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Abstract

Unmedicated individuals with major depressive disorder (MDD) show abnormal interoception, but
it is unclear whether antidepressant treatment via serotonergic medication alters this relationship.
The current cross-sectional study examined associations between neural and behavioral indices of
interoceptive processing and chronic serotonergic medication administration in MDD. 47 selective
serotonin reuptake inhibitor (SSRI)-medicated MDD (MDD-SSRI) individuals were propensity-
matched with 48 unmedicated current MDD (MDD-UnMed) and 41 healthy comparison (HC)
participants on demographics including age, sex, body mass index, education, as well as on
dimensional scales of symptom severity including depression and anxiety. All participants
completed an interoceptive attention task during functional magnetic resonance imaging, and a
behavioral heartbeat tapping task under three conditions: Guessing, No Guessing, and Breath
Hold. Relative to HC, both MDD groups: (1) exhibited lower mid-insula, amygdala, putamen,

and caudate activation during interoceptive versus exteroceptive attention; and (2) showed poorer
heartbeat tapping performance during the Breath Hold condition. However, the MDD-SSRI group
reported higher intensity ratings of heartbeat and stomach sensations than MDD-UnMed and HC
during the interoceptive attention task. These findings suggest that the attenuated patterns of neural
activation observed in depressed individuals during interoceptive attention are not ameliorated

by the chronic administration of serotonergic medications. However, amplified interoceptive
sensation ratings suggest a potential impact of chronic serotonergic medication on conscious
experiences of internal body states. Future investigations will need to determine the extent to
which serotonergic medications acutely influence interoceptive processing, and whether such
changes play a role in therapeutic responses during treatment initiation.
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1. Introduction

Mood disorders are the most prevalent and disabling mental health conditions worldwide
(Rehm and Shield, 2019), and there are limited psychobiological explanatory (Kendler,
2008) or predictive (Dinga et al., 2018) models currently available. Interoception is a multi-
level process describing how the nervous system senses, interprets, and integrates internal
bodily signals (Berntson and Khalsa, 2021) and offers one potentially important mechanism
for understanding the pathophysiology of depression (Khalsa et al., 2018). Studies have
revealed that individuals with major depressive disorder (MDD) show impairments related to
the sensation, interpretation, and integration of internal bodily signals (Barrett et al., 2016;
Eggart et al., 2019; Harshaw, 2015; Khalsa et al., 2018; Khalsa and Lapidus, 2016; Paulus
and Stein, 2010). Individuals with MDD may also have difficulty predicting the body’s
future metabolic demands that may result in over- or under-estimating resources needed to
maintain a steady equilibrium (Barrett et al., 2016; Stephan et al., 2016). The insular cortex
is suggested to integrate interoceptive signals with emotionally salient information during

a process that generates interoceptive prediction errors, defined as the difference between
anticipated versus experienced bodily states (Paulus and Stein, 2006; Seth and Critchley,
2013; Seth and Friston, 2016). Researchers have proposed that aberrant body prediction
errors affect motivated behavior in depressed individuals (Barrett and Simmons, 2015;
Paulus and Stein, 2010) and that a disconnect between these two processes also contributes
to somatic symptoms and alexithymia (Harshaw, 2015).

Empirical data on the relationship between depression and interoceptive processing has
grown considerably over the past decade. First, functional magnetic resonance imaging
(FMRI) studies demonstrate that unmedicated current MDD patients show reduced insula
activation relative to healthy comparisons (HC) while: (a) attending to heart, stomach, and
bladder sensations (Avery et al., 2014); (b) recalling neutral stimuli previously paired with
an aversive breathing load manipulation (DeVille et al., 2018); (c) experiencing shifts in
cold versus hot skin stimulation (Strigo et al., 2010); and (d) viewing appetitive food images
(Simmons et al., 2016). Second, MDD has been linked to abnormal behavioral performance
on heartbeat counting tasks (Eggart et al., 2019; Furman et al., 2013; Terhaar et al., 2012)
(but see (Ainley et al., 2020; Corneille et al., 2020; Ring and Brener, 2018) for a debate
regarding the validity of behavioral scores on this measure). Third, MDD individuals exhibit
lower scores than HC on the Multidimensional Assessment of Interoceptive Awareness
(MAIA) scale (Mehling et al., 2012), potentially reflecting a greater difficulty in attending
to and regulating bodily signals (Flasinski et al., 2020). Fourth, lower insula signals during
interoceptive attention are associated with greater somatic symptoms in MDD (Avery et

al., 2014). Even though antidepressant medication is a commonly used approach to the
treatment of depression, none of the aforementioned studies investigated the effect of
medication treatment (i.e., whether participants were medicated or unmedicated at the time
of assessment) on interoceptive processing in MDD.
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Pharmacotherapy is recommended as a preferred initial treatment option for MDD, with
selective serotonin reuptake inhibitors (SSRIs) being the most popular medication class
based on a tolerable side effect profile (APA., 2010) and as the first step in pharmacotherapy
(Rush et al., 2006). Although such medications can be effective, they may not alter potential
interoceptive impairments in MDD. There is some evidence that current but not remitted
MDD individuals show lower insula activity during heartbeat counting than HC (Wiebking
et al., 2015), which suggests that medication status and symptom severity may both be
important moderators of insular function during interoceptive attention. Taken together,
although there is converging evidence of interoceptive attention and awareness dysfunction
in depression, the influence of medication status and the moderation by symptom severity on
interoceptive processing in MDD requires clarification.

Using a secondary analysis of cross-sectional data, this investigation evaluated the influence
of antidepressant pharmacotherapy on neural activity during interoceptive attention and on
behavioral measures of cardiac interoceptive awareness, by examining group differences
between HC and unmedicated versus medicated current MDD patients who reported taking
SSRIs. We also aimed to replicate previously reported patterns of interoceptive processing
dysfunctions at the neural and behavioral levels between unmedicated current MDD patients
and HC (Avery et al., 2014; Flasinski et al., 2020). Participants performed the visceral
interoceptive awareness (VIA) task during fMRI scanning (Avery et al., 2014), a behavioral
heartbeat tapping task outside of the scanner (Smith et al., 2021), and a self-report

measure of interoception (the Multidimensional Assessment of Interoceptive Awareness
scale; MAIA) (Mehling et al., 2012). The VIA task examines interoceptive attention by
asking individuals to focus on and rate the intensity of interoceptive (heart, stomach)

and exteroceptive (visual) sensations during fMRI scanning. The heartbeat tapping task
evaluated interoceptive accuracy using our previously developed ‘Beat-to-Tap’ consistency
measure (Smith et al., 2021). Based on previous studies, we hypothesized that relative to
HC, both unmedicated and SSRI-medicated MDD patients would: (1) exhibit lower insular
cortex activation during interoceptive vs. exteroceptive VIA conditions, reflecting reduced
neural capacity for interoceptive attention; (2) exhibit lower Beat-to-Tap consistency
scores on the heartbeat tapping task, reflecting reduced perceptual accuracy of their
heartbeat sensations; and (3) report lower MAIA scores, reflecting diminished self-reported
interoceptive awareness. Although neural differences within interoceptive cortices were not
predicted between SSRI medicated and non-medicated individuals with MDD, additional
exploratory analysis were planned for other interoceptive variables including interoceptive
awareness.

2. Materials and Methods

2.1. Participants

Participants were selected from the first 500 individuals who completed numerous baseline
assessments as part of the Tulsa 1000 study, a naturalistic longitudinal study of 1000
individuals including HC and treatment-seeking individuals with mood, anxiety, substance
use and eating disorders (Victor et al., 2018). Individuals between the ages of 18 and

55 were recruited via flyers, newspaper, radio and other media advertisements from the
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Laureate Psychiatric Clinic and Hospital, other local mental health providers, and the
general community in Tulsa and the surrounding regions of Oklahoma. The study was
approved by the Western Institutional Review Board and carried out in accordance with The
Code of Ethics of the World Medical Association. Participants provided written informed
consent and received compensation. See Victor et al. (2018) for full protocol and inclusion/
exclusion details.

All participants were evaluated in person with structured clinical interview for Diagnostic
and Statistical Manual of Mental Disorders (DSM)-IV or DSM-5 diagnoses determined

by the Mini International Neuropsychiatric Inventory (MINI) (Sheehan et al., 1998) with
trained clinical interviewers. To address the study aims most effectively, only HC without
any psychiatric diagnoses on the MINI and individuals meeting criteria for current MDD
without comorbid illicit drug use or eating disorders were included in this analysis
(comorbid anxiety and alcohol use disorders were permitted). HC or MDD participants

were excluded if they had poor quality or missing VIA fMRI data; those with poor quality or
missing data on heartbeat tapping were excluded from the heartbeat tapping analysis.

2.2. Surveys completed during the baseline visit

During the screening visit, participants completed the following surveys: (1) Patient

Health Questionnaire (PHQ) (Kroenke et al., 2001) to index depression symptoms; (2)
Overall Anxiety Severity and Impairment Scale (OASIS) (Norman et al., 2006) to assess
severity and impairment associated with any anxiety disorder or multiple anxiety disorders;
(3) Drug Use Questionnaire (DAST) (Skinner, 1982) for a quick index of drug abuse
problems; and (4) Sick Control One Fat Food Questionnaire (SCOFF) (Morgan et al.,
1999) to screen for eating disorders. During the clinical interview session, participants
completed the following demographic information and clinical ratings: (1) age, sex, body
mass index (BMI), education, and employment status; (2) International Physical Activity
Questionnaire (IPAQ) developed by the World Health Organization (WHO) and the Center
for Disease Control and Prevention (CDC) in United States to assess physical activity;

(3) Patient-Reported Outcomes Measurement Information System (PROMIS) (Cella et

al., 2010) to collect data on alcohol use, nicotine dependence, depression and anxiety;

(4) State-Trait Anxiety Inventory (STAI) (Spielberger et al., 1983) to measure state

and trait anxiety; (5) Anxiety Sensitivity Index (ASI) (Taylor et al., 2007) to assess

fear of anxiety sensations; (6) MAIA (Mehling et al., 2012) to evaluate self-reported
experiences of interoceptive sensations including subscales of Attention Regulation, Body
Listening, Emotional Awareness, Not-Distracting, Noticing, Not-Worrying, Self-Regulation,
and Trusting; (7) Toronto Alexithymia Scale (TAS) (Bagby et al., 1994) to measure
alexithymia; (8) Ruminative Responses Scale (RRS) (Nolen-Hoeksema and Morrow, 1991)
to assess rumination that is related to, but not confounded by depression; and (9) Customary
Drinking And Drug Use Record (CDDR) (Brown et al., 1998) to quantify lifetime alcohol
use.

2.3. Subgroup identification and propensity matching

Three subgroups were identified based on their diagnostic and psychiatric medication status:
(1) current MDD (a) taking SSRIs for at least 6 weeks with no change in the dose (MDD-
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SSRI, n=56), (b) taking selective norepinephrine reuptake inhibitors, or SNRI (n = 14),

or (c) taking various other antidepressants (n = 30); (2) current MDD with no psychiatric
medication use < 6 weeks prior to study enrollment (MDD-UnMed, n7=49); and (3)

HC with no psychiatric disorders (/7= 46). To address the study aims, only unmedicated
current MDD (MDD-UnMed), medicated current MDD taking SSRIs (MDD-SSRI) and HC
participants were included in the present analysis (i.e., the latter two depression subgroups
were excluded from analysis due to the small subgroup sample size). Participants were

also excluded if they were taking medications that could affect heart and/or stomach or
other bodily sensations such as beta-blockers (3 MDD-SSRI) and opioids (6 MDD-SSRI, 1
MDD-UnMed). HC were subsequently selected to match the remaining MDD-UnMed and
MDD-SSRI participants on age, sex, BMI, education, employment status, PHQ, OASIS,
SCOFF and DAST scores. After group propensity matching, 47 MDD-SSRI (11M, 36F), 48
MDD-UnMed (15M, 33F) and 41 HC (18M, 23F) participants remained for data analysis
(see Table 1 for demographic information). Within the MDD-SSRI group, the average daily
dose of SSRI medication was 121mg (sertraline), 42mg (fluoxetine), 19mg (escitalopram),
23mg (citalopram), and 20mg (paroxetine), respectively.

2.4. fMRI VIA task and data preprocessing

Participants completed two runs of the VIA task, wherein they were presented with three
conditions cued by a visually presented word (10 s duration): (1) “heart” cued internal
attention toward heartbeat sensations; (2) “stomach” cued internal attention toward stomach
sensations; and (3) “target” cued external attention toward word color changes at varying
intensities. The VIA task has been previously shown to be effective at mapping the

neural signal associated with interoceptive attention in a variety of clinical and non-clinical
populations (Avery et al., 2017; Avery et al., 2014; DeVille et al., 2020; Kerr et al., 2016;
Simmons et al., 2013; Stewart et al., 2020). Participants were asked to provide ratings

of stimulus intensity (0 = ‘no sensation’ to 6 = ‘extreme sensation’) after 50% of trials,
which also helped to ensure they remained awake and were attending to the task. Each run
included 6 trials per condition (intertrial interval range 2.5-12.5 s). MRI data were acquired
on two identical GE Discovery MR750 3T scanners operating identical pulse sequences for
functional [repetition time (TR)/echo time (TE) = 2000/27 ms, field of view (FOV)/slice =
240/2.9 mm, 128 x 128 matrix, 39 axial slices, 180 TRs] and structural scans [magnetization
prepared rapid acquisition gradient recalled echo (MP-RAGE) TR/TE =5/2.012 ms, FOV/
slice=240 x 192/0.9 mm, 186 axial slices].

Single-subject preprocessing was completed using Analysis of Functional Neurolmages
(AFNTI) software (Cox, 1996). The first three TRs were discarded, followed by

despiking, slice-timing correction, co-registration to anatomical volumes, motion correction,
transformation to Montreal Neurological Institute space via an affine transformation,
application of a 4mm Gaussian full-width at half-max smoothing kernel, and a voxelwise
general linear model analysis. Block regressors were convolved with a canonical
hemodynamic response function and used to model blood oxygen level dependent (BOLD)
response for heart, stomach, and target conditions. Six motion parameters (three translations
and three rotations) were included as nuisance regressors. Censoring was done at the
regression step by removing volumes with either a Euclidean norm of the derivatives of the
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six motion parameters greater than 0.3 mm or greater than 10% outlier voxels, determined
by 3dToutcount. Percent signal change during each condition was defined as the estimated
beta coefficient from single-subject analysis, which was relative to the implicit baseline
during unmodeled fixation and scaled by the zeroth order regressor to convert to percent
signal change.

2.5. Heartbeat tapping task and data preprocessing

Participants completed a heartbeat detection task with simultaneous electrocardiogram
recording as an objective measure of interoceptive awareness. This task included four 60-
second trials with varied instructions. In each trial, participants were instructed to keep their
eyes closed and press a key in synchrony with an event. The first (Guessing) trial included
instructions to press a key in line with their heartbeat and to make their best guess if

they were uncertain. The second (Tone) trial was an exteroceptive control, with participants
pressing in synchrony with a tone presented at approximately 80 tones per minute. The third
(No Guessing) trial tasked participants to press the key in synchrony with their heartbeat, but
only when they were certain they had felt a heartbeat. The final (Breath Hold) trial had the
same instructions as the No Guessing trial, except that participants also began the trial with a
maximal inspiratory breath hold.

Interoceptive accuracy was quantified using the Beat-to-Tap consistency metric (or Tone-to-
Tap consistency, for Tone trials). This measure is described fully in (Smith et al., 2021),

but, briefly, it quantifies how consistently a person taps with an event (heartbeat or tone),
compared to what would be expected if they tapped randomly. This is done by comparing
the standard deviation of the delay between each tap and the temporally closest event to an
empirically derived distribution based on the actual train of events for that trial and a person
randomly tapping the same number of times as the participant responded. Beat-to-Tap
consistency is a Z-score, with larger values indicating less randomness or more precision.

2.6. Statistical analysis

For demographics (age, BMI, education, IPAQ minutes per week) and clinical characteristics
(OASIS, PHQ, SCOFF, DAST, PROMIS, STAI, ASI, MAIA, TAS, RRS and CDDR lifetime
alcohol use), one-way analysis of variance (ANOVA) was used to test differences between
MDD-SSRI, MDD-UnMed and HC groups. For significant ANOVA group results, a two-
sample t-test was then used to measure differences between MDD-Med and MDD-UnMed.
Chi-square tests evaluated group differences in sex, employment status, IPAQ exercise
category, current or recurrent depression, anxiety disorder comorbidity, and alcohol use
disorder comorbidity.

Group differences on interoceptive attention were tested in a whole-brain voxel-wise
analysis. Percent fMRI signal change from the contrast of the average of heart and
stomach interoception versus the target exteroceptive condition (INT-EXT) was extracted
for each subject and included in AFNI’s group analysis program (Chen et al., 2014)
using multivariate modeling (‘3dMVM”). Because of previously stated concerns about
false positive rates in fMRI cluster thresholding (Eklund et al., 2016), the resulting group
statistical map was corrected for multiple comparisons (p < 0.05) using a traditionally
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conservative approach. Specifically, a non-Gaussian spatial autocorrelation function (acf)
was used in the AFNI programs ‘3dFWHMXx’ and “3dClustSim’, which estimate intrinsic
smoothness and the probability of false positives, respectively. This approach has been
shown to address many of the previously existing issues regarding false positives (Cox

et al., 2017). Clusters with significant group effects were extracted for post-hoc analyses.
Intensity ratings on INT-EXT were calculated using the average of VIA heart and stomach
ratings versus target ratings. One-way ANOVAS were used to assess group differences on
INT-EXT for: (a) percent fMRI signal change, and (b) intensity ratings, followed by Tukey’s
Honest Significant Difference post-hoc tests if the overall test was significant. Two-way
mixed ANOVAS with group as the between subjects variable and condition (heart, stomach,
and target) as the within-subjects variable were used to follow-up on the one-way ANOVA
contrasts for the INT-EXT intensity ratings and fMRI percent signal change to determine
whether results were driven by differences in one or both of the interoception conditions
(heart, stomach) or the exteroception condition (target).

In addition to the whole brain analysis, a region of interest (ROI) analysis was performed
focusing on insular subregions. Specifically, three insular subregions defined from the
Brainnetome atlas (Fan et al., 2016) were selected for the analysis: dorsal agranular
(anterior), dorsal granular (posterior) and dorsal dysgranular (mid) insula (Supplemental
Figure S1). One-way ANOVAs were used to assess group differences on INT-EXT within
the dorsal anterior, posterior, and mid-insula ROIs for percent fMRI change in BOLD signal,
followed by Tukey’s Honest Significant Difference method if the overall test was significant.
In regions with significant group effects, we further quantified the evidence for pairwise
differences using Bayes Factors (BF).

Kruskal-Wallis non-parametric tests, followed by Mann-Whitney-Wilcoxon non-parametric
post-hoc tests were used to test group differences in Beat-to-Tap consistency scores for each
active condition (Guessing, Tone, No Guessing and Breath Hold).

Pearson’s correlations explored potential relationships between interoceptive awareness,
insular function, and depressive symptom severity within MDD participants. Specifically,
we correlated MAIA subscale scores that were significantly lower in MDD than HC with:
(1) bilateral anterior and left mid-insula BOLD signal for the INT-EXT contrast; (2) self-
reported intensity ratings for the INT-EXT contrast; and (3) PROMIS depression scores.

3. Results

3.1. Demographic and clinical assessments

Table 1 lists descriptive statistics and group tests for demographic and clinical measures.
All three groups did not differ on age, BMI, sex, education, employment status or physical
activity. Although the two MDD groups did not differ on substance use, depression or
anxiety symptoms, or comorbid disorders, both MDD-SSRI and MDD-UnMed reported
higher PROMIS depression, PROMIS anxiety, TAS, and RRS symptoms than HC.
Moreover, both MDD groups endorsed lower ratings on the MAIA Attention Regulation,
Body Listening, Not Distracting, Not Worrying, Self-Regulation, and Trusting subscales
than HC. In contrast, group ratings did not differ for the MAIA Emotional Awareness
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or Noticing subscales. Finally, the MDD-SSRI group exhibited a higher rate of recurrent
depression compared to the MDD-UnMed group.

3.2. Neuroimaging assessments of interoception

Whole brain results in Figure 1 demonstrate that INT-EXT group differences emerged for:
the left dorsal mid-insula (/133 = 7.09, p = .001), bilateral dorsolateral putamen (/133 =
7.45, p<.001), right amygdala (/133 = 6.89, p=.001) and bilateral dorsal caudate (/133
=5.32, p=.006). Table 2 illustrates that compared to HC: (a) MDD-SSRI exhibited lower
INT-EXT percent fMRI signal change within the left dorsal mid-insula (p < .01, &= .80,
BF = 73.5), bilateral dorsolateral putamen (p < .01, d= .65, BF = 12.3), bilateral dorsal
caudate (p= .02, d= .54, BF = 3.7), and right amygdala (p= .02, d= .59, BF =5.7); and
(b) MDD-UnMed also showed lower INT-EXT percent fMRI signal change within the left
dorsal mid-insula (o= .03, d= .49, BF = 2.2), dorsal putamen (p< .01, d= .73, BF = 30.4),
dorsal caudate (p< .01, d= .62, BF = 8.6), and right amygdala (p< .01, d= .76, BF = 45.2).
See Table 3 for details of coordinates and volumes for these regions.

Figure 2 indicates that the left dorsal mid-insula and right amygdala differences appeared

to be driven by MDD hypoactivation during heart and stomach attention, whereas the
bilateral putamen and caudate differences appeared to be driven by MDD hyperactivation
during visual (Target) attention. There was no statistically significant evidence for BOLD
signal differences between the MDD-SSRI and MDD-UnMed groups on the VIA task, and
Supplemental Figure S2 illustrates that any pattern of potential MDD group differences was
absent in interoception-related regions. However, the MDD-SSRI group endorsed higher
INT-EXT intensity ratings than MDD-UnMed (p < .01, d=.64) and HC (0= .02, d= .58;
Figure 3A), reflecting heightened heart and stomach sensation intensities (Figure 3B).

Insular ROI analysis showed that there was a significant group difference during INT-EXT
for left (/130 = 3.73, p=.027) and right (/130 = 3.62, p=.029) dorsal anterior insula,

as well as left dorsal mid-insula (/130 = 3.34, p = .038). Post-hoc tests demonstrated that
MDD-SSRI exhibited lower BOLD signal during INT-EXT than HC for left (0 =.037, d=
.52, BF =2.71) and right (p = .046, d= .50, BF = 2.19) dorsal anterior insula and left dorsal
mid-insula (p=.034, d= .58, BF = 4.6) (Table 4). MDD-UnMed exhibited trending lower
BOLD signal during INT-EXT than HC for left (p=.059, d= .48, BF = 1.98) and right (p
=.056, d= .48, BF = 1.88) dorsal anterior insula. In each ROI, there was moderate evidence
for no difference between MDD-SSRI and MDD-UnMed (BFs between 0.22 and 0.28).

3.3. Behavioral assessments of interoception

The groups differed on Beat-to-Tap consistency for the Guessing (Kruskal-Wallis p <

.01) and Breath Hold (Kruskal-Wallis p=.02) conditions (Figure 4). Specifically, for the
Breath Hold condition both the MDD-SSRI (Wilcoxon p= .02, d=.60) and MDD-UnMed
(Wilcoxon p< .01, d=.35) groups exhibited lower Beat-to-Tap consistency than HC;
however, the two MDD groups did not differ from each other. The MDD-UnMed group
also showed higher Beat-to-Tap consistency than HC (Wilcoxon p< .01, d=.82) and
MDD-SSRI (Wilcoxon p= .01, d=.63) during the Guessing condition. All three groups did
not differ in Beat-to-Tap consistency for the Tone or No Guessing conditions.

Biol Psychol. Author manuscript; available in PMC 2023 March 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Burrows et al. Page 9

3.4. Exploratory correlations within MDD

Lower ratings on two MAIA subscales were associated with lower left dorsal anterior insula
BOLD signal for the INT-EXT contrast: (a) Emotional Awareness (r=0.21, p= 0.04); (b)
Self-Regulation (r=0.24, p=0.02). In contrast, lower ratings on four MAIA subscales were
associated with higher PROMIS depression scores: (a) Not-Distracting (r=-0.24, p= 0.02);
(b) Not-Worrying (r=-0.25, p=0.01); (c) Self-Regulation (r=-0.40, p< 0.01); and (d)
Trusting (r=-0.37, p< 0.01). No significant correlations between MAIA subscales emerged
for: (1) left dorsal mid-insula or right dorsal anterior insula BOLD signal for the INT-EXT
contrast; or (2) self-reported intensity ratings for the INT-EXT contrast.

4. Discussion

This cross-sectional study examined the effects of chronic serotonergic antidepressant
medication — specifically SSRIs — on brain function during interoceptive attention, on
behavioral measures of cardiac interoception, and on self-reported interoceptive awareness.
We hypothesized that both SSRI-medicated and unmedicated MDD individuals would
exhibit reduced brain activation during interoceptive attention and reduced interoceptive
awareness relative to HC. Our hypotheses were supported by three out of four main findings.

First, both unmedicated and SSRI-medicated MDD exhibited lower left dorsal mid-insula,
right amygdala, bilateral dorsolateral putamen, and bilateral dorsal caudate signals than HC
to interoceptive versus exteroceptive VIA conditions, potentially reflecting reduced neural
resource allocation during interoceptive attention. The dorsal mid-insula is robustly activated
by the VIA task (Avery et al., 2014) and paradigms involving gustatory and cardiovascular
perturbations (Avery et al., 2015; Hassanpour et al., 2018). This brain area may thus

be important for the detection and initial processing of afferent interoceptive signals. A
recent meta-analysis of neuroimaging studies across psychiatric disorders showed that left
mid-insula activation was disrupted during interoceptive processing tasks (Nord et al.,
2021), a converging finding that is generally consistent with the present result in depressed
individuals. Moreover, our insular ROI results replicated whole brain findings demonstrating
that medicated MDD participants exhibited significantly lower left mid-insula responses (as
well as anterior insula attenuations) than HC to interoceptive versus exteroceptive signals;
unmedicated MDD participants showed trend-level findings in the same direction as the
medicated MDD group. There are several possible explanations for these brain imaging
results. First, blunted interoceptive processing might be a trait marker for individuals at

risk for MDD and is thus not influenced by medication. Second, this finding may be a
consequence of being in a depressive episode regardless of treatment. Third, this finding
may be transient and revert to non-blunted interoceptive salience processing as the acute
episode remits — with or without medication. Thus, future studies will need to assess
interoceptive processing as part of an active ongoing treatment study to disambiguate these
possibilities.

Second, both SSRI medicated and unmedicated MDD individuals showed evidence of
poorer heartbeat tapping performance than HC specifically during the Breath Hold
condition. These findings align with prior work demonstrating that greater depressive
symptoms are linked to more self-reported difficulty in maintaining mindfulness on
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breathing sensations (Burg and Michalak, 2011). Depressed individuals’ interoceptive focus
may be particularly disrupted during a dual task involving respiration, given that respiration
pattern variability is greater in MDD patients than healthy controls (Zamoscik et al., 2018).
However, as depressed individuals tend to perform more poorly on tasks requiring split
allocation of attentional resources than healthy individuals (Doumas et al., 2012; Levens

et al., 2009; Rokke et al., 2002), poorer heartbeat tapping performance during breath

holding may represent a more generalized difficulty with attention allocation irrespective

of interoceptive versus exteroceptive task content. Additional research is warranted to clarify
this issue.

Third, both SSRI-medicated and unmedicated MDD patients endorsed lower MAIA scores
than HC on subscales reflecting difficulty focusing on and having confidence in their

bodily signals, replicating prior work (Flasinski et al., 2020). Within MDD participants,
difficulties in emotional awareness and self regulation measured by the MAIA were, in

turn, linked to lower left anterior insula responses to interoceptive versus exteroceptive
stimuli, findings consistent with research positing that anterior insula is a crucial region for
facilitating emotional awareness (Gu et al., 2013). Fourth, in contrast to the brain activation
results focusing on interoceptive versus exteroceptive signals, only the SSRI-medicated
MDD group reported higher intensity ratings than MDD-UnMed and HC. Notably, this
pattern of heightened interoceptive intensity to heart sensations, paired with lower dorsal
mid-insula BOLD signal to heart and stomach sensations, in medicated MDD patients
mirrors our previous VIA findings for individuals with stimulant (amphetamine and cocaine)
use disorder, many of whom met criteria for a lifetime MDD diagnosis and were taking
antidepressant and other types of medication (Stewart et al., 2020). Within stimulant users,
greater heartbeat intensity was linked to more recent drug use, whereas a greater number

of past-year drug uses related to higher anterior to dorsal mid-insula signal approximating
that of HC (Stewart et al., 2020). It is important to note that individuals with a history of
stimulant use disorder in Stewart et al. (2020) were taking medications for various health
conditions, including hypertension, in addition to antidepressant drugs; similarly, a subset of
our medicated MDD sample in the current analysis were taking multiple medications. Given
the substantial drug heterogeneity within the medicated MDD group and the cross-sectional
design of this project, we were unable to ascertain whether a particular substance was
partially driving left dorsal-mid insula attenuation, but it is crucial to emphasize that the
influence of medication was specifically focused on this region of cortex, as opposed to
widespread attenuations across the brain.

In this study we found no evidence for differences in neural activity between the MDD-SSRI
and MDD-UnMed groups on the VIA task. Importantly, both medicated and unmedicated
groups showed consistent patterns of abnormal neural activity in regions believed to be
important for interoception (i.e. insula, amygdala, caudate). Thus, it seems reasonable to
expect that MDD patients who are stably medicated can be included in neural assessments
of interoception without worrying that this will confound measurement of brain activity. At
the same time, there was evidence of abnormal interoceptive awareness at the perceptual (i.e.
higher intensity of cardiac and stomach sensations in the medicated group) and behavioral
(i.e. lower Beat-to-Tap consistency during Guessing condition) levels for medicated versus
unmedicated MDD. These findings suggest that additional work is needed to determine
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whether there is an acute versus chronic impact of serotonergic medications on perceptual
mechanisms, particularly with respect to an increased focus on body sensations. One
potential avenue forward would be to examine the impact of acute SSRI (or other
serotonergic drug) administration on interoception using an experimental medicine approach
(i.e., see (Livermore et al., 2021) for such an example as applied to healthy individuals).
Indeed, autonomic symptoms such as flushing, heart palpitations, nausea, and constipation/
diarrhea are commonly observed during the initial weeks of taking such medications in
clinical settings (Trindade et al., 1998). However, these symptoms typically recede and
would not be typically observed in the chronic administration setting as studied here.
Whether such changes play a role in therapeutic responses during treatment initiation is
also unknown, and await further study, perhaps via longitudinal sampling approaches.

Although this analysis replicates and extends work reporting abnormalities of interoception
in MDD, several limitations related to our sample and study design are worth noting.

First, the Tulsa 1000 study was comprised of a heterogeneous sample of treatment-seeking
individuals. Although the present investigation excluded individuals with comorbid illicit
drug use and eating disorders, approximately two-thirds of our MDD sample met criteria for
at least one comorbid anxiety disorder; despite this comorbidity, it is important to note that
SSRI-medicated and unmedicated MDD groups did not differ in anxiety symptom severity
or other types of psychopathology (e.g., rumination, alexithymia, alcohol use disorder).

As high comorbidity between MDD and anxiety disorders are the rule rather than the
exception (Kessler et al., 2003), the findings from this study may be more generalizable to
community samples than research focusing solely on pure MDD. Second, as two-thirds of
the MDD groups were comprised of female participants, the results may be more applicable
to depressed women than men. Ideally, future work would evaluate interoceptive function in
MDD patients taking a more homogeneous antidepressant medication regimen. Third, this
cross-sectional analysis cannot determine whether MDD brain patterns were present prior to
medication onset or changed because of the initiation of medication. Longitudinal studies of
MDD outpatients pre- and post-treatment with antidepressant medication are thus warranted,
which would allow for a causal examination of the influence of specific drugs and degree of
depression symptom remission on brain and self-report metrics of interoception.

5. Conclusions

Our findings suggest that the attenuated patterns of neural activation that are observed

in depressed individuals during interoceptive attention are not ameliorated by the chronic
administration of serotonergic medications. However, amplified interoceptive sensation
ratings suggest a potential impact of chronic serotonergic medication on conscious
experiences of internal body states.
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Highlights
1. MDD patients exhibited lower self-reported interoceptive awareness than HC.
2. MDD patients showed lower insula, amygdala, and striatum activation than
HC.
3. Insula activation did not differ between unmedicated and SSRI-medicated
MDD.

4, MDD-SSRI displayed greater interoceptive sensation ratings than MDD-

UnMed and HC.
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Figure 1.

Interoception brain differences between HC, MDD-SSRI and MDD-UnMed during the
visceral interoceptive awareness task. MDD = major depressive disorder. SSRI = Use
of selective serotonin reuptake inhibitors. UnMed = unmedicated. Error bars reflect one

standard error.
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Group x condition interaction results for regions displayed in Figure 1. * Indicates a
significant difference for the MDD-SSRI or MDD-UnMed vs. HC comparison. MDD =
major depressive disorder. SSRI = Use of selective serotonin reuptake inhibitors. UnMed =
unmedicated. Error bars reflect one standard error.
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Figure 3.
(A) Intensity ratings for the interoception versus exteroception contrast (INT-EXT) during

the VIA task. * Indicates that the MDD-SSRI group endorsed significantly higher INT-EXT
intensity ratings than MDD-UnMed and HC. (B) Group*condition interaction results for
VIA intensity ratings. * Indicates that the MDD-SSRI group reported significant higher
intensities of heart and stomach sensations than MDD-UnMed and HC. MDD = major
depressive disorder. SSRI = Use of selective serotonin reuptake inhibitors. UnMed =
unmedicated. Error bars reflect one standard error.
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Figure 4. Heartbeat tapping task results.

* Indicates significant group differences on Guessing or Breath Hold condition.

Error bars reflect one standard error.
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Table 1.
Sample Demographics and Clinical Characteristics
Group HC (n=41) MDD-SSRI (n=47) MDD-UnMed (n=48) p-value
MDD-Med vs.
Mean (sd) Mean (sd) Mean (sd) 3 groups UnMed
Age 31.49 (10.54) 35.87 (11.21) 32.31 (11.28) 147 13°¢
Body Mass Index 27.42 (5.16) 29.32 (5.39) 27.10 (5.60) 114 06°
_ b b

Sex = Male (%) 18 (43.9) 11 (23.4) 15 (31.2) 12 53
Education 6.39 (1.45) 6.72 (1.17) 6.12 (1.70) 142 .05°¢
Employed = Yes (%) 30 (76.9) 27 (58.7) 33 (71.7) 170 277
IPAQ minutes per week 4659.21 (3678.56)  3849.07 (4279.15)  3616.51 (4388.08) 514 80°
IPAQ Category (%) .30b .81b

HEPA Active 21 (58.3) 17 (37.8) 18 (40.9)

Inactive 6 (16.7) 14 (31.1) 15 (34.1)

Minimally Active 9 (25.0) 14 (31.1) 11 (25.0)
OASIS 1.12 (1.35) 10.32 (3.50) 9.29 (3.40) <01? 15
PHQ 0.78 (1.17) 14.52 (5.41) 14.88 (4.13) <014 72°
SCOFF 0.05 (0.22) 1.30 (1.27) 1.33 (1.29) <01? 89°
DAST 0.07 (0.26) 0.51(0.88) 0.50 (1.22) 044 96°
PROMIS Alcohol Use Score 43.96 (6.86) 49.37 (5.92) 50.02 (7.36) <01? 64
PROMIS Nicotine Dependence Score 2554 (7.36) 27.28 (10.54) 21.51(10.39) 597 91°
PROMIS Depression Score 42.95 (6.26) 63.07 (6.39) 63.63 (6.73) <019 68°
PROMIS Anxiety Score 4550 (7.61) 63.93 (6.47) 63.34 (6.96) <01? 67¢
STAI Trait 27.71 (7.14) 55.96 (9.55) 57.85 (10.88) <018 36¢
STAI State 26.10 (6.45) 47.62 (11.08) 50.42 (10.73) <012 21¢
ASI Total Score 5.59 (6.99) 22.68 (14.20) 26.83 (15.31) <019 17¢
MAIA Attention Regulation Score 3.54 (0.93) 2.88 (0.97) 2.81 (1.00) <014 73¢
MAIA Body Listening Score 2.64 (1.39) 1.89(1.17) 1.86 (1.36) <014 01°
MAIA Emotional Awareness Score 3.44 (1.07) 3.54 (1.08) 3.22(1.22) 372 18°
MAIA Not-Distracting Score 2.12 (1.08) 1.67 (0.90) 1.68 (0.88) <0592 97¢
MAIA Noticing Score 3.41 (1.08) 3.54 (1.09) 3.4 (1.20) 83% 64°
MAIA Not-Worrying Score 3.43(0.98) 3.00 (0.83) 2.47 (1.20) <01? 01°
MAIA Self-Regulation Score 3.59 (1.04) 2.57 (0.88) 212 (1.11) <014 03¢
MAIA Trusting Score 3.95 (1.04) 2.71(1.12) 2.45 (1.10) <01? 25
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Group HC (n=41) MDD-SSRI (n=47) MDD-UnMed (n=48) p-value
MDD-Med vs.
Mean (sd) Mean (sd) Mean (sd) 3 groups UnMed
TAS-20 Difficulty Describin
Feelings Y 9 12.29 (3.66) 15.09 (3.47) 15.96 (3.03) <018 20¢
TAS-20 Difficulty Identifyin
Feelings Y fying 10.68 (4.27) 18.04 (6.20) 19.51 (6.38) <019 26°
TAS-20 Externally Oriented
Thinking Y 26.10 (3.58) 26.02 (3.27) 25.43 (2.64) 547 33°¢
TAS-20 Total Score 49.07 (8.89) 59.15 (9.15) 60.89 (9.02) <019 a5°
RRS Score 28.65 (7.14) 56.94 (10.84) 58.54 (10.43) <019 46°
Current Depression = Yes (%) NA 47 (100.0) 48 (100.0) NA NA
Recurrent Depression = Yes (%) NA 45 (95.7) 36 (75.0) NA .04b
Comorbid Anxiety Disorder = Yes b
(%) NA 33(70.2) 31 (64.6) NA .94
Comorbid Alcohol Use Disorder = b
Yes (%) NA 4(8.5) 8(16.7) NA .33
CDDR Lifetime Alcohol Use a 496.97 (1370.00) 623.98 (1397.15) 977.46 (4408.74.75) 704 59°

Note. HC = healthy control. MDD = major depressive disorder. SSRI = Use of selective serotonin reuptake inhibitors. UnMed = unmedicated.
IPAQ, International Physical Activity Questionnaire; OASIS, Overall Anxiety Severity and Impairment Scale; PHQ, Patient Health Questionnaire;
SCOFF, Sick Control One Fat Food Questionnaire; DAST, Drug Use Questionnaire; PROMIS, Patient-Reported Outcomes Measurement
Information System; STAI, State-Trait Anxiety Inventory; ASI, Anxiety Sensitivity Index; MAIA, Multidimensional Assessment of Interoceptive
Awareness; TAS-20, Toronto Alexithymia Scale; RRS, Ruminative Responses Scale; CDDR, Customary Drinking And Drug Use Record.

aOne—way ANOVA test
bXZ test.
C.

Two Sample £test.

dOne outlier from the MDD-SSRI group was excluded.
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Table 2.

Percent fMRI signal change of interoception vs. exteroception as a function of group membership.

Page 23

MDD- MDD-

Region HC SSRI UnMed MDD-UnMed vs. MDD-SSRI vs. MDD-

(n=41)  (n=47) (n=48) p- 2  MDD-SSRIvs HC HC UnMed

value
Mean Mean Mean p- b c p- b c p- b c
(sd) (sd) (sd) value d° BF value d° BF value d BF
Left Dorsal
Mid-Insula 12(14) 0309 06(12) <0 <o1 0 735 0 49 204 M 28 049
Bilateral —.04
Dorsolateral .05 (.15) ( '13) -.04 (.09) <.01 <.01 <.01 .73 304 .99
Putamen ' .65 123 .03 0.22
Bilateral
Dorsal ("'2%7) ("210% <01 02 54 37 <01 93
Caudate : : -.21(.20) 62 861 08 023
Right -.04 _
Amygdala .04 (.14) (13) 07(14) <01 02 59 57 <01 76 452 65 g 031
Note.

aOne way ANOVA followed by Tukey’s Honest Significant Difference method

Cohen’s deffect sizes computed with the effsize package in R. Statistically significant p-values are indicated in bold font. MNI = Montreal
Neurological Institute. HC = healthy control. MDD = major depressive disorder.

cBayes factors computed with the using ttestBF | the BayesFactor packages in R. SSRI = Use of selective serotonin reuptake inhibitors. UnMed =

unmedicated.
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Regions exhibiting interoception vs. exteroception group differences in voxel-wise whole brain analysis.

Table 3.

Peak MNI Coordinates

Volume (mm3)

Cluster

X y z
Left Dorsal Mid-Insula and Left Dorsal Putamen ~ -27 -15 5 1190
Right Dorsal Putamen 23 13 -5 804
Left Dorsal Caudate =7 7 7 402
Right Amygdala 21 -5 =21 252
Right Dorsal Caudate 9 3 11 220

Note. MNI = Montreal Neurological Institute. All results corrected for multiple comparisons at p < 0.05. Coordinate order = LPI.
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Table 4.

Page 25

Percent fMRI signal change for each group as a function of interoception-exteroception contrast and insula

ROI.
Region HC MDD- MDD- p- MDD-SSRI vs. HC UnMed vs. HC MDD-SSRI vs. UnMed
(n=41) SSRI UnMed lue?
(n=47) (n=4g) ~ Vvalue
Mean Mean Mean (sd) p b c p p b c
d BF d BF
(sd) (sd)
Left dorsal -0.23 -0.99 -0.93 .027 0.037 0523 271 0.059 0975 0.047 0.22
anterior (1.59) (1.33) (1.31)
insula
Right dorsal -0.42 -1.23 -1.20 .029 0.046 0500 219 0.056 0.994 0.025 0.22
anterior (1.87) (1.40) (1.41)
insula
Left dorsal 0.55 0.02 0.38 .066
posterior (1.16) (0.94) (1.09)
insula
Right dorsal 0.69 0.25 0.40 176
posterior (1.10) (0.98) (1.20)
insula
Left dorsal 1.79 1.01 1.22 .038 0.034 0578 46 0.157 0.748 0.155 0.28
mid-insula (1.53) (1.18) (1.54)
Right dorsal 1.56 1.02 113 192
mid-insula (1.46) (1.27) (1.52)

Note. HC = healthy control. MDD = major depressive disorder. SSRI = Use of selective serotonin reuptake inhibitors. UnMed = unmedicated.

aOne way ANOVA followed by Tukey’s Honest Significant Difference’ method

bCohen’s deffect sizes computed with the effsize package in R.

CBayes factors computed with the using ttestBF | the BayesFactor packages in R. Statistically significant p-values are indicated in bold font.
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