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Abstract 

Interoception is the signalling, perception, and interpretation of internal physiological states. Much of the 

psychopharmacology of interoception is still undiscovered. However, psychiatric disorders associated with 

changes of interoception, including depressive, anxiety, and eating disorders are often treated with selective 

serotonin reuptake inhibitors (SSRIs). The causal effect of acute changes of serotonin transmission on 5 

interoceptive cognition was tested by a within-participant, crossover, placebo-controlled study. Forty-seven 

healthy human volunteers (31 female, 16 male) were tested both on and off a 20mg oral dose of the 

commonly prescribed SSRI citalopram. For each randomly ordered session, participants made judgments 

on the synchrony of their heartbeat to auditory tones and expressed confidence in each of these judgments. 

Citalopram enhanced insight into the likelihood that one’s interoceptive judgment had been correct, driven 10 

primarily by enhanced confidence for correct responses. This effect was independent of measured cardiac 

and subjective effects of the drug. This novel result is evidence that acute serotonin changes can alter 

metacognitive insight into the reliability of inferences based on interoceptive information, which is a 

foundation for considering effects of serotonin on cognition and emotion in terms of effective top-down 

regulation of interoceptive influence on mental states. 15 

 

Introduction 

Interoception is the primary driver of allostasis, through which our health and vitality is maintained 

by dynamic, and often predictive, adaptations in our physiology, cognition, and behavior. By signaling, 

perceiving, and interpreting our internal physiological states, interoception changes how we feel, what we 20 

choose, how we react, what we learn, our physiological sense of ‘self’ and our beliefs about our situation 

[1–3]. Little is known about the psychopharmacology of interoceptive cognition. However, interoceptive 

changes are now known to feature as a transdiagnostic feature across psychiatric conditions, including 

depressive, anxiety, and eating disorders [4–7], a majority of which are treated with selective serotonin 

reuptake inhibitors (SSRIs). To our knowledge, a causative relationship between acute serotonin changes 25 
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and interoception has never been reported outside of the sensory domain of pain, making the present study 

necessary to bridge our understanding of interoception to neurocognitive models of antidepressant action 

in psychiatric disorders (e.g. [8]).  In this study, we tested the relationship between acute changes in 

serotonin signalling and cardiac interoception. 

Selective serotonin reuptake inhibitors (SSRIs) change the synaptic availability of serotonin. They 5 

can influence many forms of cognition, including learning [9–11], social perception [8], and decision-

making [12]. They also alter central nervous system plasticity [13]. Given these central and higher-order 

cognitive effects of SSRI, we hypothesized that SSRIs may also alter higher-order processing of 

interoceptive signals.  

There is good reason to expect a relationship between serotonin and interoception. Interoception 10 

communicates the state of homeostasis to influence cognition and emotion, contributes to the experience of 

reward and punishment, and is putatively susceptible to the regulatory orchestration of neural signals by 

other systems to determine its influence [14]. The serotonin system is also strongly linked to homeostasis-

regulating processes including digestion, temperature, respiration, bladder control, and stress [15], is 

similarly implicated in a variety of cognitive and behavioral control processes [16–18] including 15 

representation of both reward and punishment [19], and has regulatory effects on the influence of other 

systems [18,20]. Anatomically, a broad distribution of the serotonin system in the brain reflects its influence 

on other processes and serotonin nuclei in the brainstem are well positioned to regulate communication 

between the brain and body. Serotonergic antidepressants have already been shown to modulate the 

experience of pain [21,22]. In the other direction, visceral states can alter central serotonin availability, 20 

potentially by peripheral regulation of tryptophan metabolism [23]. There are also hints of a relationship 

between serotonin and the cardiac interoceptive domain. In healthy individuals, a reduced correlation 

between neural and cardiac response to surprise, for instance, occurs when the serotonin precursor, 

tryptophan, is depleted [24]. Moreover, patients with serotonin-linked social anxiety disorder [25] have 
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been shown to have reduced 5-HT1A binding potential in the insula cortex, a key area for interoception in 

the brain [3,26,27].  

A significant advance for interoception research was the recognition that different dimensions of 

interoception vary independently in human experiments and provide markers for pharmacological testing 

[28,29]. Here, we focus on three: interoceptive accuracy (the tendency to make correct judgements about 5 

internal sensations), confidence in the judgements, and interoceptive insight (the metacognitive evaluation 

of interoceptive accuracy i.e., correspondence of confidence to accuracy of judgments). High interoceptive 

insight can occur as high confidence when judgements that are based on interoception are accurate and low 

confidence when judgements are inaccurate.  

The ability to metacognitively distinguish between accurate and inaccurate interoceptive 10 

judgements, such as by improved predictions of incoming interoceptive information’s precision or other 

mechanism, could be the basis on which one regulates influence of interoception on mental states [2,14,30]. 

If this system falters, interoceptive sensations could have too much or too little influence, theoretically 

resulting in problems such as heightened anxiety [4], blunted affect [31], inappropriate response to hunger 

[5], poor choices [32,33] and reactive aggression [20]. Improved ability to distinguish informative and 15 

noninformative interoceptive signals, in contrast, could promote better control over interoceptive influence 

on other systems, and efficient shifts to alternative information sources for forming beliefs and inferences.  

The heart has rich and bidirectional connections and so cardiac interoception is commonly tested 

[34]. As mentioned, cardiac interoception has indicated to have a relationship with serotonin [24] and was 

the interoceptive domain available to our expertise and facilities. So cardiac interoception was tested in the 20 

present study.  

We tested the causal link between acute serotonin changes and interoception, with the focus on 

interoceptive accuracy, confidence, and interoceptive insight. We used a within-subject, placebo-

controlled, crossover study of healthy participants on and off the SSRI, citalopram. This design controlled 
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for both individual differences and effects of repeated task performance. Citalopram was chosen for its 

specificity to serotonin (3,800 times the affinity to the norepinephrine transporter and 10,000 times the 

affinity to the dopamine transporter [35]), tolerability, and common use.  

Interoceptive ability was quantified using a heartbeat discrimination task [28,36]. This requires a 

participant to attend to interoceptive sensations and report whether auditory tones are in or out of time with 5 

their heartbeat, and then self-rate confidence in that judgement. Interoceptive accuracy, confidence, and 

interoceptive insight were tested in the context of this task. Effects on interoceptive insight were measured 

as the overall ability for confidence to distinguish between correct and incorrect judgements, and further 

broken down into changes of confidence for correct and incorrect judgements.  

Materials and Methods 10 

Experimental Design 

This study used a double-blind, placebo-controlled within-subject, cross-over design. Participants 

underwent two test sessions, at least one week apart, under medical supervision. In one session they ingested 

20mg citalopram (Cipramil) in a cellulose capsule, with extra space filled with microcrystalline cellulose 

which is an inactive ingredient of the citalopram tablet. In the other session, they received placebo (an 15 

identical capsule containing microcrystalline cellulose, which was also in the citalopram tablet). No-one 

who had contact with participants was aware of the treatment order, which was pseudo-randomized, 

balanced for sex, and coded by a researcher who was not present during testing. Capsules were 

manufactured according to good manufacturing practice [37].  

Participants 20 

On a separate occasion, prior to testing, prospective participants undertook a screening session with 

a health questionnaire, heart rate and blood pressure monitoring by a medical doctor, and a structured 

clinical interview to determine any undiagnosed psychiatric conditions (Mini International 

Neuropsychiatric Interview; MINI [38]).  

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted January 14, 2021. ; https://doi.org/10.1101/2020.08.28.262550doi: bioRxiv preprint 

https://doi.org/10.1101/2020.08.28.262550
http://creativecommons.org/licenses/by-nc-nd/4.0/


6 
 

Exclusion criteria included: age under 18 or over 35 years; history of psychiatric disorder (including 

anxiety disorder, depression, eating disorder, psychosis and substance abuse disorder); presence of 

significant ongoing medical condition (including migraine, diabetes, epilepsy, glaucoma and hypertension); 

pregnancy or breastfeeding; currently taking any medication (excluding oral contraceptive pill); first-degree 

family history of bipolar disorder; Mini International Neuropsychiatric Interview (MINI) indication of: 5 

major depressive episode, manic episode, panic disorder, social phobia, OCD, PTSD, alcohol dependence, 

substance dependence, mood disorder with psychotic features, psychotic disorder, anorexia nervosa, 

bulimia nervosa, generalized anxiety disorder, or antisocial personality disorder. Participants were also 

instructed to abstain from alcohol or caffeine in the preceding 12 hours before the start of test sessions. 

Fifty-one participants were recruited. Each participant was asked if they could feel their own pulse 10 

in their finger with the apparatus in place. Three were excluded for feeling their pulse in their finger against 

the apparatus and one for technical errors preventing data collection. Forty-seven participants were 

successfully tested (mean age 23 (𝑆𝐷 = 3.9), 31 females, mean weight 64 kg (𝑆𝐷 = 10.9). Given weights 

of recruited participants, the average citalopram dose was 0.34 mg/kg (𝑆𝐷 = .05). Testing was conducted 

in two separate locations (test cubicles) and no difference of result was observed between locations. This 15 

study received ethical approval from the University of Sussex Sciences & Technology Cross-Schools 

Research Ethics Committee (ER/JL332/3, ER/JL332/9). Participants gave informed written consent. 

Procedure 

Interoception was measured as part of a battery of tasks, including information sampling, visual 

metacognition (see supplemental material), and social decision-making. Behavioral testing was timed to 20 

begin at 3 hours after administration, corresponding to estimated peak plasma levels [39]. 

Citalopram can exhibit side effects (typically mild at the dose used here) including nausea, 

headache, and dizziness [40]. Visual analogue scales (VAS; from 0-100) assessed the presence of these 

three somatic effects (nausea, headache, dizziness). Additionally, five emotion/arousal related effects were 

assessed with VAS scales between pairs of antonyms: alert−drowsy, stimulated−sedated, restless−peaceful, 25 
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irritable−good-humored, anxious−calm. Each measure was recorded three times: immediately following 

dosing, at the start behavioral testing and at the end. Mean scores for the two testing times were used in 

analyses, with paired t-tests to analyze whether significant differences occurred between citalopram and 

placebo sessions. Cardiac measures of heart rate (HR) and heart rate variability (the standard deviation of 

HR across intervals) were calculated at baseline and test time. Citalopram has been reliably shown to not 5 

affect blood pressure without interaction with other drugs [41,42] so blood pressure was not a dependent 

measure.  

Task 

Participants were connected to a fingertip pulse oximeter to monitor cardiac events (Xpod with 

8000SM sensor, Nonin Medical Inc., Minnesota, USA). The task was run in MATLAB (version 2018a, 10 

MathWorks) using a variant originally developed in [43].   

The interoception task [28,44] is a two-alternative forced choice task, often called the heartbeat 

discrimination task. Participants were instructed beforehand that the computer would play a set of tones 

that would be in or out of sync with their heartbeat. During each trial, their heartbeat was measured in real-

time, while a computer played a set of ten tones at either ~250ms or ~550ms after the R-wave [45]. These 15 

timings correspond respectively to judgements of maximum and minimum simultaneity (i.e., synchronous 

or delayed) between stimulus presentation and heartbeat [46] (see limitations section of discussion for 

consideration of other variable interval approaches). Following each trial, the participant was directed to 

respond to whether the tones were in or out of time with their heartbeats, and how confident they were in 

that answer using a VAS scale ranging from ‘total guess’ to ‘complete confidence’ on a scale of 1 to 10. 20 

Synchronous and delayed trials were presented in a pseudorandomized order.  

Twenty trials (10 synchronous and 10 delayed) were completed in each session. Performance on 

20 trials has been shown to correlate at 𝑟 = .7	with performance of 100 trials [47] or 𝑟 = .85 with 

performance on 50 [48], within subjects, and this number was chosen based on findings of prior literature 

at the time of design [28]. Since all comparisons were within-subject we minimized issues arising from 25 
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individual differences in the noise associated with using 20 trials (between-subject correlations, for 

example, would require more trials [47]).  

Analysis 

Accuracy scores were calculated by taking the mean number of correct responses for the session 

and dividing by the number of trials, resulting in a proportion correct. Confidence scores were computed 5 

as the mean of the trial-wise confidence VAS measure. Interoceptive insight was calculated by comparing 

confidence in correct choices and confidence in incorrect choices between drug and placebo conditions. 

The effects on correct and incurred response confidence can be summarized as the area under the receiver-

operating characteristic curve (AUC, MATLAB v R2020a) [49,50], measuring the correspondence of 

confidence to accuracy, independent from and unbiased by individual differences of confidence. Note AUC 10 

curves of accuracy (choice predicting correctness) provide the same information as proportion correct.  

We used repeated-measures GLMs to model within-subject differences between drug and placebo 

repeated measures ANOVA (JASP v 0.14). Effects or near significant effects of citalopram, nausea, 

heartrate, and anxiety were present. So, a second repeated-measures GLM was conducted for each measure 

that included, change of heartrate, change of nausea, and change of anxiety as covariates. There was no 15 

interaction effect with or moderation by gender or order and inclusion of these factors did not change results, 

so these were not included in the reported statistics.  

Further testing of the influence of nausea, anxiety, and heart rate was completed by mediation 

analysis (Fig S2, which includes the covariate analysis above as the direct effect [51]) and analysis of the 

main effects using abridged datasets in which heart rate, nausea and anxiety changes are very similar 20 

between placebo and drug conditions (see Supplemental Material).  

Results 

Baseline performances on both tasks were consistent with previous studies (Table 1) [28]. 

Citalopram reduced heart rate (beats per minute (bpm): 𝑡(46) = 3.9, 𝑝 = 	 .01, mean diff 𝛥𝑀 = 4.0), 

increased nausea (on 100-point scale: 𝑡(46) = 2.9, 𝑝 = .01, 𝛥𝑀 = 4.7) compared with placebo, and on 25 
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trend increased anxiety (on VAS scale of calm to anxious (scale 0-100), 𝑡(46) = −1.8, 𝑝 = .09, 𝛥𝑀 = 4.3. 

Citalopram did not change heart rate variability or any other measured physiological or subjective state (see 

Table S1). 

 

Table 1. Effects of Citalopram on Interoception Task Performance  5 

  Mean (SD)     

 with change of 
HR, nausea, & 

anxiety 
covariates 

 Placebo Citalopram F(1,46) p 𝜼𝟐 F(1,42) p 

interoceptive accuracy 0.56 (0.13) 0.58 (0.16) 0.57 .45 .01 0.10 .75 
confidence 5.03 (1.85) 5.47 (1.48) 3.60 .06 .07 3.05 .09 

interoceptive insight  0.50 (0.18) 0.58 (0.17) 6.51 .01 .12 5.09 .03 
  

Interoceptive accuracy was above 50% in both conditions (placebo 𝑡(46) = 3.2, 𝑝 = .002, 

citalopram 𝑡(46) = 3.6, 𝑝 = .001) but unchanged by citalopram (Table 1). Citalopram increased 

interoceptive insight with and without covariates of change to heartrate, nausea, and anxiety (Table 1, Fig 

1, Fig S1). Approximately two-thirds of individuals showed this effect. Further investigation showed the 10 

effect on interoceptive insight was driven by increases of confidence for correct interoceptive judgements. 

There was an interaction between the effect of citalopram and whether the judgement was correct 

(𝐹(1,46) = 6.91 𝑝 = .01; with covariates 𝐹(1,42) = 3.55, 𝑝 = 0.07). Confidence for correct judgements 

was higher on citalopram (𝐹(1,46) = 6.75, 𝑝	 = .01;	with covariates 𝐹(1,42) = 5.32, 𝑝	 = .02) (Fig 1C). 

Confidence for incorrect judgements did not change (𝑝𝑠 > .25) (Fig 1C). There was no interaction effect 15 

between the effect of citalopram and (i) change of nausea (F(1,43=.85, p =.36), (ii) heart rate (F(1,43 = 

.001, p = .98), or (iii) anxiety (F(1,43=.07, p = .79) on interoceptive insight. 
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Fig 1. Effect of citalopram on interoceptive insight. A. Change in interoceptive insight by each participant. 
B. Receiver operating characteristic curve representing confidence classification of interoceptive accuracy. 
C. Confidence for correct and incorrect judgements on scale from 0 to 10. Error bars are within-subject 
standard error. 5 

 

The independence of interoceptive insight from subjective and physiological effects of the drug 

was confirmed by follow up tests. We found near-zero correlation between interoceptive insight effects and 

changes of all physiological and subjective measures (Table S2), other than nausea which had a low non-

significant correlation (r(45) =.14, p =.36). In restricted datasets with no difference between drug conditions 10 

on heart rate, anxiety, or nausea between drug conditions the effect of citalopram on interoceptive insight 

remained (see supplemental materials). The effect of citalopram on interoceptive insight was not mediated 

by citalopram effects on accuracy, confidence, or any other measured effect of the drug (Fig S2, Table S3).  

In a separate experiment on the same participants, we investigated the effect of citalopram on a 

visual metacognition task (see supplemental material). Insight on both tasks correlated on placebo, but this 15 
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relationship fell away on citalopram due to the greater effect of citalopram on interoceptive insight. Adding 

the change of visual metacognition as a covariate to the original analysis of citalopram’s effect on 

interoceptive insight, including all covariates, did not reveal a relationship between effects on the two tasks.  

 

Discussion 5 

A single dose of the SSRI citalopram enhanced insight into the likelihood than an inference based 

on interoceptive information would be correct. This relationship was independent of citalopram effects on 

heartrate or self-reported subjective states. This demonstrated that an acute serotoninergic change is 

sufficient to change interoceptive metacognition. Below, we consider potential mechanisms, implications 

other cognition and serotonin function, limitations, and implications for clinical science.  10 

The neurocognitive mechanism of citalopram’s effect on interoceptive insight could depend on the 

method or methods by which an individual determines accuracy. For example, if a particular allocation of 

attention (between sound, cardiac interoception, and other information) increases the likelihood of a correct 

choice, then improved retrospective awareness of attentional allocation would improve insight into 

performance [52]. Alternatively, the mechanism could be that enhanced serotonin transmission increases 15 

insight into the quality of interoceptive information used to make the choice [53]. Predictive coding models 

explain subjective feelings and allostasis as outputs of interactions between top-down predictions about the 

states of the body and environment, and new, bottom-up sensations [14,30,54,55]. Layers of processing are 

implemented by similarly hierarchical neural networks, through which top-down predictions suppress or 

explain away signals encoded at lower levels. This leaves remaining signals to be broadcast forward to 20 

adjust higher-order predictions and drive allostasis (physiological, cognitive, and behavioural responses to 

changes within the body) [14,30,55]. With respect to the current findings, the top-down predictions posited 

to include ‘confidence’ in the lower-level prediction errors, which in turn, can be used to mediate post-

synaptic gain [56]. This gain can ease the propagation of bottom-up information to influence higher levels 

of the network [57]. Clinical disorders associated with altered interoception have been considered within 25 
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this predictive processing framework. Anxiety disorders, for instance, are proposed to arise from 

suboptimal interactions between lower and higher-level processes, whereby overreliance on incorrect prior 

expectations rather than useful lower-level inputs lead to constant surprise from new information and a 

perpetual drive for correction [4]. Improved interoceptive insight could help remediate such maladaptive 

cycles through increased reliance on reliable interoceptive inputs [53,58]. Given its regulatory effects on 5 

information flow in other systems [18,20], serotonin could theoretically mediate access to information about 

the precision of upward interoceptive signals. Precision itself may be encoded by other systems with which 

serotonin interacts (e.g., dopamine). Regardless of mechanism, if confidence in reliable interoceptive 

information is increased on citalopram, then the individual is better equipped to efficiently regulate the use 

of interoceptive signals, making consequent beliefs and feelings more accurate reflections of reality.  10 

The interoception task is challenging. Accuracy was above chance in both treatment conditions, but 

only a minority performed above chance in both sessions. The challenging nature of the task provides a 

poor fit for signal detection approaches to metacognition analysis that assume that metacognitive insight 

arises from the same information and processes as the perceptual decision, necessitating above chance 

accuracy to interpret above chance metacognition [59]. However, decision-making and metacognition can 15 

have different inferential goals and be represented by different anatomy (see [60]). They can therefore be 

receptive to distinct types of information or be determined by different processing of the same information. 

These differences can lead to situations of high metacognitive sensitivity despite low first-order accuracy 

[61], and indeed, high metacognitive accuracy (‘blindsight’) has been demonstrated at robustly chance 

performance [60]. In the present study, the effect of citalopram on interoceptive insight fits with top-down 20 

regulatory roles of serotonin, whereby citalopram could alter top-down insight into the choice process, 

without necessarily altering the choice itself. This specificity provides a pharmacological dissociation 

between choice and insight, with new implications for serotonin’s role in perception and consciousness.  

Targeted blockade of serotonin transporters has indirect effects on other systems [62]. So, while a 

shift of serotonin is sufficient to change interoceptive insight, the mechanism could also involve other 25 
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neurotransmitters. Moreover, the effect could stem from either activation or inhibition of serotonin 

transmission. Acute SSRI treatment can cause reductions or increases in serotonin transmission due to 

activation of 5-HT1A  auto-receptors, with variation of this across brain regions [63]. Moreover, effects of 

chronic citalopram treatment on interoception are not yet known [8].  

Finally, any effect on discrimination task performance may result from enhanced insight into either 5 

processing interoceptive information or interoceptive-exteroceptive signal integration.  

Effects on other cognition: Accurate higher order representations of the ability to make good 

interoceptive inferences could enable better top-down regulation, consciously or unconsciously, of 

interoceptive influence on other cognitive and emotional processes. In turn, this could result in mental states 

that are better reflections of reality (2,64). The onward effects of these changes in interoceptive insight on 10 

cognition and mood are important and exciting avenues for future research.  

In a separate experiment, we did not observe an effect of citalopram in the same participants for 

visual metacognition (Table S4). Correspondingly, the effect on interoceptive insight was larger than a 

metacognitive effect on the visual task. Reflecting this, a significant correlation of metacognitive insight 

measures on the two tasks on placebo falls away on citalopram. The design differences between the tasks 15 

do not make them directly comparable (i.e., number of trials and difference of modalities (visual vs 

interoceptive/auditory), which is why this analysis is supplemental to our main findings. Taken with 

caution, however, this may be the initial sign of the selectivity of serotonin’s effect on interoceptive insight 

rather than on metacognition in general. 

Further work is needed to show whether the serotonergic effect on cardiac interoception generalizes 20 

to other interoceptive domains such as respiratory or gastric sensations. To this issue, cardiac and 

respiratory interoceptive insight have been positively correlated in prior work [64].  

Implications for serotonin function: The pursuit of describing a unifying function for serotonin has 

been long and informative but not entirely forthcoming [65]. This finding of a causal link between serotonin 

and interoception, together with involvement of both interoception and serotonin in aversive and rewarding 25 
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signal processing [19,66], impulsive aggression [20,67], startle [68,69] and perception of threat [8,70] sets 

the stage for more overlap of mechanism across a diversity of serotonin effects on affective cognition than 

previously thought.  

Clinical Implications: The effect of citalopram on interoceptive insight provides a new framework 

for the study of serotonin in disorders associated with altered interoception. SSRI treatments and successful 5 

interoceptive therapies in depression and anxiety [71] may be found to overlap in mechanism as they 

ameliorate blunted affect [4] or break maladaptive cognitive cycles [72]. Perceptual biases that appear long 

before clinical effects of SSRIs are observed and thought to predict clinical outcomes [8,10] may be 

discovered to have interoceptive foundations. Anxiogenic effects arising near the onset of SSRI treatment 

[73] may be due interoceptive inputs suddenly being processed in a new way. If these hypotheses are 10 

supported in future studies, clinical effectiveness of SSRI treatment might be predicted by early 

interoceptive effects. 

Limitations: Research published after this project was designed noted that high numbers of trials 

(~40-60) are recommended to attain exceptionally high reliability on interoceptive accuracy, measured as 

an exceptionally high correlation (r > 0.9) with and accuracy levels measured with 100 trials [47]. The 15 

correlation of accuracy on 20 trials with the accuracy on 100 less ideal but still reasonable (r = 0.7).  So, 

the lack of citalopram effect on interoceptive accuracy (first order performance on the task), could be 

interpreted with the caution that effects may differ when more trials are used. The within-subject design 

used in this study removes issues highlighted for between-subject comparisons and correlations. Critically, 

the citalopram effect on interoceptive insight is not reliant on a specific level of accuracy, but rather 20 

awareness of when accuracy was high. Also related to between-subject comparisons, it has been 

recommended to use multiple intervals between the R-wave and tones to account for individual differences 

in what is perceived to be in sync and out of sync with the heart when assigning a particular accuracy level 

to an individual [74]. Like most prior studies, we used a single interval for all participants. The within-

subject design of this study mitigates problems of a single interval because any variance of subjective sense 25 
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of in and out of sync beats would be the same on and off citalopram. Yet, if there is substantial between-

subject variance of intervals associated with being in sync with one’s heartbeat, then more information on 

the precise nature of the effect would be gained future studies using variable intervals.  

The difficulty (low first order accuracy) of the task could mean that effects of citalopram on 

interoceptive insight could theoretically and intriguingly be limited to situations of high uncertainty, 5 

requiring further study across an array of task difficulties to fully understand applicable contexts.  

 Summary:  With this study, we find that serotonin can alter interoceptive metacognitive insight. In 

doing so, we provide evidence for serotonin activity a potential moderator of the ability to make reliable 

inferences from sensations within the body. 	
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Supplementary Results 

 

Fig S1. Distribution of Interoceptive Insight in both Conditions 

 

Somatic and psychological effects 5 

Table S1 shows the difference between scores in drug and placebo conditions on subjective ratings 

at test times. There were differences in the sample on the subjective nausea rating, corresponding to a mean 

4.7 difference on a 100-point scale. There was also a drop of heart rate on citalopram.  
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Table S1: Mean VAS score (SD) at test time and contrasts between drug conditions. † full sample, ‡ 
restricted sample, * p < .05, ** p < .01 

 
 scale placebo citalopram t(46) p 

FU
L

L
 S

A
M

PL
E

 
 

nausea 4.47 (7.29) 9.2 (11.8) -2.93 .005** 

headache 12.3 (17.3) 12.2 (17.6) 0.05 .96 

dizziness 9.4 (13.0) 11.0 (12.1) -1.22 .23 

alert − drowsy 44.0 (18.2) 47.8 (19.5) -1.27 .21 

stimulated − sedated 46.4 (15.6) 47.7 (14.9) -0.54 .59 

restless − peaceful 64.3 (18.6) 61.2 (18.7) 1.02 .31 

irritable − good-

humoured 
63.9 (17.7) 64.8 (16.1) -0.49 .62 

anxious − calm 71.9 (15.9) 67.6 (15.7) 1.75 .086 

 

In addition to reporting results with change of heart rate, anxiety and nausea as covariates in the 5 

main analysis, we did further analysis to confirm the absence of influence of these factors on our findings.  

First, we tested for correlations of each change with the effect of citalopram on interoceptive insight (Table 

S2).  No changes in cardiac or self-report variables between drug and placebo were significantly related to 

interoceptive insight. Next, we conducted a second analysis on restricted datasets, whereby cases were 

removed until a statistical comparison between citalopram and placebo exceeded p > 0.8. If data is restricted 10 

(N=31) to no difference of heart rate (F(1,30)=.01	,	𝑝 = .92, 𝛥𝑀	 − 0.08, SD	4.4	bpm	reduction)	between 

drug conditions, the effect of citalopram on interoceptive insight remains (𝐹(1,30) = 5.14 𝑝 = .03). If data 

is restricted (N=37) to no difference on nausea (F(1,36)=.027, p = .87, 𝛥𝑀 = .13 SD 4.98), the citalopram 

effect on interoceptive insight remains (𝐹(1,36) = 5.0, 𝑝 = .03). If data is restricted (N=42) to no 

difference on anxiety (F(1,41) = .03, p =.87, 𝛥𝑀 = .33 SD 12.79), the effect of citalopram on interoceptive 15 

insight remains (F(1,41) = 4.2, p =.046).  
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Table S2: Correlations between drug-placebo changes in cardiac/self-report variables and interoceptive 
insight 

Change of: interoceptive insight 
 r(45) p 

heart rate .01 .97 
heart rate variability -.01 .97 

nausea -.14 .36 
headache .00 .98 
dizziness .04 .82 

alert−drowsy .02 .90 
stimulated – sedated -.08 .59 
restless – peaceful .01 .95 

irritable − good-humoured -.01 .94 
anxious – calm .0 .88 

 

Finally, we conducted a mediation analysis (Fig S2) to assess the possibility of indirect citalopram 

effects on interoceptive insight via other measured factors. We ran the mediation analyses using a within-5 

subjects approach (MEMORE v2.1), which also includes both changes and average values of the mediator 

across conditions in the model [1]. This was conducted for all potential mediators showing differences in 

the mediating variable between drug and placebo i.e., path B, or correlations between drug-placebo 

differences and task variables (path C).  Results are reported in Table S3. No significant mediations were 

found. 10 

Fig S2: Mediation analysis approach 

 

drug 
manipulation 

dependent 
measure 

mediating 
variable 

effect of mediator on 
dependent measure (C) 

effect of drug on 
mediator (B) 

direct effect (A) 

indirect effect of drug 
through mediator (D) 

total effect (A+D) 
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Table S3: mediation analyses on interoceptive insight. HR – heart rate, † in units of insight scores, ‡ in 
units of the mediator. If bootstrap confidence intervals overlap zero, indirect effect is determined to be non- 
significant. 

 Mediator(s) 
 HR nausea anxiety ALL 3 

direct citalopram effect on interoceptive insight † 0.08 0.07 0.07 0.08 
t-stat 2.27 2.33 2.45 2.33 

p .028 .024 .018 .024 
effect of citalopram on mediator ‡ -3.99 4.71 4.29  

t-stat -3.91 2.93 1.75  
p <.001 .005 .086  

effect of mediator on interoceptive insight† 0.0013 <0.0001 .0002  
t-stat 0.27 0.01 .10  

p .77 .99 .86  
indirect effect of citalopram on interoceptive insight 

through mediator (path D) † -0.005 -0.0002 -.001  

Bootstrap Lower / Upper CI -.05/.03 -.04/.02 -.01/.01  
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Supplementary Experiment 

The same participants a visual metacognitive Insight task (VMI) after the interoception task.   

Methods 

VMI task: The visual task was taken from [2]. Participants were shown circles containing dots and 

instructed to indicate which contained more. Following each trial, they were asked to indicate their 5 

confidence in the previous response on a Likert scale. 200 trials were conducted in 8 blocks, with a self-

timed rest every 25 trials. The difficulty was staircased over the course of the task, with the difference in 

numbers of dots (Δd), adjusted to target a mean rate of correct answers of 70%, to keep a consistent level 

of difficulty between participants. One randomly selected circle always held 50 dots. After two consecutive 

correct responses, Δd was decreased by one dot; after one incorrect response, Δd was increased by one dot. 10 

 We calculated Δd corresponding to the number of dots differing between the two circles necessary 

to maintain 70% accuracy as a measure of performance. Staircasing was successful: mean accuracy was .71 

(𝑆𝐷 = .02) on placebo and .72 (𝑆𝐷 = .02) on citalopram. Confidence scores were recorded on each trial. 

Using performance and confidence ratings (1 to 6), we calculated visual metacognitive insight (VMI) as 

AUC, corresponding to the interoceptive insight measure. This common measure allowed a direct 15 

comparison of citalopram effects on cardiac interoception and visual exteroception. We could then look 

specifically for changes of confidence on correct and incorrect judgements. 

We also calculated visual metacognitive sensitivity (meta d’) and efficiency (meta d’ / d’) for 

reference to previous research [3,4]. Correlation of VMI and meta d’ in the placebo condition was 𝑟 = .92, 

and correlation between VMI and meta d’/d’ was 𝑟 = .86. We used GLMs including order, nausea, heart 20 

rate and anxiety as regressors of no interest to model within-subject differences between drug and placebo.  

We also examined the effects on confidence independently in correct and incorrect choices. 

For comparison of VMI with interoceptive insight controlling for the difference in accuracy and 

number of trials between tasks, we completed a supplementary analysis on VMI. 1000 random draws of 20 

samples each were taken from each participant separately for drug and placebo sessions, weighted to 25 
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include correct and incorrect trials at the same proportion as that person’s interoception task accuracy, in 

the same session. Computations on insight for each sample were made and the average of these used in 

statistical comparison with interoceptive insight at the same level of accuracy. 

To test if citalopram effects on interoception were over and above a general effect on 

metacognition, we performed a post hoc analysis of interoceptive insight with the addition of change of 5 

visual metacognition as a covariate in our original analyses.   

Results 

Interoceptive	 insight	 correlated	 with	 its	 equivalent	 measure	 in	 visual	 perception	 (VMI)	

(𝑟(45) = .35, 𝑝 = .02)	in	the	placebo	condition	indicating	some	consistency	between	measures,	but	

this	relationship	disappeared	on	citalopram	(𝑝 = .85).		10 

Given	 an	 observation	 of	 near	 significant	 interaction	 with	 order	 of	 treatment	 for	 some	

measures	of	visual	metacognition,	order	was	included	as	a	between	subject	factor	in	all	models	in	

addition	to	change	of	nausea,	heart	rate	and	anxiety.	

A comparison of citalopram effects between interoceptive insight and VMI demonstrated a 

significant drug x task interaction (𝐹(1,45) = 6.56, 𝑝 = .014), with a greater effect on interoception. 15 

There	was	no	effect	of	 citalopram	on	VMI	 (Table	S4).	This	 remains	 the	 case	 for	 subsets	of	visual	

perception	data	matching	interoceptive	task	accuracy	(20	visual	task	trials	with	same	mean	accuracy	

as	interoceptive	task	performance).		

Inclusion	of	visual	metacognition	changes	 in	 the	original	 interoceptive	 insight	analysis	(in	

addition	 to	 anxiety,	 nausea	 and	heart	 rate)	 as	 a	 covariate	did	not	predict	 or	 change	 the	 effect	 of	20 

citalopram	on	interoceptive	insight	(F(1,42)=5.78,	p	=	.02).		Change	of	visual	metacognition	did	not	

predict	 the	 citalopram	 effects	 on	 interoceptive	 insight	 (F1,42)	 =	 0.22,	 p	 =	 .64).	 	 There	 was	 no	
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interaction	 effect	 between	 effects	 of	 citalopram	 on	 VMI	 changes	 and	 interoceptive	 insight	

(F(1,42)=1.60,	p	=	0.21).			

 

Table S4: Repeated measures ANOVA conditional main effect for all exteroception  (visual) metacognition 
task. Full factorial models include order as a between subject factor, change of nausea, change of heartbeat, 5 
and change of anxiety, interactions of each covariate and factor with drug condition. 

   
conditional  
main effect 

 placebo citalopram F(1,45) p 
Δd 5.49 5.74 0.00 .99 
confidence (1-10 scale) 5.84 5.66 0.50 .48 
confidence correct 
choices 6.19 5.99 0.91 .35 
confidence incorrect 
choices 5.00 4.79 .01 .94 
VMI (AUC) 0.65 0.65 .50 .49 
meta d'  0.96 0.96 0.48 .49 
meta d’ / d’  0.79 0.77 1.19 .28 
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