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Abstract (149 words) 

 

Altered interoceptive processes in Tourette Syndrome may foster the premonitory urges that 

commonly precede tics. Twenty-one adults with TS and 22 controls completed a heartbeat 

tracking task, and a heartbeat discrimination task. Three dimensions of interoception were 

examined: objective accuracy, metacognitive awareness, and subjective (self-report) 

sensibility. Trait interoceptive prediction error was calculated as the discrepancy between 

interoceptive accuracy and sensibility. Participants with TS tended toward lower interoceptive 

accuracy on the heartbeat tracking task, and increased self-reported interoceptive sensibility. 

The discrepancy between lower interoceptive accuracy and heightened sensibility, i.e. the trait 

interoceptive prediction error, was significantly greater in TS compared to controls. This 

suggests a heightened higher-order sensitivity to bodily sensations in TS, relative to a noisier 

perceptual representation of afferent bodily signals. Moreover, interoceptive sensibility 

predicted the severity of premonitory sensations and tics. This suggests interventions that 

work to align dimensions of interoceptive experience in TS hold therapeutic potential. 
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Introduction 

 

Tourette Syndrome (TS) is a neurodevelopmental hyperkinetic movement disorder 

characterised by tics, brief repetitive, recurrent movements and vocalisations, experienced as 

compulsive and ‘unvoluntary’ (Cavanna & Nani, 2013). Tics are commonly preceded by 

‘premonitory’ sensations, feelings of discomfort, itch or pressure, which are relieved upon tic 

release (Cavanna, Black, Hallett, & Voon, 2017). Premonitory sensations represent a likely 

causal trigger in tic production, generating a compulsive urge to move in order to relieve 

uncomfortable bodily feelings (Conceicao, Dias, Farinha, & Maia, 2017; Rae, Critchley, & 

Seth, 2018). Here, we investigated this sensory dimension of TS, testing how alterations in 

the perception of internal bodily signals may contribute to symptom expression. 

 

Premonitory sensations can be explicitly somatosensory, but often are poorly-localisable 

internal urges motivating movement (Cavanna et al., 2017). Interoception describes the 

central processing of internal bodily signals, including visceral states of arousal, through to 

their perception as emotional and motivational feelings (Critchley & Garfinkel, 2017). 

Interoceptive signals are processed along afferent neural pathways to insular cortex 

(Critchley, 2005). People vary in their sensitivity to internal bodily sensations and this variation 

is associated with differences in emotional and motivational behaviour, including vulnerability 

to anxiety or stress disorders (Dunn et al., 2010). Individual differences in insular structure and 

function predict ability to detect internal bodily sensations such as heartbeats (Critchley, 

Wiens, Rotshtein, Ohman, & Dolan, 2004). In TS, insular grey matter thickness is reduced, 

and furthermore, insular volume reduction and the strength of functional coupling between the 

insula and supplementary motor area predict severity of premonitory sensations (Draper, 

Jackson, Morgan, & Jackson, 2016; Tinaz, Malone, Hallett, & Horovitz, 2015). Together, these 

findings indicate a role for insular dysfunction and body perception in the expression of 

symptoms in TS.   

 



4 
 

Individual differences in interoception can be quantified using self-report (questionnaire) 

measures or, more objectively, from performance accuracy on interoceptive tasks, commonly 

of heartbeat detection. In one previous examination of interoceptive ability, people with TS 

showed lower accuracy than controls on a heartbeat detection task (Ganos et al., 2015). 

People with TS also self-report heightened sensitivity to bodily sensations, for example in 

response to questions such as, “I can often feel my heart beating” (Eddy, Rickards, & 

Cavanna, 2014). This suggests that people with TS may have less precise, yet more intrusive, 

representations of internal bodily signals; reflected in a mismatch between objective and 

subjective dimensions of interoception.  

 

Interoception can be conceptualised along three dissociable dimensions, of objective 

interoceptive accuracy (measured from performance on interoceptive tasks); subjective 

interoceptive sensibility (measured from self-report scales); and metacognitive interoceptive 

awareness (insight into interoceptive ability, reflecting correspondence between subjective 

and objective measures) (Garfinkel, Seth, Barrett, Suzuki, & Critchley, 2015). Discrepancy 

between objective and subjective dimensions of interoception can underlie the expression of 

clinical symptoms. In high-functioning individuals with autism (another neurodevelopmental 

condition that can overlap with TS), subjective sensitivity to bodily sensations is typically 

reported as greater than controls, while performance on objective interoceptive tests such as 

heartbeat counting or tracking tasks is lower (Garfinkel et al., 2016). This discrepancy, 

conceptualised as trait interoceptive prediction error, predicts the expression of anxiety 

symptoms and other affective features of autism (Garfinkel et al., 2016). The one previous 

study in TS found that individuals performed less accurately than controls on a heartbeat 

tracking task, and furthermore that interoceptive accuracy predicted severity of premonitory 

sensations (Ganos et al., 2015). Nevertheless, it remains to be established how symptom 

severity relates to discrete interoceptive dimensions, and trait interoceptive prediction error, 

i.e. discrepancy between subjective and objective dimensions of interoception. 
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Interoceptive tests of heartbeat perception also vary in design: Heartbeat tracking tasks 

(Schandry, 1981) are potentially subject to confounds of time estimation and higher order 

knowledge of heartrate (Brener & Ring, 2016; Ring & Brener, 1996). Alternatively, heartbeat 

discrimination tasks, in which participants indicate whether external visual or auditory stimuli 

are synchronous with their heartbeat, are often harder to implement and test integration of 

interoceptive with exteroceptive information (Katkin, Reed, & Deroo, 1983; Whitehead, 

Drescher, Heiman, & Blackwell, 1977). These methods differ in psychometric properties and 

therefore represent complementary approaches to investigating interoceptive ability (Garfinkel 

et al., 2015; A. Schulz, Lass-Hennemann, Sutterlin, Schachinger, & Vogele, 2013; S. M. 

Schulz, 2016). 

 

Here, we tested adults with TS and controls on both heartbeat tracking and discrimination 

tasks, incorporating trial-by-trial measures of subjective confidence, in order to calculate both 

interoceptive accuracy, and interoceptive awareness as a metacognitive index. In addition, we 

recorded general subjective sensitivity to bodily sensations (interoceptive sensibility) using 

self-report scores on the Body Perception Questionnaire (Porges, 1993).  We hypothesised 

that patients with TS will manifest differences from controls in dimensions of interoception, 

including mismatch reflected in trait interoceptive prediction error, and these differences may 

predict severity of premonitory sensations and tics. 
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Methods 

 

Participants 

Twenty-one adults with TS (12 male; age 18 to 51 yrs, mean 34 yrs; mean years of education 

15 yrs) and twenty-two controls with no history of neurological or psychiatric disorder (12 male; 

age 19 to 55 yrs, mean 34 yrs; mean years of education 15 yrs) gave written informed consent 

to participate. TS participants had received a diagnosis from a UK neurologist or 

neuropsychiatrist. The two common comorbidities, attention deficit hyperactivity disorder 

(ADHD) and obsessive compulsive disorder (OCD), were not exclusion criteria, but were 

noted. Six TS participants were taking serotonergic medications, two were taking 

dopaminergic, and one was taking both serotonergic and dopaminergic medications. The 

remaining twelve were unmedicated. 

 

Severity of tics, premonitory sensations, ADHD and OCD symptoms were assessed with the 

Yale Global Tic Severity Scale (YGTSS; tic severity maximum 50, impairment maximum 50); 

Premonitory Urge for Tics Scale (PUTS; maximum 36); Adult ADHD Self-Report Scale (ASRS; 

maximum 6); and the Yale Brown Obsessive Compulsive Scale (YBOCS; maximum 40). 

Demographics and clinical features are listed in Table 1. The study was approved by the 

National Research Ethics Service South East Coast Brighton Research Ethics Committee. 

 

Heartbeat tracking task 

Participants’ heartbeats were monitored using a pulse oximeter attached to their non-dominant 

index finger (‘soft’ mount PureLight sensor; Nonin Medical Inc., MN, USA). Participants were 

instructed to “silently count the number of heartbeats you feel from the time you hear ‘start’ to 

when you hear ‘stop’”, on six trials of varying duration (25, 30, 35, 40, 45, 50s), presented in 

a randomised order (Schandry, 1981). Following each trial, participants gave a confidence 

rating in their perceived number of heartbeats on a visual analogue scale, from ‘total guess 
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(no heartbeat awareness)’ to ‘complete confidence (full perception of heartbeat)’, scored from 

0 (no heartbeat awareness) to 10 (full perception of heartbeat). 

 

Heartbeat discrimination task 

A series of ten auditory tones (440Hz, 100ms) were delivered synchronously or 

asynchronously to the participant’s heartbeat (Katkin et al., 1983; Whitehead et al., 1977). 

Synchronous tones were delivered 250ms following the R-wave, adjusting for the average 

delay (~250ms) between the R-wave and arrival of the pulse at the finger (Payne, 

Symeonides, Webb, & Maxwell, 2006). Asynchronous tones were delivered with an additional 

300ms delay, namely 550ms following R-wave. Following each trial, participants were asked 

to indicate whether they perceived the tones to be synchronous or asynchronous with their 

heartbeats, and give a confidence rating in this report using the same visual analogue scale 

as the heartbeat tracking task. Twenty trials were completed (10 synchronous, 10 

asynchronous). The heartbeat discrimination task was run following the heartbeat tracking 

task to prevent timing of the tones providing cues to participants’ heart rate. 

 

Interoceptive accuracy 

Interoceptive accuracy, reflecting objective interoceptive performance, was calculated on the 

heartbeat tracking task according to the trial-by-trial ratio of perceived to actual heartbeats (1 

– (nbeatsreal - nbeatsreported) / (nbeatsreal + nbeatsreported) / 2) (Garfinkel et al., 2015; Hart, 

McGowan, Minati, & Critchley, 2013). These ratios were averaged to give a mean heartbeat 

tracking score. On the heartbeat discrimination task, interoceptive accuracy was calculated as 

the ratio of correct to incorrect synchronicity judgements (range: 0 to 1). 

 

Interoceptive awareness 

Interoceptive awareness, reflecting metacognitive insight into own performance, was 

calculated on the heartbeat tracking task as the Pearson correlation (SPSS, version 24) 

between interoceptive accuracy and confidence rating on each trial. Interoceptive awareness 
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on the heartbeat discrimination task was calculated according to the area under the curve 

using a receiver operating characteristic (ROC) analysis of the trial-by-trial correspondence 

between accuracy (synchronicity judgement correct / incorrect) and confidence rating 

(Garfinkel et al., 2015). 

 

Interoceptive sensibility 

Subjective interoceptive sensibility, reflecting self-reported sensitivity to bodily sensations, 

was calculated as the mean score on the awareness section of the Body Perception 

Questionnaire (BPQ) (range: 0 to 4) (Porges, 1993). 

 

Trait interoceptive prediction error 

For both the tracking and discrimination tasks, accuracy scores were converted to 

standardised z-values (SSPS), as were the interoceptive sensibility scores from the BPQ. Trait 

interoceptive prediction error (tIPE) was calculated as the discrepancy between z-scored 

accuracy and sensibility (sensibility – accuracy), for both tracking and discrimination scores. 

Positive tIPE values reflect a tendency for the individual to over-estimate interoceptive ability, 

while negative values reflect a tendency to under-estimate (Garfinkel et al., 2016). 

 

Statistical analyses 

Group differences in interoceptive accuracy and awareness on the tracking and discrimination 

tasks, and interoceptive sensibility according to BPQ scores, were analysed using 

independent t-tests (SPSS). Furthermore, group differences in tIPE on the heartbeat tracking 

task (tIPET) and heartbeat discrimination task (tIPED) were analysed using two independent t-

tests. For the comparison of interoceptive accuracy on the tracking task, Levene’s test 

indicated the data were not equivalently distributed between the two groups (F=6.054, 

p=0.018), and so we report a Mann Whitney test (SPSS) for this comparison. We also tested 

whether TS participants and controls differed significantly from chance performance (0.5) on 

the discrimination task with two one-sample t-tests. 
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We tested whether interoception related to symptom severity across the TS participants, using 

a series of 1-tailed Pearson correlations (SPSS) for relationships between the following 

measures of interoception: (1) accuracy (tracking), (2) accuracy (discrimination), (3) 

awareness (tracking), (4) awareness (discrimination), (5) sensibility (BPQ), (6) tIPET, and (7) 

tIPED, with tic severity (YGTSS), impairment (YGTSS) and premonitory sensations (PUTS). 

Given we tested for correlations between a clinical score and several measures of 

interoception, for each clinical score, we corrected for multiple comparisons using false 

discovery rate (FDR) across the seven interoceptive indices, in Matlab (Nantick 2013a) using 

a script by A. Winkler (https://s3.us-east-2.amazonaws.com/brainder/2011/fdr/fdr.m described 

at https://brainder.org/2011/09/05/fdr-corrected-fdr-adjusted-p-values/) (Benjamini & 

Hochberg, 1995). We report both FDR corrected and uncorrected p values (Table 2). 

  

https://s3.us-east-2.amazonaws.com/brainder/2011/fdr/fdr.m
https://brainder.org/2011/09/05/fdr-corrected-fdr-adjusted-p-values/
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Results 

 

Interoceptive accuracy 

Participants with TS performed the heartbeat tracking task with reduced mean accuracy 

(0.62), compared to controls (0.75), in line with the findings of Ganos et al (2015) (Figure 1a). 

However, this difference did not attain threshold significance (U=167.5, p=0.123). There was 

no significant difference in interoceptive accuracy on the heartbeat discrimination task 

between participants with TS (0.56) and controls (0.54) (t(41)=0.403, p=0.689). Neither the 

TS participants (t(20)=1.747, p=0.096), nor the matched controls (t(21)=1.750, p=0.095) 

differed significantly from chance performance (0.5) on this task. 

 

 

Figure 1. a) Interoceptive accuracy on the heartbeat tracking task tends to be lower in 

participants with TS, while b) interoceptive sensibility according to the Body Perception 

Questionnaire tends to be higher (although the differences are not significant at p<0.05). c) 

This discrepancy is reflected in a significantly greater trait interoceptive prediction error (tIPE). 

 

Interoceptive awareness 

There were no significant differences in metacognitive interoceptive awareness between 

participants with TS and controls, on the heartbeat tracking task (t(41)=-0.018, p=0.986; TS: 
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0.261, controls: 0.264) nor the heartbeat discrimination task (t(41)=0.805, p=0.425; TS: 0.568, 

controls: 0.533). 

 

Interoceptive sensibility 

Participants with TS demonstrated greater mean interoceptive sensibility (2.49) than controls 

(1.97) on BPQ score, although this difference did not attain threshold significance 

(t(41)=1.846, p=0.072) (Figure 1b). 

 

Trait interoceptive prediction error 

tIPE reflects the discrepancy between interoceptive accuracy and sensibility (z-scored 

sensibility minus z-scored accuracy). tIPE on the heartbeat tracking task (tIPET) was 

significantly greater in participants with TS (0.58) than controls (-0.53) (t(41)=2.975, p=0.005), 

reflecting a tendency for participants with TS to be over-sensitive to their bodily sensations, 

and a relative tendency for controls to be under-sensitive to such sensations  (Figure 1c). tIPE 

on the heartbeat discrimination task (tIPED), though numerically elevated in participants with 

TS (0.24), was not significantly different to controls (-0.19) (t(41)=1.107, p=0.275). 

 

Impact of interoception on symptom expression 

A series of Pearson correlations in the TS group tested for relationships between all measures 

of interoception and three clinical scores: tic severity (YGTSS), impairment (YGTSS) and 

premonitory sensations (PUTS). We corrected for multiple comparisons using false discovery 

rate (FDR), and report both FDR corrected and uncorrected p values (Table 2). 

 

Without FDR correction, interoceptive accuracy (discrimination task) correlated positively with 

tic severity on the YGTSS (r=0.375, p=0.049). Interoceptive awareness (tracking task) 

correlated negatively with the YGTSS impairment score (r=-0.371, p=0.047). Furthermore, 

greater interoceptive sensibility predicted severity of all three clinical scores: tic severity 

(r=0.518, p=0.008), impairment (r=0.431, p=0.026), and premonitory sensations (r=0.571, 
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p=0.003). Even following FDR correction, interoceptive sensibility correlated with the severity 

of premonitory sensations (r=0.571, p=0.021) (Figure 2). 

 

 

Figure 2. In TS participants, greater interoceptive sensibility, according to the Body 

Perception Questionnaire, predicts the severity of premonitory sensations (p=0.003, p=0.021 

following FDR correction). 
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Discussion 

 

Interoception refers to the processing of internal bodily signals, including heartbeats, 

encompassing afferent signalling, central processing, neural and mental representation of 

internal bodily signals and the feeling states that they engender (Critchley & Garfinkel, 2017). 

Interoceptive abilities can be defined according to complementary dimensions of objective 

accuracy, subjective sensibility and metacognitive awareness (Garfinkel et al., 2015). Our 

findings indicate that, in TS, interoceptive accuracy tends to be reduced, while subjective 

sensibility, according to self-reported sensitivity to bodily sensations, tends to be increased. 

Moreover, these interoceptive dimensions interact such that compared to controls, trait 

interoceptive prediction error, which calculates the discrepancy between accuracy and 

sensibility, was increased in TS. Thus, TS participants over-estimate their interoceptive ability 

or are over-sensitive to bodily sensations, relative to the precision with which they can detect 

them. In contrast, controls show under-estimation and relative insensitivity to such signals. 

Moreover, in individuals with TS, heightened general sensitivity to bodily sensations was found 

to be a strong predictor of the severity of premonitory sensations, such that the greater the 

ratings of interoceptive sensibility, the worse their experience of premonitory sensations that 

can trigger tics. These results provide direct evidence linking the often-overlooked sensory 

symptoms of TS to general aspects of self-representation that are built as ‘interoceptive priors’ 

over time from bodily feeling states and their integration across organ systems (Rae et al., 

2018).  

 

Interoceptive information concerning the physiological arousal and integrity of the body is 

processed through afferent pathways to representations within insula cortex (Critchley & 

Garfinkel, 2017). In TS, insular grey matter thickness is reduced, and this reduction correlates 

with severity of premonitory sensations (Draper et al., 2016). Furthermore, the strength of 

functional connectivity between the right dorsal insula and SMA also predicts severity of 

premonitory sensations (Tinaz et al., 2015), implying that insular dysfunction and the 
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associated representation, integration and perception of afferent bodily signals underpins the 

expression of sensorimotor symptoms in TS. The functional corollary of these 

neuroanatomical findings is that individuals with TS would show differences in aspects of 

interoception compared to controls, and that the nature of such differences will provide further 

insight into symptom genesis. Indeed, the one previous study on interoception in TS, which 

focused purely on the dimension of interoceptive accuracy using the heartbeat tracking task, 

reported poorer interoceptive performance in TS, which was associated with premonitory 

sensation severity (Ganos et al., 2015). 

 

In line with that previous result, we found that numerically, participants with TS had lower 

interoceptive accuracy on the same task. Our results did not attain threshold statistical 

significance, which likely reflects the limitation of patient sample sizes within our (n=21) and 

the earlier (n=19) studies (Ganos et al., 2015); relative to the normative distribution of 

heartbeat tracking accuracy. However, it is noteworthy that both sets of findings are broadly 

consistent, not only in direction of the effect, but in the observed performance levels within the 

TS (0.62 vs 0.58) groups, suggesting that there is a moderate reduction in interoceptive 

accuracy in TS. 

 

While the heartbeat tracking task offers advantages for investigating interoception in clinical 

groups, being straightforward to administer, one drawback is that participants may estimate 

passage of time, rather than attend as instructed to their heartbeats, and report instead their 

perception of elapsed seconds as a proxy measure for the number of beats (Ring & Brener, 

1996). We therefore also administered a heartbeat discrimination task, in which participants 

indicate whether tones are delivered synchronously or asynchronously to the heartbeat, as 

this task is not subject to the same concern. Furthermore, heartbeat tracking and 

discrimination tasks likely test complementary facets of interoceptive function (Garfinkel et al., 

2015; Ring & Brener, 2018), engaging different functional brain circuits (S. M. Schulz, 2016), 

and differentially modulated by stressors (A. Schulz et al., 2013) or neuropeptides (Betka et 
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al., 2018). Participants with TS did not show altered interoceptive accuracy on the 

discrimination task compared to controls. However, floor effects on heartbeat discrimination 

tasks are well-described, particularly within small samples (Garfinkel et al., 2015; Khalsa, 

Rudrauf, & Tranel, 2009). Accuracy on the heartbeat discrimination task also typically follows 

a bimodal distribution with relatively few people performing with high accuracy. This can limit 

the usefulness of comparisons between clinical and control samples, since both groups may 

be at chance performance (Garfinkel et al., 2016). Indeed, this was found to be the case in 

our study: the mean score of both the TS participants (0.56) and controls (0.54) was not 

significantly different from chance (0.5). An alternative approach to controlling for the time 

estimation aspect of the heartbeat tracking task is to ask participants to report perceived time 

intervals, in addition to perceived heartbeats, and the correspondence taken into account.  

However, the estimation of time intervals may in part rely on interoceptive processing (Craig, 

2009; Wittman, 2016). This represents a valuable future avenue for studies of interoception in 

TS. 

 

In addition to the dimension of interoceptive accuracy, we characterised experiential and 

metacognitive aspects of interoception: Participants completed self-report questionnaires of 

their subjective sensitivity to bodily sensations, and also rated confidence in their interoceptive 

judgements. This enabled the calculation of interoceptive awareness (insight), a metacognitive 

reflection on participants’ own interoceptive abilities. It is noteworthy that for both the tracking 

and discrimination tasks, interoceptive awareness was equivalent in both participants with TS 

and controls. This suggests that people with TS are unimpaired in short-term metacognitive 

abilities to judge their own objective interoceptive performance on a trial-by-trial basis, 

adjusting confidence based on the relative accuracy of each judgement. 

 

However, when it comes to subjective self-reported sensitivity to bodily sensations, a different 

picture emerges. Compared to controls, participants with TS report numerically increased 

sensitivity to bodily sensations, according to scores on the Body Perception Questionnaire 
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(Porges, 1993). This instrument accesses more general information concerning the perception 

of bodily sensations, integrated over time and across channels; scoring, for example, how 

frequently one experiences palms sweating, rapid breathing, and increased heart rate. The 

TS population scored higher on average than controls, though this effect remained a trend 

(reflecting group sizes and high within-group heterogeneity). However, when adjusted for 

heartbeat detection performance, TS participants differed significantly from controls. We have 

conceptualised the computed relationship between this broad measure of subjective 

sensitivity to bodily sensations and objective performance accuracy on interoceptive tasks as 

trait interoceptive prediction error (Garfinkel et al., 2016). This indexes discrepancy between 

detection of interoceptive signals and reportable self-beliefs or expectations concerning bodily 

perception. The prediction and appraisal of internal bodily sensations (against expectations) 

can underpin emotional experience, motivated behaviour and even self-representation 

(Barrett & Simmons, 2015; Seth & Friston, 2016). Speculatively, our data suggests that the 

balance between higher-order subjective presentation of bodily sensation and the veracity of 

ascending bodily signalling might be critical to sensory triggering of tics (Rae et al., 2018). 

  

Our findings extend a previous examination of subjective bodily awareness in individuals with 

TS, who reported greater sensitivity to internal bodily sensations on the Private Body 

Consciousness Scale (Eddy et al., 2014). By examining three dimensions of interoception 

within the same sample, we can relate subjective experience to objective performance to shed 

light on how interoceptive experience aligns across these axes. It is plausible that the trait 

interoceptive prediction error identified here, reflecting a discrepancy between an inaccurate 

central processing of bodily signals, and heightened subjective autonomic experiences, 

generates ‘sensory surprise’ in people with TS. In probabilistic hierarchical models of brain 

function, the generation of such prediction errors within the insular cortex may engender 

premonitory sensations, as unexpected sensory symptoms that require mitigating action to 

remove, generating tics (Rae et al., 2018). 
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Our observation that interoceptive sensibility correlated positively with severity of premonitory 

sensations, as measured by the Premonitory Urge for Tics Scale (PUTS) (Woods, Piacentini, 

Himle, & Chang, 2005), provides further support for this putative mechanism, such that the 

greater a patient’s subjective self-report sensitivity, the worse the premonitory sensations. It 

is interesting that it was the interoceptive sensibility measure that predicted symptom severity, 

rather than trait interoceptive prediction error. This may relate to the contribution to the trait 

interoception prediction error score of participants’ heartbeat tracking accuracy, which, though 

numerically lower, was not significantly different to controls.  Nevertheless, these findings 

require further validation in larger numbers of people with TS.  

 

The association between severity of premonitory sensations and subjective sensitivity to 

bodily sensations highlights the potential for therapeutic strategies in TS that target autonomic 

control of internal bodily state and its feedback into conscious awareness of interoceptive 

feelings. For example, biofeedback training enables patients to manage autonomic reactivity 

through focused attention: However, typical training protocols may need to be tailored to avoid 

confounding occurrence of tics themselves, which can interrupt physiological feedback (Nagai 

et al., 2014). Alternatively, anecdotal reports from patients suggest that premonitory 

sensations can be used as cues for countermeasures and voluntary suppression of tics (Bliss, 

1980; Kwak, Dat Vuong, & Jankovic, 2003; Leckman, Walker, & Cohen, 1993). In such cases, 

patients who report the greatest subjective sensitivity to bodily sensations may be the best 

empowered to use premonitory symptoms to manage the expression of tics if desired. 

However, there is limited empirical evidence to date suggesting an association between 

severity of premonitory sensations and tic suppression success (Ganos et al., 2012).  

 

Some evidence suggests that interoceptive abilities can be increased through dedicated 

training programmes (Bornemann, Herbert, Mehling, & Singer, 2014). It is plausible therefore 

that, by enhancing interoceptive accuracy in TS, subjective bodily sensations may become 

less potent, by aligning expected sensations with perceived sensations. This holds promise 
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for reducing premonitory sensations in TS, and thereby, potentially fostering a reduction in 

tics.  

 

Conclusions 

Experiential aspects of interoception are altered in TS, contributing to the reported severity of 

premonitory sensations. A decrease in interoceptive accuracy relative to an increased 

interoceptive sensibility is reflected in a trait interoceptive prediction error in TS individuals that 

impacts the appraisal of and reaction to interoceptive cues, yet metacognitive insight into 

interoception task performance, however, is no different to controls. A heightened subjective 

sensitivity to bodily sensations predicts the severity of premonitory sensations, which suggests 

that interventions that work to align dimensions of interoceptive experience in TS hold 

therapeutic potential. 

 

 

Funding 

This work was supported by a donation from the Dr. Mortimer and Theresa Sackler 

Foundation. The funders had no role in the conduct of the research or the decision to submit 

the article for publication. 

 

  



19 
 

References 

 

Barrett, L. F., & Simmons, W. K. (2015). Interoceptive predictions in the brain. Nat Rev 

Neurosci, 16(7), 419-429. doi: 10.1038/nrn3950 

Benjamini, Y., & Hochberg, Y. (1995). Controlling the False Discovery Rate: A Practical and 

Powerful Approach to Multiple Testing. Journal of the Royal Statistical Society. Series 

B (Methodological), 57(1), 289-300.  

Betka, S., Gould Van Praag, C., Paloyelis, Y., Bond, R., Pfeifer, G., Sequeira, H., . . . Critchley, 

H. (2018). Impact of intranasal oxytocin on interoceptive accuracy in alcohol users: An 

attentional mechanism? Soc Cogn Affect Neurosci. doi: 10.1093/scan/nsy027 

Bliss, J. (1980). Sensory experiences of Gilles de la Tourette syndrome. Arch Gen Psychiatry, 

37(12), 1343-1347.  

Bornemann, B., Herbert, B. M., Mehling, W. E., & Singer, T. (2014). Differential changes in 

self-reported aspects of interoceptive awareness through 3 months of contemplative 

training. Front Psychol, 5, 1504. doi: 10.3389/fpsyg.2014.01504 

Brener, J., & Ring, C. (2016). Towards a psychophysics of interoceptive processes: the 

measurement of heartbeat detection. Philos Trans R Soc Lond B Biol Sci, 371(1708). 

doi: 10.1098/rstb.2016.0015 

Cavanna, A. E., Black, K. J., Hallett, M., & Voon, V. (2017). Neurobiology of the Premonitory 

Urge in Tourette's Syndrome: Pathophysiology and Treatment Implications. J 

Neuropsychiatry Clin Neurosci, 29(2), 95-104. doi: 

10.1176/appi.neuropsych.16070141 

Cavanna, A. E., & Nani, A. (2013). Tourette syndrome and consciousness of action. Tremor 

Other Hyperkinet Mov (N Y), 3. doi: 10.7916/D8PV6J33 

Conceicao, V. A., Dias, A., Farinha, A. C., & Maia, T. V. (2017). Premonitory urges and tics in 

Tourette syndrome: computational mechanisms and neural correlates. Curr Opin 

Neurobiol, 46, 187-199. doi: 10.1016/j.conb.2017.08.009 

Craig, A. D. (2009). Emotional moments across time: a possible neural basis for time 

perception in the anterior insula. Philos Trans R Soc Lond B Biol Sci, 364(1525), 1933-

1942. doi: 10.1098/rstb.2009.0008 

Critchley, H. D. (2005). Neural mechanisms of autonomic, affective, and cognitive integration. 

J Comp Neurol, 493(1), 154-166. doi: 10.1002/cne.20749 

Critchley, H. D., & Garfinkel, S. N. (2017). Interoception and emotion. Curr Opin Psychol, 17, 

7-14. doi: 10.1016/j.copsyc.2017.04.020 

Critchley, H. D., Wiens, S., Rotshtein, P., Ohman, A., & Dolan, R. J. (2004). Neural systems 

supporting interoceptive awareness. Nat Neurosci, 7(2), 189-195. doi: 10.1038/nn1176 



20 
 

Draper, A., Jackson, G. M., Morgan, P. S., & Jackson, S. R. (2016). Premonitory urges are 

associated with decreased grey matter thickness within the insula and sensorimotor 

cortex in young people with Tourette syndrome. J Neuropsychol, 10(1), 143-153. doi: 

10.1111/jnp.12089 

Dunn, B. D., Stefanovitch, I., Evans, D., Oliver, C., Hawkins, A., & Dalgleish, T. (2010). Can 

you feel the beat? Interoceptive awareness is an interactive function of anxiety- and 

depression-specific symptom dimensions. Behav Res Ther, 48(11), 1133-1138. doi: 

10.1016/j.brat.2010.07.006 

Eddy, C. M., Rickards, H. E., & Cavanna, A. E. (2014). Physiological Awareness Is Negatively 

Related to Inhibitory Functioning in Tourette Syndrome. Behav Modif, 38(2), 319-335. 

doi: 10.1177/0145445513504431 

Ganos, C., Garrido, A., Navalpotro-Gomez, I., Ricciardi, L., Martino, D., Edwards, M. J., . . . 

Bhatia, K. P. (2015). Premonitory urge to tic in Tourette's is associated with 

interoceptive awareness. Mov Disord, 30(9), 1198-1202. doi: 10.1002/mds.26228 

Ganos, C., Kahl, U., Schunke, O., Kuhn, S., Haggard, P., Gerloff, C., . . . Munchau, A. (2012). 

Are premonitory urges a prerequisite of tic inhibition in Gilles de la Tourette syndrome? 

J Neurol Neurosurg Psychiatry, 83(10), 975-978. doi: 10.1136/jnnp-2012-303033 

Garfinkel, S. N., Seth, A. K., Barrett, A. B., Suzuki, K., & Critchley, H. D. (2015). Knowing your 

own heart: distinguishing interoceptive accuracy from interoceptive awareness. Biol 

Psychol, 104, 65-74. doi: 10.1016/j.biopsycho.2014.11.004 

Garfinkel, S. N., Tiley, C., O'Keeffe, S., Harrison, N. A., Seth, A. K., & Critchley, H. D. (2016). 

Discrepancies between dimensions of interoception in autism: Implications for emotion 

and anxiety. Biol Psychol, 114, 117-126. doi: 10.1016/j.biopsycho.2015.12.003 

Hart, N., McGowan, J., Minati, L., & Critchley, H. D. (2013). Emotional regulation and bodily 

sensation: interoceptive awareness is intact in borderline personality disorder. J Pers 

Disord, 27(4), 506-518. doi: 10.1521/pedi_2012_26_049 

Katkin, E. S., Reed, S. D., & Deroo, C. (1983). A methodological analysis of 3 techniques for 

the assessment of individual-differences in heartbeat detection. Psychophysiology, 

20(4), 452.  

Khalsa, S. S., Rudrauf, D., & Tranel, D. (2009). Interoceptive awareness declines with age. 

Psychophysiology, 46(6), 1130-1136. doi: 10.1111/j.1469-8986.2009.00859.x 

Kwak, C., Dat Vuong, K., & Jankovic, J. (2003). Premonitory sensory phenomenon in 

Tourette's syndrome. Mov Disord, 18(12), 1530-1533. doi: 10.1002/mds.10618 

Leckman, J. F., Walker, D. E., & Cohen, D. J. (1993). Premonitory urges in Tourette's 

syndrome. Am J Psychiatry, 150(1), 98-102. doi: 10.1176/ajp.150.1.98 

Nagai, Y., Cavanna, A. E., Critchley, H. D., Stern, J. J., Robertson, M. M., & Joyce, E. M. 

(2014). Biofeedback treatment for Tourette syndrome: a preliminary randomized 



21 
 

controlled trial. Cogn Behav Neurol, 27(1), 17-24. doi: 

10.1097/WNN.0000000000000019 

Payne, R. A., Symeonides, C. N., Webb, D. J., & Maxwell, S. R. (2006). Pulse transit time 

measured from the ECG: an unreliable marker of beat-to-beat blood pressure. J Appl 

Physiol (1985), 100(1), 136-141. doi: 10.1152/japplphysiol.00657.2005 

Porges, S. W. (1993). Body Perception Questionnaire: Laboratory of Developmental 

Assessment, University of Maryland. 

Rae, C. L., Critchley, H. D., & Seth, A. K. (2018). A Bayesian account of tics. Open Science 

Framework. osf.io/c782a/ 

Ring, C., & Brener, J. (1996). Influence of beliefs about heart rate and actual heart rate on 

heartbeat counting. Psychophysiology, 33(5), 541-546.  

Ring, C., & Brener, J. (2018). Heartbeat counting is unrelated to heartbeat detection: A 

comparison of methods to quantify interoception. Psychophysiology, e13084. doi: 

10.1111/psyp.13084 

Schandry, R. (1981). Heart beat perception and emotional experience. Psychophysiology, 

18(4), 483-488.  

Schulz, A., Lass-Hennemann, J., Sutterlin, S., Schachinger, H., & Vogele, C. (2013). Cold 

pressor stress induces opposite effects on cardioceptive accuracy dependent on 

assessment paradigm. Biol Psychol, 93(1), 167-174. doi: 

10.1016/j.biopsycho.2013.01.007 

Schulz, S. M. (2016). Neural correlates of heart-focused interoception: a functional magnetic 

resonance imaging meta-analysis. Philos Trans R Soc Lond B Biol Sci, 371(1708). doi: 

10.1098/rstb.2016.0018 

Seth, A. K., & Friston, K. J. (2016). Active interoceptive inference and the emotional brain. 

Philos Trans R Soc Lond B Biol Sci, 371(1708). doi: 10.1098/rstb.2016.0007 

Tinaz, S., Malone, P., Hallett, M., & Horovitz, S. G. (2015). Role of the right dorsal anterior 

insula in the urge to tic in Tourette syndrome. Mov Disord, 30(9), 1190-1197. doi: 

10.1002/mds.26230 

Whitehead, W. E., Drescher, V. M., Heiman, P., & Blackwell, B. (1977). Realtion of heart rate 

control to heartbeat perception. Biofeedback Self Regul, 2(4), 317-392.  

Wittman, M. (2016). Felt time: the psychology of how we perceive time.: MIT Press. 

Woods, D. W., Piacentini, J., Himle, M. B., & Chang, S. (2005). Premonitory Urge for Tics 

Scale (PUTS): initial psychometric results and examination of the premonitory urge 

phenomenon in youths with Tic disorders. J Dev Behav Pediatr, 26(6), 397-403.  

 

 

  



22 
 

Table 1. Demographic and clinical features of participants, given as mean (range). 
 
 Tourette Syndrome (n=21) Controls (n=22) 
Male / female 12 / 9 12 / 10 
Age 34 (18 – 51)  34 (19 – 55) 
Years of education 15 (11 – 17) 15 (11 – 17) 
YGTSS: tic severity 26 (6 – 44) - 
YGTSS: impairment 19 (0 – 50) - 
YGTSS: total 45 (6 – 84) - 
PUTS 23 (9 – 34) - 
ASRS 4 (0 – 6)  1 (0 – 4) 
YBOCS 16 (0 – 32) 6 (0 – 20) 
Diagnosed ADHD 6 - 
Diagnosed OCD 9 - 

 

YGTSS = Yale Global Tic Severity Scale; PUTS = Premonitory Urge for Tics Scale; ASRS = 

Adult ADHD Self-Report Scale; YBOCS = Yale Brown Obsessive Compulsive Scale. 
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Table 2. Correlations (1-tailed) between measures of interoception and tic severity (YGTSS), 

impairment (YGTSS) and premonitory sensations (PUTS). 

 
 Accuracy 

tracking 
Accuracy 
discrimination 

Awareness 
tracking 

Awareness 
discrimination 

Sensibility tIPET tIPED 

YGTSS tic 
severity 

r=0.258 
p=0.129 
pFDR=0.217 

r=0.375 
p=0.047 
pFDR=0.165 

r=-0.233 
p=0.155 
pFDR=0.217 

r=-0.251 
p=0.136 
pFDR=0.217 

r=0.518 
p=0.008 
pFDR=0.056 

r=0.058 
p=0.401 
pFDR=0.433 

r=-0.039 
p=0.433 
pFDR=0.433 

YGTSS 
impairment 

r=0.125 
p=0.295 
pFDR=0.413 

r=0.005 
p=0.491 
pFDR=0.491 

r=-0.371 
p=0.049 
pFDR=0.172 

r=0.050 
p=0.414 
pFDR=0.483 

r=0.431 
p=0.026 
pFDR=0.182 

r=0.142 
p=0.270 
pFDR=0.473 

r=0.264 
p=0.124 
pFDR=0.289 

Premonitory 
sensations 
(PUTS) 

r=0.274 
p=0.114 
pFDR=0.399 

r=0.211 
p=0.180 
pFDR=0.315 

r=-0.242 
p=0.145 
pFDR=0.338 

r=-0.010 
p=0.482 
pFDR=0.482 

r=0.571 
p=0.003 
pFDR=0.021 

r=0.075 
p=0.373 
pFDR=0.435 

r=0.153 
p=0.253 
pFDR=0.354 

 

Significant uncorrected correlations (p) indicated in bold, significant FDR corrected 

correlations (pFDR) indicated in bold italics. 

 

 

 

 

 


