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Highlights 

 

• Cardiac biofeedback induced autonomic responses are sensitive to (in)congruencies 

• Congruency effects arise across lower and higher hierarchical levels 

• Incongruent biofeedback had a hindering effect on autonomic responses 

• Low-level congruency effect appeared independently of task involvement 

• Prior veridical beliefs had a facilitating effect compared to false beliefs 
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Abstract 1 

The experience of one’s embodied sense of self is dependent on the integration of signals 2 

originating both from within and outwith one’s body. During the processing and integration of 3 

these signals, the bodily self must maintain a fine balance between stability and malleability. 4 

Here we investigate the potential role of autonomic responses in interoceptive processing and 5 

their contribution to the stability of the bodily self. Using a biofeedback paradigm, we 6 

manipulated the congruency of cardiac signals across two hierarchical levels: (i) the low-level 7 

congruency between a visual feedback and participant’s own cardiac signal and (ii) the high-level 8 

congruency between the participants’ beliefs about the identity of the cardiac feedback and its 9 

true identity. We measured the effects of these manipulations on high-frequency heart rate 10 

variability (HF-HRV), a selective index of phasic vagal cardiac control. In Experiment 1, HF-11 

HRV was sensitive to low-level congruency, independently of whether participants attempted to 12 

regulate or simply attend to the biofeedback. Experiment 2 revealed a higher-level congruency 13 

effect, as participants’ prior veridical beliefs increased HF-HRV while when false they decreased 14 

HF-HRV. Our results demonstrate that autonomic changes in HF-HRV are sensitive to 15 

congruencies across multiple hierarchical levels. Our findings have important theoretical 16 

implications for predictive coding models of the self as they pave the way for a more direct way 17 

to track the subtle changes in the co-processing of the internal and external milieus. 18 

Keywords: vagal control, interoception, biofeedback, predictive coding, multisensory, self 19 

 20 
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Wearing your Heart on your Screen: Investigating Congruency-effects in Autonomic Responses 21 

and their Role in Interoceptive Processing during Biofeedback 22 

1. Introduction 23 

Our body has an ever-present role in the perception of ourselves and the world around us. 24 

Although this permanence provides the experience of continuity, recent models of bodily self-25 

awareness emphasize its constructed nature and explore the ways in which different signals from 26 

multiple sources are integrated across different hierarchical levels (Apps & Tsakiris, 2014; De 27 

Preester & Tsakiris, 2009; Friston, 2005; Seth, 2013). Tsakiris, Tajadura-Jiménez, and Costantini 28 

(2011) were among the first to show that external and internal bodily signals are integrated to 29 

provide a coherent, multi-sensory experience of one’s own body. The Rubber Hand Illusion 30 

(Botvinick & Cohen, 1998; for review see Tsakiris, 2010) is a classic example of the 31 

exteroceptive channel’s input on self-awareness by showing how the experience of body-32 

ownership can be influenced by the perception of the body from the outside, using exteroception. 33 

Watching a rubber hand being stroked in synchrony with one’s own hidden hand, the visible 34 

rubber hand will overrule the real hand and will be experienced as one’s own body part. The 35 

Enfacement Illusion reveals similar effects on facial identity (Sforza, Bufalari, Haggard, & 36 

Aglioti, 2010; Tsakiris, 2008). In both cases the multi-sensory (visuo-tactile) integration aims at 37 

the resolution of inter-sensory conflicts to produce a coherent representation of the world and the 38 

body - even if that induces changes in the perception of self. The other channel of information 39 

available for self-awareness contains interoceptive information about the body, which originates 40 

from within one’s body. Recent theories emphasize the central role of interoceptive processing in 41 

representing the core self, constructed by basic homeostatic processes and inputs from visceral 42 
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organs (Craig, 2010; Damasio, 2010). In summary, even though both sources are essential in the 43 

construction of selfhood, the exteroceptive signals primarily foster the malleability, whilst 44 

interoceptive signals contribute towards the stability of self-awareness (Allen & Tsakiris, 2018). 45 

Moreover, recent evidence suggests that interoceptive and exteroceptive signals are not processed 46 

in isolation. Studies using biofeedback aimed to explore the integration of interoceptive and 47 

exteroceptive signals, by inducing multi-sensory stimulation that combines interoceptive and 48 

exteroceptive signals (Aspell et al., 2013; Azevedo, Ainley, & Tsakiris, 2016; Canales-Johnson et 49 

al., 2015; De Pascalis, Palumbo, & Ronchitelli, 1991; Pfeiffer & De Lucia, 2017; Salomon et al., 50 

2016; Schandry & Weitkunat, 1990; Sel, Azevedo, & Tsakiris, 2017; Suzuki, Garfinkel, 51 

Critchley, & Seth, 2013). Specifically, all these studies used cardiac signals as interoceptive input 52 

in combination with a visual or auditory stimulus that could either be presented synchronously or 53 

asynchronously with cardiac systole. An effect of synchrony was revealed in many different 54 

domains such as the detection of heartbeats after biofeedback (Schandry & Weitkunat, 1990), 55 

cortical processing of cardiac signals measured by heartbeat evoked potentials (Pfeiffer & De 56 

Lucia, 2017; Schandry & Weitkunat, 1990; Sel et al., 2017), and insular activity (Salomon et al., 57 

2016) - in most cases without any conscious awareness of these effects. Some of these studies 58 

suggest that the synchrony effect can be modulated by trait-like characteristics of interoception 59 

like baseline measures of heartbeat detection (Schandry & Weitkunat, 1990), interoceptive 60 

accuracy (Azevedo et al., 2016; Sel et al., 2017) and interoceptive learning abilities (Canales-61 

Johnson et al., 2015), while others revealed null-results in this domain (De Pascalis et al., 1991). 62 

Synchrony effects were also prominent for the identification of self (Aspell et al., 2013; Suzuki et 63 

al., 2013) or with another person (Sel et al., 2017) - suggesting a transfer-effect to higher level 64 

cognitive and social domains. Visual signals that occur at cardiac frequency were also found to 65 

take longer to access visual awareness - probably signaling interoceptive sensory attenuation 66 
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(Salomon et al., 2016). These results support the hypothesis that the processing of co-occurring 67 

exteroceptive and interoceptive signals is crucial for self-awareness. However, the question arises 68 

as to whether the integration of these signals is performed via temporal synchrony or more 69 

general perhaps amodal congruencies between the body and environment. In the study by Peira 70 

and colleagues (2014) the biofeedback represented changes in heart rate through color changes on 71 

the screen which they updated every half second. When heart rate accelerated the colour changed 72 

towards red, when it decelerated it changed towards green. Even though the true feedback did not 73 

provide exact temporal synchrony by capturing individual heartbeats of participants an effect 74 

resembling a synchrony effect was revealed. Participants were better at intentionally down-75 

regulating their heart rate during true biofeedback than during fake feedback, suggesting a more 76 

general congruency (although still temporally aligned) effect. In our study we expand on this idea 77 

and explore the potential role congruency on even higher hierarchical levels of the self-model. 78 

Predictive Coding (PC) principles provide a suitable framework for considering the 79 

mechanisms underlying synchrony (and potentially congruency) effects and the processes 80 

enabling multi-sensory integration overall. According to the PC account, the Bayesian brain 81 

continuously generates probabilistic models about the sources of sensory inputs (Apps & 82 

Tsakiris, 2014; Friston, 2005; Seth, 2013) by comparing descending predictions or priors with 83 

ascending sensory inputs. Discrepancies between the estimated and the perceived world generate 84 

prediction errors (PE-s) that the brain attempts to minimize through either actions altering 85 

sensory input (i.e. exteroceptive or interoceptive signals) or by updating predictions about the 86 

causes of sensory stimuli (i.e. body ownership). A supra modal self-model would arise from the 87 

integration of multiple predictions and PE-s on different hierarchical levels and across several 88 

sensory and motor domains. This requires a novel approach in experimental design by shifting 89 
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the focus from exploring the circumstances inducing PEs as a result of (a)synchrony to the study 90 

of the mechanism itself. A more targeted investigation of PE requires the identification of an 91 

outcome variable that is associated with the integration processes per se.  With our study, we 92 

attempted to fill this gap by exploring the integration of sensory inputs and predictions by 93 

studying the effect of congruencies across multiple hierarchical levels and by proposing a way to 94 

detect physiological responses involved in the generation and subsequent minimization of PE. It 95 

has been recently suggested that, at the psychological level, interoceptive autonomic signaling 96 

can be considered as a continuous estimate of self-stability, given its role in homeostasis and its 97 

inherent self-related nature (Allen & Tsakiris, 2018). In line with this control-oriented approach, 98 

Petzschner, Weber, Gard, and Stephan (2017) suggested that interoceptive PE-s could be 99 

minimized through autonomic reflexes. This would also mean that the discrepancies between 100 

stability estimations and stability relevant signals of the external would lead to changes in 101 

autonomic signaling. In other words, PE-s or their minimization could potentially be tracked via 102 

autonomic responses. 103 

Among a wide range of physiological factors that determine the functioning of the heart, 104 

the autonomic nervous system (ANS) is the most prominent (Thayer, Ahs, Fredrikson, Sollers, & 105 

Wager, 2012). The ANS maintains internal homeostasis and promotes the adaptive flexibility of 106 

the nervous system, which is often quantified by measures of heart rate variability (HRV). In the 107 

past HRV was suggested to have the ability to index the brain’s capacity to integrate signals from 108 

the inside and outside of the body to support adaptive regulation (Thayer et al., 2012). Together 109 

with the previously discussed theories on the contribution of autonomic responses to predictive 110 

self-processes — such as the estimation of self-stability (Allen & Tsakiris, 2018) and the 111 

minimization of interoceptive PE-s (Petzschner et al., 2017) — we hypothesized that high 112 
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frequency HRV (HF-HRV) could provide a more direct physiological outcome measure 113 

associated with PE-s (or their minimization). This idea could be tested with a design that 114 

addresses the responsiveness and sensitivity of HF-HRV to essential components of predictive 115 

self-processes. For HF-HRV to serve as a useful physiological marker or outcome measure of PE 116 

related processes, HF-HRV needs to be (i) sensitive to sensory inputs that are relevant for 117 

maintaining the stability of the self across (ii) multiple hierarchical levels, such as congruencies 118 

between interoceptive and exteroceptive signals or congruencies between more general beliefs 119 

and multi-sensory input. To test this hypothesis, we performed two experiments to directly 120 

measure changes in vagal control in response to congruencies or incongruencies arising from 121 

different levels of hierarchy. Experiments 1 and 2 both explore low-level congruency effects by 122 

using a cardio-visual biofeedback that is either congruent or incongruent with participants’ 123 

cardiac activity. Experiment 1 also investigates the interaction between biofeedback congruency 124 

and the level of task involvement. Here participants either actively regulate (stability facilitating 125 

behavior) or perform an attention task related to the biofeedback (stability neutral behavior). 126 

Although recent studies on biofeedback (Peira et al., 2014; Peira, Pourtois, & Fredrikson, 2013) 127 

found a facilitating effect of regulation during congruent biofeedback, this effect did not replicate 128 

in a different context (Jones et al., 2015) Moreover, these studies did not include HF-HRV in 129 

their measures. In Experiment 2 we further explore higher level congruency by manipulating 130 

participants’ prior beliefs about the ownership of the biofeedback signal, and therefore succeeded 131 

in inducing congruency or incongruency between multi-sensory biofeedback and participants’ 132 

beliefs (i.e. they believed the feedback belongs to them or someone else), allowing us to test, for 133 

the first time to the best of our knowledge, a higher-level congruency effect on interoceptive PE-134 

s. 135 
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2. Experiment 1 136 

2.1. Methods 137 

We report how we determined our sample size, all data exclusions (if any), all 138 

manipulations, and all measures in the study.  139 

An a priori power analysis using G*Power (version 3.1.9.2; 140 

Faul, Erdfelder, Lang, & Buchner, 2007) suggested a sample size of 35 to achieve 80% power 141 

(with 𝛼 = 0.05) by estimating a medium effect size of (f = 0.25) given that most previous studies 142 

with a within subject design found middle to large effects of HF-HRV reactivity (Marci, Ham, 143 

Moran, & Orr, 2007; e.g. Rainville, Bechara, Naqvi, & Damasio, 2006). To be conservative we 144 

recruited N = 40 participants (5 males, MAGE = 20.98, SDAGE = 3.70) through the Psychology 145 

Subject Pool of Royal Holloway, University of London. Participants gave their informed consent, 146 

with approval by the Ethics Committee, Department of Psychology, Royal Holloway University 147 

of London. No participants had to be removed from the final sample. 148 

Experiment 1 had a repeated measures design 149 

(Figure 1A) with two conditions of interest: Biofeedback Task (referring to the way people 150 

engaged with the biofeedback signal i.e. Regulation or Attention) and Biofeedback Congruency 151 

(depicting the presence or lack of congruency between participants cardiac activity and visual 152 

feedback i.e. Congruent or Incongruent). On arrival participants were seated on a comfortable 153 

chair 60 cm from a monitor (56.5 x 33.5 cm). The experiment alternated between baseline and 154 

active task measures. During the baseline recording participants were instructed to keep their 155 

eyes open and breath normally and silently think about their day. After the baseline measure it 156 

was explained to the participants that they will be observing movements of a biofeedback bar 157 

2.1.1. Participants. 

2.1.2. Experimental procedure. 
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representing either their own or someone else’s heart rate changes from a previous session. The 158 

instructions described the way they could interpret the movements of the bar: when the heart 159 

beats faster the bar will be taller, and when it beats slower the bar will be shorter although a 160 

general fluctuating motion is also to be expected. A yellow pulse would also appear with every 161 

heartbeat, but participants did not receive an explanation about the pulsing of the feedback bar. In 162 

the Regulation condition participants were instructed to attempt lowering the bar as much as 163 

possible via relaxation whilst keeping their eyes open and their breathing as normal as possible. 164 

Participants had the chance to freely experiment with the feedback bar for 1 minute before the 165 

first time they attempted to regulate. In the Attention condition participants were instructed to 166 

simply count the number of a randomly appearing green pulse and subsequently report it to the 167 

experimenter - which requires high attention to the feedback, but no intentional interoception or 168 

regulation. At the end of every task participants had to indicate whether they thought the 169 

feedback was representing their own or someone else’s heart. At the beginning of each task 170 

participants received instructions specific to the Biofeedback Task condition they were 171 

completing. We organized the experiment into two blocks separated by a 5-minute-long break 172 

half-way through. The order of tasks was assigned to the participants prior to the experiment in a 173 

semi-randomized and counterbalanced way (Figure 1B). Participants could either start with the 174 

Attention or the Regulation condition - within which they were randomly presented with a 175 

congruent or incongruent feedback. After the break they continued the experiment with 176 

Biofeedback Task condition that is different from the one they started with. Participants 177 

completed 4 Biofeedback tasks and 4 baseline measures, each of them lasting 5 minutes (40 178 

minutes in total). 179 
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 180 

Figure 1. (A) Schematic representation of biofeedback paradigm in Experiment 1 consisting of 181 

the factors of Biofeedback Task (Attention or Regulation) and Biofeedback Congruency 182 

(Congruent or Incongruent). The eye symbol depicts the Attention condition whilst the heart 183 

symbol represents the Regulation condition of the Biofeedback Task factor. (B) Timeline of task 184 

execution, which includes two time series alternating between the biofeedback task and baseline 185 

(fixation cross). Note. C: Congruent, IC: Incongruent. 186 

Participants received instantaneous and continuous feedback provided by a red bar that 187 

was changing across two dimensions simultaneously: in its height - whereby changes in height 188 

indicated changes in heart rate - and in its color - whereby pulses in yellow indicated individual 189 

heartbeats. Analogue output of inter beat intervals (IBI-s) was obtained online and recorded 190 

digitally on a PC into MATLAB (MathWorks, Sherborn, Mass., USA). Within MATLAB, a 191 

script was created for providing visual display to the subject during biofeedback exercises. To 192 
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establish the center of the bar serving as a reference point 10 IBI-s were averaged prior to 193 

receiving any feedback. This value represented the middle point of potential values on the 194 

feedback bar. The parameters of the biofeedback bar were scaled to every individuals’ baseline. 195 

To make the feedback more sensitive to the changes in the lower ranges of heart rate we set the 196 

minimum of the bar by subtracting the quarter of the participants initial heart rate while we 197 

created the maximum value by adding the half of the measured baseline. The required change for 198 

every step was also scaled accordingly the participants’ baseline. The bar was set to the middle at 199 

the beginning of every task. Most previous studies created asynchronous feedback by changing 200 

the frequency of the participants own estimated heart-rate to be either 30% slower or faster (e.g. 201 

Suzuki et al., 2013). Unlike these studies, we used a database of incongruent IBI series (N = 72, 202 

MIC_IBI = 779.89, SDIC_IBI = 142.03) collected from a completely different sample of participants 203 

who completed the cardiac recognition task on a previous occasion. We decided to do so as in the 204 

piloting stage of this experiment we found that participants performed consistently below chance 205 

when trying to differentiate between congruent and incongruent feedback when presented with 206 

their own altered heartbeats. In other words, participants were more likely to respond incorrectly 207 

than correctly when identifying the source of the feedback. On the contrary, participants stood a 208 

higher chance to be accurate when the incongruent feedback was based on cardiac data of other 209 

individuals rather than their own. Given that cardiac recognition was of our interest in Study 1 we 210 

decided to use this database to create a task that is challenging yet accomplishable. The 211 

incongruent feedback was tailored for every participant by matching them with a similar, 212 

adjusted IBI series based on their average heart rate. We intended to keep the level of 213 

incongruency between conditions (and across participants) as constant as possible. We addressed 214 

this by adjusting, in every trial, for the percentage difference between the incongruent signal and 215 
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the participant’s own baseline. In the Attention condition the pulse appeared green following a 216 

randomized pattern (approximately 50% of times of all pulses). 217 

Three disposable ECG electrodes were placed in a modified lead I 218 

chest configuration: two electrodes were positioned underneath the left and right collarbone and 219 

another on the participant’s lower back on the left side. The ECG signal was recorded with a 220 

Powerlab 8/35 (Powerlab, ADInstruments, http://www.adinstruments.com/) using LabChart8 Pro 221 

software. The sampling rate was 1000 Hz and a hardware band-pass filter (Bio Amp 132) 222 

between 0.3 and 1000 Hz was applied. Heartbeats were detected online with a hardware-based 223 

function (fast output response), which identifies the ECG R-wave with a delay smaller than 1 ms 224 

(www.adinstruments.com/) by detecting when the amplitude exceeds an individually defined 225 

threshold. Internal lab reports using this method confirm that the software presenting the stimuli 226 

receives the transistor-transistor logic (TTL) pulse signaling a heartbeat and can process it within 227 

<2 ms. Every heart trace record was visually examined for artifacts and missing, or additional R-228 

wave-induced beats were manually corrected if necessary. We analyzed the beat-to-beat interval 229 

variation of heartbeat traces using the HRV Add-On of LabChart8 Pro, which generates the 230 

Spectrum Plot (Frequency to Power) using the Lomb Periodgram Method (least-squares spectral 231 

analysis). Periodic components of heart rate variability aggregates in frequency bands. The 232 

respiratory frequency band is considered to range from 0.15 to 0.4 Hz in the high frequency band. 233 

We decided to use respiratory/high frequency heart rate variability as our main measure, because 234 

under appropriate recording and data processing conditions it reflects phasic vagal impact upon 235 

the heart (Berntson, Cacioppo, & Grossman, 2007) and it has been reliably used during shorter 236 

periods ( i.e. 2 - 5 mins) at psychophysiological studies (Camm et al., 1996). We have 237 

specifically chosen the high frequency range instead of low-frequency (LF) or the LF / HF 238 

2.1.3. Measures. 

http://www.adinstruments.com/
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measure as LF reflects an indistinguishable mixture of sympathetic a parasympathetic influences 239 

rather than changes in vagal control only (Billman, 2013; e.g. Eckberg, 1997; Goedhart, 240 

Willemsen, Houtveen, Boomsma, & De Geus, 2008; Heathers, 2012; Reyes del Paso, Langewitz, 241 

Mulder, Roon, & Duschek, 2013). HF-HRV is a respiratory rate and depth dependent 242 

phenomenon and is uninterpretable in the absence of quantification of respiratory parameters. 243 

Respiratory rate (RR) is a stronger determinant of respiratory/high frequency HRV within typical 244 

breathing ranges than tidal volume (Berntson et al., 1997), therefore the administration of this 245 

parameter is fundamental. Confounds could arise if individual differences in respiration are 246 

present or there are differences across experimental conditions that push the respiratory power 247 

outside the analytical bandwidth (Berntson et al., 2007). For this reason, we registered and 248 

checked for the effects associated with the changes in respiratory rate in every condition across 249 

both studies. We used a respiratory belt transducer (ADInstruments, 250 

http://www.adinstruments.com/) to control for respiration. Given that the length of recording 251 

could affect the measures of HRV, we used the recommended 5 minutes epoch in every baseline 252 

and task, so we can relate our finding to most previous studies. We also recorded participants 253 

accuracy in recognizing the source of the feedback (Self or Other), although ideally more trials 254 

would be required for reliable measure of cardiac recognition. 255 

2.2 Results 256 

We used R (Version 3.5.1; R Core Team, 2018) for all our analyses. A test of normality 257 

was conducted for the dependent variable using the Shapiro-Wilks test and revealed that the 258 

assumption of normality was significantly violated (p < .001). The violation of normality is 259 

expected at measures of HRV and normally addressed by running the statistical analyses on the 260 

transformed value. We explored the distribution of different transformations with the fitdistrplus 261 

http://www.adinstruments.com/
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(Version 1.0.9; Delignette-Muller & Dutang, 2015) and logspline (Version 2.1.11; Kooperberg, 262 

2018) packages. For further analyses on HF-HRV we chose the square root transformed values 263 

over the logarithmic one as the logarithmic transformation proved to be too strong a correction 264 

for the modest positive skew of the data. Descriptive statistics and confidence intervals are noted 265 

in text. 266 

Before our main analysis we checked for potential carry-over effects. Data analysis 267 

revealed a carry-over effect depending on the order of the Biofeedback Task conditions 𝛽 = 5.57, 268 

[CI] = 1.16 – 9.99, p = .013, 𝑅2
MARGINAL = 0.06, 𝑅2

CONDITIONAL = 0.25. This meant that we could 269 

only keep the first block of Experiment 1 as the effects associated with our manipulation and the 270 

carry-over effects are inseparable in the second block. As a result, Biofeedback Task became a 271 

between-subjects variable, which probably introduced limitations of power for this factor 272 

(Biofeedback Congruency remained a within-subject factor and powered-enough). The rest of 273 

results presented from Experiment 1 are only using data from the first half of the study. 274 

Experiment 1 had one dependent variable: HF-HRV (nu) and two categorical predictors: 275 

Biofeedback Task (1 = Attention; 2 = Regulation); Biofeedback Congruency (1 = Congruent; 2 = 276 

Incongruent). Respiratory rate and baseline HF-HRV and recognition accuracy were coded as 277 

covariates and included in the model only when significantly improving the model fit (also 278 

testing for potential interaction between a certain covariate and our main predictors). We selected 279 

the optimal model by using buildmer (Version 1.0; Voeten, 2019) which can perform backward 280 

stepwise elimination based on the change in the set criterion (AIC in our case). We defined the 281 

maximal model as: 282 
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HF-HRVSQUARE_ROOT ~ Biofeedback Congruency*Biofeedback Task + HF-HRVBASELINE + 283 

Respiratory Rate + (1|PPT) 284 

The expression outside the parentheses indicates fixed effects while the expression inside 285 

the random effects defined in the model (i.e. the intercept over participants) – for more on 286 

random effects please refer to the Results section under Experiment 2. The model that was 287 

providing the best fit with our data was the following: 288 

HF-HRVSQUARE_ROOT ~ Biofeedback Congruency + Biofeedback Task + HF-HRVBASELINE 289 

fixedWe ran a linear regression for our main statistical analysis – using stats (Version 290 

3.5.1; R Core Team, 2018) and relevant test-statistic were gathered by using sjPlot (Version 291 

2.5.0; Lüdecke, 2018b) and sjmisc (Version 2.7.4; Lüdecke, 2018a) R packages. Our results 292 

revealed that HF-HRV (nu) was significantly higher in the Congruent condition (MC = 37.73, 293 

SDC = 17.46) than in the Incongruent conditions (MINC = 35.07, SDINC = 19.29) 𝛽 = -0.58, [CI] = 294 

-1.10 – -0.06, p = .030, 𝑅2 = 0.488, 𝑅2
adjusted = 0.47 when baseline HF-HRV was included in the 295 

model 𝛽 = 1.00, [CI] = 0.76 – 1.24, p = < .001(Figure 2). Even though the optimal model 296 

includes the Biofeedback Task as a factor its effect was non-significant p = .151 Results are 297 

depicted by raincloud plots (Allen, Poggiali, Whitaker, Marshall, & Kievit, 2018). 298 

When analyzing the accuracy of cardiac recognition, we see that 71.25% of probability of 299 

correctly identifying Biofeedback Congruency across all conditions. Fitting a logistic regression 300 

on the binary values of accuracy did not reveal a significant interaction nor main effects of 301 

Biofeedback Congruency and Biofeedback Task OR = 0.29, [CI] = 0.04 – 2.08, p = .224, 302 

𝑅2
Cox&Snell = 0.03, 𝑅2

Nagelkerke = 0.04. 303 
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 304 

Figure 2. Effect of lower level Biofeedback Congruency (Congruent vs Incongruent) on the 305 

square root transformed HF-HRV (nu) values. The raincloud plot provides data distribution, the 306 

central tendency by boxplots and the jittered presentation of our raw data. Error bars indicate 307 

95% confidence intervals around the estimates of the linear mixed effects model.  308 

We observed changes in HF-HRV associated 309 

with the integration of exteroceptive and interoceptive signals on a lower sensory level, but the 310 

level of task involvement (i.e. Attention or Regulation) did not have an additional effect. 311 

Receiving incongruent visual feedback with one’s own cardiac activity was associated with a 312 

lower level of HF-HRV when compared to congruent feedback. These results indicate that 313 

differences in HF-HRV can potentially serve as an index of PE-s as it is sensitive to multisensory 314 

congruencies. It is important to note that the detected carry-over effects associated with the task 315 

order potentially makes the null finding of task involvement inconclusive. Although keeping only 316 

2.2.1 Discussion of Experiment 1. 
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the first half of the experimental session was methodologically the right choice, it probably 317 

introduced power issues in terms of detecting the effects of task involvement. Nonetheless, 318 

similar to our null result, the study by Jones and colleagues (2015) found no difference in 319 

regulation performance whilst receiving true or fake feedback which might question the potential 320 

facilitating effect of an increased level of task involvement. However, further research is needed 321 

to understand whether this effect requires certain circumstances to be present, or it is indeed non-322 

existing. For instance, the carry-over effect from Experiment 1 implies that the task involvement 323 

effect could be more prominent after rather than during biofeedback. Another option is that 324 

behavioral regulation only has an effect if arousing stimuli are co-presented with the feedback - 325 

similarly to the design of Peira and colleagues’ (2013) in which participants were presented with 326 

arousing pictures during biofeedback. Finally, it is possible that the levels of task involvement 327 

were not distinct enough in our design. Asking participants to increase their heart rate might 328 

provide a better contrast to down-regulation than the attention condition. 329 

Having established a low-level congruency effect (known as synchrony effect in previous 330 

studies), we next investigated whether this congruency effect is generalizable to higher-levels, 331 

which would suggest a more amodal role in hierarchical predictive processing. Specifically, we 332 

were interested whether the manipulation of prior belief would influence the effects of feedback 333 

congruency. 334 

3. Experiment 2 335 

3.1. Methods 336 

We report how we determined our sample size, all data exclusions (if any), all 337 

manipulations, and all measures in the study.  338 
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An a priori power analysis using G*Power (version 3.1.9.2; 339 

Faul et al., 2007) suggested a sample size of 35 to achieve 80% power (with 𝛼 = 0.05) by 340 

estimating a medium effect size of (f = 0.25). We recruited N = 40 (9 males, MAGE = 21.60, 341 

SDAGE = 5.29) participants through the Lab of Action and Body Database. To further increase the 342 

reliability of our measures, participants completed every task twice (in a completely randomized 343 

order). Participants gave their informed consent, with approval by the Ethics Committee, 344 

Department of Psychology, Royal Holloway University of London. No participants had to be 345 

removed from the final sample. 346 

Experiment 2 had a repeated measures design 347 

(Figure 3A) with two conditions of interest: Belief (referring to participants’ beliefs on the 348 

ownership of the feedback i.e. Self or Other) and Biofeedback Congruency (depicting the 349 

presence or lack of congruency between participants cardiac activity and visual feedback 350 

i.e. Congruent or Incongruent). 351 

To increase reliability of our measures and to reduce proneness to carry-over effects we 352 

improved the design from Experiment 1. Most importantly, participants engaged with the 353 

biofeedback signal only through attention in every task (and not through regulation). Also, 354 

participants completed every condition twice and the order presentation was fully randomized 355 

prior to the experiment. On arrival participants were seated on a comfortable chair 60 cm away 356 

from the screen (56.5 x 33.5 cm). Again, participants alternated between baseline and active task 357 

measures. During the baseline recording participants were instructed to keep their eyes open and 358 

breath normally and silently think about their day. After the baseline measure participants 359 

received instructions about the way the biofeedback bar works in identical way as in Experiment 360 

1. Participants’ beliefs were manipulated by the instructions at the beginning of each task. 361 

3.1.1. Participants. 

3.1.2. Experimental procedure. 
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Participants were told that the biofeedback belonged to them or someone else. Unbeknown to the 362 

participants these beliefs could either match the Biofeedback Congruency condition or not. The 363 

repetition of tasks increased the time to complete study (from 45 to 90 minutes), therefore the 364 

experiment was conducted over two separate days. Baseline HF-HRV was recorded before every 365 

active task (Figure 3B). The stimuli in this experiment were identical to those in Experiment 1. 366 

 367 

Figure 3. (A) Schematic representation of the biofeedback paradigm in Experiment 2 outlining 368 

the factors of Belief (Self or Other) and Biofeedback Congruency (Congruent or Incongruent). 369 

(B) Timeline of task execution during Biofeedback using a completely randomized pattern. Each 370 

biofeedback task was preceded by a baseline recording of HRV and the instructions on the 371 

identity of the forthcoming biofeedback. Note. BL: Baseline, BF: Biofeedback, C: Congruent, IC: 372 

Incongruent, S: Self, O: Other. 373 
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Apart from some exception we used the same measures in this 374 

experiment as in Experiment 1. We used the same respiratory belt transducer (ADInstruments, 375 

http://www.adinstruments.com/) to control for respiration, but due to equipment failure we had to 376 

replace the respiratory band also resulting in losing 1.77% of our respiratory rate data. The 377 

missing values for these measures were interpolated with the most recent non-missing value also 378 

known as last observation carried forward (LOCF) method. It has been recently suggested that 379 

water consumption could provoke changes in cardiovagal outflow and should be controlled 380 

during experimentation (Heathers et al., 2018). To address this issue, we contacted our 381 

participants prior to the experiment and instructed them to avoid extensive water consumption 382 

(more than a glass of water) within 1.5 hours prior to their appointment but also recorded their 383 

self-reports of actual water intake within the specified time. To make sure participants engaged 384 

with the biofeedback on an appropriate level throughout the whole task Experiment 1 385 

conceptualized participants attention level by looking at their performance in counting green 386 

pulses. Attention scores were calculated for each trial with the following formula, where scores 387 

closer to 1 represent better performance: 388 

1 −
|𝑟𝑒𝑐𝑜𝑟𝑑𝑒𝑑 𝑔𝑟𝑒𝑒𝑛 𝑝𝑢𝑙𝑠𝑒𝑠 −  𝑐𝑜𝑢𝑛𝑡𝑒𝑑 𝑔𝑟𝑒𝑒𝑛 𝑝𝑢𝑙𝑠𝑒𝑠|

𝑟𝑒𝑐𝑜𝑟𝑑𝑒𝑑 𝑔𝑟𝑒𝑒𝑛 𝑝𝑢𝑙𝑠𝑒𝑠
 389 

To understand if participants detected or had any suspicion about 390 

the belief manipulation, at the end of the whole experimental session, we asked them whether 391 

there was something that stood out for them at any point in the study. If the participant’s response 392 

indicated suspicion regarding the instructions on the ownership of the feedback, then the 393 

participant was given a timeline of the experiment on which they had to mark the beginning of 394 

3.1.3. Measures. 

3.1.4. Debriefing. 

http://www.adinstruments.com/
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this impression. Only one participant expressed suspicion about the study, but it was unrelated to 395 

our belief manipulation. 396 

3.2. Results 397 

Given that the focus of interest was the potential interaction between Biofeedback 398 

Congruency and Belief, but also to emphasize the state-like nature of our measure we considered 399 

the change HF-HRV (nu) from baseline as our primary dependent variable. Experiment 2 had two 400 

predictors: Belief (ownership of signal: 1 = Self; 2 = Other); Biofeedback Congruency (1 = 401 

Congruent; 2 = Incongruent). We chose to model our data with a Gaussian distribution and linear 402 

mixed effects as the change scores seemed to follow normality (p = .058). We tested for the 403 

effects of water consumption, the level of attention, respiratory rate, task order and repetition and 404 

baseline HF-HRV - included in the model only when significantly improving the model fit. Note 405 

that it is good practice to check for baseline covariation effects even when the analysis focuses on 406 

the change from baseline, as it provides a more precise measure of an effect than an analysis 407 

without baseline adjustment (CHMP, 2015). We applied linear mixed models for our statistical 408 

analysis - using lme4 (Version 1.1.17; Bates, Mächler, Bolker, & Walker, 2014). Mixed effects 409 

modelling is particularly useful in within-subject designs where each subject has several 410 

measurements resulting in correlated errors for those measurements (Baayen, Davidson, & Bates, 411 

2008). The solution to this problem is to let each subject have their own personal intercept 412 

(and/or slope) randomly deviating from the mean intercept as the errors around the personal 413 

regression lines this way will be uncorrelated. Reported p-values were computed via Wald-414 

statistics approximation (treating t as Wald z). We selected the optimal model by using buildmer 415 

(Version 1.0; Voeten, 2019) which can perform backward stepwise elimination based on the 416 

change on a set criterion (AIC in our case). We defined the maximal model as: 417 
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HF-HRVCHANGE ~ Biofeedback Congruency*Belief + HF-HRVBASELINE + Water 418 

Consumption + Attention + Respiratory Rate + (1|PPT)  419 

The model that was providing the best fit with our data based on the AIC values was the 420 

following: 421 

HF-HRVCHANGE ~ Biofeedback Congruency*Belief + HF-HRVBASELINE + Respiratory 422 

Rate + (1|PPT) 423 

The expression outside the parentheses indicates fixed effects while inner expression 424 

depicts the random effects in the model (i.e. the intercept over participants). Results revealed a 425 

significant interaction between Biofeedback Congruency and Belief 𝛽 = 7.33, [CI] = 2.55 – 426 

12.12, p = .003, 𝑅2
MARGINAL = 0.34, 𝑅2

CONDITIONAL = 0.62 when including baseline HF-HRV (nu) 427 

𝛽 = -9.90, [CI] = -11.58 – -8.23, p = < .001 and respiratory rate p = .057 in the model (Figure 428 

4A). To further investigate this interaction simple effects analysis was run with phia (Version 429 

0.2.1; De Rosario-Martinez, 2015) across the levels of the factors (Biofeedback Congruency and 430 

Belief) in our fitted model. In the analysis Bonferroni corrections were applied for multiple 431 

comparisons when exploring simple effects of interaction. Results revealed a significant 432 

difference in the changes of HF-HRV (nu) between Incongruent (MINC_SELF = -2.74, SDINC_SELF = 433 

15.05) and Congruent conditions (MC_SELF = 2.33, SDC_SELF = 15.00) when participants were told 434 

that they are looking at their own cardiac feedback, 𝜒2 = 7.70, p = .011. This can be considered 435 

as a replication of the lower level congruency effect identified by Experiment 1. In contrast with 436 

this when participants believed that the feedback was representing someone else’s prerecorded 437 

cardiac activity there was no effect of Feedback Congruency 𝜒2 = 2.15, p = .285. There was a 438 

significant simple effect of Belief resulting in a difference between the Self (MINC_SELF = -2.74, 439 
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SDINC_SELF = 15.05) and Other conditions (MINC_OTHER = 1.92, SDINC_OTHER = 12.56) when 440 

receiving incongruent feedback 𝜒2 = 5.64, p = .035, but not during congruent feedback 𝜒2 = 441 

3.52, p = .121 (MC_OTHER = -1.39, SDC_OTHER = 15.7). 442 

This interaction effect can also be framed as higher-level or meta Congruency occurring 443 

between Belief and lower-level Congruency (i.e. Congruent with belief = when believing that 444 

Congruent feedback belongs to Self or when believing that Incongruent feedback belongs to 445 

Other; whilst Incongruent with belief = when believing Congruent feedback belongs to Other or 446 

Incongruent feedback belongs to Other). With this approach we see a significant main effect of 447 

meta Congruency between the Incongruent (MIC_HIGHER = -2.06, SDIC_HIGHER = 15.35) and 448 

Congruent conditions (MC_HIGHER = 2.12, SDC_HIGHER = 13.80) 𝛽 = 3.67, CI = 1.28 – 6.05, p = 449 

.003, 𝑅2
MARGINAL = 0.34, 𝑅2

CONDITIONAL = 0.62 (Figure 4B). These results indicate that HF-HRV 450 

can be conceptualized as a generalizable index of PE-s in a hierarchical predictive model of the 451 

self as it is sensitive to the integration of different sources of information and their 452 

(in)congruency across multiple hierarchical levels. 453 
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 454 

Figure 4. Higher-level congruency effect on the changes in HF-HRV (nu) from baseline depicted 455 

as (A) an interaction between Biofeedback Congruency (Congruent vs Incongruent) and Belief 456 

(Other vs Self) and as a (B) main effect where higher-level Congruency is coded as a single 457 

predictor (Congruent with Belief vs Incongruent with Belief). The raincloud plot provides data 458 

distribution, the central tendency by boxplots and the jittered presentation of our raw data. Error 459 

bars indicate 95% confidence intervals around the estimates of the linear mixed effects model. 460 

Random intercept models include baseline HF-HRV (nu) and respiratory rate as a covariate. 461 

4. General Discussion 462 

The integration of signals arising from within and outwith one’s body has a primary role 463 

in self-awareness. Studies on multisensory integration (Aspell et al., 2013; e.g. Botvinick & 464 

Cohen, 1998; Salomon et al., 2016; Sel et al., 2017; Sforza et al., 2010; Suzuki et al., 2013) found 465 

evidence for both the stability and malleability of the self - mostly in the form of synchrony 466 
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effects. Across two experiments, we tested whether the previously reported synchrony effects 467 

could be generalized to more abstract levels as higher-level congruency effects. Given that 468 

autonomic responses were recently suggested to reflect estimates of self stability (Allen & 469 

Tsakiris, 2018), we used an index of vagal control (i.e. the changes in HF-HRV) as a measure of 470 

congruency effects. We observed that the changes in HF-HRV were predicted by differences in 471 

congruency on both lower and higher hierarchical levels of self-processing. Specifically, 472 

Experiment 1 revealed lower HF-HRV during incongruent feedback when compared to congruent 473 

feedback. Given that low-level congruency was induced by temporal alignment across cardiac 474 

and visual domains our result from Experiment 1 corresponds to the synchrony effects reported 475 

by previous studies (e.g. Aspell et al., 2013; Salomon et al., 2016; Suzuki et al., 2013). However, 476 

to emphasize the similarities in the mechanism across different hierarchical levels we use the 477 

term low-level congruency to describe this effect. Providing support to our hypothesis of a 478 

higher-level congruency effect, Experiment 2 identified an interaction between participants’ 479 

beliefs and low-level congruency of the biofeedback signal. More precisely, when participants 480 

received biofeedback that was incongruent with their belief the change in vagal control was 481 

significantly lower than in the condition when their beliefs were veridical. Experiment 2 also 482 

measured the level of attention directed at the biofeedback through quantifying performance of 483 

counting green pulses. We found that all participants performed well - suggesting that they 484 

engaged with the task and sustained their attention at a good level throughout. Our results have 485 

important implications for the predictive models of the self. Earlier models (Apps & Tsakiris, 486 

2014; Seth, 2013; Tsakiris, 2010) were focusing on the apparent differences between different 487 

sources (i.e. exteroceptive and interoceptive) of self-relevant information, whilst novel 488 

approaches emphasize the integration of these signals - which is proposed to be reflected by the 489 

balance between stability and adaptation (Allen & Tsakiris, 2018; Seth & Tsakiris, 2018). 490 
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When interpreting our results within the PC framework we suggest that the participants’ 491 

cardiac activity and their beliefs were used to generate predictive models of the timing of pulses 492 

and the movements of the biofeedback bar. The brain continuously estimates the sources of 493 

sensory input by comparing top-down predictions (priors) about sensory events and bottom-up 494 

sensory input. Incongruencies give rise to prediction errors (PE-s) that are passed upward to 495 

higher hierarchical cortical levels - that encode more abstract, supramodal representations - until 496 

they are resolved. In our study, the low-level congruency effect and the associated PE would arise 497 

from the multisensory level when unimodal exteroceptive (i.e. stability relevant visual signals) 498 

and interoceptive priors (i.e. stability estimations) get integrated. In comparison, a higher-level 499 

congruency effect could be generated by the mismatch between participants’ beliefs and the 500 

multisensory biofeedback input. When PE is minimized a percept is formed that can lead to the 501 

attribution of the origin of biofeedback; specifically, when PE cannot be minimized sufficiently 502 

then the biofeedback would be attributed to someone else. Proprioceptive PE-s can be minimized 503 

through action (i.e. active inference, Friston, Daunizeau, & Kiebel, 2009) engaging reflex arcs. 504 

Aligned with our findings, it has been suggested that interoceptive PE-s could be minimized 505 

through autonomic reflexes (Petzschner et al., 2017; Pezzulo, 2014). A way that autonomic 506 

reflexes could minimize PE is via adjusting the precision of interoceptive priors. Lowering the 507 

relative impact of interoceptive signals on perception enables the self to adapt to external stimuli 508 

whilst keeping its stability unperturbed. Given that autonomic responses could not only signal the 509 

minimization of PE but potentially be the error signals themselves, their exact interpretation will 510 

depend on the experimental design at hand. In our case, autonomic responses are more likely to 511 

represent interoactions (i.e. minimization of PE, Seth & Tsakiris, 2018) given that they arise in 512 

response to incongruencies - in contrast with a design that would focus on the effects of 513 

manipulating the autonomic responses themselves. 514 
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In our two studies the primary focus was on the physiological responses rather than the 515 

explicit self-recognition measures. However, future studies could adapt our methods, paradigms 516 

and task instructions (without the framing we used in the higher-level congruency manipulation) 517 

and ask participants whether the biofeedback originates from the self or from others, as in the 518 

design by Azevedo, Aglioti, and Lenggenhager (2016). Past research using behavioral measures 519 

revealed contradictory evidence regarding the link between interoceptive abilities (such as 520 

heartbeat detection or interoceptive accuracy) and biofeedback. While heartbeat perception seems 521 

to improve post-biofeedback (Schandry & Weitkunat, 1990), others found no difference between 522 

good or bad heartbeat perception groups in heart rate control performance (e.g. De Pascalis et al., 523 

1991). The findings on heartbeat evoked potential are more consistent, suggesting that the neural 524 

response associated with the attention directed to one’s heartbeat is affected by the synchrony of 525 

the feedback (Pfeiffer & De Lucia, 2017; Schandry & Weitkunat, 1990; Sel et al., 2017). 526 

However, more research is needed to understand the way low-level congruency influences 527 

interoception and whether it could be detected behaviorally. In line with our study it will be 528 

interesting to test whether state-like changes of interoception (measured by trial-by-trial cardiac 529 

recognition) are modulated by the autonomic response to the biofeedback signal. Given that the 530 

measures of HRV require a longer time window (i.e. at least 2 to 5 min) alternative indices of 531 

autonomic responses could be considered when optimizing the design of the task on cardiac 532 

recognition (e.g. measuring the pre-ejection period). 533 

To conclude, we adopted a novel approach in our experimental design investigating the 534 

psychophysiological stability and adaptability of the self by shifting the focus from the 535 

contributing factors to the integration process itself. Across two experiments, we show that 536 

autonomic responses are sensitive to congruencies and incongruencies arising from the 537 
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integration of sensory signals and predictions across multiple hierarchical levels. This finding 538 

provides supportive evidence for the role of autonomic responses in interoceptive processing as 539 

stability estimations that are engaged in the minimization of PE. 540 
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