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Perceptual insensitivity 
to the modulation of interoceptive 
signals in depression, anxiety, 
and substance use disorders
Ryan Smith1, Justin S. Feinstein1,2, Rayus Kuplicki1, Katherine L. Forthman1, 
Jennifer L. Stewart1,2, Martin P. Paulus1,2, Tulsa 1000 Investigators* & Sahib S. Khalsa1,2*

This study employed a series of heartbeat perception tasks to assess the hypothesis that cardiac 
interoceptive processing in individuals with depression/anxiety (N = 221), and substance use disorders 
(N = 136) is less flexible than that of healthy individuals (N = 53) in the context of physiological 
perturbation. Cardiac interoception was assessed via heartbeat tapping when: (1) guessing was 
allowed; (2) guessing was not allowed; and (3) experiencing an interoceptive perturbation (inspiratory 
breath hold) expected to amplify cardiac sensation. Healthy participants showed performance 
improvements across the three conditions, whereas those with depression/anxiety and/or substance 
use disorder showed minimal improvement. Machine learning analyses suggested that individual 
differences in these improvements were negatively related to anxiety sensitivity, but explained 
relatively little variance in performance. These results reveal a perceptual insensitivity to the 
modulation of interoceptive signals that was evident across several common psychiatric disorders, 
suggesting that interoceptive deficits in the realm of psychopathology manifest most prominently 
during states of homeostatic perturbation.

There is a growing consensus that interoceptive dysfunction, and specifically dysfunction in the brain’s ability 
to adaptively perceive and regulate the internal state of the body, may play an important role across a range of 
psychiatric  disorders1. Diagnostic criteria for mental disorders are in many cases related to interoceptive and 
visceral symptoms, and several components within current psychotherapeutic treatments include interoceptive 
 interventions2–6. A growing number of neuroimaging meta-analyses have also implicated the insula, anterior 
cingulate, and amygdala as regions with altered processing in several psychiatric  disorders7–9, and each of these 
regions is known to play an important role in the perception and/or regulation of internal bodily  states10,11. Yet, 
the precise mechanisms underlying interoceptive dysfunction within mental disorders remain insufficiently 
characterized.

One widely studied interoceptive domain is cardiac perception (cardioception). A number of tasks have been 
developed to study this function. Although they involve the performance of different actions, including heartbeat 
counting, heartbeat tapping, and heartbeat  detection12–17, the active components of these tasks all involve the 
shifting of goal-directed attention towards the heartbeat signal, and providing an explicit report of the perceptual 
experience of heartbeat sensations. Each of these tasks has a number of strengths and  limitations18–21. For exam-
ple, scores on the heartbeat counting task have been suggested to be biased by prior knowledge of heart  rate22 and 
to correlate with measured heart  rate21 (but see Ref.23 for a response, and Ref.24 for a counter-response). Regard-
less of one’s position on the optimal measure of cardioception, a consistent finding is that cardiac interoceptive 
accuracy is quite limited in the majority of individuals during resting conditions—where only roughly 35% of 
individuals appear to accurately perceive their own  heartbeats25. This is true even in the case of orthoptic heart 
transplantation, when the heart being perceived is not the one the person was born  with26. In contrast, heartbeat 
perception has been shown to increase in accuracy under conditions of heightened physiological arousal—sug-
gesting that physiological context can play a moderating  role27.

A related picture is beginning to emerge within clinical populations as well. While some neuroimaging studies 
have suggested altered interoceptive processing in psychiatric populations during interoceptive  attention28–34, 
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available behavioral studies of individual differences in interoceptive awareness within clinical populations have 
thus far been inconclusive. For example, studies of panic disorder patients under resting conditions have not 
demonstrated clear evidence for greater interoceptive accuracy for heartbeat  sensations35–37, despite the fact that 
multiple studies have shown that panic disorder patients perceive interoceptive (cardiorespiratory) sensations 
more intensely during a range of different physiological perturbations that transiently amplify afferent signal 
 strength38–44. These results suggest that differences in interoceptive experience during non-resting physiological 
contexts may be especially relevant for understanding psychopathology, especially for disorders with a heightened 
expression of anxiety.

In the present study, we chose to examine whether a non-invasive interoceptive perturbation would improve 
cardiac perception to a greater degree in healthy individuals than in a transdiagnostic sample of individuals with 
psychiatric disorders. We selected a transdiagnostic sample to help address the question of whether interoceptive 
dysfunction is disorder-specific, or common across disorders as a potential risk and/or maintenance factor. The 
possibility that interoceptive dysfunction is transdiagnostic is supported by current work in multiple patient 
populations. For example, aside from the panic disorder studies already discussed, a recent review concluded 
that—while work to date has a number of important limitations—the cumulative evidence suggests that individu-
als with moderate depression symptoms appear to show impaired interoceptive  accuracy45. Other preliminary 
work has also linked alcohol use disorder with low interoceptive  accuracy46, and there are several neuroimaging 
studies suggesting altered interoceptive processing within substance  users33,47–49. Thus, we sought to confirm 
whether our hypothesized interoceptive processing deficit was present across these diagnostic categories.

Given the numerous criticisms of the heartbeat counting measure, the prolonged measurement duration 
required by heartbeat detection  tasks12,14,15,17, and the inability to easily deploy an invasive physiological per-
turbation across a large sample, we employed a heartbeat tapping  task16,50 to measure individual differences in 
the ability to consciously detect and behaviorally report perception of one’s own heartbeat on a beat-by-beat 
basis. Importantly, we adapted the deployment of this task to include both resting and physiological perturba-
tion conditions. We expected that a non-invasive physiological perturbation of afferent cardiac signals would 
improve interoceptive accuracy in healthy participants and that this effect would be attenuated in psychiatric 
populations, perhaps reflecting a reduced capacity to modulate interoceptive processing in a flexible manner. 
Here we specifically chose to examine a transdiagnostic sample of individuals with mood/anxiety disorders and 
with substance use disorders.

Methods
Participants. Participants were sampled from the first 500 individuals collected in the Tulsa 1000  project51. 
The Tulsa 1000 is a naturalistic longitudinal study that recruited individuals with psychiatric disorders spanning 
mood, anxiety, substance use, and eating disorders with a transdiagnostic focus. Recruitment was based on 
the dimensional National Institute of Mental Health Research Domain Criteria  framework52. Individuals aged 
18–55  years were screened on the basis of self-reported dimensional psychopathology scores. Inclusion was 
based on the following measures: Patient Health Questionnaire (PHQ-9; Ref.53) ≥ 10, Overall Anxiety Severity 
and Impairment Scale (OASIS; Ref.54) ≥ 8, Drug Abuse Screening Test (DAST-10; Ref.55) score > 2, and/or Eating 
Disorder Screen (SCOFF; Ref.56) score ≥ 2. Healthy comparison participants who did not show elevated symp-
toms or psychiatric diagnoses were recruited during the same time period (from January 5, 2015 to February 22, 
2017). For more details, see Ref.51. The study was approved by the Western Institutional Review Board. All par-
ticipants provided written informed consent prior to completion of the study protocol, in accordance with the 
Declaration of Helsinki, and were compensated for participation. ClinicalTrials.gov identifier: #NCT02450240.

Due to our transdiagnostic focus on symptoms of depression, anxiety, and substance use, a subset of 410 
individuals were included from the first 500 participant cohort of the Tulsa 1000. As described below, we initially 
examined differences between healthy participants and all patients transdiagnostically. For secondary analysis of 
sub-groups, patients were divided based on primary diagnoses of (1) major depressive disorder and/or co-morbid 
anxiety disorders, or (2) substance use disorders. Anxiety disorders included social anxiety, generalized anxiety, 
panic, and/or posttraumatic stress disorder. Individuals were not included in the substance use disorders group if 
showing only alcohol or nicotine dependence, or for whom substance use was not the primary diagnosis as deter-
mined by the clinical assessment. For previous studies using this grouping approach, see Refs.57–59. Participants 
were diagnostically grouped based on DSM-IV or DSM-5 criteria obtained from a structured clinical interview at 
the time of testing (Mini International Neuropsychiatric Inventory 6 or 7 (MINI; Ref.60). Final groups consisted 
of 53 healthy individuals (28 male; mean age = 31.99 ± 10.97 years), 136 individuals with a primary diagnosis of 
substance use disorder (60 male; mean age = 33.70 ± 8.87 years), and 221 individuals with primary diagnoses of 
depression and/or co-morbid anxiety disorders (62 male; mean age = 36.23 ± 11.17 years). Other participants 
were excluded for the following reasons: 28 had a primary diagnosis of an eating disorder (which was not the 
focus of the present study), 16 had problems with electrocardiogram (ECG) data collection, 19 did not follow 
instructions and took their pulse during at least one heartbeat perception trial (verified by examining videos of 
the participants), 14 had non-estimable slopes reflecting changes in task performance across task conditions (see 
further details about the task and associated analyses below), and 13 made fewer than 2 responses in the first task 
condition, which also precluded inclusion in our primary analyses (see task details below). No participants in this 
sample (i) tested positive for drugs of abuse, (ii) met criteria for psychotic disorders, or reported (iii) history of 
moderate-to-severe traumatic brain injury, neurological disorders, or severe or unstable medical conditions, (iv) 
active suicidal intent or plan, or (v) change in medication within 6 weeks. Consistent use of prescribed psycho-
tropic medication was present in 68% of individuals with a primary diagnosis of depression/anxiety and in 44% 
of individuals with a primary diagnosis of a substance use disorder (primarily antidepressants and/or anxiolytics). 
For a more detailed characterization of secondary diagnoses and medications, see Supplementary Information.
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Procedure. As part of the Tulsa 1000 project, participants completed a large number of assessments, self-
report measures, and behavioral tasks (detailed in Ref.51). Here we focus on reporting performance during one of 
the behavioral tasks—a “heartbeat tapping task” in which participants were asked to behaviorally indicate each 
moment when they perceived their heartbeat by tapping a recording device with their finger. As mentioned ear-
lier, this design was based on similar approaches that have been previously  reported16,50, and was selected based 
on a number of experimental tradeoffs. These included the need to assess cardiac interoception: (1) in a large 
sample of psychiatric patients with different diagnoses; (2) under a time constraint (data collection needed to be 
completed within a brief time period due to the large number of other tasks involved in study participation); (3) 
under non-invasive contexts; and (4) while still including an interoceptive perturbation likely to induce a physi-
ological shift from a homeostatic baseline state. In the first task condition, participants were instructed to close 
their eyes and press a keyboard button (or touchpad in a few participants; see below) in synchrony with their 
heartbeat, to try to mirror their heartbeat as closely as possible. Even if they were not sure about their responses, 
they were told to take their best guess (the “guessing” condition), reflecting a standard instruction given during 
heartbeat counting  tasks61. Participants completed this task condition over a period of 60 s. In the second task 
condition, all instructions were identical except that participants were told to only press the key when they actu-
ally felt their heartbeat, and if they did not feel their heartbeat then they should not press the button (the “no 
guessing” condition). In other words, unlike the first time they completed the task, participants were specifically 
instructed not to guess if they didn’t confidently feel anything. They were also informed that it can be difficult 
to feel your heartbeat, and that some people may even go the whole trial without pressing the button at all. This 
“no guessing” condition can be understood as placing additional demands on the participant to monitor their 
own confidence in whether a heartbeat was actually felt, and, although it was not known at the time of task 
design, such instructions have been reported to substantially influence performance on the heartbeat counting 
 task62. Participants completed this task condition over a period of 60 s. In the third (and final) task condition, 
participants were again instructed not to guess, and additionally were asked to first empty their lungs of all air, 
take as deep a breath as possible, and hold it for as long as they could tolerate (up to the length of the one-minute 
trial). This third condition (the “breath-hold” condition) was used in an attempt to non-invasively increase the 
strength of cardiac interoceptive  signals63. An inspiratory breath-hold was specifically chosen since it leads to an 
increase in the overall volume within the chest cavity, bringing the heart against the chest wall, and potentially 
allowing one to more easily perceive palpitations at the point of maximum impulse (the physical location where 
the heart twists, moves forward and strikes against the anterior chest wall during systolic contraction of the heart 
 muscle27. In healthy comparisons, we expected that performance on this series of tasks would be linked to the 
strength of the cardiac signal evoked during each condition, being lowest in the guessing condition, higher in the 
no-guessing condition where subjects only pressed when they confidently felt their heartbeat, and even higher in 
the breath-hold condition. To assess task compliance, we also included an exteroceptive control task. The param-
eters of this task were identical to the first heartbeat tapping condition, with the exception that participants were 
instructed to tap each time they heard an auditory tone. An average of 80 tones were presented to each subject to 
give a reasonable approximation to a typical heart rate (reflecting the mid-point of the normal heart rate range 
of 60–100 beats per minute). To further mimic the physiological presentation of this exteroceptive signal, the 
number of tones presented to subjects was randomly jittered by ± 10% and presented in a pattern following a 
sin curve with a frequency of 13 cycles/minute (mimicking the range of respiratory sinus arrhythmia during a 
normal breathing range of 13 breaths per minute). This “tone tapping task” was completed between the first and 
second heartbeat tapping conditions.

In the initial version of the task, participant responses were recorded using a VMeter (http://www.vmete 
r.net/), which is a touch sensitive device that provides no tactile feedback, similar to a laptop touch pad. This was 
motivated by concerns that feedback from pressing a button might distract participants from their interoceptive 
sensations. During an initial pilot phase with 31 participants, we found that some participant responses were 
missed due to improper finger placement or pressing very lightly. At this point, we switched to using a standard 
Apple keyboard button in order to provide enough feedback that participants could tell when their responses 
were recorded. Twenty-one participants who used the VMeter (with data manually checked for quality) were 
included in the results we report here; 10 healthy comparisons, 10 with depression/anxiety, and 1 with substance 
use disorder. We also re-analyzed data without including these individuals, and confirmed that the pattern of 
results described below remained unchanged.

Psychophysiological measurement. A lead-II electrocardiogram (EKG)  was used to continuously 
assess the electrical timing of participants’ heartbeats throughout the task. Three EKG leads were connected to a 
MP150 unit (Biopac Systems, Inc., Santa Barbara). In addition, pulse plethysmography (PPG) was used to assess 
the physical timing of the pulse wave emanating from the systolic contraction of the heart, via a pulse oximeter 
attached to the earlobe. Response times were collected using a task implemented in PsychoPy, with data collec-
tion synchronized via a parallel port interface.

Analysis. EKG and behavioral response data were scored using in-house developed MATLAB code. Each 
participant’s pulse transit time (PPT) was estimated as the median delay between the R wave and the corre-
sponding positive inflection in the earlobe PPG signal. Potentially perceivable heartbeats were defined as occur-
ring at the onset of systole as defined by each participant’s pulse transit time (PTT), with 200 ms used as a reason-
able estimate for any participants without usable PTT data (according to previous estimates for the ear  PTT64).

Perceptual measure. Perceptual experience was assessed by calculating a measure of the variability in the 
time between an individual’s taps (indexing subjective experience) and each heartbeat or tone signal (indexing 

http://www.vmeter.net/
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objective events), which we term "beat-to-tap consistency". This perceptual measure was motivated by the fact 
that, to be reliable in tapping with the same delay relative to the occurrence of a heartbeat (under conditions in 
which the heartbeats themselves have variable timing), one would need to be accurately sensing the heartbeat 
signal. In contrast, the more variable the delay from beat-to-beat, the more random one’s perception (and subse-
quent tapping behavior) should be in relation to the occurrence of each beat.

The beat-to-tap consistency measure was calculated by first assigning each response to the nearest heartbeat 
(or tone) and calculating the time difference between the two—such that each response was assigned a response 
time, which could be positive or negative. The decision to use the nearest heartbeat (or tone) event, rather than 
the previous event as used by Ludwick-Rosenthal et al.16, was based on the observation that some participants 
tended to respond preemptively to repeated salient events (for an illustration, see Supplementary Fig. S1). First, 
we calculated the standard deviation of the response times. This measure, however, was expected to be (and was; 
see Supplementary Fig. S2) correlated with actual heart rate, due to the fact that faster heart rates yield shorter 
windows during which a participant may respond, so that a participant tapping randomly will tend to appear 
more precise. We estimated the distribution of expected values under random tapping using a participant’s 
actual recorded heart beats and actual number of responses, placed randomly using a uniform distribution for 
the minute trial. We then converted a participant’s actual tapping behavior into a Z-score by subtracting the 
mean and dividing by the standard deviation of the estimated distribution (see Fig. 1). In this way, we calculated 
a perceptual measure that was corrected for, and no longer correlated with (see Supplementary Fig. S2), actual 
heart rate: the beat-to-tap consistency. Note that, as a result, the beat-to-tap consistency measure also does not 
depend on individual differences in reaction times (e.g., as would be a concern if one instead simply measured 
the average temporal distance between heartbeats/tones and taps).

Statistical analysis. Linear mixed effects models were run in R accounting for potential group dif-
ferences in age, sex, their interaction with group, medication status, and tapping consistency within the 
tone trial (“tone-to-tap consistency”; TTC): y ~ Age  ×  Group + Sex  ×  Group + TTC + Medication sta-
tus + Trial × Group + (1 + trial|participant), where y = beat-to-tap consistency values for the heartbeat tapping 
conditions. This allowed us to assess whether perceptual responses changed as a function of the trial condition 
and whether that change differed across groups (i.e., a Group by Trial interaction). TTC was included to account 

Figure 1.  Illustration of how beat-to-tap consistency was calculated as a measure of reliability in the temporal 
relationship between participants’ heartbeats (shown as thick black lines with heart images above them) and 
taps (shown as blue hands, with either positive or negative temporal distances from each heartbeat) that was 
uncorrelated with their heart rate. This involved first estimating the distribution of expected (standard deviation; 
SD) values under random tapping using a participant’s actual recorded heartbeats and actual number of 
responses, placed randomly (indicated below by partially transparent hand images) using a uniform distribution 
for the trial over large numbers of simulated trials (here n = 1000 trials). Then a participant’s actual tapping 
behavior was converted into a Z-score by subtracting it from the mean and dividing by the standard deviation of 
the estimated distribution (see main text for more details).
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for potential individual differences in reaction times upon detecting a sensory signal generally (or other pos-
sible individual response idiosyncrasies unrelated to the interoception-specific aspects of task performance). 
Trial was coded as a continuous variable with values of 1 for the guessing trial, 2 for the no-guessing trial, and 
3 for the no-guessing + breath hold trial. This decision was motivated by the idea that perceptual ability should 
improve during trials where subjects confidently feel their heartbeat (no-guessing condition) and should further 
increase with homeostatic perturbation during the breath-hold. Post-hoc tests then allowed us to interpret those 
effects to test the possibility that perceptual responses would progressively increase across the 3 task conditions 
in healthy participants but not in the patient groups. Our initial analysis of beat-to-tap consistency compared 
healthy participants to patients transdiagnostically. We then re-ran this analysis separating the depression/anxi-
ety and substance use groups to assess the possibility of differences associated with distinct primary diagnoses. 
After confirming these results, we then ran analogous models to assess change across conditions in: number of 
taps and heartbeats, self-reported confidence in task performance, self-reported heartbeat intensity, self-reported 
difficulty performing the task, and counting accuracy. Heartbeat counting accuracy, a measure commonly used 
in prior cardioception research, was also determined using a modified version of the standard formula from 
the heartbeat counting  task17—in this case, replacing the number counted with the number of taps. These were 
performed to assess different potential explanations for our main findings with beat-to-tap consistency.

Exploratory machine learning analyses. In addition to testing for group differences in the analysis 
described above, we also chose to investigate individual differences in the slope of change in beat-to-tap consist-
ency across all diagnostic groups. To do so, we ran a simpler model: y ~ Trial + (1 + trial | participant) that allowed 
us to extract a coefficient (random slope) for each individual characterizing the degree of change in beat-to-tap 
consistency across conditions (interoceptive modulation ability; IMA). We then used this individual difference 
measure in an exploratory machine learning analysis to assess its relationship to task-specific measures as well as 
a large number of other clinical measures (150 predictors in total) gathered from the Tulsa 1000 data set. These 
measures are listed in Supplementary Information, and they were chosen due to their potential relevance to 
symptoms and risk factors for psychiatric conditions.

The ensemble machine learning approach we used was identical to that used in Ref.65, and the reader is 
referred there (and to Supplementary Information) for additional details. Briefly, our approach combined predic-
tions from multiple standard machine learning methods: elastic net (ENET), support vector regression (SVR), 
and random forest (RF). It then subsequently combined the predictions across methods by stacking or meta 
 ensemble66–68. Performance was assessed using a nested cross-validation procedure.

In addition to model performance, we also assessed variable importance (VI) using stacking. Here, each 
individual machine learning method provided a measure of importance for each variable. Different individual 
methods had different importance measures: absolute values of regression coefficients were used for ENET, 
“out-of-bag” mean square error obtained by permutation was used for RF; and a “filter” approach (https ://githu 
b.com/topep o/caret /blob/maste r/pkg/caret /R/filte rVarI mp.R) was used for SVR. Finally, single VI values for 
each variable—scoring how much that variable could account for IMA values—were computed by scaling each 
individual importance score (between 0 and 100) and then taking an average of the importance values of each 
method, weighted by the performance of each method (see Supplementary Information for details). Since uni-
variate analyses are more commonly reported in the literature than the proposed machine learning approach, 
we also computed Pearson correlation coefficients, 95% confidence intervals, and FDR corrected p-values for 
comparison purposes.

Results
Complete information on sample size, demographics, and symptom screening measure scores is provided in 
Table 1. Separate ANOVAs showed significant differences between groups in age (F (2, 407) = 4.76, p = 0.009), but 
no difference in body mass index (BMI; F (2, 393) = 1.2, p = 0.301). A chi-squared analysis also showed significant 
differences in sex composition between groups (χ2 (2) = 16.29, p < 0.001). Age and sex were thus controlled for 
in our main analyses below.

There was some loss of participants between conditions due primarily to there being too few responses to 
estimate beat-to-tap consistency during missing trials. Table 2 reports the final number of participants included 

Table 1.  Mean and standard deviation for clinical and demographic variables. *p-values correspond to the 
results of ANOVAs comparing the three groups.

Clinical and demographic variables Healthy comparisons Depression/anxiety Substance use p-value*

N = 53 221 136

Age 31.99 (10.97) 36.23 (11.17) 33.70 (8.87) 0.009

Sex (male) 28 (53%) 62 (28%) 60 (44%) < 0.001

PHQ-9 0.89 (1.30) 12.57 (4.98) 6.70 (5.82) < 0.001

OASIS 1.32 (1.88) 9.69 (3.46) 5.84 (4.78) < 0.001

DAST-10 0.09 (0.30) 0.66 (1.41) 7.49 (2.19) < 0.001

Body mass index (BMI) 27.64 (5.52) 28.79 (5.49) 28.23 (4.59) 0.301

Median Pulse Transit Time (s) 0.20 (0.02) 0.19 (0.02) 0.20 (0.02) 0.106

https://github.com/topepo/caret/blob/master/pkg/caret/R/filterVarImp.R
https://github.com/topepo/caret/blob/master/pkg/caret/R/filterVarImp.R
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for beat-to-tap consistency analyses in each condition, the descriptive statistics for beat-to-tap consistency by 
group and condition, as well as descriptive statistics by condition for the other task-related variables.

Pearson correlations between beat-to-tap consistency, counting accuracy, and other task-relevant variables 
are shown in Fig. 2. As can be seen there, beat-to-tap consistency showed significant (but fairly weak) correla-
tions with counting accuracy, self-reported confidence, intensity, and difficulty. For an analogous figure showing 
these relationships for counting accuracy, see Supplementary Fig. S3, which showed a similar pattern of results.

Breath‑hold manipulation check. To check whether the breath-hold had the intended effect, we used 
all available data (including those for which beat-to-tap consistency could not be calculated) and compared 
the no-guessing and breath-hold conditions. As expected, relative to the no-guessing conditions, the breath-
hold condition was associated with greater: number of taps (t(811) = 2.01, p = 0.04), heart rate (t(805) = 2.27, 

Table 2.  Mean and standard deviation for task-related variables. *p-values correspond to the results of 
ANOVAs comparing the three groups. a Higher values indicate greater difficulty.

Panel A Healthy comparisons Depression/anxiety Substance use p-value*

Guessing condition

N = 53 221 136

Number of taps 68.15 (29.20) 65.25 (31.24) 65.96 (36.73) 0.847

Number of heartbeats 66.47 (9.13) 70.24 (10.31) 70.42 (10.07) 0.036

Average delay between heartbeat and tap − 0.00 (0.05) 0.00 (0.04) 0.01 (0.06) 0.301

Self-reported  difficultya 57.53 (22.86) 53.73 (25.92) 47.96 (25.31) 0.032

Self-reported confidence 32.49 (19.20) 39.03 (21.11) 43.49 (23.27) 0.006

Self-reported intensity 20.51 (16.73) 28.75 (22.71) 36.68 (24.25) < 0.001

Counting accuracy 0.70 (0.33) 0.66 (0.29) 0.63 (0.43) 0.4

Beat-to-tap consistency 0.01 (1.11) 0.44 (1.06) 0.52 (1.47) 0.034

Panel B Healthy comparisons Depression/anxiety Substance use p-value

No-guessing condition

N = 41 182 122

Number of taps 24.41 (22.87) 29.27 (23.64) 35.30 (25.13) 0.02

Number of heartbeats 64.85 (10.07) 69.41 (10.21) 70.27 (10.00) 0.012

Average delay between heartbeat and tap 0.00 (0.15) -0.01 (0.10) 0.00 (0.07) 0.732

Self-reported difficulty 65.93 (27.48) 63.64 (29.86) 54.42 (29.43) 0.014

Self-reported confidence 33.76 (24.64) 39.62 (27.17) 40.71 (25.92) 0.338

Self-reported intensity 24.02 (19.31) 30.59 (25.77) 36.20 (26.26) 0.019

Counting accuracy 0.36 (0.28) 0.40 (0.30) 0.47 (0.31) 0.045

Beat-to-tap consistency 0.56 (2.23) 0.38 (1.68) 0.48 (1.75) 0.79

Panel C Healthy comparisons Depression/anxiety Substance use p-value

Breath hold condition

N = 36 169 113

Number of taps 32.72 (21.73) 31.45 (24.64) 38.51 (24.79) 0.056

Number of heartbeats 68.72 (9.74) 70.67 (10.35) 73.26 (11.03) 0.038

Average delay between heartbeat and tap 0.01 (0.12) 0.01 (0.11) 0.01 (0.08) 0.929

Self-reported difficulty 49.17 (26.49) 54.37 (25.04) 42.16 (27.55) 0.001

Self-reported confidence 47.47 (25.57) 50.40 (24.93) 52.09 (24.76) 0.614

Self-reported intensity 42.58 (27.33) 47.18 (27.55) 50.94 (27.29) 0.242

Counting accuracy 0.47 (0.28) 0.41 (0.27) 0.49 (0.28) 0.037

Beat-to-tap consistency 1.58 (2.46) 0.66 (1.66) 0.68 (1.17) 0.007

Panel D Healthy comparisons Depression/anxiety Substance use p-value

Tone condition

N = 53 220 135

Number of taps 77.68 (1.52) 77.54 (4.22) 79.24 (25.10) 0.557

Number of heartbeats 65.45 (10.66) 71.06 (10.34) 70.45 (10.15) 0.002

Average delay between tone and tap 0.01 (0.09) 0.00 (0.07) -0.01 (0.06) 0.298

Self-reported difficulty 18.57 (16.15) 23.65 (21.21) 27.19 (23.13) 0.039

Self-reported confidence 76.91 (14.45) 75.66 (18.45) 74.33 (18.91) 0.643

Self-reported intensity 85.25 (13.89) 83.64 (16.70) 79.53 (18.18) 0.038

Counting accuracy 0.99 (0.02) 0.99 (0.05) 0.94 (0.32) 0.068

Beat-to-tap consistency 9.02 (3.51) 8.63 (3.48) 7.72 (4.20) 0.037
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p = 0.02), self-reported confidence in task performance (t(802) = 5.06, p < 0.001)), self-reported heartbeat inten-
sity (t(797) = 7.98, p < 0.001), as well as less self-reported task difficulty (t(801) = 5.01, p < 0.001)), across groups.

Linear mixed effects analyses. In our linear mixed effects (LME) analysis of beat-to-tap consistency 
with the transdiagnostic grouping, we observed a significant effect of sex (F (1, 394) = 11.16 p < 0.001; greater 
beat-to-tap consistency in males), medication status (F (1, 388) = 8.72, p = 0.003; lower beat-to-tap consistency 
in medicated individuals), tone-to-tap consistency (F (1, 376) = 4.76, p = 0.03; positive relationship), trial con-
dition (F (1, 379) = 19.29, p < 0.001), group (F (1, 474) = 6.80, p = 0.009), and a significant interaction between 
trial condition and group (F (1, 379) = 11.18, p < 0.001). The effects of group and trial were accounted for by 
their interaction, which was driven by greater beat-to-tap consistency in the breath-hold condition in healthy 
comparisons than in patients (t(51) = 2.03, p = 0.048), and greater beat-to-tap consistency in the breath-hold 
condition than in the guessing (t(45) = 3.80, p < 0.001) condition in healthy comparisons but not in patients 
(see Fig. 3 for an illustration of the mean values by group and condition). A reversed pattern was also seen in 
the guessing condition, where lower beat-to-tap consistency was observed in the healthy comparisons than in 
the patient group (t(73) = 2.76, p = 0.007). No differences were seen in the no-guessing condition. Given the 
unexpected effect of medication status, in Supplementary Information we explored whether this effect might 
be primarily due to either antidepressant or anxiolytic medications. In the guessing and breath-hold conditions, 
reduced beat-to-tap consistency was only seen in those taking both antidepressants and anxiolytics in combina-
tion, while both medications separately and in combination were associated with lower beat-to-tap consistency 
in the no-guessing condition.

Results were similar when re-performing this analysis separating patients into the two diagnostic groups, 
with each group showing the same behavior pattern. Each of the previously found effects were still present: sex 
(F (1, 386) = 11.6352, p < 0.001; greater beat-to-tap consistency in males), medication status (F (1, 388) = 8.50, 
p = 0.004; lower beat-to-tap consistency in medicated individuals), tone-to-tap consistency (F (1, 373) = 4.51, 
p = 0.03; positive relationship), trial condition (F (1, 378) = 16.62, p < 0.001), group (F (2, 449) = 3.47, p = 0.03), and 
a group by trial interaction (F (2, 378) = 5.62, p = 0.004). Here the interaction was due to (1) greater beat-to-tap 
consistency in the breath-hold condition in healthy comparisons than in both depression/anxiety (t(57) = 2.0, 
p = 0.056; marginal) and substance use (t(55) = 2.01, p = 0.049), and (2) no significant differences in beat-to-tap 
consistency between trial conditions in either patient group (while beat-to-tap consistency was greater in the 
breath-hold condition than the guessing condition in healthy controls; as reported in the transdiagnostic analysis 
above; see Fig. 3). A reversed pattern was again seen in the guessing condition, where beat-to-tap consistency was 
lower in healthy comparisons than in depression/anxiety (t(77) = 2.5, p = 0.01) and substance use (t(126) = 2.5, 
p = 0.01). No differences were seen in the no-guessing condition.

Figure 2.  Exploratory Pearson correlations between beat-to-tap consistency by condition (rows), interoceptive 
accuracy via the standard heartbeat counting formula (counting accuracy), and other self-report and task-
relevant variables across task conditions. PTT median pulse transit time, #HBs number of heartbeats during the 
task condition, BMI body mass index. For reference, significant correlations at p < 0.05 (uncorrected) are marked 
with red asterisks.
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Full results for the analogous LMEs—including number of taps, number of heartbeats, self-reported diffi-
culty, confidence, and intensity, and counting accuracy—are also detailed in Supplementary Information. These 
analyses revealed significant trial type by group interactions with respect to number of heartbeats, difficulty, 
and counting accuracy. Further inspection suggested that the heart rate result was driven by a pattern in which 
heart rate increased in the breath-hold condition relative to the guessing and no-guessing conditions in healthy 
participants and substance users, whereas the depression/anxiety group did not show these differences, and 
instead showed greater heart rate in the guessing than no-guessing conditions (heart rate was also higher in the 
patient groups than in healthy participants in the guessing and no guessing conditions). The counting accuracy 
result was driven by a pattern in which counting accuracy was higher in the guessing condition than the other 
two conditions for all groups, but that substance users had higher counting accuracy than the other two groups 
in the no-guessing condition, and also had higher counting accuracy than the depression/anxiety group in the 
breath-hold condition. The difficulty result was driven by a pattern in which healthy participants reported less 
difficulty in the breath-hold condition than the guessing condition, whereas no differences in difficulty were 
present between these conditions in either patient group (i.e., mirroring the beat-to-tap consistency results). 
Healthy participants also reported less difficulty in the breath-hold condition than the depression/anxiety group, 
while they reported more difficulty in the guessing and no-guessing conditions than substance users (see Sup-
plementary Information for full results).

Our subsequent exploratory machine learning analysis revealed that a model with all demographic, clinical, 
neuropsychological, and task variables only explained 1% of the variance in IMA slope values (i.e. which meas-
ures how much beat-to-tap consistency increased from the guessing to no guessing to breath-hold condition 
for each participant). The top 10 variables with highest VI from highest to lowest (and associated univariate 
correlation values) are shown in Table 3.

Figure 3.  Bar plots showing the mean and standard error of beat-to-tap consistency by condition and 
group. There was an interaction between task condition and group, reflecting a pattern in which beat-to-tap 
consistency increased from the guessing and no-guessing conditions to the breath hold condition within healthy 
comparisons, whereas this measure remained unchanged within the two clinical groups. The bottom right plot 
shows that higher anxiety sensitivity scores for physical concerns (such as uncomfortable bodily sensations) 
were associated with lower interoceptive modulation ability (i.e., individual slope values reflecting how beat-to-
tap consistency changed from the guessing to no-guessing to breath-hold conditions).
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Discussion
This study probed cardiac interoceptive awareness across a large sample of patients with various psychiatric 
conditions spanning the depression, anxiety, and substance use disorder categories. The employed paradigms 
assessed whether different experimental conditions were associated with different levels of interoceptive aware-
ness, with a predicted increase in afferent signal strength during a breath-hold perturbation relative to resting 
conditions. This breath-hold perturbation appeared effective, as it decreased self-reported difficulty and increased 
self-reported confidence, perceived heartbeat intensity, observed heart rate, and number of taps. Healthy volun-
teers showed the expected increase in beat-to-tap consistency in the breath-hold condition relative to the two 
resting (guessing and no-guessing) conditions, whereas the patient groups exhibited a blunted response. Consist-
ent with this, only healthy volunteers reported significant reductions in difficulty from the guessing to breath-hold 
conditions. No group difference was seen in the no-guessing condition. And, unexpectedly, lower beat-to-tap 
consistency in the guessing condition was observed in healthy individuals than in the clinical groups. Notably, 
individuals on psychiatric medication showed lower beat-to-tap consistency, but group differences remained 
significant when accounting for this effect. Taken together, these data support the notion that psychiatric patients 
have a less flexible dynamic range of interoceptive processing that manifests most prominently during states of 
physiological perturbation.

The current study builds on previous bodies of work that have separately shown associations between mood, 
anxiety, and substance use disorders and interoceptive processing deficits (for reviews see Refs.47,70–73). For exam-
ple, one recent study found that a transdiagnostic patient sample (including affective disorders, schizophrenia, 
and personality disorders) showed lower subjective interoceptive confidence on both a heartbeat tracking task 
and a heartbeat discrimination task, as well as lower objective performance on the  latter74. Other previous cardiac 
perception studies have reported that depressed individuals exhibit reduced accuracy on a heartbeat counting 
 task75–77, and that performance is negatively correlated with depressive  symptoms78 as well as associated with 
both lower positivity and poorer decision-making75. As our assessment approach does not suffer from some of 
the limitations of heartbeat counting tasks discussed above, these results may provide a stronger confirmation 
that interoceptive processing abnormalities are present in these clinical populations, especially under the context 
of physiological perturbation. Notably, the relationship between beat-to-tap consistency and heartbeat count-
ing accuracy was weak, and the same pattern of changes in counting accuracy between task conditions was not 
found, suggesting that these are largely separate measures. However, an exploratory machine learning analysis 
of relationships between several putatively relevant clinical variables explained very little of the variability in 
beat-to-tap consistency across the different conditions.

The current results provide evidence of reduced flexibility in interoceptive processing in individuals with 
depression, anxiety, and substance use disorders relative to healthy comparisons, such that—while healthy indi-
viduals demonstrated changes in beat-to-tap consistency across conditions—the different task contexts had no 
effect on this interoceptive awareness measure in the patient groups. Based on these results, it will be worth 
considering in future work what mechanisms could account for such deficits in the flexibility with which intero-
ceptive signals are processed. For example, perhaps inflexible interoceptive processing arises in part as a result of 
central modulation deficits in some patients (e.g., a relative inability to internally adjust the way afferent intero-
ceptive signals are attended to under changes in afferent signal strength). Alternatively, as interoceptive signals 
are thought to play a role in directing cognitive processes toward homeostatically relevant  stimuli79, perceptual 
insensitivity to the modulation of interoceptive signals might also contribute to reductions in the adaptive alloca-
tion of cognitive resources to the task. It is worth noting however, that because performance did not improve in 
the breath-hold condition in the patient populations, this could further suggest a kind of perceptual processing 
rigidity independent of cognitive modulation, where interoceptive percepts are relatively insensitive to (or less 
constrained by) changes in bottom-up signals from the  body80.

One recently influential theoretical framework through which these findings might be viewed is the predictive 
processing  framework81–83. This framework views the brain as a probabilistic inference machine capable of evalu-
ating the most likely external causes of noisy sensory data, and of selecting both skeletomotor and visceromotor 
(and cognitive) actions based on predicted reductions in uncertainty, predicted metabolic demands, and pre-
dicted returns to internal and external conditions consistent with preferences and continued survival. A central 

Table 3.  Machine learning results.  Top 10 variables of importance and associated univariate correlations in 
accounting for variance in interoceptive modulation ability.

Variable importance Variable r

1 Physical concerns subscale of the anxiety sensitivity index − 0.17

2 PROMIS69 satisfaction subscale 0.12

3 Subjectively rated heartbeat intensity in the no-guessing condition 0.11

4 The state subscale of the state trait anxiety inventory 0.01

5 Age − 0.13

6 CDDR positive reinforcement 0.08

7 PROMIS informational support subscale 0.13

8 PHQ-9 scale − 0.13

9 PROMIS physical functioning scale 0.13

10 PROMIS ABI social scale 0.12
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concept within this framework is the notion of precision, which refers to implicit beliefs about the reliability of 
different internally and externally generated signals. One type of precision—sensory precision—corresponds to 
the estimated reliability with which patterns of sensory input provide evidence for one causal event outside of the 
brain over others. In any perceptual domain, the brain may learn "default" sensory precision estimates reflecting 
the baseline reliability of particular sensory signals, encoded in the pattern of synaptic strengths within sensory 
cortices. These precision estimates can be updated when afferent signal properties change, and they can also be 
adjusted through top-down (e.g., goal-directed) modulatory influences over these synaptic strengths emanating 
from higher cortical structures.

In the context of the present study, our temporally derived measure of heartbeat perception (i.e., heartbeat 
tapping) during the guessing condition could be understood as reflecting the default interoceptive sensory preci-
sion estimates acquired (or inherited) by a given individual with little influence from condition-specific cognitive 
modulation. Low values in this condition would therefore suggest that afferent signals originating from objective 
heartbeats are not encoded as reliable signals by an individual’s brain. Notably, our beat-to-tap consistency results 
in the breath-hold condition suggest that objectively increasing signal reliability did lead to updated (increased) 
precision estimates in healthy participants. But, it did not lead to this type of online updating in the depressed/
anxious or substance use groups. In contrast to these lower-level afferent processing mechanisms, increases in 
accuracy due to the no-guessing instruction could instead reflect the efficacy with which task instruction-specific 
cognitive modulation could alter the pattern of synaptic strengths within interoceptive processing cortices such 
that afferent signals were treated as more reliable. The fact that patient groups had higher interoceptive consist-
ency in the guessing condition, no difference in the no-guessing condition, and lower consistency in the breath-
hold condition suggests a type of fixed, unadjustable estimate of cardiac signal reliability—whereas healthy 
individuals could adjust this estimate in a flexible, dynamic way.

Assuming that afferent cardiac signals are in fact sufficiently reliable, increases in the precision-weighting 
of such signals would be expected to increase accuracy in heartbeat perception. Alternatively, the no-guessing 
instruction could have produced goal-directed changes in the thresholding of interoceptive evidence, such that 
a stronger signal was necessary to drive the decision to tap the button. This latter mechanism is more consist-
ent with changes in behavior leading to a reduced number of false positives without a reduced number of false 
negatives. While the specific underlying mechanism remains unclear, our results seem to indicate a generally 
reduced ability to modulate interoceptive signal processing in those with depression/anxiety and substance use 
disorders. Testing these different mechanistic hypotheses further would likely require a combination of explicit 
computational modeling, measurement of the associated neural circuitry (e.g. via functional neuroimaging 
and/or electroencephalography), and to perhaps include pharmacological or other physiological manipulations 
aimed at altering relevant neural modulatory systems (for recent work using this type of computational model-
ling approach, see Refs.59,84).

Consistent with the central modulation mechanism hypothesized above, it is noteworthy that individuals 
on psychotropic medications (which act on central neuromodulators) showed lower beat-to-tap consistency. 
It is unclear whether this is a counterproductive side effect of psychotropic medications or whether it could 
be beneficial (e.g., reducing awareness of unpleasant bodily sensations), and we don’t interpret it further here. 
However, there are a few other previous findings which could relate to this result. For example, one study found 
that a serotonergic receptor antagonist reduced activation in regions of the insula associated with  interoception85, 
which could pertain to reduced perceptual accuracy. Another study found higher heart rate and lower heart rate 
variability in individuals on antipsychotic medications, and higher self-reported bodily awareness in individuals 
on antidepressant  medications74. Yet another study showed that acute administration of a serotonin reuptake 
inhibitor increased metacognitive awareness of performance accuracy on a cardiac interoception  task86. However, 
as the aforementioned findings have mainly related to self-report or otherwise cognitive measures distinct from 
perceptual accuracy itself (as in this study), future work will be necessary to confirm the effects we observed and 
how they relate to these previous findings.

The exploratory machine learning analyses did not reveal strong predictive relationships between our indi-
vidual subject measure of interoceptive processing modulation ability (IMA; i.e., the slope of change in beat-
to-consistency across conditions for each subject) and several demographic, clinical, and neuropsychological 
variables—only accounting for approximately 1% of the variance in IMA scores. Thus, while we observed signifi-
cant group differences between healthy and clinical samples, further individual variation was not well explained 
by differences in symptom severity or other clinically relevant continuous measures we examined. In other 
words, despite the group effect, high between-subject variability may have prevented further (cross-validated, 
out-of-sample) predictive power at the individual level. It may be noteworthy, however, that the top variable 
of importance was the physical concerns subscale of the anxiety sensitivity  index87. This subscale measures the 
degree to which perceived bodily sensations trigger states of fear and anxiety, and our results showed that hav-
ing lower IMA was associated with greater anxiety sensitivity in this domain. One possibility is that lower IMA 
corresponds to a reduced ability to adjust the influence of afferent bodily signals when such signals become more 
or less noisy. If so, benign fluctuations in bodily sensations could be more easily misinterpreted as meaningful 
signals of danger and therefore promote greater anxiety. However, the replicability of this finding, and its correct 
interpretation, will need to be confirmed in future research. The same is true with respect to the relationships 
observed with other variables of high importance in our results. The associations with depression (PHQ-9 
scores), age, and perceived heartbeat intensity appear consistent with what one might expect based on previous 
 studies75–78; whereas those with several other variables are less clear. The univariate associations between IMA 
and these other variables were lower than for anxiety sensitivity, however; given that the model as a whole per-
formed poorly, these results do not warrant strong interpretation, and suggest that that other (perhaps genetic/
environmental) factors could play a greater role.
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There are several limitations to the present study. First, there was substantial data loss when arriving at the 
final analysis set (17–32%), primarily because some individuals did not feel their heart beat (and thus didn’t tap) 
a sufficient number of times to calculate beat-to-tap consistency. We would expect that this limitation could be 
overcome by utilizing a more robust physiological perturbation (e.g., inspiratory breathing loads, adrenergic 
modulation of the heartbeat with isoproterenol), but for our purposes such methodologies were not avail-
able for inclusion in the Tulsa 1000 project. Second, our sample had considerable clinical heterogeneity. While 
this improves representativeness of clinical populations in the community, it does limit our ability to interpret 
results with respect to specific diagnostic categories. Third, while the breath-hold perturbation appears to have 
been effective, it is notably weaker than the stronger, more invasive perturbations used in previous studies (e.g., 
isoproterenol infusion or carbon dioxide inhalation challenges). Finally, the Tulsa 1000 study from which our 
sample was taken did not include measures of emotion regulation ability. Given the relationship between emotion 
regulation and visceral regulation (e.g. engaging cognitive/behavioral strategies to reduce emotional arousal), 
an important future question may be to test whether reduced interoceptive modulation ability could relate to 
more difficulties in emotion regulation.

Conclusions
Our results provide evidence that individuals with depression/anxiety and substance use disorders show a per-
ceptual insensitivity to the modulation of interoceptive signals, highlighting unique individual differences in 
the manner in which interoceptive information is processed by humans in different cognitive and physiologi-
cal contexts. Future studies should further investigate the clinical relevance of these differences in flexibility of 
interoceptive modulation.
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