC (BA11l/m) -13 +52 -8 3.76 86

& All coordinates reported according to Talairach stereotaxic atlas (1). This format uses three numbers
(X,Y,Z) to describe the distance from the anterior commissure. The X,Y,Z dimensions refer to right(+)-

to-left(-), anterior(+)-to-posterior(-), and dorsal(+)-to-ventral(-) respectively.

BA, Brodmann area; dmlIC, dorsal mid-insula cortex; L, left; OFC, orbitofrontal cortex; PFC, prefrontal

cortex; R, right.
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Table S7. Comparison of MDD subjects with and without secondary comorbid
anxiety diagnoses

Demographics
MDD w/o comorbid MDD w/ comorbid t1s p-value
HDRS 23.6 (7.9) 23.0 (8.8) A7 .87

HARS 17.5 (5.3) 16.4 (4.4) 45 .66

HARS, Hamilton Anxiety Rating Scale; HDRS, Hamilton Depression Rating Scale; MDD, major
depressive disorder subjects; w/, with; w/o, without.

Table S8. Comparison of dmIC activity during heartbeat interoception between
MDD subjects with and without comorbid anxiety disorders

MDD w/o comorbid MDD w/ comorbid MDD,,,-MDD,y,
% signal change % signal change
Mean (SD) tio p Mean (SD) ts p tis p
L dmIC -.0004 (.03) -.04 .97 -.003 (.03) -.27 .79 .18 .86
R dmiIC -.002 (.04) -.15 .88 .003 (.03) 31 .76 -.32 .75

dmlC, dorsal mid-insula cortex; L, left; MDD, major depressive disorder subjects; R, right; w/, with; w/o,
without.

Table S9. Correlation of dmIC activity during interoception with MDE duration in
the depressed subjects

L dmIC R dmIC
ls p Mg p
Heart -0.13 .60 -0.12 .60
Stomach 0.21 .38 0.12 .60
Bladder 0.22 .36 0.15 51

dmlC, dorsal mid-insula cortex; L, left; MDE, major depressive episode; R, right.
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Table S10. Brain regions where the hemodynamic response to heartbeat
interoception was correlated with somatic symptom severity?

Side / Location Peak Coordinates” t1s Volume
X Y Z (mm3)
R Amygdala +18 -1 -17 -3.60 140
R Medial OFC (BA11m) +11 +25 -12 -3.87 140
L Amygdala +18 +1 -17 -3.44 118

% Within the depressed subjects, assessed by the somatic subscale of the HDRS, developed by Cleary
and Guy (10).

® All coordinates reported according to Talairach stereotaxic atlas (1). This format uses three numbers
(X,Y,Z) to describe the distance from the anterior commissure. The X,Y,Z dimensions refer to right(+)-
to-left(-), anterior(+)-to-posterior(-), and dorsal(+)-to-ventral(-) respectively.

BA, Brodmann area; HDRS, Hamilton Depression Rating Scale; L, left; OFC, orbitofrontal cortex; R, right.

Table S11. Brain regions where functional connectivity with the dmIC was
correlated with somatic symptom severity®

Side / Location Peak Coordinates® t1s Volume
X Y Z (mm?)
Left dmIC Seed
R Amygdala +22 -1 -24 4.68 118
R Subgenual PFC (BA32pl) +4 +15 -14 4.26 102

% Within the depressed subjects, assessed by the somatic subscale of the HDRS, developed by Cleary
and Guy (10).

® All coordinates reported according to Talairach stereotaxic atlas (1). This format uses three numbers
(X,Y,Z) to describe the distance from the anterior commissure. The X,Y,Z dimensions refer to right(+)-
to-left(-), anterior(+)-to-posterior(-), and dorsal(+)-to-ventral(-) respectively.

BA, Brodmann area; dmIC, dorsal mid-insula cortex; HDRS, Hamilton Depression Rating Scale; PFC,
prefrontal cortex; R, right.
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Table S12. Brain regions exhibiting differences in the hemodynamic response to

stomach and bladder interoception between healthy and depressed subjects?

Side / Location Peak Coordinates® t1s Volume
X Y Z (mm?3)

Bladder Interoception

R Claustrum +36 -10 -1 3.70 162
R Putamen

R Lateral OFC (BA11l) +22 +32 -10 3.70 123
R Ventral Mid-Insula +48 +2 -3 3.46 86
R Posterior OFC (BA13a) +20 +13 -15 4.59 45
R Amygdala +20 -1 -10 3.52 42

Stomach Interoception
Right OFC (BA11/13) +16 +32 -10 5.17 6287
Left Superior Parietal Lobule -29 -50 +42 5.09 1410
Left Middle Occipital Gyrus -48 -66 -3 4.53 1088
Right Precuneus +6 -64 +46 4.64 874
Right Cerebellum -6 -76 -17 4.67 858
Left Precentral Gyrus -17 -8 +44 4.83 831
Left Ventral Anterior and Mid Insula  -38 +6 -3 4.81 670
Right Ventral Mid Insula +36 +4 -7 4.22 665
Left Inferior Parietal Lobule -50 -29 +37 4.56 638
Right Mid Cingulate Gyrus +11 -15 +30 5.20 616
Right Claustrum +34 -17 +0 4.33 391
Right Dorsal Anterior Insula +36 +22 +6 3.68 370
Left Amygdala

%1n all cases, activity was greater in healthy subjects compared to the MDD group.

® All coordinates reported according to Talairach stereotaxic atlas (1). This format uses three numbers
(X,Y,Z) to describe the distance from the anterior commissure. The X,Y,Z dimensions refer to right(+)-
to-left(-), anterior(+)-to-posterior(-), and dorsal(+)-to-ventral(-) respectively.
BA, Brodmann area; MDD, major depressive disorder; OFC, orbitofrontal cortex; R, right.
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Figure S1. Group differences in stomach and bladder Interoception. Healthy participants
(yellow bar) exhibited significantly greater activation within the dmIC ROIs — which were
identified in the heartbeat interoception contrast (Figure 1) - during stomach and bladder
interoception than during the exteroceptive control condition. In most cases, the depressed
participants (green bar) exhibited reliably less activation during stomach and bladder
interoception than the healthy subjects. Importantly, within this region of the insula, healthy and
depressed subjects did not differ in activation during the exteroceptive control condition (Left
ROI: p = 0.18, Right ROI: p = 0.23). HC, healthy controls; MDD, major depressive disorder
subjects.
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Figure S2. Brain regions where activation during heartbeat interoception is correlated
with depression severity. Depressed subjects exhibited a significant negative correlation
between hemodynamic activity during heartbeat interoception and scores on the Hamilton
Depression Rating Scale within left ventral anterior and ventral and dorsal mid-insula, as well as
right posterior OFC and bilateral amygdala. All results shown were corrected for multiple
comparisons at pPeorrected < -05. BA, Brodmann area; L., left; OFC, orbitofrontal cortex.
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Figure S3. Dorsal mid-insula resting-state functional connectivity is correlated with
depression severity. This figure shows the brain regions where resting-state functional
connectivity to the dmIC was significantly correlated with depression severity. Many of these
regions, notably the left amygdala and regions of the orbitofrontal cortex, also exhibited
significant group differences in functional connectivity to the dmIC (see Figure 3). All results
corrected for multiple comparisons at peorected < -05. a.lns., anterior insula; Amyg., amygdala;
BA, Brodmann area; dmlC, dorsal mid-insula cortex; L., left; m., medial; OFC, orbitofrontal
cortex; R., right; sgPFC, subgenual prefrontal cortex.
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TSNR Maps
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Figure S4. Temporal signal-to-noise ratio (TSNR) maps. These maps depict the TSNR of the
smoothed echo-planar imaging time course data acquired in this study. TSNR was calculated by
dividing each voxel's mean signal intensity by the standard deviation of the residual time-
course, obtained by subtracting the regression model from the signal time-course. All colored
areas shown have TSNR of at least 40, the minimum to reliably detect effects between
conditions in fMRI data (7). All the figures in this text are displayed strictly within a mask where
TSNR > 40.
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Figure S5. Group differences in stomach and bladder interoception. Outside of the dmIC,
depressed subjects exhibited decreased hemodynamic activity compared to healthy subjects
within multiple other brain regions during attention to stomach and bladder sensations (A:
Stomach Interoception, B: Bladder Interoception). Group differences in stomach and bladder
interoception were observed in ventral mid-insula and right OFC, as well as right and left
amygdala. Depressed subjects also exhibited decreased hemodynamic response within right
dorsal anterior insula during stomach interoception. All results shown were corrected for multiple
comparisons at peorected < -05. Amyg., amygdala; ant., anterior; BA, Brodmann area; dmiC,
dorsal mid-insula cortex; HC, healthy controls; L, left; MDD, major depressive disorder subjects;
OFC, orbitofrontal cortex; R., right.
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