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Abstract: Prior expectations can bias how we perceive pain. Using a drift diffusion model, we

recently showed that this influence is primarily based on changes in perceptual decision-making

(indexed as shift in starting point). Only during unexpected application of high-intensity noxious

stimuli, altered information processing (indexed as increase in drift rate) explained the expectancy

effect on pain processing. Here, we employed functional magnetic resonance imaging to investigate

the neural basis of both these processes in healthy volunteers. On each trial, visual cues induced the

expectation of high- or low-intensity noxious stimulation or signaled equal probability for both

intensities. Participants categorized a subsequently applied electrical stimulus as either low- or high-

intensity pain. A shift in starting point towards high pain correlated negatively with right dorsolat-

eral prefrontal cortex activity during cue presentation underscoring its proposed role of “keeping

pain out of mind”. This anticipatory right dorsolateral prefrontal cortex signal increase was positively

correlated with periaqueductal gray (PAG) activity when the expected high-intensity stimulation was

applied. A drift rate increase during unexpected high-intensity pain was reflected in amygdala

engagement and increased functional connectivity between amygdala and PAG. Our findings suggest

involvement of the PAG in both decision-making bias and altered information processing to imple-

ment expectancy effects on pain.

Perspective: Modulation of pain through expectations has been linked to changes in perceptual

decision-making and altered processing of afferent information. Our results suggest involvement of

the dorsolateral prefrontal cortex, amygdala, and periaqueductal gray in these processes.

© Published by Elsevier Inc. on behalf of United States Association for the Study of Pain, Inc.
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E
xpectations critically shape the way we perceive
pain: the same noxious input is, for instance, expe-
rienced as significantly more intense when we

expect it to be of a high intensity.3,8,33,49,70 Such effects
are often thought to be accompanied by changes in
somatosensory processing. Using a perceptual decision-
making task in combination with a model-based
approach employing a Hierarchical Drift Diffusion
model,53,63 we recently investigated whether the influ-
ence of expectations on pain perception could also be
rooted in biased perceptual decision-making.67 Faster
processing of incoming sensory information (indexed by
the model parameters “drift rate”) indicates an effect
on sensory processing. In contrast, biased decision-mak-
ing (indexed by a shift in the model parameter ‘starting
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point’) indicates that less evidence is needed to catego-
rize a sensation as suggested by prior information (eg,
as high-intensity pain when high-intensity pain is
expected) compared to a neutral starting point. A direct
comparison of both hypotheses confirmed the domi-
nant influence of biased decision-making: cues signal-
ing a higher probability of either low-intensity or high-
intensity stimulation introduced a decision bias towards
the expected intensity rather than a change in sensory
processing.
Brain imaging studies have begun to unravel the

neural underpinnings of such biased perceptual deci-
sion-making,15,30,43,48 with evidence linking activity in
the dorsolateral prefrontal cortex (DLPFC) to a shift in
starting point.42 However, these findings originate
from studies using affectively neutral stimuli (eg, mov-
ing dots) and might not be applicable to the affect-rich
domain of pain, giving rise to 2 possible scenarios. If
DLPFC activity reflects the degree to which a perceptual
decision is biased, cue-induced activity should be posi-
tively related to a shift in starting point towards the
expected sensation, irrespective of the affective value,
that is, whether low or high pain is expected. If these
responses are instead sensitive to the affective value of
a choice, cue-induced activity could show a different,
affect-dependent relation with a shift in starting point.
Based on previous neuroimaging studies on pain which
have specifically implicated DLPFC regions in the expec-
tation of reduced pain,2 one would expect a positive
correlation with decision bias if low pain is expected
and a negative correlation with decision bias when
high pain is expected. Such finding would call into
question the domain-generality of the above-men-
tioned pattern of DLPFC responses, but would sit nicely
with the known DLPFC involvement − together with
the rostral anterior cingulate cortex (rACC) and the
periaqueductal grey (PAG) − in descending pain
control.2,58,62

We also explored altered somatosensory processing
(indexed as change in drift rate), which we had previ-
ously observed in the “worst-case” scenario of high-
intensity noxious stimuli being unexpectedly received.67

In line with the assumption of altered somatosensory
processing during expectancy-induced pain modulation,
a change in drift rate should lead to activation changes
in brain regions linked to somatosensory processing as
well as the amygdala, which adjusts the sensitivity of
sensory cortices depending on the perceived threat of
the incoming sensory information.21,28,51,55

Here we explored the neural processes underlying
both biased decision-making and altered somatosen-
sory processing in the context of pain using functional
magnetic resonance imaging (fMRI) in healthy volun-
teers. Model parameters were calculated based on
response times and decision accuracies obtained dur-
ing a perceptual decision-making task in which partici-
pants had to indicate whether a high or low-intensity
stimulus had been applied following the presentation
of a visual cue that signaled the probability of both
intensities.

Methods
The experimental paradigm and procedures as well as

the analysis of the behavioral data including computa-
tional modeling have been described in detail in a previ-
ous publication.67 An overview of the paradigm is
provided in Fig 1. The data presented here are based on
these findings but focus on the fMRI data acquired in
the same experiment.

Participants
Twenty-two healthy volunteers (11 female; age

M = 25.95 years, SD = 4.20) participated in the study. Sam-
ple size estimation was based on a previous study1 inves-
tigating expectancy effects on pain using fMRI (N = 19)
and studies with a sample size of N = 2043 and N = 2466

exploring expectancy effects on perceptual decisions
using a drift diffusion model in combination with fMRI.
Participants were right-handed, fluent English-speak-

ing, and had normal or corrected-to-normal vision.
According to self-report, no participant had a history of
neurological or psychiatric disease or of chronic pain.
Prior to involvement in the study, each participant gave
full informed consent, and the study was approved by
the local Research Ethics Committee (MSD-IDREC-C1-
2013-106).

Figure 1. Overview of the experimental paradigm and trial
structure. On each trial, participants were presented with one
of 3 visual cues (‘cue’ period). One of the cues indicated an
80% probability for high-intensity stimulation and a 20% prob-
ability for low intensity stimulation (“80/20” condition).
Another cue indicated a 20% probability for high-intensity
stimulation and an 80% probability for low intensity stimula-
tion (“20/80” condition). A third cue signaled a 50% probability
for high-intensity stimulation and a 50% probability for low
intensity stimulation (“50/50” condition). Upon stimulus deliv-
ery (“stimulation” period) participants indicated as quickly and
accurately as possible whether they had received low-intensity
or high-intensity stimulation by pressing one of 2 buttons with
their right hand (“decision” period). Each trial was completed
by the presentation of a fixation cross (inter-trial interval,
“ITI”).
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Experimental Paradigm
Using fMRI, we investigated brain responses during

the anticipation and perception of high and low-inten-
sity noxious electrical stimuli. The experiment was
divided into 4 blocks, each consisting of 42 trials. On
each trial, participants were presented with one of 3
visual cues (see Fig 1): the white outline of a square, a
triangle or a circle against a black background. One of
these 3 cues indicated an 80% probability for high-
intensity stimulation and a 20% probability for low-
intensity stimulation (‘80/20’ condition; note that the
first number always refers to the probability of a high-
intensity stimulation, the second one to the probability
of a low-intensity stimulation). Another cue indicated a
20% probability for high-intensity stimulation and an
80% probability for low-intensity stimulation (‘20/80’
condition). A third cue indicated a 50% probability for
high-intensity stimulation and a 50% probability for
low-intensity stimulation (‘50/50’ condition). The 3
visual cues were randomly assigned to the 80/20, 20/80,
and 50/50 conditions across participants, resulting in 6
different configurations of cue and condition pairings.
In each configuration, the order of trials (eg, first trial:
80/20 condition, second trial: 50/50 condition, third trial:
20/80 condition, fourth trial: 50/50 condition etc.) was
the same in each of the 4 blocks.
On each trial, either a high-intensity or a low-intensity

stimulus was applied to the dorsal aspect of the left
hand 5 seconds after presentation of the visual cue. Par-
ticipants were instructed to indicate as quickly and accu-
rately as possible whether they had received low-
intensity or high-intensity stimulation by pressing one
of 2 buttons with their right hand. Button-response con-
tingencies were counter-balanced across participants.
No feedback was provided regarding the correctness of
the response on any trial. Decision accuracies and
response times (RT; ie, time between delivery of noxious
stimulus and button pressing) were recorded. Each trial
was completed by the presentation of a fixation cross
for 3, 5, or 7 seconds. The order of 80/20, 20/80, and 50/
50 trials was pseudo-randomized with no more than 2
consecutive trials of the same type.
In preparation for the experiment, participants were

first familiarized with the visual and electrical stimuli
and instructed about the pairing between the 3 visual
cues and the outcome probabilities before they prac-
ticed providing their responses outside the MR scanner.
Next, individual high and low-intensity stimulation lev-
els were determined using a standardized calibration
procedure.24 To test whether differential learning had
been instantiated, participants underwent a discrimina-
tion test before they completed a practice run of the
actual experiment and were subsequently positioned in
the scanner. In this stimulation discrimination test, ten
low-intensity stimuli and ten high-intensity stimuli were
applied in a randomized order. Participants had to ver-
bally categorize each stimulus as either a low-intensity
or a high-intensity stimulus. Only participants who were
able to categorize at least 80% of trials correctly were
admitted to the actual experiment. Those with

categorization accuracies <80% underwent re-calibra-
tion of the stimulus intensities and completed a second
practice run. None of the participants had to be
excluded based on this criterion. In addition, partici-
pants completed a short test that probed their under-
standing of cue-stimulation contingencies. Each cue was
presented ten times in a randomized order and partici-
pants had to verbally indicate whether the cue signaled
a high-intensity stimulation in 80%, 50%, or 20% of tri-
als. Note that participants were explicitly informed
about the contingencies prior to the performance test.
If participants were able to categorize at least 80% of
the trials correctly, they were positioned in the MR scan-
ner and the experiment commenced. All participants
demonstrated sufficient contingency awareness at the
first practice run.

Electrocutaneous Stimulation
Individual levels for high and low-intensity stimula-

tion were determined for each participant using an
ascending Method of Limits approach.24 Intensities
were rated on a Visual Analogue Scale (VAS) with the
verbal anchor point “no pain” for the minimum inten-
sity and “unbearable pain” for the maximum intensity.
Participants were instructed that only if the curser was
positioned at the very left of the scale (marked as “no
pain”) would the sensation be recorded a non-painful.
VAS ratings were transformed into a number between 0
and 10. Intensities rated as 2 were used for low-intensity
stimulation, and intensities rated as 8 were used for
high-intensity stimulation. Electrical stimuli were
applied using a commercial electric stimulation device
(constant current stimulator DS7A; Digitimer, Hertford-
shire, UK), delivering a 1ms monopolar square wave-
form pulse via a concentric silver chloride electrode
attached to the back of the left hand. The average stim-
ulation intensity across participants was 2.01 mA
(SD = 1.54) for low-intensity stimuli and 8.20 mA
(SD = 4.15) for high-intensity stimuli. The 2 stimulation
intensities were rated as significantly different (t(21)=
5.02; p < .001). The calibration procedure was first per-
formed during preparation outside the scanner and
both stimulation intensities were checked again and
recalibrated if necessary, once participants were posi-
tioned in the scanner and prior to each block to ensure
constant pain levels throughout the experiment.

fMRI Data Acquisition
Functional imaging was performed on a 3-Tesla MRI

scanner (Siemens Verio, Siemens Medical Solutions)
equipped with a 32-channel head coil. T2*-weighted
echo-planar volumes with BOLD contrast were acquired
at an angle of 30° to the anterior commissure-posterior
commissure line to attenuate signal dropout in the orbi-
tofrontal cortex12 using a multiband EPI sequence (slice
acceleration factor: 641,69). A total of seventy-two trans-
verse slices were acquired with an interleaved order for
each volume, with an isotropic in-plane resolution of
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2 mm and slice thickness of 2 mm (repetition time, TR:
1300 ms; echo time, TE: 40 ms; field of view, FoV:
212 £ 212 mm2; flip angle: 66°). A whole-brain high-res-
olution T1-weighted MP-RAGE structural scan (interpo-
lated voxel size: 1 £ 1 £ 1 mm3; TR: 2040 ms; TE: 4.7ms;
FOV: 192 £ 174 mm2; 192 partitions; flip angle: 8
degrees; inversion time, TI: 900 ms) was also obtained
for each participant.

fMRI Data Analysis: General Aspects
Image processing and statistical analyses were per-

formed using SPM12 (Wellcome Department of Imaging
Neuroscience, London, UK; available at http://www.fil.
ion.ucl.ac.uk/spm). Image processing consisted of slice
timing (correction for differences in slice acquisition
time), realignment (rigid body motion correction) and
unwarping (accounting for susceptibility by movement
interactions), coregistration (between EPI images and
the skull-stripped T1 image), spatial normalization using
the DARTEL toolbox, smoothing using an 8 mm (full
width at half maximum) isotropic 3-dimensional Gauss-
ian kernel and denoising using ICA-AROMA.52

For each participant, we constructed a design matrix
that included 3 regressors for the anticipation phase
(presentation of 1) the 50/50 cue, 2) the 80/20 cue, and
3) the 20/80 cue) and 6 regressors for the stimulus deliv-
ery phase (delivery of the low-intensity stimulation fol-
lowing 1) the 50/50 cue, 2) the 80/20 cue, and 3) the 20/
80 cue and delivery of the high-intensity stimulation fol-
lowing 4) the 50/50 cue, 5) the 80/20 cue, and 6) the 20/
80 cue), resulting in a total of 9 regressors. All regressors
consisted of delta functions convolved with the canoni-
cal hemodynamic response function. Six motion
parameters derived from the realignment procedure
were also included as regressors-of-no-interest. Model
estimation was carried out using a robust weighted
least squares approach14 and also included high-pass fil-
tering (cutoff period: 128 s) and correction for temporal
autocorrelations (based on a first-order autoregressive
model).
Based on the first-level model, we defined contrasts

of parameter estimates for each participant (see below)
and subsequently explored the relation between indi-
vidual modeling parameters (as derived using a Hierar-
chical Drift Diffusion model, HDDM63) and individual
brain responses by means of regression analyses at the
group level (for main effects during anticipation and
stimulation period see https://osf.io/2k8yf/). A HDDM is
suitable for perceptual decision-making tasks in which
participants are required to choose between 2 response
options on each trial (i.e., high and low pain) and has
previously been applied in studies using visual23, audi-
tory60, non-noxious and noxious somatosensory
stimuli.71,72 Modeling parameters considered here
include the shift in starting point (indicating biased per-
ceptual decision-making) and the change in drift rate
(indicating altered sensory processing), always com-
pared to the neutral 50/50 condition. Both parameters
had been estimated for each participant as described in
our previous publication67 (for individual parameter

estimates see https://osf.io/2k8yf/). In brief, we fitted the
HDDM with 4 parameters (starting point, b; drift rate, d;
boundary separation, a; and non-decision time t) using
correct and incorrect trials. Drift rate and non-decision
time parameters were allowed to differ between the 6
outcome conditions of the experiment (ie, low-intensity
stimulation following the 80/20 cue, the 20/80 cue or
the 50/50 cue and high-intensity stimulation following
the 80/20 cue, the 20/80 cue or the 50/50’ cue). Boundary
separation and starting point were only allowed to dif-
fer as a function of task instruction (‘80/20’ during antic-
ipation, ‘20/80’ during anticipation or ‘50/50’ during
anticipation) because both parameters are determined
prior to stimulus delivery. Note that the precision with
which posterior distributions are estimated under the
Bayesian framework (detailed in our previous publica-
tion67) accounts for differences in the number of trials
(eg, lower number of error trials than correctly classified
trials).
The regression analyses presented below are based on

the significant behavioral effects reported in our previ-
ous publication,67 which included a shift in starting
point towards high pain when high pain is expected, a
shift in starting point towards low pain when low pain
is expected and an increase in drift rate when the high-
intensity stimulation was unexpectedly applied (bound-
ary separation and non-decision time were not investi-
gated here, due to non-significant effects in our
previous study). In all analyses, HDDM model parame-
ters for the relevant condition were compared to those
of the 50/50 condition in which both outcomes were
equally likely. These subject-specific differential model
parameters were entered into simple regression analy-
ses at the group level. In keeping with the differential
HDDM modeling parameters, differential contrast
images comparing the condition of interest with the
non-informative 50/50 condition were used as specified
below. These analyses (as well as follow-up analyses on
significant findings) are explained in detail below.
In all of our fMRI analyses, statistical inference was

based on voxel-wise nonparametric permutation test-
ing68 as implemented in SnPM (Statistical nonParametric
Mapping; version SnPM 13.1.02; http://nisox.org/Soft
ware/SnPM13/) using a threshold of P < .05 with family-
wise error correction for both hypothesis-free whole-
brain analyses and hypothesis-driven region-of-interest
(ROI) analyses. ROIs included brain areas that are often
ascribed a “pain modulatory” role (DLPFC, rACC, amyg-
dala, and PAG), as well as somatosensory brain areas
that typically respond to noxious stimulation (thalamus,
primary and secondary somatosensory cortex (SI, SII),
posterior insula). Masks of these ROIs were derived from
probabilistic atlases included in FSL (FMRIB’s Software
Library; https://fsl.fmrib.ox.ac.uk/fsl/fslwiki/Atlases), all
thresholded at 25%. In the case of cortical ROIs these
masks were intersected with the participants’ average
gray matter mask in order to exclude white matter
regions of no interest. SI, SII, and posterior insula were
based on the J€ulich Histological Atlas18 (SI mask is a
union of areas 1, 2, 3a, 3b25−27; SII mask is a union of
areas OP1, OP2, OP3, OP416,17; posterior insula mask is a
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union of areas lg1, lg2, ld1)36, the thalamus mask was
based on the Thalamic Connectivity Atlas5 (mask is a
union of all areas), the amygdala mask was based on
the Harvard-Oxford Atlas,13 the PAG mask was based on
the PAG Atlas20 (mask is a union of all areas), the DLPFC
was based on the Dorsal Frontal Connectivity Atlas57

(mask is a union of areas 9/46d and 9/46v) and the rACC
was based on the Cingulate Orbitofrontal Connectivity
Atlas45 (mask is a union of areas 32d and 32pl). Note
that we provide unthresholded whole-brain maps of
uncorrected P-values (again based on non-parametric
permutation testing) for each tested effect at https://
neurovault.org/collections/SHQGGEGD in order to aid
interactive exploration of our data and to facilitate
meta-analytic efforts. Furthermore, we provide effect
size estimations for all key findings (see https://osf.io/
2k8yf/) following recent recommendations.50

fMRI Data Analysis: Anticipatory Activity
Related to Shift in Starting Point
In order to test whether the DLPFC would show acti-

vation related to the degree to which the starting point
had been shifted towards the high pain boundary, we
performed a regression analysis on the differential
imaging contrast between the presentation of the high
pain cue and the noninformative cue (“80/20 cue”
minus “50/50 cue”) and used the relative shift in starting
point between both conditions (“80/20” minus “50/50”)
as the regressor-of-interest.
In order to test whether activation in the DLPFC also

scaled with a shift in starting point towards low-inten-
sity pain, we regressed the modeling parameters for the
condition in which participants were cued towards low-
intensity stimulation (“20/80” condition relative to the
noninformative “50/50” condition) against the equiva-
lent imaging contrast (ie, “20/80 cue” minus “50/50
cue”). Note that as starting point scores can vary
between 0 (strongest possible bias towards low pain)
and 1 (strongest possible bias towards high pain), the
difference score between (numerically smaller) starting
point indicating a bias towards low pain and a (numeri-
cally higher) starting point indicating no bias (as in the
“50/50” condition) would be negative. We therefore
use the absolute value of the difference in starting point
between both conditions (ie, |"20/80 cue” minus “50/50
cue”|) which provides positive difference scores in all
participants as starting point scores were higher for the
“50/50” than the “20/80” condition in all cases.
Although our hypotheses meant we focused analyses
on the DLPFC (where we applied small-volume correc-
tions separately for the right and left hemisphere),
whole-brain analyses were additionally carried out, but
revealed no significant results at a level of P < .05 FWE.

fMRI Data Analysis: Effects of
Anticipatory DLPFC Activity
As explained in more detail in the results section, the

previous analyses revealed a negative correlation

between activation in DLPFC during cue presentation
and the degree to which participants had shifted the
starting point towards high pain. In order to investigate
how this DLPFC engagement during the cue period
translated into the stimulation period (ie, when noxious
stimuli were delivered), we performed 2 follow-up anal-
yses. Individual parameter estimates were extracted
from the identified DLPFC peak using the same contrast
(ie, “80/20 cue” minus “50/50 cue”). These parameter
estimates were entered as a regressor-of-interest in a
group level regression analysis using the differential
imaging contrast (“80/20” minus “50/50”) modeling
activation during stimulus delivery (ie, after the antici-
pation phase). Because the high pain cue could either
be followed by low or high-intensity stimulation, both
trial types were analyzed separately: one analysis
focused on trials in which high-intensity stimulation was
delivered following the 80/20 cue (ie, “80/20 cue fol-
lowed by high-intensity stimulation” minus “50/50 cue
followed by high-intensity stimulation”) and another
analysis focused on trials in which low-intensity stimula-
tion was delivered (i.e., “80/20 cue followed by low-
intensity stimulation” minus “50/50 cue followed by
low-intensity stimulation”).

The previous finding of a positive correlation
between DLPFC activation and a shift in starting point
towards low pain when low-intensity stimulation was
the more likely outcome (“50/50 cue” minus “20/80
cue”; see Results for details) was followed up in a similar
way: individual parameter estimates were extracted
from the DLPFC peak identified in this analysis and
entered as a regressor-of-interest into the imaging anal-
ysis testing for activity either during the unexpected
delivery of high-intensity stimulation (“20/80 cue fol-
lowed by high-intensity stimulation” minus “50/50 cue
followed by high-intensity stimulation”) or during the
expected delivery of low-intensity stimulation (“20/80
cue followed by low-intensity stimulation” minus “50/
50 cue followed by low-intensity stimulation”).

Based on the tight link between DLPFC, rACC, and
PAG in descending pain modulation,7,19,59,65 we applied
small-volume correction to the rACC and PAG in these
analyses (whole-brain analyses were also carried out but
revealed no significant results at a level of P < .05 FWE).

fMRI Data Analysis: Stimulation Period
Activity Related to An Increase in Drift
Rate

As reported in our previous publication,67 the unex-
pected application of a high-intensity electrical stimulus
led to an increase in drift rate. To test our hypothesis of
whether brain regions involved in pain-related sensory
processing and the amygdala reflected this change in
somatosensory processing, we performed a regression
analysis using the difference between the drift rate of
the condition in which participants had been cued
towards low pain, but received a high-intensity stimulus
(“20/80” condition with high-intensity stimulation) and
the neutral “50/50” condition with high-intensity
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stimulation as a regressor-of-interest for the differential
contrast image of both conditions (ie, “20/80” condition
with high-intensity stimulation minus “50/50” condition
with high-intensity stimulation). Given our hypotheses,
these analyses focused on somatosensory regions (thala-
mus, SI, SII, and posterior insula) as well as the amyg-
dala, where we applied small-volume corrections
(whole-brain analyses were also carried out and
revealed one significant response in the left hippocam-
pus: x,y,z= -30,-14,-10; t = 6.49; P = .035 FWE).

fMRI Data Analysis: Connectivity Changes
Related to An Increase in Drift Rate
In order to investigate the functional connectivity of

the drift rate related amygdala activation identified in
the previous analysis we conducted a psychophysiologi-
cal interaction analysis22 using the left and right amyg-
dala peaks as seed regions in 2 separate analyses. For
each individual we first extracted the BOLD time-series
from the peak voxel of the left and right amygdala acti-
vation identified (x,y,z= -26,-8,-14 for left amygdala and
x,y,z= 26,-2,-12 for right amygdala). Next, a PPI regressor
was computed as the element-by-element product of
the mean-corrected amygdala activity and a vector cod-
ing for the condition in which a high-intensity stimulus
was unexpectedly applied compared to high-intensity
stimulation following the non-informative cue (ie, “20/
80” high pain minus “50/50” high pain). The first-level
PPI model included the PPI regressor as well as the acti-
vation time course in the amygdala and the psychologi-
cal variable (i.e., the difference between “20/80” high
pain and “50/50” high pain) as regressors-of-no-interest.
The individual contrast images reflecting the interaction
were subsequently entered into a second-level regres-
sion analysis with the individual difference in drift rate
between both conditions (ie, “20/80” high-intensity

stimulation minus “50/50” high-intensity stimulation) as
the regressor-of-interest. While our initial hypothesis
was that the unexpected delivery of a high-intensity
stimulation should alter the information exchange
between amygdala and brain regions related to
somatosensory processing (SI, SII, thalamus and poste-
rior insula), we also explored the possibility that such a
scenario could lead to enhanced connectivity between
the amygdala and the PAG, as suggested by the fear
conditioning literature.32,39,46,61 We thus carried out
small volume corrections for these regions, but also ran
whole-brain analyses, which however revealed no sig-
nificant results at a level of P < .05 FWE.

Results
Based on the computational modeling of decision

accuracies and response times using a Hierarchical Drift
Diffusion model as described in our previous publica-
tion,67 our interrogation of the fMRI data focused on 3
reported behavioral effects: the shift in starting point
towards high pain during the expectation of high-inten-
sity stimulation, the shift in starting point towards low
pain during the expectation of low-intensity stimula-
tion, the increase in drift rate when a low-intensity stim-
ulation was expected but a high-intensity stimulus was
unexpectedly delivered (Fig 2), and follow up analyses
based on results from these.

Anticipatory Activity Related to Shift in
Starting Point
Analyses investigating the shift in starting point

towards high pain did not provide evidence for a posi-
tive correlation, but instead revealed a negative correla-
tion between the relative shift in starting point towards
the high pain boundary and activation in the right
DLPFC (x,y,z = 22,36,52; t = 4.35; P = .023; Fig 3A,B). In

Figure 2. Overview of the Drift Diffusion Model (DDM) and previous behavioral findings. (A) The Drift Diffusion Model conceptu-
alizes binary perceptual decisions as an inferential process in which sensory evidence is accumulated over time and the decision is
made as soon as the upper or lower boundary is reached. The process is characterized by different parameters including the mean
starting point (b) and the speed at which evidence is accumulated (ie, the drift rate, d). Prior information can bias the perceptual
process through any of the parameters (unbiased process shown as dashed line). The graph separately depicts a shift in starting
point (indicating a bias in decision-making; shown in green) and an increase in drift rate (indicating faster sensory processing;
shown in magenta). (B) We previously demonstrated that a visual cue signaling an 80% probability to receive a high-intensity stimu-
lation and 20% probability for low-intensity stimulation leads to a shift in starting point towards the high pain boundary relative to
a 50/50 condition67 (left panel). Similarly, a cue signaling a 20% probability for high-intensity and 80% for low intensity shifts the
starting point towards low pain (mid panel). If a high-intensity stimulus is delivered following the presentation of cue signaling a
20% probability for high-intensity and 80% probability for low-intensity stimulation, an increase in drift rate is found (right panel).
hi stim= high-intensity stimulation; lo stim= low-intensity stimulation; stim period= stimulation period.
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other words, the more participants activated the DLPFC
during the cue period when they were expecting the
high-intensity stimulation (relative to the “50/50” condi-
tion), the weaker was their decision-making bias
towards high pain. When performing the same analysis
for a shift in starting point towards low pain, we
observed a positive correlation with right DLPFC activity
(x,y,z = 48,30,34; t = 4.28; P = .025 and x,y,z = 46,22,42;
t = 3.98; P = 0.043; Fig 3C,D). So, the more participants
activated the DLPFC during the cue period when they
were expecting the low-intensity stimulation (relative
to the “50/50” condition), the stronger was their deci-
sion-making bias towards low pain. A post hoc analysis
investigating the spatial layout of these responses
showed that “bias towards low pain” DLPFC activity
only overlapped with “bias towards high pain” DLPFC

activity at a very lenient threshold of P < .05 uncor-
rected. Together, these results stand in clear opposition
to the pattern of DLPFC responses observed in affec-
tively neutral decision-making scenarios, and instead
suggest that they might be related to a preparatory
‘protective’ function.

Effects of Anticipatory DLPFC Activity
In order to further explore the relevance of this affect-

dependent anticipatory engagement of the DLPFC, we
tested whether DLPFC activation during stimulus antici-
pation related to the shift in starting point would pre-
dict activation in down-stream regions of the
descending pain control system, namely rACC and PAG,
during stimulus application. While we investigated both

Figure 3. DLPFC activation related to a shift in starting point. (A) DLPFC activity exhibiting a negative correlation with change in
starting point when high-intensity stimulation was the more likely outcome relative to the condition when both stimulation intensi-
ties were equally likely (“80/20” minus “50/50”; thresholded at P < .005 uncorrected for display purpose; overlaid on group mean T1
image masked by DLPFC region-of-interest). (B) Illustrative scatter plot showing the relationship between change in starting point
(“80/20” minus “50/50”) and activation in the peak voxel of the DLPFC (“80/20” minus “50/50”). (C) DLPFC activation exhibiting a
positive correlation with change in starting point towards the low pain boundary when low-intensity stimulation was the most
likely outcome relative to the condition when both stimulation intensities were equally likely (“20/80” minus “50/50”; thresholded
at P < .005 uncorrected for display purpose; overlaid on group mean T1 image masked by DLPFC region-of-interest). (D) Illustrative
scatter plot showing the relationship between change in starting point (“20/80” minus “50/50”) and activation in the peak voxel of
the DLPFC (“20/80” minus “50/50”). Note that the x-axis shows the absolute difference in starting point between both conditions
(|"20/80” minus “50/50”|).
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shifts in starting point (ie, towards low pain and
towards high pain) in combination with the actual deliv-
ery (ie, delivery of high pain and delivery of low pain),
we only observed a DLPFC-dependent recruitment of
the descending pain control system during the expected
delivery of high pain (ie, delivery of high-intensity stim-
ulus following presentation of the “80/20” cue). In this
case, the identified DLPFC activation during stimulus
anticipation was positively related to PAG engagement
during stimulus application (x,y,z = 2,-30,-10; t = 3.49;
P = .016 and x,y,z= -2,-28,-10; t = 3.48; P = .017; Fig 4).
Such a relationship (or its inverse) was neither observed
when expectations were violated (i.e., delivery of low
pain when cued about high or delivery of high pain
when cued about low pain) nor when the expectation
of low pain was confirmed.

Stimulation Period Activity Related to An
Increase in Drift Rate
Turning to changes in sensory processing, we found a

significant association between an increase in drift rate
and activation in the left and right amygdala (left: x,y,
z = -26,-8,-14; t = 6.02; P = .002; right: x,y,z = 26,-2,-12;
t = 4.16; P = .041; Fig 5) when expectations were violated
towards the worse. In other words, the stronger the
amygdala responses, the higher the increase in drift
rate during the application of high-intensity stimuli that
followed a cue signaling delivery of a low intensity stim-
uli. Contrary to our hypothesis, such a relationship was
only observed in the amygdala, but not in brain regions
related to somatosensory processing (ie, thalamus, SI,
SII, and posterior insula).

Connectivity Changes Related to An
Increase in Drift Rate
In order to further explore the consequences of the

drift rate related amygdala responses during the “worst
case scenario” (ie, delivery of high-intensity stimulation

when low-intensity stimulation was more likely), we car-
ried out psychophysiological interaction analyses
seeded in the amygdala. These analyses showed a con-
text-dependent increase in functional connectivity
between the left amygdala and the PAG (x,y,z = -2,-36,-
10; t= 3.68; P = .010; x,y,z = 4,-28,-4; t = 3.51; P = .014;
Fig 6), but did not provide evidence for the hypothe-
sized increase in connectivity with somatosensory brain
regions (ie, SI, SII, thalamus, and posterior insula).

Discussion
The present study investigated neural processes

underlying pain-related perceptual decision-making.
We found that activity in the DLPFC reflected a direc-
tion-specific decision-making bias (change in starting
point). While a bias towards low-intensity pain was posi-
tively correlated with DLPFC activity, a bias towards
high-intensity pain showed a negative correlation with
activity in the DLPFC (ie, expectations of high-intensity
pain induced less bias towards high pain judgments the
more the DLPFC was engaged prior to stimulus applica-
tion). This anticipatory DLPFC activity during expecta-
tion of a high-intensity stimulation was linked to
increased PAG activity during stimulus receipt. Changes
in sensory processing (change in drift rate) were related
to heightened signal levels in the amygdala and
increased functional connectivity with the PAG.
Using a similar modeling approach to the one

adopted here, but employing affectively neutral stimuli,
previous studies had linked a shift in starting point to
increased DLPFC activity.43,44 Our data obtained using
affectively laden noxious stimuli confirm these observa-
tions but suggest a more nuanced picture. In line with
previous findings, anticipatory DLPFC activity scaled pos-
itively with the shift in starting point towards low pain
when participants expected low-intensity stimulation
(Fig 3). However, a negative relationship was found
when high-intensity pain was expected (Fig 3), albeit in

Figure 4. DLPFC-related PAG responses during the stimulation period. (A) Differential DLPFC activity (shown in inset) during the antic-
ipation of high-intensity stimulation (relative to the “50/50” condition) was used as a covariate in the analysis of activity during high-
intensity stimulation following the “80/20” cue (relative to the “50/50” cue). DLPFC activity was extracted from the peak voxel identi-
fied in Analysis 1. (A) Sagittal view and (B) coronal view of the activation cluster in the PAG during delivery of the expected high-inten-
sity stimuli (thresholded at P < .005 uncorrected for display purpose; overlaid on group mean T1 image masked by PAG region-of-
interest). (C) The illustrative scatter plot shows the positive correlation between differential (“80/20” minus “50/50”) anticipatory DLPFC
activity and differential (“80/20” minus “50/50”) PAG activity during delivery of high-intensity stimulation across the sample.
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a slightly different part of the DLPFC (only at an
extremely liberal level of P < .05 uncorrected did we
start to see an overlap between both DLPFC findings).
Together, these 2 findings challenge the notion of a
direction-insensitive DLPFC involvement in bias imple-
mentation, and suggest that its engagement depends
on the nature of the expected stimulus. The DLPFC is
known to be pivotal for the down-regulation of pain58

and more specifically for initiating top-down modula-
tion prior to stimulus encounter.35 Our findings are

compatible with such a role in preparing the organism
for stimulus encounter which is further supported by
the observation that DLPFC activity in perceptual deci-
sion-making peaks during stimulus anticipation, not
during stimulus receipt.10 Our results therefore provide
further evidence for a role of anticipatory DLPFC activity
in buffering against a bias towards high pain (or
‘keeping pain out of mind’37) and supporting a bias
towards low pain when prior information predicts low-
intensity pain. Of note, DLPFC activity related to

Figure 5. Drift-rate related activity in the amygdala during unexpected delivery of high-intensity stimuli. (A) Activity in left and
right amygdala during the delivery of high-intensity stimulation following the presentation of the safe cue (“20/80_high”) scaled
with an increase in drift rate (both relative to the neutral “50/50” condition; thresholded at P < .005 uncorrected for display pur-
pose; overlaid on group mean T1 image masked by amygdala region-of-interest). Illustrative scatter plots from the amygdala peak
voxels show the correlation between the condition difference in drift rate and activation in the left (B) and right (C) amygdala
across the sample.

Figure 6. Drift-rate related functional connectivity between amygdala and PAG during unexpected delivery of high-intensity stim-
uli. (A) Sagittal and (B) coronal view of the PAG showing increased functional connectivity with the left amygdala (inset) during the
unexpected delivery of high-intensity stimuli (relative to high intensity stimulation following the “50/50” cue; “20/80_high” minus
“50/50_high”) depending on drift rate (“20/80_high” minus “50/50_high”). Thresholded at P < .005 uncorrected for display purpose;
overlaid on group mean T1 image masked by PAG region-of-interest. (C) Illustrative scatter plot from the PAG peak voxel shows the
correlation between the condition difference in drift rate and PPI strength between the left amygdala and PAG across the sample.
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evidence accumulation has predominantly been found
in the left hemisphere9,29 whereas our findings were
localized on the right side (Fig 3), a difference that
remains to be explored. Although further studies are
needed to confirm our findings, the results suggest that
stimulation of the DLPFC (eg, through non-invasive
brain stimulation or neurofeedback) could be a promis-
ing target to enhance endogenous pain regulation in
clinical populations.
The DLPFC is known to be embedded into a wider net-

work of brain regions which complement its modulatory
influence.2 Here, we found increased activation in the
PAG during stimulus delivery when DLPFC engagement
had been high during stimulus anticipation (Fig 4).
DLPFC and PAG are key nodes of the descending pain
control system that implements opioid-mediated expec-
tancy-related pain modulation.2,35,59 Engagement of
this system is commonly described as eliciting a direct
influence on dorsal horn nociceptive processing. How-
ever, our results suggest a link to biased decision-mak-
ing (change in starting point) - a process that is believed
to be different from sensory processing (change in drift
rate). While a shift in starting point is implemented
when relevant information becomes available (ie, prior
to stimulus delivery), drift rate is tied to stimulus proc-
essing itself. Because the drift-diffusion model used
here does not allow for single-trial estimates, our data is
not suited to probe the functional relevance of the
observed DLPFC and PAG involvement in more detail.
One could, however, speculate that prior information
leads to a shift in starting point at the time the informa-
tion becomes available (as reflected in DLPFC engage-
ment) but it is implemented through altered sensory
processing (eg, as implemented via antinociceptive
processing in the PAG) during stimulus application.
Of note, significantly increased PAG activity during

stimulus processing was only found when the expected
high-intensity stimulation was applied but not when
the high-intensity cue was followed by low-intensity
stimulation or when participants had been cued
towards low pain. In principle, PAG engagement could
depend on expected outcome, on stimulation intensity
− or a combination of the 2 factors (eg, it mainly occurs
when the stimulation is expected and of a high inten-
sity). Our findings support the latter and suggest that
PAG involvement during stimulus delivery might be
most prominent in scenarios in which antinociceptive
counter-regulation − one of the key PAG functions31 −
is required due to high-intensity stimulation and facili-
tated through correct prior knowledge.
A second key finding of our study is the link between

an increase in drift rate, engagement of the amygdala
(Fig 5) and an increase in its functional connectivity with
the PAG (Fig 6) during unexpected high-intensity stimu-
lation. The unexpected delivery of a high-intensity stim-
ulus can be regarded as the ‘worst case scenario’ in our
paradigm and should evoke an aversive prediction error
(PE). A multitude of studies have implicated the amyg-
dala in aversive PE processing, showing that amygdala
neurons respond preferentially to unexpected aversive
stimuli.6,32,34,38,47 Our observation extends these

findings by demonstrating a link between PE-related
amygdala activation and a change in drift rate which is
often interpreted as accelerated sensory processing dur-
ing evidence accumulation. ‘Fast tracking’ of incoming
information seems adaptive when strong aversive input
occurs unexpectedly, as only immediate changes in
behavior (eg, escape or attack) may prevent further
harm. Based on findings showing that impaired amyg-
dala functioning abolishes heightened responses to
fear-related stimuli in primary sensory brain
regions,28,55,64 the amygdala has been proposed to pri-
oritize processing of emotionally relevant stimuli
through gain control in these areas.11,51 Our data seem
not to support this notion. Although activation in the
left amygdala was positively correlated with change in
drift rate during unexpected high-intensity stimulation
(Fig 5), we found no evidence for altered processing in
brain regions implicated in nociceptive processing
(including thalamus, posterior insula, primary or second-
ary somatosensory cortex) or change in functional con-
nectivity between the amygdala and these brain
regions.
However, recent investigations into the neural network

underlying fear learning and its influence on sensory
processing have focused on amygdala interactions with
another structure − the PAG. Unexpected aversive stimuli
generate PE responses in the PAG that serve as a teaching
signal to drive learning and fear-related plasticity.32,39

Notably, PE signaling in the PAG has recently also been
demonstrated in the context of pain in humans.56 Here,
we found an increase in amygdala - PAG connectivity that
scaled with the increase in drift rate during unexpected
high-intensity stimulation (Fig 6).
The lack of modulation in sensory brain regions and

the involvement of amygdala and PAG which are both
key regions of affective processing cast doubt on the
exclusive interpretation of an increase in drift rate as
amplified processing in sensory brain regions. As
pointed out previously,42 brain activity related to differ-
ences in drift rate could also reflect collinear cognitive
processes such as attention, motivation or preparation
of motor responses. The involvement of specific brain
regions would thereby depend on the type of informa-
tion accumulated. Amygdala engagement is in line with
growing evidence showing that expectancy manipula-
tions of pain are not necessarily found in brain regions
involved in sensory processing73 but might be reflected
in regions associated with affective processing.2

Increased drift rates might therefore reflect the fast
propagation of information within a system that
ensures swift responses to impending threat, potentially
including counter-regulatory processes. With fast amyg-
dala responses to threat40 (which arise prior to conscious
perception4) and connections with key regions of
behavioral responses to threat, the amygdala is ideally
suited to serve this function.
The findings of this study have to be seen in light of

some limitations. First, given that the findings are based
on a relatively small sample size, larger-scale follow-up
investigations are needed for confirmation, particularly
before conclusions can be drawn regarding clinical
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implications. Second, while we used stringent voxel-
wise permutation testing with family-wise error correc-
tion for multiple comparisons, we did not correct for
the number of ROIs included. Third, as we only com-
pared an 80% and a 20% probability (in addition to the
50% condition that served as a control), it remains
unclear to what extent our findings generalize to other
probability splits. Fourth, individuals can be more or less
certain about their perceptual decision which is known
to influence the effect of prior information on percep-
tion.70 Future studies should therefore ideally include
trial-by-trial measures of uncertainty to inform data
analysis.

Conclusions
Our findings emphasize the relevance of affect-

related considerations and accompanying cortico-brain-
stem interactions when investigating the neural basis of
perceptual decision-making and underscore the grow-
ing call for the use of computational models in this
endeavor.54 Additional studies are needed to further
explore the role of stimulus valence including its link to
motivational aspects and learning which embed percep-
tual decisions into the context of the individual’s priori-
ties. Such integration, particularly when combined with
insights into interindividual differences including per-
sonality traits, promises a novel and more comprehen-
sive view on pain-related perceptual decision-making.
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