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According to predictive processing theories, emotional inference involves simultaneously
minimising discrepancies between predictions and sensory evidence relating to both one's
own and others' states, achievable by altering either one's own state (empathy) or
perception of another's state (egocentric bias) so they are more congruent. We tested a key
hypothesis of these accounts, that predictions are weighted in inference according to their
precision (inverse variance). If correct, increasingly precise self-related predictions should
be associated with increasingly biased perception of another's emotional expression. We
manipulated predictions about upcoming own-pain (low or high magnitude) using cues
that afforded either precise (a narrow range of possible magnitudes) or imprecise (a wide
range) predictions. Participants judged pained facial expressions presented concurrently
with own-pain to be more intense when own-pain was greater, and precise cues increased
this biasing effect. Implications of conceptualising interpersonal influence in terms of
predictive processing are discussed.
© 2022 The Authors. Published by Elsevier Ltd. This is an open access article under the CC
BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

The notion that the brain is an inferential machine that
actively models the state of the world to estimate the causes
of (i.e., explain) the evidence it encounters is becoming
increasingly influential in cognitive neuroscience. Within the
predictive processing framework (Clark, 2016; Friston, 2010;
Hohwy, 2013), the brain continuously tests the predictions
generated by its models against incoming sensory evidence,
and discrepancies between predictions and sensory evidence
(prediction errors) are used to update the models such that
they better fit the sensory evidence. Within a particular
moment, this process of updating predictions such that they
best match the current state of the world corresponds to
perception. The influence of prior predictions on what is
perceived is a function of their expected uncertainty, or reli-
ability, relative to prediction errors. This expected uncertainty
is termed precision, and is a measure of signal-to-noise or
confidence (mathematically, the inverse variance of a signal).
Higher precision of prior predictions relative to prediction
errors will result in a percept that is biased away from sensory
evidence towards the prior to a greater extent than will lower
relative precision, which will result in a percept that is more
consistent with sensory evidence.

Since the brain must model the state not only of the
external world but also of the body, predictive processing
theories have been extended to include interoceptive (e.g.,
hunger, satiety, pain) predictions as well as those in the
exteroceptive and proprioceptive domains (Allen, Levy, Parr, &
Friston, 2019; Barrett & Simmons, 2015; Seth, 2013; Seth &
Friston, 2016). The hierarchical structure of generative
models allows these different modalities to be integrated;
prediction errors from contingent events in each modality are
assimilated at higher levels such that they contextualise one
another. Higher levels can therefore represent more abstract
hidden causes of sensory evidence (Linson, Parr, & Friston,
2020; Pezzulo, Rigoli, & Friston, 2015) such as our action
goals and intentions. Under the assumption that these hidden
states cause the same sensory consequences in others as they
do ourselves, deep generative models are thought to permit
the prediction and inference of the action goals (Kilner,
Friston, & Frith, 2007), mental states (Friston & Frith, 2015;
Koster-Hale & Saxe, 2013) and affective states (Demekas, Parr,
& Friston, 2020; Ondobaka, Kilner, & Friston, 2017; Peng,
Huang, Liu, & Cui, 2019; Quattrocki & Friston, 2014) of other
people.

If there are contingencies between states of the self and
(perceivable cues indicating) the states of others, our internal
models will encode these contingencies, linking interocep-
tive/proprioceptive predictions regarding the state of the self,
with exteroceptive predictions indicating the state of the
other. Assuming that most people are empathic, the typical
developmental environment will be one in which others (e.g.,
caregivers) respond to one's own states by displaying that
same state themselves (e.g., a caregiver will make a pained
face when an infant is in pain). This means that the contin-
gencies captured by internal models will be more likely to link
states of the self with cues indicating the same state in others
(Bird & Viding, 2014; Heyes & Bird, 2007).

Prediction error is reduced across multiple levels (and
modalities) simultaneously, meaning that predictions
regarding the state of the self can affect the perception of the
state of another, and vice versa. For example, when experi-
encing pain, my internal model, attempting to estimate the
causes of the interoceptive evidence I am receiving, will
generate exteroceptive predictions regarding the state you
will appear to be in (i.e., I will predict that you will display a
pained expression). If you are not empathic and do not display
any pain, then exteroceptive prediction errors would be
generated, which could be resolved by biasing my perception
of your expression such that it appears more pained, a form of
‘emotional projection’, or egocentric bias. Meanwhile, upon
seeing my pain, your model, if it is the same as mine, will be
generating interoceptive predictions regarding what your pain
will feel like, which, when unfulfilled, may bias your percep-
tion of your own state.

If predictive processing theories are correct, then the
extent to which perception of another's expression is biased
towards one's own state should vary as a function of the
precision of predictions regarding one's own state. Although
several studies demonstrate that one's own state can influ-
ence perception of another's state (Edey, Yon, Cook,
Dumontheil, & Press, 2017; Pezzulo et al., 2018; Riitgen et al.,
2015, 2021; Silani, Lamm, Ruff, & Singer, 2013) and vice versa
(Chapon, Perchet, Garcia-Larrea, & Frot, 2019; Liu et al., 2019),
and turn-taking in songbirds has been successfully modelled
using the predictive processing framework (Friston & Frith,
2015), empirical evidence for the role of precision in these
interpersonal effects remains scarce. Effects of contextualised
perception in the case of others' emotions have been suc-
cessfully modelled (Mirza, Cullen, Parr, Shergill, & Moran,
2021), but not when the contextualising prior is one's own
state. The present study was therefore designed to test the
prediction that increased precision of predictions about one's
own pain will be associated with increasingly biased percep-
tion of another's pain.

Participants were asked to judge the intensity of pained and
happy facial expressions which were presented visually at the
same time as pain was delivered. The magnitude of upcoming
pain was signalled to participants using cues which indicated
either a narrow or wide range of possible intensities, corre-
sponding to high or low precision. In other words, participants'
expectations about the pain they were about to receive, under-
stood as probability distributions, had either a smaller or greater
variance. Under the Bayesian models of perception described
above, the precision of interoceptive predictions regarding pain
should determine the effect of the prior on perception of one's
own pain — more precise priors will bias pain perception to a
greater degree (see Hoskin et al., 2019 for an empirical demon-
stration). Crucially, increasing precision of pain expectation
should also be associated with increasing precision of extero-
ceptive predictions concerning the expression of pain in the
other, and therefore a greater influence of those exteroceptive
predictions on perception of the other's pain. Accordingly, it was
hypothesised that the receipt of painful electrical stimulation
would bias perception of another's pain state to a greater extent
when accompanied by precise pain predictions, than when
accompanied by imprecise pain predictions.
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2. Methods

We report how we determined our sample size, all data ex-
clusions, all inclusion/exclusion criteria, whether inclusion/
exclusion criteria were established prior to data analysis, all
manipulations, and all measures in the study.

2.1. Participants

Due to a lack of available data from which to calculate effect
sizes, it was not possible to conduct power calculations. An
opportunity sample was therefore collected, whereby all
participants fulfilling the inclusion criteria who responded to
the advertisement over six months of data collection were
tested. Participants were excluded if they reported uncorrec-
ted impaired vision, a diagnosis of a neurodevelopmental
disorder, meeting the criterion for severe alexithymia, taking
any prescription medications with stimulant, sedative, or
analgesic effects, or if they did not rate the maximum elec-
trical stimulation as at least an 8 out of 10 (details below).
From the participants tested, four were excluded from ana-
lyses, two because their performance on the measure of pain
rating consistency was more than three standard deviations
below the group mean, and two because their level of habit-
uation was more than three standard deviations greater than
the group mean (see below for details of these measures).
Exclusion criteria were established prior to data analysis. The
final sample was composed of 25 females and 24 males be-
tween the ages of 18 and 43 years (M = 23.5, SD = 5.86).

All participants gave written informed consent, and the
study was approved by the Central University Research Ethics
Committee, University of Oxford. Participants received a small
honorarium for their participation.

2.2. Electrical stimulation and thresholding

Pain stimuli consisted of 200 us electrical pulses generated by
a Digitimer DS7A Constant Current Stimulator (Digitimer Ltd,
Hertfordshire, United Kingdom). Stimuli were controlled by a
custom MATLAB script and administered via a bar electrode
(two disc electrodes with 9 mm diameter and 30 mm spacing)
attached to the underside of the forearm of the non-dominant
hand.

Stimulation levels were calibrated for each participant,
creating a personalized ‘1’ to ‘10’ scale of pain. A value of ‘1’
corresponded to a minimally painful pin-prick sensation,
while ‘10’ was the most painful stimulation participants were
willing to receive up to 30 times over the following hour, which
did not cause wincing, blinking, or a lapse in focus. Each
participant received an ascending series of electrical stimula-
tions, starting at an imperceptible level (1 mA), until they re-
ported first feeling a painful pin-prick sensation. Starting from
above this value, a series of stimulations of descending in-
tensity was given until participants reported no longer feeling
the pin-prick sensation. The ascending and descending painful
thresholds were averaged to give the participant's ‘1’ value. The
intensity level was then further increased until the participant
reported reaching ‘10’. Again, starting from above this value, a
descending series of stimulations was given until participants

reported the intensity dropping below ‘10’, and the ‘10’ value
was taken as the average of the ascending and descending
thresholds. The mean difference between ‘10’ and ‘1’ stimu-
lation intensities was 40.1 mA (SD = 22.0). Provisional stimu-
lation levels for values ‘2’ through ‘9’ were calculated as
equidistant points between the ‘1’ and ‘10’ values. For each
value, the provisional stimulation level was adjusted via
further calibration according to participant feedback in
increasingly fine intervals until the participant's subjective
rating matched the assigned value.

2.3. Measures

2.3.1. Alexithymia

All participants completed the 20-item Toronto Alexithymia
Scale (TAS-20; Bagby, Parker, & Taylor, 1994) so that partici-
pants meeting the criterion for severe alexithymia (TAS-20
score >60) could be excluded, as alexithymia has been asso-
ciated with impaired interoception (Brewer, Cook, & Bird,
2016).

2.3.2.  Pain reporting and degree of habituation

Before the main task, in a pre-test phase, participants received
each of their 10 individually-calibrated stimulation intensities
twice. The order of intensities was random, but held constant
across all participants so that any effects of order on pain
perception would be equal across participants. Participants
were asked to rate each stimulation out of 10, based on the
scale used during calibration. From these data, estimates of
participant accuracy (correlation between the average of the
two pre-test ratings and the actual intensity level) and con-
sistency (correlation between the first and second pre-test
rating for each stimulation level) were calculated. After the
main task, in a post-test phase, this procedure was repeated,
with each stimulation level being presented only once. Com-
parison of the pre- and post-test data allowed a measure of
habituation to be derived (the mean difference between the
post-test and the average of the pre-test ratings across in-
tensity levels) for each participant.

2.4. Emotional facial expression stimuli

Stimuli were images of a female actor displaying happy and
pained facial expressions of varying intensities, created by
morphing each expression with a neutral expression using
Morpheus Photo Morpher (Morpheus Development, Howell,
Michigan). Original stimuli were obtained and validated by
Simon, Craig, Gosselin, Belin, and Rainville (2008). Morphed
images were converted to grey-scale and cropped into an oval
shape to occlude hair, neck and peripheral information.

For both pain and happiness, 18 intermediate images be-
tween the neutral (0%) and the emotional expression (100%)
were initially produced in 5% increments. A pilot study (n = 50)
conducted using these images revealed that participants
required 10% more happiness in happy morphs than the
amount of pain required in pain morphs to judge the face as
happy/pained, respectively. Therefore, to equalize perceived
intensity of the two emotions, the final happy stimuli con-
sisted of five morphs selected from a range of intensities
(minimum 35%, maximum 70% intensity) each of which were
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10% more intense than the corresponding pained morphs
(minimum 25%, maximum 60% intensity; Fig. 1). Stimuli were
222 x 293 pixels in size, presented on a grey background in
Psychtoolbox (Brainard, 1997) and viewed from a distance of
approximately 60 cm. Presentation time was 425 msec.

2.5. Pain cues

In order to manipulate the precision of pain predictions, par-
ticipants were presented with a cue prior to receiving each
stimulation that informed them, with high or low precision,
whether they were going to receive a high- or a low-pain
stimulation. Cues were shown as horizontal bars, signifying
the range from minimum (1) to maximum (10) pain, with a
shaded region indicating the range of possible intensities of
the upcoming stimulation. For low precision cues, this shaded
region occupied 50% of the bar, indicating that the pain could
be anywhere from minimum to mid-way (for low pain) or mid-
way to maximum (for high pain). For high precision cues, 10%
of the bar was shaded, centred around 25% (for low pain) and
75% (for high pain).

2.6.  Design

The design consisted of three variables manipulated on a
within-subjects basis: pain stimulation magnitude (Own-Pain:
high or low), precision of pain expectation (Precision: high or
low) and the type of expressed emotion (Emotion: pain or
happiness) and trials representing the factorial combination
of these three factors were presented equally over 120 trials in
blocks of 24 trials. Blocks consisted of equal numbers of trials
from every combination of experimental factors, presented in
a random order. In low precision conditions, each face stim-
ulus was paired once each with a stimulation of level ‘1’, ‘3,

and ‘5’ (in the low own-pain condition) or a stimulation of
level ‘6’, ‘8’ and ‘10’ (in the high own-pain condition). In the
high precision conditions, the stimulation given was always
‘3’ in the low own-pain condition and ‘8’ in the high own-pain
condition. This ensured that the mean stimulation intensity
received was equal across high and low precision conditions
(i.e., ‘3 or ‘8’) and also within each face stimulus.

2.7. Procedure

Participants were asked to have a full night's sleep before the
experimental session, and to refrain from caffeine consump-
tion on the day of testing. After obtaining informed consent,
participants first completed the TAS-20. The electrode was
then attached, the calibration procedure carried out, and the
pre-test stimulation ratings obtained. There were six practice
trials for the main task, presented in a random order but the
conditions of which were fixed to include: each combination
of Precision and Own-Pain conditions; the most extreme
painful stimulations for low precision conditions (i.e., 1 and 5
for low own-pain and 6 and 10 for high own-pain), to reinforce
the idea that low precision cues signal a wide range of po-
tential upcoming pain relative to high precision cues, and the
most and least intense face stimuli, so that participants could
be instructed to calibrate their scale for rating the emotions
accordingly (i.e., the least and most happy/pained expressions
should correspond to ‘1’ and ‘10’ on the scale, respectively).
The structure of each trial of the main task is shown in
Fig. 2. Participants were presented with the own-pain cue for
three seconds before being presented with the facial expres-
sion for 425 msec. The electrical stimulation was delivered
simultaneously with the presentation of the facial expression.
Participants were then asked to judge the intensity of the
emotional expression, the intensity of their own pain (both on

Fig. 1 — Experimental stimuli.Note. Pained (upper panel) and happy (lower panel) expressions, arranged by increasing

intensity from left to right.
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Time

b)

3s

200 ms - '

d)

Please rate the intensity of the EMOTION ON THE FACE you saw on
a scale of 1 to 10.

425 ms +
X200 ps

Please indicate if the face was happy or in pain

Press space to continue

In Pain Happy

Until response

Fig. 2 — Task Structure. Note. Example cue and stimulus shown — these varied across trials as specified under ‘Design’. a)
Cue: indicates the magnitude of the upcoming electrical stimulation (High or Low Own-pain) with either a High or Low
degree of precision (High Pain, High Precision cue shown). b) ISI. c) Expression stimulus: either Pained or Happy with
concurrent electrical stimulation. d) Response screen: Own-pain rating (1-10) + expression intensity rating

(1-10) + emotion judgement (pained or happy).

a scale of 1-10), and whether the facial expression was happy
or pained. Participants were encouraged to take a break be-
tween blocks. After the main task, the post-test rating pro-
cedure was carried out. Study procedures were not formally
pre-registered prior to the research being conducted.

3. Results

All statistical analyses were computed in JASP (Jasp Team,
Amsterdam, The Netherlands). Analyses were not pre-
registered prior to data collection. All tests are two-tailed un-
less otherwise specified. Bayesian analyses use JASP default
priors. Participants' mean TAS-20 score was 41.8 (SD = 9.04).
3.1. Pre- and post-test own-pain ratings

The mean consistency correlation for own-pain rating
(within-participant correlation between the two pre-test rat-
ings) was .87 (SD = .09) and the mean accuracy correlation
(within-participant correlation between the mean pre-test
ratings and the calibrated pain levels) was .95 (SD = .03). The
mean habituation score was .09 (SD = .64), corresponding to a
very slight habituation.

3.2 Expression intensity ratings
One participant was an outlier in terms of the effect of own-pain
on their ratings of happy faces in the imprecise condition (>3
SDs from the mean). Analyses excluding the outlier were per-
formed in addition to those including it, which are reported
below, with no differences in the patterns of significance.
Expression intensity ratings (see Fig. 3) were analysed
using a 2 (Own-Pain: high vs low) x 2 (Precision: high
us low) x 2 (Emotion: pain vs happiness) repeated measures
analysis of variance (ANOVA). As predicted, there was a sig-
nificant 2-way interaction between Own-Pain and Emotion
[F(1,48)=5.61,p=.022, 77% =.11], and crucially, a significant 3-
way interaction between Own-Pain, Precision and Emotion
[F(1, 48) = 11.4, p = .001, ?7123 = .19]. There were also significant
main effects of Own-Pain [F(1, 48) = 42.6, p < .001, »} = .47] and
Emotion [F(1, 48) = 43.0, p < .001, 77% = .47]. All other main ef-
fects and interactions were non-significant and not of theo-
retical relevance [all F(1, 48) < .47, p > .497, 71123 <.01].

To deconstruct the 3-way interaction, two separate 2 x 2
repeated measures ANOVAs were performed for pain and
happiness. To investigate these 2-way interactions and the
significant 2-way interaction between Own-Pain and Emotion,
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Fig. 3 — Expression Ratings as a Function of Own-Pain and Precision. Note. Panel A: mean rating of expression intensity as a
function of own pain magnitude and precision for pained and happy expressions. Panel B: difference in expression rating
between High and Low Own-Pain conditions for each combination of precision and emotion. Raincloud plots provide data
distributions, mean values and raw data (jittered on the x axis). Error bars show within-subject standard error (Morey, 2008).

paired samples t-tests were performed and supplemented by
Bayes factors (BFyg), using the framework proposed by Jeffreys
(1961, see also Rouder, Speckman, Sun, Morey, & Iverson,
2009). The Bayes factors reflect how many times more likely
the data are under the alternative hypothesis (that there is a

difference in expression ratings between the relevant condi-
tions) relative to the null (that there is no difference in
expression ratings between the relevant conditions).

The simple main effect of Own-Pain on expression ratings
(‘mean difference’ refers to expression ratings in high Own-
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Pain subtracted from low Own-Pain conditions) was significant
for both Emotion conditions, both across and within Precision
conditions, but was greater for pained expressions [mean
difference = .39, SD = .38; t(48) = 7.09, p < .001, d = 1.01;
BFp = 228 x 10° than happy expressions [mean
difference = .26, SD = .41; t(48) = 4.46, p < .001, d = .64;
BF,o=435]. As predicted, and as evidenced by a significant two-
way interaction between Own-Pain and Precision [F(1,
48)=7.61,p =.008, n = .14], the effect of Own-Pain on ratings of

pained expressions was greater in the high precision [mean
difference = .50, SD = .50; t(48) = 7.05, p < .001, d = 1.01;
BF;0=2.01 x 10°] than the low precision [mean difference = .27,
SD = .47; t(48) = 4.07, p < .001, d = .58; BF;o = 139] condition.
Conversely, the simple main effect of Own-Pain on ratings of
happy expressions was greater in the low precision [mean
difference = .36, SD = .51; t(48) = 4.90, p < .001, d = .70;
BF1o = 1,689] than the high precision [mean difference = .16,
SD = .45; t(48) = 2.49, p = .016, d = .36; BF 1o = 2.48] condition (see
Fig. 3), and this interaction between Own-Pain and Precision
was significant [F(1, 48) = 7.10, p = .010, n} = .13].

These results are confirmed by a one-tailed Bayesian
paired samples t-test comparing the 2-way interaction effects
(computed as the difference in the effect of pain on expression
ratings between high and low precision conditions) for happy
and pained expressions. A BF;, of 41 constitutes strong evi-
dence for the predicted interaction between Pain, Precision
and Emotion.

3.3. Confirmatory and control analyses

If the effect on expression intensity ratings is as predicted by
the predictive processing framework (and Bayesian percep-
tion accounts in general), one would expect an effect of cue
precision on the variance of own-pain ratings. Precise inter-
oceptive predictions as to the intensity of the upcoming
painful stimulation would be combined with sensory evidence
to form a precise posterior distribution, leading to lower
variance in reported own-pain given the same sensory evi-
dence (i.e., to stimulations of equal intensity). Conversely,
imprecise priors would be combined with sensory evidence to
form an imprecise posterior distribution, and higher variance
in own-pain perception for stimulations of equal intensity
(see Hoskin et al., 2019). As a confirmatory analysis therefore,
the variance of own-pain ratings was calculated for stimula-
tions at the ‘3’ and ‘8’ levels (the two stimulation intensities
shared in the precise and imprecise distributions) for each
participant. Variance was calculated after equalising trial
numbers in the precise and imprecise conditions by randomly
sampling from the precise condition. These intensities were
analysed using a one-tailed paired samples t-test which
revealed a significant difference in the variance of own-pain
ratings, t(49) = 2.00, p = .026, d = .29; BF,, = 1.88, although
note that the Bayes factor provided only anecdotal evidence in
favour of the alternative hypothesis (likely due to low power
as a consequence of reduced trial numbers).

A control analysis was conducted to ensure that the
observed effects were due to the precision of exteroceptive
predictions (and therefore the degree to which exteroceptive

predictions biased perception), rather than being a product of
either of two alternative mechanisms. The first alternative is
that the precision of interoceptive predictions affected the
mean magnitude of experienced pain, with the relationship
between experienced pain and expression intensity judge-
ments remaining constant. The second alternative is that the
emotional expression may have affected the experienced pain
magnitude, since the predictive processing framework pre-
dicts bidirectional biasing effects whereby not only can the
experience of pain cause an expression to be perceived as
more pained to reduce exteroceptive prediction errors, but the
sight of a pained expression can cause pain to be experienced
as more intense to reduce interoceptive prediction errors. In
order to rule out these alternative explanations, the own-pain
ratings were analysed using the same 2 (Own-Pain: high
us low) x 2 (Precision: high vs low) x 2 (Emotion: pain
us happiness) repeated measures ANOVA used to analyse the
expression intensity ratings, and supplemented with
Bayesian paired samples t-tests. For interaction effects, the t-
tests were performed on the relevant difference scores (e.g.,
for the Emotion x Own-Pain interaction, the differences in
own-pain ratings between high and low own-pain were
computed for both pain and happiness) in the same manner
as above for expression ratings.

The ANOVA revealed no significant main effect of Precision
[F(1, 48) = 3.70, p = .060, né = .072; BFy, = .85]. While the fre-
quentist ANOVA revealed a main effect of Emotion on expe-
rienced pain [F(1, 48) = 7.75, p = .008, 71123 =.14; BF1p = 4.76] such
that own-pain was rated significantly higher when viewing
pained faces (M = 5.14, SD = .52) than when viewing happy
faces (M = 5.06, SD = .58), neither of the relevant 2-way in-
teractions [Precision x Emotion: F(1, 48) = .014, p = .907,
7712, = .0003, BFjo = .16; Emotion x Own-Pain: F(1, 48) = .78,
p = .381, 7712, = .016, BF4o = .23], nor the crucial three-way
interaction were significant [F(1, 48) = .009, p = .923,
77123 = .0002; BF1o = .16]. The pattern of significance therefore

does not suggest that the effects of either the precision of
interoceptive cues or emotional stimulus on experienced
own-pain explain the effect of the interoceptive cues on
expression intensity ratings. Even if one ignores the pattern of
significance and Bayes factors, given that a difference in own-
pain ratings of 5 points was necessary to produce a mean
difference of .32 in expression intensity ratings, it is unlikely
that mean differences in own-pain approximately 90 times
smaller than that between precision conditions, and 60 times
smaller than between emotion conditions, could account for
effects on expression intensity ratings.

4, Discussion

This study sought to test the hypothesis that the extent to
which perception of another's expression is biased towards
one's own state should vary as a function of the precision of
predictions regarding one's own state. Results supported the
hypothesis; increased precision of predictions about one's
own pain was associated with increasingly biased perception
of another's pain. Furthermore, the effect of the precision of
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pain predictions on ratings of the intensity of happy expres-
sions was reversed, such that less precise predictions were
associated with the greatest effect on expression intensity
ratings. This suggests that more precise predictions concern-
ing one's own state enhance biasing effects of that state on the
perception of a congruent emotion, and attenuate effects on
the perception of an incongruent emotion.

The reason for the main effect of own-pain on happiness is
unclear, but it is possible that high arousal states in the self
enhance perception of emotions with a similar degree of
arousal. Empirical evidence for such an effect in the domain of
emotional valence (rather than arousal) is provided by Antico,
Cataldo, and Corradi-Dell'Acqua (2019), who showed that a
pained state enhances perception not only of pain but also, to
a lesser degree, disgust (a similarly negatively-valenced state).

Hypotheses as to the effect of precision were based on the
description of hierarchical generative models under predic-
tive processing theories applied to interoception (e.g., Pezzulo,
2014; Pezzulo et al., 2015; Seth, 2013; Seth & Friston, 2016), in
particular those extended to the interpersonal domain
(Demekas et al., 2020; Ondobaka et al., 2017; Quattrocki &
Friston, 2014). These models generate multimodal pre-
dictions and therefore can link exteroceptive, proprioceptive
and interoceptive states. This property, combined with a
developmental environment in which states of the self reli-
ably predict, and are predicted by, states of the other, allow
predictions concerning the other to influence the self and vice
versa (Bird & Viding, 2014; Heyes & Bird, 2007; Ondobaka et al.,
2017; Quattrocki & Friston, 2014). Such models are therefore
consistent with the idea that learning resolves the ‘corre-
spondence problem’ (whereby information about the state of
another is typically acquired through exteroceptive senses
such as vision and audition, while states of the self are typi-
cally encoded in interoceptive or proprioceptive codes)
inherent in interpersonal influence (Cook, Bird, Catmur, Press,
& Heyes, 2014).

While the present study has focused on perceptual
inference, many of the theories described suggest that pre-
diction error can also be resolved via active inference,
whereby action is taken to alter sensory evidence such that
it better matches predictions (e.g.,, Ondobaka et al., 2017;
Quattrocki & Friston, 2014; Seth & Friston, 2016). According
to these theories, active inference may explain how the
state of the other can cause a change in one's own state, as
in the case of emotion contagion or empathy. For example,
if the sight of another in pain causes the perceiver's internal
model of pain to generate autonomic and motor predictions,
the ensuing prediction errors that occur if the perceiver is
not themselves in a state congruent with pain can be
resolved by engaging the autonomic and motor responses
associated with pain (e.g., an increase in heart rate and
electrodermal activity, muscle flexion), thus instantiating a
state of empathic pain in the perceiver. In principle, the
ensuing prediction errors may also be resolved through
perceptual inference — a precise prior of pain perception in
the self will bias perception of one's own state towards
increasing pain — however recent research suggests that the
influence of priors on pain perception is greatly reduced
when prediction errors are large (Hird, Charalambous, El-
Deredy, Jones, & Talmi, 2019).

The ability of interoceptive predictions to bias exterocep-
tive perception, as shown here, is consistent with accounts
which suggest that interoception biases attentional, sensory
and behavioural responses to stimuli that are homeostatically
relevant (e.g., Barrett & Simmons, 2015). As argued by Seth and
Friston (2016), the active inference framework highlights the
relevance of predictive models to the regulation (not just
prediction) of causes of sensory evidence. Due to their influ-
ence on our own states, the states of others are homeostati-
cally relevant, and thus a target for regulation by predictive
models.

In explaining how interpersonal influence arises, one must
also explain how such effects can be overcome — why it is not
the case that we compulsively mirror the autonomic/
emotional states of others or imitate their actions (echo-
praxia), and why pairs of individuals do not become locked
into such positive feedback loops. Active inference models
posit that in order to avoid emotional echopraxia when con-
fronted with another's pain, one must reduce the precision of
interoceptive predictions and the ensuing descending pre-
diction errors that would otherwise engage autonomic re-
flexes to perform the interoceptive action (Ondobaka et al.,
2017; Quattrocki & Friston, 2014; Seth & Friston, 2016). With
respect to the effect observed here — where the state of the self
influences perception of another's state — one would need to
reduce the precision of exteroceptive predictions.

Given the role of precision in the perception and prediction
of others' states and in moderating interpersonal effects, it has
been suggested that atypical precision-weighting may result
in atypical social responses, with Autism Spectrum Disorder
most frequently cited as a condition where this may be the
case (Brock, 2012; Coll, Whelan, Catmur, & Bird, 2020; Pellicano
& Burr, 2012; Quattrocki & Friston, 2014; but see Brewer,
Happé, Cook, & Bird, 2015). In the case of empathy for pain,
it has been argued that individuals with autism may fail to
attenuate the precision of interoceptive predictions, leading to
increased autonomic echopraxia and reduced cognitive un-
derstanding of others' pain (Gu et al., 2015; although see Bird et
al., 2010).

However, even typical precision-weighting may be associ-
ated with sociocognitive difficulties in the absence of appro-
priate generative models linking predictions concerning the
states of self and others. Since these models are a product of
experience, they not only depend on sufficient and appro-
priate caregiver—child interaction (i.e., where the caregiver
mirrors the child's states), but are also subject to individual,
familial, and cultural variance (Conway, Catmur, & Bird, 2019;
Demekas et al., 2020; Happé & Frith, 1996; Jack, Caldara, &
Schyns, 2012; Russell, 1991; Smith, Parr, & Friston, 2019),
meaning that predictive models may be appropriate for some
individuals, or groups, but not others. Social interaction and
communication with members of groups characterised by
similar generative models as the self may therefore be easier
than with those with different generative models (Edey et al.,,
2017; Friston & Frith, 2015; Keating & Cook, 2020; Schuster
et al., 2021; Seth & Friston, 2016).

When interpreting the current findings, it is important to
consider some potential limitations of the study. As partici-
pants were not asked to provide ratings of the expressions in
the absence of any own-pain, the effect of pain on perception


https://doi.org/10.1016/j.cortex.2022.04.021
https://doi.org/10.1016/j.cortex.2022.04.021

330 CORTEX 154 (2022) 322—332

of the expressions cannot be determined (only the relative
effects of high and low pain). These data would have been
useful in interpreting the effect of painful stimulation on
perception of happiness. In addition, expressions were dis-
played on a single identity only, and so further research will be
needed to confirm the generalisability of these effects. Finally,
the use of morphed stimuli and static expressions limit the
ecological validity of the study.

5. Conclusions

This study sought to test the hypothesis that perception of
another's expression will be biased towards one'sown state to a
greater extent when predictions regarding one's own state are
more precise. Results supported the hypothesis; increased
precision of predictions about one's own pain was associated
with increasingly biased perception of another's pain. These
results are in accordance with predictive processing theories,
which hypothesise the existence of hierarchical multimodal
models that generate predictions concerning states of the self
and others.
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