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Modality-specific effects of aversive expectancy in
the anterior insula and medial prefrontal cortex
Gil Sharvita,b,c,*, Corrado Corradi-Dell’Acquaa,b,d, Patrik Vuilleumiera,b

Abstract
Expectations modulate the subjective experience of pain by increasing sensitivity to nociceptive inputs, an effect mediated by brain
regions such as the insula. However, it is still unknown whether the neural structures underlying pain expectancy hold sensory-
specific information or, alternatively, code for modality-independent features (eg, unpleasantness), potentially common with other
negative experiences. We used functional magnetic resonance imaging to investigate neural activity underlying the expectation of
different, but comparably unpleasant, pain and disgust.We presented participants with visual cues predicting either a painful heat or
disgusting odor, and assessed how they affected the subsequent subjective experience of stimuli from the same (within-modality) or
opposite (cross-modal) modality. We found a reliable influence of expectancy on the subjective experience of stimuli whosemodality
matched that of the previous cue. At the brain level, this effect was mediated by the intermediate dysgranular section of the insula,
whereas it was suppressed by more anterior agranular portions of the same region. Instead, no expectancy modulation was
observed when the modality of the cue differed from that of the subsequent stimulus. Our data suggest that the insular cortex
encodes prospective aversive events in terms of their modality-specific features, and whether they match with subsequent
stimulations.

Keywords:Expectancy, Thermal pain, Olfaction, Disgust, Insula, Cingulate cortex, Cross-modal expectations, Anticipation, Pain
valuation

1. Introduction

Expectancy can alter the subjective experience of perceptual
events, as observed for vision,56,58 audition,67 touch,10 olfac-
tion,34,81 and nociception.1,2 These alterations are often
interpreted in line with Bayesian accounts of brain function, in
which subjective experiences are the result of the integration of
sensory information with representations of their likelihood
based on previous knowledge or beliefs (priors).4,14,31,41,70,71,78

Accordingly, ambiguous sensory inputs, such as pain of
moderate nature, may be felt as more unpleasant when an
intense pain is expected, or as more innocuous when nothing
harmful is foreseen.1,2 Furthermore, if sensory information
diverges too greatly from priors (eg, an intense unexpected

pain), a prediction-error signal is generated, which updates the
representation of subsequent events.32,71,78

Brain regions such as the insula play a key role in pain
experience and expectancy. Its posterior portion (characterized
by granular and hypergranular cortices) receives nociceptive
information from thalamic nuclei,18,59 and is held to process
bottom-up aspects of the experience.19,32 Instead, the middle-
anterior portions are implicated in expectancy effects, including
the integration of sensory inputs with their priors,1 and the coding
of prediction-error signals.32 Overall, this region contributes to the
emergence of comprehensive experiences of pain (but see Refs.
28,60), including endogenous variations in subjective reports that
are not explained by the noxious stimulation itself.1,3,80

However, brain regions such as the insula do not respond to
noxious inputs only but have been implicated in a wide range of
other sensory and affective events,3,16,45,47 including disgust17,77

and aversive cues.7,54,65,66 Similar heterogeneity was observed
for the cingulate and medial prefrontal cortex.20,44,62 Further-
more, the anterior insula also plays a key role in processing error74

and prediction-error36,57 signals in experimental manipulations
that do not involve pain. Hence, recent studies proposed that part
of pain-evoked activity in the insula may reflect supramodal
coding of a more general dimension such as unpleasantness,17

or relevance (salience) for one’s survival.46,47,52 This raises the
question about the nature of the predictive information encoded
in this region, and whether it underlies priors about modality-
specific events (I expect pain) or instead supramodal features
common to different sensorymodalities (I expect something bad).

Here, we used functional magnetic resonance imaging (fMRI)
to identify neural structures underlying expectation of 2 different,
but comparably unpleasant, events: thermal pain and olfactory
disgust. We adapted previous paradigms,1,63 in which
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participants were shown cues predictive of painful or disgusting
events (cue-modality, 75% predictive) of high/low unpleasant-
ness (cue-unpleasantness, 100%predictive), andmeasured how
these affected responses to moderately painful or disgusting
stimuli of matched unpleasantness (stimulus-modality). This
paradigm allows to test whether expectancy effects are observ-
able only when the modality of the cue matches that of the
subsequent stimulus (within-modality expectancy), or whether
they also generalize to other sensory modalities of comparable
unpleasantness (cross-modal expectancy).63 Accordingly, brain
regions underlying modality-specific predictive coding should be
associated with reliable within-modality expectancy only (with
stronger activity when stimuli follow a cue predictive of high vs low
unpleasantness1). Conversely, brain regions underlying modality-
independent predictive coding should be associated with reliable
expectancy effects in both within-modality and cross-modal
conditions.

2. Materials and methods

2.1. Participants

We recruited 20 participants (10 women; aged 19-36 mean 26.7
SD 4.53 years). None of the participants had any history of
neurological/psychiatric illness, drug abuse, or other conditions
incompatible with fMRI investigation, as assessed prior the
experimental session through predefined questionnaires. Fur-
thermore, all subjects had typical sensitivity to the thermal and
olfactory events used in this study as assessed by preliminary
pretesting (see below). We obtained written informed consent
from all participants who were aware of the overall purpose of the
experiment (testing expectancy effects for pain and disgust) but
not of the details of the experimental design (as in previous
studies in pain expectancy).1 The experiment was approved by
the local ethics committee and performed according to the
Declaration of Helsinki.

2.2. Olfactory stimulation

As described in a previous study from our group,63 participants
received the odorants through rubber cannulas that were
connected to a computer-controlled custom-built olfactometer.
This device allows for release of several kinds of olfactory
compounds over multiple trials in a controllable and punctual way
without contamination from one trial to the other, and without
tactile stimulation in the nose (see Ischer et al.37 for details). The
odorous substances were diluted at variable concentrations in
odorless dipropylene glycol, were embedded in 1 L/minute
constant and filtered airstream. The substances were supplied by
Firmenich, SA (Geneva, Switzerland), and chosen on the basis of
past evaluations.13,21,29 Isovaleric acid (similar to dirty socks),
ghee (rotten food), and sclarymol (sweat) were chosen to elicit
disgust in the participants. We diluted each of these substances
to produce different concentrations (0.1%, 0.5%, 1%, 5%, and
10% for isovaleric acid, ghee, and sclarymol). To give to
participants an olfactory relief from the disgusting odors and to
reduce any putative habituation or sensitization effects, we also
included the odors of lilac (10%) and soap (10%) to elicit positively
valenced smells for participants.

The experimental setup comprised 17 olfactory stimuli (5
concentrations of isovaleric acid, ghee, and sclarymol; plus, 1
concentration of lilac and soap). In addition, as a control, we also
used an 18th odorless solution of dipropylene glycol. In the main
experiment, each participant was presented with 4 (of these 17

possible) olfactory stimuli: 1 odorant expected to elicit disgust, at
3 different concentrations: low (;25 on a scale ranging from
most unpleasant [250] tomost pleasant50), medium (;220), and
high (;240), and a fourth odorant expected to elicit a pleasant
experience (.0). We selected these 4 stimuli for each individual,
according to a pleasantness-rating task that was conducted at
the beginning of the experimental session.

As used in our previous study,63 all 17 odors (plus the odorless
control) were evaluated in a preselection task before the main
experiment. The task started with a fixation cross (1 second);
then, the instruction “Breathe-out” was presented at the center of
the computer screen together with numerical 3-second count-
downs. Once the countdown reached 0, a “Breathe-in” in-
struction was presented, and the odorant delivered for 2
seconds. Finally, participants were asked to rate the degree of
subjective unpleasantness/pleasantness evoked by the odorant
on a visual analogue scale (VAS). The present task structure
allowed to synchronize the respiration cycle with the odorant
delivery regardless of its nature, but also to minimize the
intraparticipant and interparticipant breathing pattern variabil-
ity.22,63 We repeated the preselection task twice in an equally
distributed and pseudorandomized order. The duration of this
selection session lasted approximately 15 minutes.

2.3. Thermal stimulation

Consistent with our previous study,63 we delivered the thermal
stimuli to participants’ right leg by using a computer-controlled
thermal stimulator with an MRI-compatible 25 3 50 mm fluid-
cooled Peltier probe (MSA, Thermotest). Based on a brief
preselection task (pain thresholding), we determined for each
participant 3 thermal stimuli, aimed at eliciting distinct levels of
unpleasantness (low, medium, and high), comparable with the 3
odors selected for the same participant.

In this preselection task, we applied a modified double random
staircase algorithm to identify a temperature with unpleasant
ratings similar to the highly unpleasant odor (please see our
previous study for details63). From this highly unpleasant
temperature, we then chose 2 additional unpleasant temper-
atures: medium (1-1.5˚C less than the highly unpleasant
temperature) and low (2-3˚C less than the highly unpleasant
temperature). The corresponding average values of these
temperatures were: 45.93˚C (SD 2.54) for the low, 47.38˚C (SD
2.59) for the medium, and 48.47˚C (SD 2.46) for the high. The
duration of this selection session lasted approximately 10
minutes.

2.4. Experimental setup

2.4.1. Task design

We used a task that was introduced in our previous study63 and
adapted it to comply with the requirements of neuroimaging
experimental settings (Fig. 1A). The task consisted of 2 blocks.
Each trial started with a 1.5-second predictive cue that was
followed by an anticipatory interval with a fixation cross at the
screen center, ranging from 2.7 to 4.3 seconds (average 3.5
seconds) with uniform steps of 0.2 seconds. Subsequently, a 3-
second countdown was displayed together with the instruction
“Breathe-out.” When the countdown reached 0, a 1-second
“Breathe-in” instruction seemed together with either a thermal or
olfactory stimulus, which lasted 2 seconds (although additional 3
seconds were necessary for the thermal stimulator to reach the
target temperature). Participants were asked to breathe
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according to the instructions and were reminded that their
breathing was beingmonitored. After the stimulation, participants
were prompted to rate its unpleasantness on the same VAS used
in the preselection sessions (see above). The VAS remained on
the screen for 4 seconds, andwas followed by an intertrial interval
with a fixation cross at the screen center ranging from 3.2 to 4.8
seconds (average 4 seconds), with uniform steps of 0.2 seconds.

As we used a task structure identical to that described in our
previous study63 (Fig. 1B), we only provide here a concise
description of it. The task involved 4 cues (cue of high pain [cHP],
low pain [cLP], high disgust [cHD], and low disgust [cLD]) that
preceded either their 4 respective stimulations (high pain [HP],
low pain [LP], high disgust [HD], and low disgust [LD]) or 2
additional stimulations, unbeknown to participants, at intermedi-
ate level between low and high event (medium pain [MP] and
medium disgust [MD]). Trials involving high and low stimulations
are referred to as “Reference trials,” whereas the intermediate
stimulations are referred to as “Medium trials” and were the
primary focus of the study, as their subjective appraisal could be
influenced by the preceding cue.

Of 8 possible combinations between expectancy cue and
medium stimulations, half were modality consistent (pain cue
followed by medium pain: cHP_MP or cLP_MP; disgust cue
followed bymedium disgust: cHD_MD or cLD_MD) and half were
modality inconsistent (cHP_MD, cLP_MD, cHD_MP, and
cLD_MP). Importantly, participants were told that modality-
inconsistent trials could occur in 25% of the cases (whereas
cues were 100% predictive of the stimulus unpleasantness). This
instruction was made believable by presenting the medium trials

intermingled with reference trials (which were always modality
consistent, eg, cLP_LP and cHD_HD), and few modality-
inconsistent trials of no interest (eg, cLP_LD and cHD_HP), so
that the overall ratio between consistent and inconsistent trials
was 3:1. More specifically, for each block, there were 48modality
consistent trials (36 reference trials [9 cLP_LP, 9 cHP_HP, 9
cLD_LD, and 9 cHD_HD], and 12medium consistent [3 cLP_MP,
3 cHP_MP, 3 cLD_MD, and 3 cHD_MD]), but only 16 modality-
inconsistent trials (4 inconsistent trials of no interest [1 cLP_LD, 1
cHP_HD, 1 cLD_LP, and 1 cHD_HP], and 12 medium in-
consistent trials [3 cLP_MD, 3 cHP_MD, 3 cLD_MP, and 3
cHD_MP]). Overall, this task design is appropriate for our
research objectives, as it contains highly predictable cues that
are believable in all their dimensions (unpleasantness and
modality), and yet allows studying the effects of these predictions
on a balanced subset of medium trials. Finally, each block was
further intermingled with 13 trials in which the positive odor was
administered following a corresponding cue (see Fig. 1B and
Sharvit et al.63 for full details). The duration of each experimental
block lasted about 21 minutes. Stimulus presentation was
controlled using Cogent 2000 (Wellcome Department, London,
United Kingdom), as implemented inMatlab R2012a (Mathworks,
Natick, MA).

2.4.2. Procedure and apparatus

During a single day session, participants lay supine on the scanner
with their head fixated by firm foam pads and underwent the
odorants and temperatures preselection sessions, followed by

Figure 1. (A) Trial structure. Each trial began with a pictorial cue presented for 1.5 seconds and followed by a jittered interstimulus interval (ISI, average 3.5
seconds). Participants were instructed to first “breathe-out” during a 3-second countdown; then, to “breathe-in” while a stimulus was delivered—which could be
either olfactory or thermal. All stimuli lasted 2 seconds (plus an additional 3 seconds for thermal stimuli to reach the target temperature). Stimuli were followed by
a visual analogue scale (on the screen for 4 seconds), and then a jittered intertrial interval (ITI, average 4 seconds). Four different kinds of cues were presented,
predicting the unpleasantness (high/low) and modality (pain/disgust) of the upcoming stimulus (thermal pain/olfactory disgust). (B) Structure of each of the 4
experimental blocks. Participants were told that cues were 100% predictive of the unpleasantness of the upcoming stimulus and 75% predictive of its modality.
The critical trials for testing expectancy effects (medium trials) were those in which, unbeknown to the participants, thermal and olfactory stimulations had
moderate pain/disgust intensity, regardless of the preceding cue. To maintain participants’ belief in cue–stimulus associations, medium trials were intermingled
with reference trials, in which both the modality and intensity of stimulation was correctly predicted by the cue. HP, MP, and LP: high, medium, and low pain; HD,
MD, and LD: high, medium, and low disgust. cHP, cLP, cHD, and cLD: cues predictive of high/low pain/disgust. The task and its description were adapted from
a previous study by our group63 to fit with the requirements of a neuroimaging experimental settings.
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a structural scan, and 2 main experimental blocks (intermingled
with a 5-minute pause session in which structural brain image was
acquired). The visual stimuli were projected inside the scanner bore
with an LCD projector (CP-SX1350; Hitachi, Tokyo, Japan) on
a screen (1024 3 768 resolution; 60-Hz refresh rate) subtending
about 14.25˚ (vertical) 3 19˚ of visual angle. Key-presses were
recorded on an MRI-compatible bimanual response button box
(HH-23 4-C; Current Designs Inc, Philadelphia, PA). Participants
were also connected to the olfactometer, the thermal stimulator,
and an MP150 Biopac System (Biopac Systems Inc, Santa
Barbara, CA) that recorded respiration activity.

2.5. Respiratory activity

Given that participants were prompted to inspire at the onset of
each stimulus delivery, we monitored respiratory activity. Please
see Supplementary Methods for more details (available online at
http://links.lww.com/PAIN/A567).

2.6. Imaging processing

2.6.1. Data acquisition

Functional images were acquired using a 3T whole-body MRI
scanner (Trio TIM; Siemens, Tarrytown, NY) with a 32-channel
head coil. We used amultiplexed echo-planar imaging sequence27

with time to recovery 5 650 ms, time to echo (TE) 5 30 ms, flip
angle5 50˚, 36 interleaved slices, 643 64 pixels, 33 33 3 mm3

voxel size, and 3.9-mm slice spacing. The multiband acceleration
factorwas 4, and theparallel acquisition techniquewas not used. A
fieldmapwas also estimated through the acquisition of 2 functional
images with a different echo times (short TE5 5.19 ms; long TE5
7.65). Finally, structural images were acquired with a T1-weighted
3D sequence (MPRAGE, time to recovery/TI/TE5 1900/900/2.27
ms, flip angle 5 9˚, parallel acquisition technique factor 5 2, 192
sagittal slices, 13 13 1 mm3 voxel sizes, and 2563 256 pixels).

2.6.2. Preprocessing

Preprocessing of volumes was performed with software SPM12
(Wellcome Department of Cognitive Neurology, London, United
Kingdom). For each subject, the first 7 volumes were discarded.
The remaining volumes were realigned, unwrapped using a field
map image to account for geometric distortions because of
magnetic field inhomogeneity, and coregistered to the structural
image. Please note that potential nonlinearities between struc-
tural and functional images are accounted for during the previous
unwarping procedure.9 Subsequently, the structural image was
segmented with the algorithm implemented in SPM12, which is
based on 6 tissue probability maps in the MNI stereotaxic space,
so that the tissue classification and estimation of the deformation
field necessary to move subjects’ data in the MNI space can be
combined within the same generative model. The estimated
deformation field was subsequently applied to the individual
functional volumes that were then transformed into standard
stereotaxic space and resampled at 2 3 2 3 2 mm3 voxel size.
The normalized imageswere finally smoothed by convolutionwith
an 8 mm full-width at half-maximum isotropic Gaussian kernel.

2.6.3. First-level analysis

Data were fed into a first-level analysis using the general linear
model framework40 implemented in SPM8. For each experimen-
tal block, we fitted each of the 8 kinds of thermal stimulations (4
main conditions of interest: cHP_MP, cLP_MP, cHD_MP, and

cLD_MP; plus 4 additional conditions: cHP_HP, cLP_LP,
cHD_HP, and cLD_LP) and each of the 9 kinds of olfactory
conditions (4 main conditions of interest: cHD_MD, cLD_MD,
cHP_MD, and cLP_MD; plus 5 additional conditions: cHD_HD,
cLD_LD, cHP_HD, cLP_LD, and positive odor), all modeled as
events of 2 seconds. The onset of olfactory stimuli corresponded
to the time when odorants reached participants’ nose (ie, cued
inspiration onset at the end of the countdown). The onset of
thermal stimuli corresponded to the time when the thermode
reached the plateau temperature (3 seconds after the end of the
countdown). We also modeled each of the cues (cHP, cLP, cHD,
cLD, and positive) as events of 1.5 seconds, and countdown
events preceding the stimulation. Finally, we accounted for
motor-related activity during ratings by including 1 vector
modeling key-presses (regardless of cues/conditions). This led
to a total of 28 regressors (8 thermal stimuli19olfactory stimuli15
cue events1 5 countdown events1 1 motor confound) that were
convolved with a canonical hemodynamic response function and
associated with regressors describing their first-order time de-
rivative. To account for movement-related variance, respiration-
based artifacts, and other sources of noise, we also included 9
covariates of no interest, resulting from the 6 realignment
parameters, an estimate of inspiration-induced changes in the
BOLD signal (based on the respiration response function
implemented in the PhysIO toolbox5,39), and the average BOLD
time courses extracted from anatomical masks of whitematter and
cerebrospinal fluid. All regressors were repeated in each of the 2
experimental blocks entered in the first-level analysis. Low-
frequency signal drifts were filtered using a cutoff period of 128
seconds. Global scaling was applied, with each fMRI value
rescaled to a percentage value of the average whole-brain signal
for that scan.

2.6.4. Second-level analysis

Second-level contrasts were created by estimating bias-
corrected amplitudes for each condition based on the combined
information of both nonderivative and derivative parameters.8,55

Subsequently, bias-corrected amplitude estimates of each
condition were averaged across the 2 functional runs. There
were 12 parameters of interest (cHP_MP, cLP_MP, cHD_MP,
cLD_MP, cHP_HP, and cLP_LP—for pain; cHD_MD, cLD_MD,
cHP_MD, cLP_MD, cHD_HD, and cLD_LD—for disgust), which
were fed into a flexible factorial analysis with the factor “condition”
(12 levels) plus “subjects” as a random factor. Both factors were
modeled with unequal variance between levels. Activations
resulting from these analyses were considered as significant if
exceeding an extent threshold of 121 voxels, allowing P , 0.05
familywise correction for multiple comparison for the whole
brain,30 with an underlying height threshold of t(209) $ 3.13,
corresponding to P, 0.001 uncorrected at single-voxel level. We
also report as significant those coordinates within predefined
regions of interest that survive height threshold corresponding to
P, 0.05 familywise, corrected for multiple comparisons for small
volume. Suprathreshold activation maps were imported into
MRIcron software (http://people.cas.sc.edu/rorden/mricron/)
and overlaid onto the brain template for presentation purposes.
Identification of anatomical locations was determined through
predefined atlases of the standard stereotaxic space: the
Automated Anatomical Label atlas73 provided a first localization
in terms of gyri and sulci, whereas the Brainnetome Atlas25

provided a more in depth parcellation of the insular lobe within 6
subregions of interest, ranging from the most posterior (hyper-
granular insula [Ih]) to the intermediate (dorsal granular [dIg],
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dorsal dysgranular [dId], and ventral granular/dysgranular [vIgd]),
and anterior (dorsal and ventral agranular [dIa and vIa]) portions.

2.6.5. Multilevel mediation

We conducted a multilevel-mediation model to formally test for
regions possibly responsible for the functional relationship
between the predictive nature of cues and the subsequent rating
of pain or disgust unpleasantness. Based on previous imple-
mentations of such analysis,43 we first ran a new first-level model
in which each trial was treated as a separate condition. This led to
bias-corrected amplitude brain maps of single trials, which were
then fed to the multilevel-mediation model with cues (low vs high)
as predictor and unpleasantness ratings as response. For the
purpose of this analysis, the sign of ipsitized unpleasantness
ratings was inverted, so that high values refer to high unpleasant
trials (differently from Fig. 2 where unpleasantness was the
negative scale of a “pleasantness” scale). This allows for better
comparison with previous studies running similar analyses on
pain intensity ratings.1 Multilevel mediation identified 3 pathways
of interests: brain regions that show activity changes as function
of the cue (path a—this was also tested in the flexible factorial
model reported above), brain regions that predict changes in
subjective unpleasantness, when controlling for path a (path b),
and brain regions that formally mediate the relationship between
cues and ratings (path a*b). Given that our studymanipulates also
the compatibility between the modality of the cue and that of
subsequent stimulus, the multilevel analysis was run twice,
separately for consistent and inconsistent trials. Each analysis
thus led to 3 whole-brain parameters maps (1 for each path),
whose deviance from zero was assessed with bootstrap
techniques (10,000 resamples1). For exploratory purposes, we
report as significant those effects surviving an extent threshold of
30 voxels, with an underlying height threshold corresponding to
P , 0.001. The analysis was run with the MediationToolbox
(https://github.com/canlab/MediationToolbox) implemented in
Matlab R2012a.

2.6.6. Multivariate pattern analysis

We trained a machine-learning algorithm to test for similar vs
dissociated cortical representations of expected pain and
expected disgust during the presentation of predictive cues.
The analysis was conducted by first defining a region of interest
(ROI) and then extracting, from each of its voxels, bias-corrected
amplitudes of activity for single trials (estimated with the same
first-level model used for themediation analysis). Furthermore, for
each individual subject, and for each condition, response
patterns were mean-centered through z-transformation, to pre-
vent potential biases due by differences in the averageROI activity
across conditions.50 Data were then fed into a linear kernel
support vector machine (SVM) classifier, which operates by
finding an optimal decision boundary (hyperplane) that separates
experimental conditions with maximum margin. Subsequently,
new data are classified according to which side of the hyperplane
they fall onto.6 Classification analysis was performed using
LIBSVM 3.18 software.11 Statistical validation of the average
accuracy obtained at the group level was achieved through
nonparametric permutation approaches. In particular, for each
classification analysis, we created 1000 permutation schemes
aimed at randomizing the relationship between the data and
condition labels. Each of these permutations was applied to the
data from all participants, which were then fed to the same
classification routines used for the original data set. All the

groupwise accuracies obtained through permuted data sets were
used to estimate critical cutoffs (95th percentile), above which an
effect could be considered significantly higher than chance.

As amanipulation check, we first assessed the ability of a linear
SVM classifier to decode both expected pain and disgust, each
compared with its tailored controls (cHP vs cLP and cHD vs cLD).
We used leave-one-pair-out cross-validation, in which the 34
cHP and 34 cLP trials were randomly paired together (same for
cHD vs cLD). We then tested, in 34 independent folds, whether
the data from each pair could be correctly classified by
a hyperplane estimated on the remaining 33 pairs. For each
participant, we estimated a subject-specific accuracy from the
classified trials of all implemented folds. This analysis provides an
estimate of the information about expected unpleasantness
present in the ROI, separately for each modality. Having
established that an ROI represented information about both pain
and disgust expectancy, we tested whether this information was
different across modalities, or instead reflected a shared coding
for expected threat, regardless of modality. To probe for
dissociable information, we trained the classifier to discriminate
between expected pain and disgust directly (cHP vs cHD), using
the same leave-one-pair-out cross-validation procedure de-
scribed above. Conversely, to probe for shared information, we
assessed the generalizability of the classification models, ie, we
tested whether models tailored to detect expected pain could
also detect expected disgust, and vice versa [(cHP vs cLP) ↔
(cHD vs cLD)].17 The analysis was conducted through 2
independent folds: we first trained an SVM to discriminate
between cHP and cLP, and then tested the ability of the
estimated hyperplane to classify cHD from cLD. In the second
fold, we trained an SVM on the trials associated with cHD and
cLD, and then tested the estimated hyperplane on the trials
associated with cHP and cLD.

3. Results

3.1. Behavioral results

Figure 2 illustrates the average unpleasantness rating from a total
of 38 blocks in 20 subjects. Two blocks were excluded from
analyses: one because the participant fell asleep during the
scanning session; another because high-disgust stimuli in the
“reference trials” (cHD_HD) were rated as more pleasant than
their corresponding control (cLD_LD), thus failing to meet the
study’s prerequisite. For “reference trials,” where cues were
always valid (ie, consistent with subsequent stimulus), both the
high-pain (cHP_HP) and high-disgust (cHD_HD) trials were
associated with comparable levels of unpleasantness (mean
rating ;235); and both were markedly different from the
corresponding control trials with low pain (cLP_LP) and low
disgust (cLD_LD; mean rating ;25). This pattern demonstrates
the effectiveness of our stimulus selection and successful
matching across modalities.

Critically, our primary aimwas to test the impact of the high and
low cues on participants’ ratings for stimuli of comparable (ie,
medium) intensity, from either the same or different modality. As
can be seen in Figure 2, unpleasantness ratings for the medium
pain trials were higher (more negative) when preceded by a high-
pain cue (cH_MP, red bar). Similarly, unpleasantness ratings for
the medium disgust trials were higher when preceded by a high-
disgust cue (cH_MD, green bar). To verify this effect, the ipsatized
(z-transformed) ratings on medium trials were submitted to
a repeated-measure analysis of variance with cue unpleasant-
ness (high vs low), cue modality (pain vs disgust), and stimulus
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modality (painful vs disgusting) as factors. This analysis revealed
a significant main effect of cue modality (F(1,19) 5 5.036, P 5
0.0369), reflecting generally higher unpleasantness (ie, more
negative ratings) for stimuli after a disgust rather than a pain cue.
In addition, consistent with our previous behavioral work,63 there
was a significant main effect of cue unpleasantness (F(1,19) 5
8.969, P 5 0.0074), as well as a significant interaction cue
modality 3 stimulus modality (F(1,19) 5 5.837, P 5 0.0259), and
a 3-way interaction cue modality 3 stimulus modality 3 cue
unpleasantness (F(1,19) 5 6.679, P 5 0.0182). All other effects
were not significant (stimulus modality, F(1,19) 5 1.710; cue
modality 3 cue unpleasantness, F(1,19) 5 0.0002; stimulus
modality 3 cue unpleasantness, F(1,19) 5 1.034).

To explore these interactions, we ran post hoc t tests
examining the critical effect of cue unpleasantness (high vs low)
for the 4 combinations of cue and stimulus modality. In line with
previous findings,1,38,63 we found higher unpleasantness ratings:
(1) when a thermal stimulation was preceded by a high-pain
(relative to low-pain) cue (cHP_MP . cLP_MP: t(19) 5 22.653,
P 5 0.0156); (2) when a disgust stimulation was preceded by
a high-disgust (relative to low-disgust) cue (cHD_MD. cLD_MD:
t(19) 5 22.619, P 5 0.0169). This indicates that more aversive
expectations enhanced aversive experience elicited by physically
identical stimuli in the same modality. By contrast, however, this
effect was not significant in the cross-modal conditions, ie, when
the modality of the cue was inconsistent with the modality of the
stimulus (Fig. 2; cHD_MP . cLD_MP: t(19) 5 20.642, n.s.;
cHP_MD . cLP_MD: t(19) 5 21.626, n.s.).

Overall, our behavioral results converge with those from our
previous study63 suggesting that expectancy effects are stronger
when themodality of the cue is consistent with themodality of the

stimulus (see 3-way interaction and post hoc t tests). We note,
however, that in our previous study,63 a weaker but significant
expectancy effect was also observed during the cross-modal
conditions, which was not observed here. Such discrepancy
between studies is unlikely to be due to power, as shown by
reanalysis of data from Sharvit et al.63 using the same number of
repetitions as in the current study (2 experimental blocks of
4—see Supplementary Information for more details, available
online at http://links.lww.com/PAIN/A567).

3.2. Respiratory activity

As participants were prompted to inspire at each stimulation
onset, we analyzed respiratory activity across all conditions.
Consistently with what found by Sharvit et al.,63 in reference trials,
participants inspired less air volume when expecting highly
unpleasant (especially disgusting) events (see Supplementary
Fig. 1, available online at http://links.lww.com/PAIN/A567). The
analysis of medium trials revealed a smaller air volume inspired
during olfactory (relative to thermal) stimulations. See Supple-
mentary Results for all details (available online at http://links.lww.
com/PAIN/A567). These data again show that participants
effectively used the predictive information provided by both types
of cue.

3.3. Neural activity

3.3.1. Reference trials

As a first step, we examined pain-selective responses (ie, elicited
by pain but not disgust) and disgust-selective responses

Figure 2. Unpleasantness ratings for thermal pain (left side) and olfactory disgust (right side) stimuli as a function of the preceding cues. Data averaged across 20
subjects. The more negative the values, the more unpleasant the experience. Red bars refer to stimuli after a pain cue and green bars to those after a disgust cue.
Error bars refer to 95% confidence intervals. cL and cH, cue for low pain/disgust; LP, MP, and HP, thermal pain stimuli of low, medium, and high unpleasantness;
LD, MD, and HD, olfactory disgust stimuli of low, medium, and high unpleasantness. Please note that the figure displays raw rating values for readability purposes
(statistical analysis was run on z-transformed data).
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(ie, elicitedby disgust but not pain) during the reference trials. To this
aim,we tested for interaction effects inwhich selective activations to
highly unpleasant events of 1 modality (relative to their low
unpleasantness control) were contrasted to selective activations
evoked by highly unpleasant event of the opposite modality (ie, for
pain [cHP_HP . cLP_LP] . [cHD_HD . cLD_LD], for disgust
[cHD_HD . cLD_LD] . [cHP_HP . cLP_LP]). In these reference
conditions, cues were always consistent with the subsequent
stimulus (either high or low intensity). In line with previous

studies,35,48,61 pain-selective responses involved the most
posterior portion of the insula, corresponding to the posterior
hypergranular insula (Ih) in the Brainnetome Atlas,25 plus the
middle portion of the cingulate cortex—Figure 3 (red blobs) and
Table 1. On the other hand, disgust-selective responses were
found bilaterally in the lower postcentral gyrus (PCG), over and
around somatosensory regions where the face (including the
nose) is represented (Fig. 3, green blobs; Table 1). No other
region survived correction for multiple comparisons for the whole

Table 1

Reference trials: regions involved specifically in 1 modality, or jointly active for both pain and disgust.

Region Side x y z T Cluster

Reference trials: pain-selective (cHP_HP .
cLP_LP) . (cHD_HD . cLD_LD)

Hypergranular insula (Ih) R 48 230 26 4.52 128*

Hypergranular insula (Ih) L 234 222 18 5.52† 72

Middle cingulate cortex (MCC) M 22 26 44 5.13 213‡

Reference trials: disgust-selective (cHD_HD .
cLD_LD) . (cHP_HP . cLP_LP)

Postcentral gyrus (PCG) R 58 22 26 5.39 897§

Postcentral gyrus (PCG) L 262 22 24 5.60 436§

Reference trials: shared (cHP_HP. cLP_LP) \
(cHD_HD . cLD_LD)

Ventral (dys)granular insula (vIgd) R 38 4 212 5.05 235‡

Dorsal dysgranular insula (dId) R 36 6 8 4.00

Ventral (dys)granular insula (vIgd) L 238 2 28 4.41 155*

Postcentral gyrus (PCG) L 240 218 56 4.15 334§

* Familywise correction for multiple comparisons at the cluster level at P , 0.001.

† Familywise correction for multiple comparisons at the voxel level for the whole brain cortex.

‡ Familywise correction for multiple comparisons at the cluster level at P , 0.01.

§ Familywise correction for multiple comparisons at the cluster level at P , 0.05.

cHP, cLP, cHD, and cLD: cues predictive of high/low pain/disgust; L, left hemisphere; M, medial activations; R, right hemisphere.

Figure 3. Neural structures associated with reference trials. Surface rendering displaying regions pain-selective (red blobs) disgust-selective (green blobs)
activations, as well as common conjoint effects of both pain and disgust (yellow blobs). For 3 regions of interest, the average parameter estimates are displayed
with 95% confidence intervals (see Supplementary information for other regions, available online at http://links.lww.com/PAIN/A567). Light red bars refer to
thermal pain, whereas light green bars refer to olfactory disgust. Dark tone red/green bars refer to low unpleasantness control stimuli. lPCG and rPCG, right and left
postcentral gyrus; rIh and lIh, right and left hypergranular insula; lvIgd and rvIgd, right and left ventral (dys)granular insula; dId, dorsal dysgranular insula; MCC,
middle cingulate cortex; rAmy (ASTA), right amygdala (amygdalostriatal transition area).
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brain. However, consistently with previous studies investigating
neural pathways of olfaction, disgust-selective responses were
also observed in the right amygdala, more specifically the
amygdalostriatal transition area (ASTA)72 (x 5 22, y 5 22, z 5
218, t5 3.62, P, 0.05 familywise error corrected for the whole
amygdala volume).

We then ran a conjunction analysis using the minimum statistic
approach53 searching for regions sensitive to both pain and
disgust ([cHP_HP . cLP_LP] \ [cHD_HD . cLD_LD]). This
conjunction analysis revealed shared activations in the ventral
portion of the insular cortex bilaterally, over a region correspond-
ing to the ventral granular/dysgranular insula (vIgd) in the
Brainnetome Atlas. In the right hemisphere, the insula conjoint
activity additionally extended to the more dorsal portion of
dysgranular insula (dId) (Fig. 3, yellow blobs, and Table 1).
Overall, this analysis of reference trials revealed that intermediate
portions of the insula (eg, vIgd) showed overlapping responses to
both pain and disgust, whereas other brain regions—the
posterior insula (ih) for pain and the amygdala (ASTA) for
disgust—were engaged more strongly by one modality than the
other.

3.3.2. Medium trials

Our critical experimental conditions concerned the medium trials.
These trials allowed us to test whether the neural response
evoked by physically identical thermal or olfactory stimuli (ie, with
fixed intensity and similar unpleasantness level at baseline) were
modulated by expectancy of a high (relative to low) unpleasant
event, in either the same or different sensorymodalities. To do so,
we tested for expectancy effects in within-modality conditions, ie,
in, when stimuli were preceded by a high (vs low) unpleasant
cue of the same modality for both pain and disgust [ie, (cHP_MP

1 cHD_MD) . (cLP_MP 1 cLD_MD)]. This analysis revealed
higher activity in the ventral portion of the medial prefrontal cortex
(VMPFC) and the right temporoparietal junction (TPJ) (Table 2
and Fig. 4, cyan blobs). We then tested for expectancy effects in
cross-modal conditions, ie, when stimuli were preceded by a high
(vs low) unpleasant cue of another modality [ie, (cHP_MD 1
cHD_MP) . (cLP_MD 1 cLD_MP)]. This analysis led to no
suprathreshold activation.

Finally, in line with our behavioral results, we then tested for the
critical 3-way interaction (stimulusmodality3 cuemodality3 cue
unpleasantness) assessing regions in which the within-modality
expectancy effect was stronger than any putative cross-modal
expectancy effect [ie, ((cHP_MP 1 cHD_MD) . (cLP_MP 1
cLD_MD)) . ((cHP_MD 1 cHD_MP) . (cLP_MD 1 cLD_MP))].
This analysis confirmed a major role of VMPFC, and additionally
implicated the right anterior insula (Table 2 and Fig. 4, purple
blobs), comprehending both its dorsal and ventral agranular
portions (dIa and vIa) and extending partially to the same vIgd
portion implicated in the conjunction analysis (Fig. 3 yellow
blobs). No suprathreshold activation was associated with the
opposite contrast [((cHP_MD 1 cHD_MP) . (cLP_MD 1
cLD_MP)) . ((cHP_MP 1 cHD_MD) . (cLP_MP 1 cLD_MD))],
probing for regions in which cross-modal expectancy effects
were stronger than within-modality effects.

Parameter estimates extracted from VMPFC and right dIa (Fig.
4, subplots) suggest that neural activity was enhanced in these
regions when thermal stimuli followed cHP cues (as opposed to
cLP, cHD, and cLD), but also when olfactory stimuli followed cHD
cues (as opposed to cHP, cLP, and cLD). Importantly, the portion
of the right insula implicated in the 3-way interaction term was
mainly anterior to the dysgranular insular portion expressing
conjoint effects of pain and disgust in the reference trials (Fig. 3,
yellow blobs), although a small overlap was present in the most

Table 2

Regions involved in expectancy effects in medium trials.

Region Side x y z T Cluster

Within-modality expectancy (cHP_MP 1
cHD_MD) . (cLP_MP 1 cLD_MD)

Temporoparietal junction (TPJ) R 52 246 14 5.17 238*

Ventromedial prefrontal cortex (VMPFC) L 26 42 214 4.41 166†

Three-way interaction: within-modality. cross-

modal ((cHP_MP 1 cHD_MD) . (cLP_MP 1
cLD_MD)) . ((cHP_MD 1 cHD_MP) .
(cLP_MD 1 cLD_MP))

Frontal operculum R 48 22 10 4.42 160†

Dorsal agranular insula (dIa) R 46 22 2 4.27

Ventral (dys)granular insula (vIgd) R 38 14 212 5.60‡

Ventromedial prefrontal cortex (VMPFC) R 28 42 216 4.31 193*

Pain expectancy: within-modality . cross-

modal (cHP_MP . cLP_MP) . (cHD_MP .
cLD_MP)

Dorsal agranular insula (dIa) R 34 26 12 4.27 189*

Anterior middle cingulate cortex (aMCC) M 2 16 40 4.36 150§

Lingual gyrus M 2 280 2 4.88 602§

Disgust expectancy: within-modality . cross-

modal (cHD_MD . cLD_MD) . (cHP_MD .
cLP_MD)

Angular gyrus L 242 256 34 4.37 173†

* Familywise correction for multiple comparisons at the cluster level at P , 0.01.

† Familywise correction for multiple comparisons at the cluster level at P , 0.001.

‡ Familywise correction for multiple comparisons at the voxel level for insular portions jointly implicated in both pain and disgust from the reference trials.

§ Familywise correction for multiple comparisons at the cluster level at P , 0.05.

cHP, cLP, cHD, and cLD: cues predictive of high/low pain/disgust; L, left hemisphere; M, medial activations; MD, medium disgust; MP, medium pain; R, right hemisphere.
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ventral portion of the cluster. When we repeated the 3-way
interaction analysis by now focusing only on the insula
coordinates from this conjunction, we found that a portion of
the right vIgd survived small volume correction (Table 2).

Figure 4 describes regions that were modulated by both pain
and disgust expectancy (but not control stimuli of low un-
pleasantness) in amodality-specific fashion. Yet, it is possible that
pain-selective expectation of pain might engage a partly separate
network than expectation selective for disgust. To test this, we
repeated the analysis within each modality separately. For pain
[(cHP_MP . cHD_MP) . (cLP_MP . cLD_MP)], we confirmed
an activation of the right dIa, together with the anterior part of the
middle cingulate cortex and the lingual gyrus. We also repeated
the analysis by focusing only on the insular and cingulate
coordinates showing pain-selective properties in the reference
trials (Fig. 3, red blobs) but found no suprathreshold activity.
Instead, for disgust [(cHD_MD . cHP_MD) . (cLD_MD .
cLP_MD)], we found the left angular gyrus. No other region
showed this effect, neither when inspecting the whole brain, nor
when focusing on disgust-selective networks as mapped in the
analysis of reference trials (Fig. 3, green blobs).

3.3.3. Multilevel mediation

Results insofar showed how behavioral responses (Fig. 2) and
neural activity (eg, dIa) exhibit modality-specific expectancy
effects, with more pronounced responses when thermal and
olfactory stimuli are preceded by a cue predictive of an
unpleasant event of same modality (rather than in different
modalities). However, this does not demonstrate a direct re-
lationship between behavior and brain activity patterns. Following
previous studies,1 we therefore ran a multilevel-mediation
analysis to identify regions that are modulated by unpleasant
information within the cues (path a), predict trial-to-trial variations
in unpleasantness ratings (path b), and presumably mediate the
relationship between cues and behavior (path a*b).

Full results are described in Supplementary Tables 1 and 2
(available online at http://links.lww.com/PAIN/A567). Consis-
tently with the results from our flexible factorial analysis above,

for within-modality trials, we found that the right dIa and right TPJ
were significantly associated with path a, suggesting increased
activity for stimuli after a cue predictive of an unpleasant event of
the samemodality (Fig. 5, brown blobs). Furthermore, both these
regions were negatively associated with path b, suggesting that
the largest the activity, the less unpleasant (more neutral) the
subsequent intensity rating (Fig. 5, dark blue blobs, and full path
diagramon the signal extracted from the regions). Finally, the right
TPJ was also negatively associated with the mediation term,
whereas this effect only approached significance (P;0.07) in the
right dIa. The negative mediation effects might reflect brain
activity exerting suppression on the relationship between cue and
response.

When testing for regions positively associated with mediation
effects, we identified a wider network including the left insula,
thalamus, supplementary motor area, among others (see
Supplementary Table 1, available online at http://links.lww.
com/PAIN/A567; and Fig. 6, turquoise blobs), reminiscent to
result reported by Atlas et al.1 In particular, the left insula extended
over the dorsal dysgranular portion (dId) slightly (;4 mm)
posterior the coordinates reported by Atlas et al.1

Finally, the effects described above were not observed in the
analysis of cross-modal trials (see Supplementary Table 2,
available online at http://links.lww.com/PAIN/A567). Instead,
however, strong insular activity was associated with the analysis
of path b (see Supplementary Table 2, available online at http://
links.lww.com/PAIN/A567; and Fig. 6, orange blobs), in both its’
(dys)granular and anterior agranular aspects.

3.3.4. Cue-evoked activity

Results above showed how brain activity evoked by thermal and
olfactory stimulations is influenced by previous expectations in
a modality-specific fashion, either when looking brain activity
alone (Fig. 4) or when modeling how brain activity mediates the
impact of expectations on behavior (Fig. 5). Modality-specific
expectancy effects may indicate that, already at the level of the
presentation of predictive cues, these networks already disclose
distinctive information about the modality of the expected event.

Figure 4. Whole-brain maps displaying neural structures implicated in within-modality expectancy of both pain and disgust (cyan blobs). These maps are
superimposed on to those neural structures identified by the 3-way interaction term testing stronger expectancy effects in within-modality, relative to cross-modal,
conditions (purple blobs). Sagittal sections of the insular cortex are displayed to highlight effects in these regions. For 3 regions of interest, the average parameter
estimates are displayed with 95% confidence intervals. As in Figure 2, left subplots refer to activity associated with thermal pain, whereas right subplots refer to
activity associated with olfactory disgust. Red bars refer to trials preceded by pain cues, whereas green bars refer to trials preceded by disgust cues. rdIa, right
dorsal agranular insula; rvIa, right ventral agranular insula; rTPJ, right temporoparietal junction; rOP, right frontal operculum; VMPFC, ventromedial prefrontal
cortex.
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We therefore directly looked at the activity evoked by the
presentation of the cue and assessed whether it shared
information about the modality of the expected event.

Specifically, we selected 3 ROIs based on previous analyses
(Figs. 4 and 5). These were the right dIa, the VMPFC, and the
right TPJ (as described in Table 2). From the data in each of these
ROIs, we trained linear kernel SVM classifiers6 to decode cortical
patterns associated with both expected pain (cHP vs cLP) and
disgust (cHD vs cLD). We then tested for similarities between
conditions using cross-validation approaches (see methods). For
all regions, we found higher-than null decoding of both expected
pain and disgust (Table 3).

Having established that these regions represented information
about both pain and disgust expectancy, we next tested whether
this information was different acrossmodalities, or instead shared
between the 2 kinds of expected threat.We first trained a classifier
to discriminate between expected pain and disgust (cHP vs cHD)
and found reliable decoding of one modality over the other in all
regions. Finally, we used a cross-modal classification analysis,
probing whether a model optimized to decode pain (cHP vs cLP)
could also decode disgust (cHD vs cLD), and vice versa. None of
the regions revealed significant cross-modal effects (Table 3).

Overall, these data confirmed that already at the level of cue-
related response, the right dIa, VMPFC, and right TPJ repre-
sented expected pain and expected disgust in a dissociable
fashion, consistently with the assumption that cortical represen-
tations evoked by expectancy in this region were modality-
specific in nature.

We also run the same analysis on the left dorsal dysgranular
(dId) portion of the insula, previously associated with significant
mediation effect (Fig. 6, turquoise blobs), as well as on the ventral
(dys)granular portions isolated in the analysis of cross-modal trials
(Fig. 6, orange blobs). However, none of these regions showed
no reliable decoding of expected disgust information at the cue
level (Table 3).

4. Discussion

Bayesianmodels of perceptual decisionmaking provide a power-
ful framework to explain pain processing and its associated neural
response,1,14,51,71,78 including pharmacological/hypnotic sug-
gestions in neurotypical individuals,14,33,42,71 and clinical symp-
toms in patients with chronic pain14,71 or functional sensory
symptoms.24,69,75,76 These models have also been applied to

Figure 5. Mediation analysis: whole-brain maps displaying neural structures significantly modulated by within-modality cues (path a—brown blobs), as well as
those predictive of single-trials ratings (path b, negative effects—dark blue blobs). Full mediation path diagrams were alsomodeled on the activity extracted from 2
regions of interest. Red values refer to significantly positive effects, whereas light blue values refer to significantly negative effects. Significance of the effects is also
highlighted at ***P, 0.001, *P, 0.05,;P;0.07. For readability purposes, here, unpleasantness ratings are positively signed (differently from Fig. 2), with larger
values referring to more unpleasant experiences. rTPJ, right temporoparietal junction; rSTS, right superior temporal sulcus; rdIa, right dorsal agranular insula.
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expectancy effects,32,71 to account for a dissociation within the
insular cortex between a posterior portion sensitive to nociceptive
inputs, and a middle-anterior section coding for priors and
prediction-error signals.32 Our current data extend these pre-
vious findings in 2 ways. First, they provide evidence for further
dissociation within the insular cortex between posterior (hyper-
granular), intermediate (left dysgranular), and anterior (right
agranular) portions. Second, all the analyses used (flexible
factorial, mediation, and multivoxel pattern analysis) converge in
arguing that the insular cortex represents prospective unpleasant
events in terms of their modality-specific properties, and not as
“undistinctive” threats characterized by unpleasantness only.

4.1. Functional differentiation within the insular cortex

In our study,weshow that theunpleasantness ratingelicitedbypainful
and disgusting events was biased by participants’ expectations1,63

(Fig. 2), in line with Bayesian theories suggesting that subjective
experiences occur by integrating bottom-up sensory signals with
information from the priors.14,71 Our neuroimaging data strongly
support a key role played by the insular cortex in such integration,with
different subportions underlying distinct functional processes.

First, the posterior hypergranular insula (Ih) seemed to process
pain in terms of its bottom-up (nociceptive) components, as
suggested by the analysis of reference trials, which show how Ih
responds preferentially to painful increases in temperatures,
relative to increases in concentration of bad odors. This
converges with previous studies pointing the posterior insula as
the most likely target for thalamic nociceptive projections,18,59

with an activity which increases parametrically with the delivered
temperature, regardless of the subjectively experienced pain or
the expectancy manipulations.19,32

Second, the middle dysgranular insula integrates nociceptive
(eg, from Ih) and olfactory (eg, from amygdaloid complex) signals
with previous information about their likelihood. This is revealed
by the analysis of medium trials, where we used stimuli whose
unpleasantness was intermediate to that predicted by high and
low cues to highlight the role of expectancy. Within these trials,
the left dysgranular insula was significantly implicated in a positive
mediation effect (Fig. 6, turquoise blobs) consistently with
previous investigations focusing only on pain.1 Positive mediation
reflects explanatory power over participants’ behavior, with part
of the expectancy effect on subjective ratings accounted by this
region’s activity. In this view, the left dysgranular insula may

Figure 6.Mediation analysis: whole-brain maps displaying neural structures displaying significant mediation effects in within-modality trials (path a*b—turquoise
blobs), as well as those predictive of single-trials ratings in cross-modal trials (path b—orange blobs). Full mediation path diagrams were also modeled on the
activity extracted from 2 regions of interest. Red values refer to significantly positive effects, whereas light blue values refer to significantly negative effects.
Significance of the effects is also highlighted at ***P, 0.001,;P ;0.07. For readability purposes, here, unpleasantness ratings are positively signed (differently
from Fig. 2), with larger values referring tomore unpleasant experiences. lPCG, left precentral gyrus; MCC,middle cingulate cortex; rPUT, right putamen; ldId, right
dorsal dysgranular insula; rvIa, ventral agranular insula; lvIgd and rvIgd, right and left ventral (dys)granular insula.
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represent a key structure for posterior Bayesian representation of
aversive experiences.

Finally, the right anterior agranular insula (dIa) was implicated in
holding and updating previous representations of aversive experi-
ences, in interaction with other brain regions such as VMPFC and
right TPJ. This is suggestedbymultivoxel pattern analysis, according
to which during the presentation of the predictive cue, the activity in
both dIa and VMPFC is already informative of the upcoming event.
Our findings match recent theoretical accounts suggesting that
priors are represented in a multidimensional fashion (eg, intensity,
location, and modality type) within a prefrontal-limbic network,33

amongwhich theVMPFCmayhold conceptualmodels of upcoming
events, and other areas in the midbrain, striatum, or insula may
elaborate more sensory-specific predictions.33

Right dIa, VMPFC, and TPJwere implicated also in the analysis
of medium trials, when the stimuli presented matched the
modality of the cue (Fig. 4). In these trials, dIa and TPJ had
explanatory power over behavioral responses, although in
a different way from the case of the dysgranular insula; indeed,
their activity was enhanced by the unpleasantness value of the
preceding cue (Fig. 5, path a), but also negatively coupled with
the subsequent rating (path b), possibly reflecting suppression of
expectancy effects. Interestingly, dIa and TPJ are part of the
ventral attentional network15 held to underlie reorienting towards
a new unexpected response setting.15 It is reasonable to assume
that similar reorienting network is recruited at the occurrence
medium trials, which were unexpected by participants (see
methods), and might have triggered error-related signaling that
the experienced unpleasantness did not correspond with that
predicted from the cue.

Overall, our data strongly support a 3-way functional segregation
within the insular cortex, with posterior, intermediate, and anterior
portions underlying distinct aspects of pain/disgust processing.

4.2. Modality specificity

Although the insula was implicated in expectancy for both pain
and disgust (but also other domains36,57), this functional
heterogeneity is not necessarily associated with informational
loss. On the contrary, multivariate pattern decoding on
cue-evoked activity suggests that dIa (and VMPFC) encodes
prospective pain and disgust through dissociated, and yet
neighboring, representations. Furthermore, all the expectancy
effects on medium trials were observed only when cues and
subsequent stimuli shared the same modality (within-modality
trials). No significant expectancy modulation of neural activity was
found in cases where the modality switched (cross-modal trials).

Thus, all data converge in stating that, in the insular cortex, the
modality-specific representation of the predicted event is retained.

Although pain and disgust share several properties (an intrinsic
unpleasantness, a high relevance for one’s well-being, appraisal of
potential coping mechanisms, etc.), they are qualitatively different
experiences associated with segregated sensory channels (eg,
nociception and olfaction), underlying different kinds of threat (eg,
body damage vs poisoning) and coping responses (eg, withdrawal
vs regurgitation). In light of our results, the predictive models
represented in dIa and VMPFC are most likely subtending any of
these modality-specific attributes, or a combination thereof. This of
course does not exclude that experiences such as pain and disgust
could be represented also in terms of supramodal features (as
suggested by previous studies12,17), possibly at different hierarchical
levels or through combinations of modality-specific information.

Importantly, however, even those studies suggesting the
existence of supramodal representation of unpleasantness in
particular brain regions, nevertheless, acknowledge that a reliable
portion of the dla is involved in modality-specific processing.12,17

This was found for instance in our previous study17 where highly
unpleasant pain and disgust triggered common activity patterns
in the left insular and cingulate cortices, but distinct (and yet
overlapping) representations in right dIa, in a region very similar to
that implicated in our current experiment (Fig. 4, purple blobs). In
this view, the combined information fromour earlier and present17

data provides strong compelling evidence for modality-specific
coding across different data sets, tasks, and attentional
demands.

Finally, the bilateral insular cortex, in both its dysgranular and
agranular portions, contributed to trial-by-trial variations in
subjective pain and disgust even in cross-modal conditions.
Although these modulations were not significantly associated
with expectancy effects, they further highlight the role of this brain
structure in building a comprehensive representation of sub-
jective feelings, which does not only derive from sensory
(exogenous) inputs, but also endogenous factors.3,80

4.3. Limitations of the study and conclusive remarks

Because of hardware constraints of stimulation devices and
intrinsic properties of the olfactory and nociceptive channels, our
thermal stimuli grew slowly towards a plateau temperature,
whereas olfactory stimuli had a more instantaneous onset and
briefer duration (see methods). Hence, right dIa and VMPFC
might represent predictive features of upcoming threats, not only
in terms of their sensory modalities, but perhaps also in terms of
their specific dynamics. Future studies are needed to

Table 3

Multivariate pattern analysis on cue-evoked activity.

cHP vs cLP cHD vs cLD cHP vs cHD (cHP vs cLP) ↔ (cHD vs cLD)

rdIa* 72.33% (53.93) 54.99% (53.75) 75.05% (53.96) 47.99% (52.64)

VMPFC* 73.45% (53.72) 55.66% (54.00) 72.10% (53.52) 51.70% (52.57)

rTPJ† 74.50% (53.72) 54.71% (53.76) 75.82% (53.69) 52.79% (52.87)

lvIgd§ 77.30% (53.84) 52.51% (53.69) — —

rvIgd§ 73.70% (53.70) 51.17% (53.75) — —

ldId‡ 75.27% (53.40) 51.32% (53.51) — —

* Region of interest defined from: flexible factorial analysis, 3-way interaction.

† Region of interest defined from: flexible factorial, within-modality expectancy.

‡ Region of interest defined from: mediation analysis of consistent trials, path a*b.

§ Region of interest defined from: mediation analysis of inconsistent trials, path b.

cHP, cLP, cHD, and cLD: cues predictive of high/low pain/disgust; rdIa, right dorsal agranular insula; rTPJ, right temporoparietal junction; lvIgd, left ventral (dys)granular insula; rvIgd, right ventral (dys)granular insula; ldId, right

dorsal dysgranular insula; VMPFC, ventromedial prefrontal cortex.
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systematically disentangle the sensory and temporal aspects of
aversive expectancy. Furthermore, although our behavioral
results converge with our previous study by revealing modality-
specific expectancy, they diverge from it by not providing
evidence of cross-modal modulations,63 despite adequate
power to replicate similar effect sizes (see supplementary
information, available online at http://links.lww.com/PAIN/
A567). The discrepancy between the 2 studies could reflect
strong reliance on information conveyed by the cues (see
Supplementary Fig. 2, available online at http://links.lww.com/
PAIN/A567), which was shown to enhance modality-specific
expectancy effects in our previous work.63 Alternatively, differ-
ences between the 2 studies could relate to the specificities of the
MRI setting, such as the constrained space frequently associated
with anxiety,49 or the supine position, which was documented
affecting pain sensitivity23,26,64,68,79 (although potential postural
biases were circumvented by calibrating thermal and olfactory
stimuli while subjects were already lying in theMRI, seemethods).
Future studies will need to better elucidate the factors modulating
modality-specific and cross-modal expectancy effects. Finally,
although our study represents a good compromise between
design complexity, sensitivity, and time constraints, we do
acknowledge that power might be limited by the combination of
our sample size and number of repetitions, which could have
prevented uncovering more subtle effects.

Keeping these limitations aside, our study provides critical
novel insights about the different computational steps un-
derlying predictive coding in the insular cortex, together with
VMPFC and right TPJ. Most importantly, we demonstrate a key
role for the insular cortex in forming and evaluating modality-
specific models of aversive outcomes in a given context, and
support a major role of this network in affective integration and
experience.
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