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Abstract

Emotions have been proposed to inform risky decision-making through the influence of affective 

physiological responses on subjective value. The ability to perceive internal body states, or 

“interoception” may influence this relationship. Here, we examined whether interoception predicts 

participants' degree of loss aversion, which has been previously linked to choice-related arousal 

responses. Participants performed both a heartbeat detection task indexing interoception and a 

risky monetary decision-making task, from which loss aversion, risk attitudes, and choice 

consistency were parametrically measured. Interoceptive ability correlated selectively with loss 

aversion, and was unrelated to the other value parameters. This finding suggests that specific and 

separable component processes underlying valuation are shaped not only by our physiological 

responses, as shown in previous findings, but also by our interoceptive access to such signals.
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Introduction

Individuals vary widely not only in their physiological reactions to emotional situations, but 

also in the extent to which they perceive those responses. Several prominent psychological 

theories have proposed that the perception of one's own physiological emotional responses 

plays a central role in shaping subjective emotional experience, as well as cognitive and 
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behavioral reactions to external events (e.g. Damasio, 1994; Izard, 2007; Lange & James, 

1922; Schachter & Singer, 1962). Consistent with these theories, individuals who show 

heightened “interoception,” or perception of internal physiological states, report greater 

subjective intensity of emotional feelings (Barrett, Quigley, Bliss-Moreau, & Aronson, 

2004; Critchley, Wiens, Rotshtein, Ohman, & Dolan, 2004; Wiens, Mezzacappa, & Katkin, 

2000; Zaki, Davis, & Ochsner, 2012). Heightened interoception is also proposed to play a 

mechanistic role in anxiety (Paulus & Stein, 2006) and addictive disorders (Koob & 

Volkow, 2010; Naqvi & Bechara, 2010), in which the highly intense subjective experience 

of physiological states of fear or craving powerfully influences behavior. Collectively, this 

work suggests that interoception may critically contribute to subjective emotional 

experience by increasing the subjective strength of bodily responses. In this manner 

interoception may also influence a wide range of everyday cognitive and affective 

evaluations that incorporate perceived physiological information.

A growing body of work has related the physiological arousal response, a component of 

emotion (Scherer, 2005), to differences in risky decision-making (Bechara, Damasio, Tranel, 

& Damasio, 1997; Lo & Repin, 2002; van 't Wout, Kahn, Sanfey, & Aleman, 2006). A 

recent study examining this relationship more specifically found that physiological arousal 

selectively predicted individual differences in “loss aversion,” or the overweighting of losses 

relative to equal gains during risky decision-making (Sokol-Hessner et al., 2009). 

Participants showing greater physiological arousal responses to loss versus win outcomes 

also exhibited greater aversion to loss behaviorally in their choices. This finding suggests 

that the physiological response to loss events specifically informs the computations 

contributing to loss aversion (and not, for example, risk attitudes). Consistent with the 

notion that heightened interoception might potentiate perceived physiological responses to 

loss, we hypothesized that these heightened subjective responses might in turn give rise to 

increased loss averse behavior. In the present study, we take an initial step toward testing 

this hypothesis by assessing whether individual differences in interoception selectively 

predict loss aversion in a risky monetary decision-making task.

Methods

In accordance with journal policy, we certify that we report below how we determined our 

sample size, all data exclusions, all manipulations, and all measures in the study.

Participants

We sought a final sample size of roughly 25 assuming that a possible relationship between 

loss aversion and interoception might be similar to that observed with physiological 

responses in a previous study (Sokol-Hessner, et al., 2009). To attain this approximate 

number, 37 adults recruited from the general population gave informed consent and 

completed both a heartbeat-detection (HD) task and a monetary decision-making task (see 

details below). Participants in the HD task were asked to judge whether a set of tones 

triggered by their actual heartbeats were in or out of sync with their heartbeats. Ten 

participants were excluded from analysis because on more than 20% of out-of-sync trials, 

the intervals between their heartbeats were momentarily too brief to allow presentation of 
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tones at the necessary delay of 500ms (a proportion of participants not significantly different 

[chi square with 1 degree of freedom, p > 0.05] from that reported in an exceptionally large 

study; Wiens & Palmer, 2001). This short interbeat interval caused the computer to skip 

heartbeats during tone presentation, creating a potential source of bias in participants' 

judgments. Of the 27 participants remaining, five participants were also excluded because 

they exhibited more misses and false alarms than hits and correct rejections on the heartbeat 

detection task, resulting in negative d′ estimates (see details below). The remaining 22 

participants (14 F; age 18 to 36, M = 24.7) were included in the analyses presented here. 

Participants received $15 for participation. They were endowed with $30 prior to the 

decision-making task, and paid the actual outcomes of 18 randomly selected trials (10% of 

all trials).

Heartbeat-Detection Task

Interoception was measured with a commonly-used signal detection task in which 

participants indicated on each trial whether a sequence of ten tones (800Hz, 100-ms square 

wave tones; Audacity software; Apple, Cupertino, CA) were perceived as in or out of sync 

with their heartbeat (Critchley, et al., 2004; Eichler & Katkin, 1994; Katkin, Wiens, & 

Öhman, 2001; Khalsa et al., 2008; Schneider, Ring, & Katkin, 1998; Wiens, et al., 2000; 

Wiens & Palmer, 2001). Participants' heartbeats were recorded from chest electrodes using 

AcqKnowledge software (Biopac Systems, Goleta, CA). The software detected the R-wave, 

indicating the peak of ventricular depolarization, and triggered tone presentations at delays 

of 200ms or 500ms (delay was constant within-trial). Tones at a 200 ms delay are typically 

perceived as in sync with the heartbeat, whereas a 500ms delay is perceived as out of sync 

(Wiens, et al., 2000). Participants were instructed to attend to their heartbeats without 

manually feeling for their pulse. Labeled practice trials (two synchronous and two 

asynchronous) were completed first, followed by 25 trials of each type in the actual task. 

Interoception was indexed by the difference between participants' normalized hit rate and 

normalized false alarm rate (z(Hits) - z(False Alarms)), yielding a d-prime (d′) signal-

detection performance measure. Five participants had negative d′ values, all between -1 and 

0. Though it is possible their response pattern may have resulted from poor ability to 

perform the task, the negative values also raised the possibility that they did not understand 

the task and/or the button mappings. Because of the inherent difficulty in interpreting these 

negative d′ values, we therefore excluded those participants from subsequent analyses unless 

otherwise indicated.

Choice Task

We measured participants' choice behavior in a risky monetary decision-making task 

(Sokol-Hessner, Camerer, & Phelps, 2013; Sokol-Hessner, et al., 2009). After endowment 

(see above), participants were thoroughly instructed, quizzed, and practiced on the task 

before beginning, as in prior studies (Sokol-Hessner, et al., 2013; Sokol-Hessner, et al., 

2009).

Each decision (2s view window, followed by a 2s-or-less response window) was followed 1s 

later by its outcome (1s), before the next trial began 1-3s later. Choices were made in five 
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blocks of 36 trials, separated by 45s breaks during which participants rated their feelings in 

the previous block using analog scales.

Participants made 180 choices between a risky gamble (2 options, each with probability of .

5) and a guaranteed alternative. 150 choices were between a mixed valence gamble (positive 

and negative possible outcomes) and $0 guaranteed, and 30 choices were between gain-only 

gambles (positive and zero possible outcomes) and a smaller positive guaranteed alternative. 

For the exact monetary amounts, see Table S1 and Figure S1. Monetary amounts were 

selected to enable separate individual estimates of loss aversion (λ), risk attitudes (ρ), and 

consistency over choices (μ) using a standard maximum likelihood estimation procedure in 

MATLAB v7.14 (MathWorks, Natick, MA). The details of estimation, including utility, 

softmax, and likelihood functions were identical to that used in prior work (Sokol-Hessner, 

et al., 2013; Sokol-Hessner, et al., 2009).

Results

Participants varied in interoceptive ability (d': range: 0-2.9; M = 0.83, SE = 0.16). Because d′ 

estimates were non-normally distributed (Shapiro-Wilk test, W = .85 p = .004), we 

performed a square-root transform (as the log of a d′ of 0 would be infinite), resulting in a 

normalized distribution of d′ (W = .97, p = .60) with no outliers (all points within two 

standard deviations; mean sqrt(d′) = 0.79, corresponding to d′ = 0.63). Estimates of loss 

aversion (λ; M = 1.38, SE = 0.21), risk attitudes (ρ, M = 0.91, SE = 0.07), and consistency 

over choices (μ, M = 2.51, SE = 0.76) were consistent with previous observations (Sokol-

Hessner, et al., 2013; Sokol-Hessner, et al., 2009). Because loss aversion coefficients (λ) are 

generally positively skewed, a log transformation produces a more normally distributed 

value (log(λ) M = 0.11, SE = 0.14); corresponding to λ = 1.12). Only risk attitudes (ρ) and 

consistency (μ) were marginally correlated with each other, r(20) = -.41, p = .06 (all other 

p's > .49), however, this finding should be interpreted cautiously as μ is non-normally 

distributed and no correlations were observed in previous studies (Sokol-Hessner, et al., 

2013; Sokol-Hessner, et al., 2009).

To examine the connection between interoception and decision-making, we correlated 

individuals' d′ values with their loss aversion, risk attitudes, and choice consistency. 

Interoception correlated only with loss aversion (log(λ) and sqrt(d′); r(20) = .57, p = .006; 

see Figure 1) and not with risk attitudes (ρ and sqrt(d′); r(20) = -.36, p = .10) or choice 

consistency (μ and sqrt(d′); r(20) = .17, p = .44). Using Fisher's r-to-z transformation, we 

tested the correlations against one another, and found the correlation with loss aversion was 

significantly greater than that with risk attitudes (z = 3.16 p = .002), though it was not 

significantly different from that with choice consistency (z = 1.47 p = .14). The correlations 

with risk attitudes and with consistency were marginally different (z = 1.69, p = .09).

The same pattern of selective correlation between loss aversion and interoception holds 

when we include the five participants excluded based on negative d′ values (median 

behavioral parameters of λ = 1.90, ρ = 0.88, and μ = 0.44). Though we believe their 

inclusion to be problematic due to the inherent difficulties in interpreting and analyzing 

negative d′ values, we replicated the above analyses using the absolute value of d′ (which 
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would reflect participants' interoceptive ability if, for example, they had failed to note the 

correct response keys). In analyzing all 27 participants, we find that sqrt(|d′|) is significantly 

correlated with log(λ) (r(25) = .37, p = .05), but not with ρ (r(25) = -.20, p = .31) or μ (r(25) 

= .16, p = .43), and that the correlation of sqrt(|d′|) with log(λ) is significantly greater than 

that with ρ (Fisher's r-to-z, z = 2.08, p = .04), though not with μ (z = 0.80, p = .42). There 

was no significant difference between the correlations with ρ and with μ (z = 1.27, p = .20). 

Despite replicating the effects observed in participants with positive d′ values, we consider 

the initial analyses that exclude negative d′ participants to be conservative in that we only 

include participants demonstrating successful performance of the tasks at a clear and 

objective level.

Discussion

Here, we show that interoceptive sensitivity to physiological signals selectively predicts 

aversion to loss in one's choices, but is unrelated to risk attitudes and choice consistency. 

Individuals who are better able to perceive their bodily states are also most loss averse. This 

result complements a previous finding that greater physiological responses to losses 

compared to gains also predicts loss aversion (Sokol-Hessner, et al., 2009), as well as 

extensive evidence that interoception leads to more intense emotional experiences (Barrett, 

et al., 2004; Critchley, et al., 2004; Wiens, et al., 2000; Zaki, et al., 2012). Our finding, in 

the context of this body of research, suggests that heightened interoception may magnify the 

relative weight placed on losses during decision-making by increasing the subjective 

intensity of choice-relevant emotional signals.

While previous studies have suggested a general relationship between interoception and 

decision-making under risk (Dunn et al., 2010; Werner, Jung, Duschek, & Schandry, 2009), 

we extend these findings by identifying a specific choice process affected by interoception. 

This specificity is achieved through the use of a quantitative model of monetary decision-

making from behavioral economics that enables the precise resolution of distinct component 

processes underlying an individual's evaluation of risky choices. In teasing apart these 

separable components of risky decision making, we have revealed that interoception is 

related to the relative weighting of gains and losses, but not to attitudes toward risk. We note 

that while these two processes can have similar apparent effects on choices, their 

mechanisms are very different. Heightened risk aversion causes one to accept fewer gambles 

because the value of the larger, risky option is discounted – losses and gains are treated no 

differently. While loss aversion also results in fewer gambles being accepted, this stems 

instead from the greater weight placed on potential losses relative to gains. Without a 

properly designed task and model, risk and loss aversion can be behaviorally conflated since 

their effects on choice are coarsely similar – fewer gambles are accepted. Only by separately 

quantifying the processes underlying valuation in this monetary decision-making task were 

we able to identify the specific relationship between interoceptive ability and aversion to 

loss.

Our study did not directly assess the role of physiological responses in this association 

between interoception and choice behavior. However, recent work has shown that larger 

physiological responses to losses versus gains predicts increased loss aversion, suggesting 
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that individuals who experience losses more intensely avoid them more in their choices 

(Sokol-Hessner, et al., 2009). Our present finding suggests that increased interoception may 

exert a similar influence upon choice by intensifying the subjective experience of such 

signals. In other words, there may be two mechanisms that can lead to the heightened 

subjective experience of loss that contributes to loss aversion: substantially larger 

physiological responses to losses versus gains, or increased sensitivity to a differential 

response of average magnitude. As an analogy, one may subjectively experience a light as 

very bright either because the light is in fact objectively intense, or because one's eyes are 

very sensitive. Thus, physiological responses and increased interoception, through their 

similar effects on subjective experience, might both influence decision-making processes 

that incorporate perceived bodily information.

Although physiological reactivity and interoception could in theory be independent of one 

another, they might also interact in a number of possible ways. Some previous findings 

suggest that good interoceptors may have greater physiological responses (Eichler & Katkin, 

1994), suggesting a possible feedback loop in which sensitivity to physiological responses 

subsequently leads to an amplification of the bodily signal itself, which is then perceived 

even more intensely. Alternatively, interoception and physiological responses may 

statistically interact (Dunn, Evans, Makarova, White, & Clark, 2012) such that responses 

drive behavior only for good interoceptors who can accurately perceive those responses. 

Future research directly assessing the relationship between physiological responses, 

interoception, and loss aversion may further refine our understanding of the interaction 

between these variables.

Beyond the limitations discussed above with respect to specifying the interplay between 

interoception, physiological responses, and choice behavior, our study is also limited by a 

relatively small sample size (22 or 27, depending on participant exclusion), and the inability 

of several participants to satisfactorily complete the interoception task (see Methods). 

Nevertheless, the robustness of our results across analyses and their consistency with prior 

studies lend validity to the present findings and suggest that they might be replicated in 

future work.

The neural link between loss aversion and interoception may involve the anterior insula. The 

insula receives afferent vicerosensory input about the physiological state of the body (Craig, 

2009), and is implicated in the interoceptive awareness of such bodily information 

(Critchley, et al., 2004; Khalsa, Rudrauf, Feinstein, & Tranel, 2009). In addition, both lesion 

and functional neuroimaging data implicate the insula in the anticipation and avoidance of 

loss (Palminteri et al., 2012; Samanez-Larkin, Hollon, Carstensen, & Knutson, 2008). These 

data suggest that the insula may play a critical role in connecting interoceptive information 

to value-related processes that shape choice. As further evidence, dysregulated insula 

activity is also proposed to contribute to the etiology of anxiety (Paulus & Stein, 2006), 

consistent with reports that anxious individuals exhibit both increased interoceptive 

sensitivity (Critchley, et al., 2004) and excessive avoidance of potentially negative situations 

(Hartley & Phelps, 2012). Our present finding links these symptoms of anxiety, suggesting 

that heightened interoception may mechanistically increase loss aversion and in turn 

motivate avoidance behavior.
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Contrary to the centuries-old conventional distinction between thoughts and feelings, 

contemporary theories view cognition and emotion as inextricably intertwined. Appraisal 

theories of emotion propose that emotional responses arise through cognitive evaluations of 

both salient external events and their resulting internal physiological responses (Schachter & 

Singer, 1962; Scherer, 2005; Smith & Kirby, 2009). Heterogeneity in such appraisal 

processes is proposed to give rise to individual variability in the subjective feelings and 

behavioral responses elicited by emotional events. The findings in the present study are 

compatible with this view, highlighting interoception as a specific appraisal process 

underlying the subjective evaluation of monetary options, and therefore the decisions we 

make. More broadly, the link observed in this study between interoception and loss aversion 

provides further evidence of a naturally integrated role for affective processes in decision-

making, demonstrating that not only objective emotional signals, but also our subjective 

experiences of them, play specific and powerful roles in shaping our choices.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Individuals' interoceptive sensitivity (d′) in a heartbeat detection task was correlated with 

their loss aversion in a risky monetary choice task (r(20)=.57, p=.006).
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