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Abstract: Objectives: The role of context in pain-related extinction learning remains poorly under-
stood. We analyzed the neural mechanisms underlying context-dependent extinction and
renewal in a clinically relevant model of conditioned abdominal pain-related fear. Experimental
design: In this functional magnetic resonance imaging study, two groups of healthy volunteers under-
went differential fear conditioning with painful rectal distensions as unconditioned stimuli (US) and
visual conditioned stimuli (CS1; CS2). The extinction context was changed in an experimental group
(context group), which was subsequently returned into the original learning context to test for renewal.
No context changes occurred in the control group. Group differences in CS-induced differential neural
activation were analyzed along with skin conductance responses (SCR), CS valence and CS-US contin-
gency ratings. Principal observations: During extinction, group differences in differential neural activa-
tion were observed in dorsolateral (dlPFC) and ventromedial (vmPFC) prefrontal cortex and
amygdala, mainly driven by enhanced activation in response to the CS2 in the control group. During
renewal, observed group differences in activation of dlPFC and orbitofrontal cortex (OFC) resulted pri-
marily from differential modulation of the CS2 in the absence of group differences in response to CS1

or SCR. Conclusion: The extinction context affects the neural processing of nonpain predictive safety
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INTRODUCTION

Pavlovian fear conditioning, as a translational model in
the behavioral neurosciences, has not only provided
important insight into the neural mechanisms underlying
the formation of fear memories, but has also pointed to
both the complexity and clinical relevance of extinction
learning [Milad and Quirk, 2012]. Extinction is not simply
the erasure of a learned association, but a complex process
involving the acquisition of a new, inhibitory memory
trace which is mediated by a network of brain areas
encompassing prefrontal cortex, amygdala, and hippocam-
pus [Quirk and Mueller 2008]. The context-dependency of
extinction learning has been demonstrated in animal and
human studies [Bouton, 2004; Maren et al., 2013; Quirk
and Mueller, 2008]. One of the most impressive examples
from the field of fear conditioning is the return of previ-
ously extinguished fear due to a context change after
extinction [Bouton, 2004]. This phenomenon, which has
been termed renewal effect, has sparked mechanistic work
within the behavioral neurosciences, as it provides impor-
tant insight into the mechanisms mediating human fear
extinction [Bouton, 2004; LaBar and Phelps, 2005; Milad
et al., 2005; Vansteenwegen et al., 2005]. At the same time,
the clinical relevance of renewal is increasingly appreci-
ated as a putative mechanism contributing both to the
chronicity of symptoms and to relapse following

extinction-based treatments such as exposure therapy in
anxiety disorders [Bouton, 2002]. The neural basis underly-
ing the contextual influences on extinction and renewal is
only beginning to be understood in humans. First brain
imaging studies have emerged which have implemented
fear conditioning with contextual manipulations in healthy
volunteers [Kalisch et al., 2006; Milad et al., 2007] and
patients with anxiety-related psychiatric conditions [Milad
et al., 2008; Rougemont-Bucking et al., 2011]. Nevertheless,
further insight into the neural circuitry involved in
context-dependent extinction and renewal is needed and
likely relevant beyond anxiety disorders. Indeed, anxiety
symptoms are not only highly comorbid with chronic
pain, but both anxiety and pain-related fear likely contrib-
ute to the development and maintenance of chronic pain
states [Asmundson and Katz, 2009; Asmundson and Tay-
lor, 1996]. Pain-related fear reportedly constitutes a strong
predictor of disability in various chronic pain conditions,
well in line with fear avoidance models of chronic pain
[Crombez et al., 1999]. These models suggest that particu-
larly the threat value of pain as well as the tendency to
catastrophize painful experiences are closely associated
with conditioned pain-related fear and comprise key fac-
tors in the vicious circle that ultimately leads to chronic
pain and disability [De Peuter et al., 2011]. Consistently,
alterations in Pavlovian fear conditioning and extinction
have repeatedly been reported in several chronic pain con-
ditions [Icenhour et al., 2015; Klinger et al., 2010; Labus
et al., 2013; Meulders et al., 2015; Nees et al., 2010; Schnei-
der et al., 2004]. Importantly, fear conditioning studies
addressing pain perception and processing could demon-
strate that conditioned fear of pain does not only impact
anticipatory responses, but that these learned emotional
responses may substantially alter pain processing itself
[Flor et al., 2002; Miguez et al., 2014; Williams and Rhudy,
2007]. Furthermore, individual differences in pain-related
fear appear to mediate neural responses to painful stimuli,
indicating its crucial involvement in alterations of central
pain processing [Ochsner et al., 2006]. Finally, cognitive-
behavioral treatment approaches encompassing extinction-
based interventions aiming to reduce pain-related fear
have proven effective also in chronic pain conditions,
underscoring the relevance of pain-related fear learning
and extinction in chronic pain [Craske et al., 2011; De
Peuter et al., 2011; den Hollander et al., 2010; Ljotsson
et al., 2014]. Therefore, investigating the neural underpin-
nings and the specificity of pain-related fear learning and
memory processes may substantially extend existing
knowledge from classic fear conditioning paradigms.

Abbreviations

ANOVA analysis of variance
BA Brodman area
BMI body mass index
BOLD blood oxygen-level dependent
CS conditioned stimulus
dlPFC dorsolateral prefrontal cortex
EIR entire interval response
fMRI functional magnetic resonance imaging
FPC frontopolar cortex
FWE correction family-wise error correction
IBS irritable bowel syndrome
MCC midcingulate cortex
OFC orbitofrontal cortex
ROI region-of-interest
SCR skin conductance response
SEM standard error of the mean
US unconditioned stimulus
VAS visual analogue scale
vlPFC ventrolateral prefrontal cortex
vmPFC ventromedial prefrontal cortex
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In this line of emerging knowledge regarding pain-
related fear and its extinction, the putative role of the
extinction context remains incompletely understood.
Recent data addressing fear of movement-related pain
support that the motivational quality of the extinction con-
text impacts extinction of learned pain-related fear, indi-
cating potential contextual influences on extinction-based
treatment efficacy also in chronic pain patients [Volders
et al., 2014]. Evidence from placebo research also under-
scores contextual factors in shaping pain processing and
central pain modulation [Carlino et al., 2014]. However,
the neural mechanisms underlying the sensitivity of
extinction to context changes are essentially unknown in
the field of visceral pain.

Our line of experimental work focusses on the putative
role of conditioned abdominal pain-related fear in the
pathophysiology of chronic visceral pain such as in irritable
bowel syndrome (IBS). To address the neural mechanisms
mediating fear learning and extinction in a clinically rele-
vant model of visceral pain [Keszthelyi et al., 2012; Mayer
et al., 2008], we have established differential fear condition-
ing with rectal distensions as interoceptive unconditioned
stimuli (US) and predictive visual cues as conditioned stim-
uli (CS1; CS2) [Kattoor et al., 2013]. As a result of condi-
tioning, the CS1 as a formerly neutral stimulus comes to
elicit negative emotions and activates fear-arousal circuitry,
consistent with its threat value. In parallel, the CS2 acquires
a positive valence, indicative of its property to signal safety
from pain [Kattoor et al., 2013]. In the present functional
magnetic resonance imaging (fMRI) study, we aimed to
address if extinction of conditioned threat and safety cue
properties is sensitive to the extinction context. In addition,
we tested renewal of extinguished pain-related memories.
To do so, healthy volunteers initially underwent differential
delay conditioning. During subsequent extinction, CSs were
presented in the absence of US in a new context in an
experimental group, whereas no context change occurred in
a control group. Renewal in response to continued CS pre-
sentations was then tested by a return of the experimental
group to the original learning context. We hypothesized
that a context change affects learning processes of new pre-
dictive properties during extinction, centrally involving ven-
tromedial prefrontal cortex, hippocampus and amygdala.
We explored renewal by testing a return of previously
extinguished pain-related memories, evidenced by differen-
tial skin conductance responses and differential activation
of brain structures mediating the formation and reactivation
of conditioned fear, especially amygdala and hippocampus.

MATERIALS AND METHODS

Participants

Forty-eight healthy volunteers (24 male, 24 females,
mean age 29.87 6 10.84 years) were recruited by local
advertisement. Recruitment procedures included a struc-

tured telephone screening followed by a personal inter-
view during which standardized study-related information
was provided, screening questionnaires were completed,
and informed consent was acquired. Participants were
informed that the study goal was to investigate the neural
mechanisms of visceral pain-related fear learning and
memory processes. They were told that they would see
visual signals and experience rectal distensions, but no
information was given about experimental phases, changes
of CS-US contingencies or contextual manipulations.
Exclusion criteria included age <18 or >60 years, body
mass index (BMI) <18 or >30 the usual MRI-related crite-
ria (e.g., claustrophobia, ferromagnetic implants), any
known medical condition including gastrointestinal, neu-
rological, psychiatric, or endocrinological conditions, or
chronic medication use (except hormonal contraceptives,
hormone replacement therapy, thyroid medications, or
occasional use of over-the-counter allergy or pain medica-
tions). The German version of the Hospital Anxiety and
Depression Inventory [HADS; Herrmann-Lingen et al.,
2005] was implemented as a screening tool for current
anxiety or depression symptoms. Additionally, trait anxi-
ety was assessed utilizing the trait version of the State
Trait Anxiety Inventory [STAI-T; Laux et al., 1981]. Symp-
toms suggestive of any functional or organic gastrointesti-
nal condition were ruled out based on a standardized in-
house questionnaire [Lacourt et al., 2014]. All participants
were right-handed, assessed with a validated question-
naire on motor asymmetries [Reiss and Reiss, 2000]. Preg-
nancy was ruled out with a commercially available
urinary test on the day of the fMRI study. Any previous
participation in a conditioning study was also exclusion-
ary. Evidence for structural brain abnormalities from struc-
tural MRI led to exclusion. All participants were evaluated
digitally for perianal tissue damage (i.e., painful haemor-
rhoids) which could interfere with balloon placement. The
study protocol was approved by the local ethics committee
(protocol number 10-4493). All participants gave informed
written consent and received 150 eas expense allowance
for their participation.

Rectal Distensions

Painful rectal distensions, which served as clinically rel-
evant visceral US herein, constitute a valid and reliable
experimental model for the investigation of visceral pain
processing [Keszthelyi et al., 2012; Mayer et al., 2008].
These were accomplished with a pressure-controlled baro-
stat system (modified ISOBAR 3 device, G & J Electronics,
ON, Canada), as previously described [Benson et al., 2014;
Elsenbruch et al., 2010a, 2010b, 2012; Icenhour et al., 2015;
Kattoor et al., 2013]. Given high interindividual variations
in rectal pain sensitivity in healthy volunteers [Elsenbruch
et al., 2014], individualized distension pressures were cho-
sen for US presentation during acquisition. For this, just
prior to the initiation of scanning, double-random staircase
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distensions with random pressure increments of 2–8 mm
Hg and 30-s durations with a maximal distension pressure
of 50 mm Hg were delivered. Participants were asked to
rate each sensation on a Likert-type scale labelled 1 5 no
perception, 2 5 doubtful perception, 3 5 sure perception,
4 5 little discomfort, 5 5 severe discomfort, still tolerable
distension and 6 5 pain, not tolerable distension. Pain
thresholds were defined as pressures when ratings
changed from 5 to 6. Subsequently, participants were
prompted to rate pain intensities of pressures just below
individual thresholds on a 0–100 mm visual analogue scale
(VAS) with endpoints labelled “not painful at all” and
“very painful”. Pressures corresponding to US intensities
between 60 and 70 were chosen for US presentation dur-
ing acquisition and VAS ratings of pain intensity were
assessed at the conclusion of acquisition to confirm moder-
ately painful US.

Experimental Design and Study Procedures

All testings with an overall duration of 90 min were
conducted between 16:00 and 19:00 h to control for possi-
ble circadian rhythm effects. For feasibility reasons, sched-
uling of the fMRI study did not control for menstrual
cycle phase in naturally cycling female participants
(N 5 7). Following a structural MRI, blood oxygen level
dependent (BOLD) responses were acquired using event-
related fMRI during three consecutive scanning phases,
separated by VAS ratings, assessing (1) visceral pain-
related fear conditioning (i.e., acquisition), (2) extinction,
and (3) renewal test (Supporting Information Fig. S1). Vol-
unteers were randomly assigned to either an experimental
group (context group) or a control group while matching
the groups for equal number of males and females. (1)
Both groups initially underwent an identical acquisition
phase (S1 A and B). Herein, one visual cue (CS1) was
repeatedly followed by a painful rectal distension (US;
duration 14 s) while a second cue (CS2) was presented
unpaired (differential delay conditioning). A total of 32
CSs were shown (16 CS1; 16 CS2) in pseudo-randomized
order and 12 out of the 16 CS1 were paired with a US
(i.e., 75% reinforcement schedule). The US onset varied
randomly between eight and twelve seconds after CS1

onset and both stimuli coterminated. A variable jittering
image acquisition technique was implemented to improve
temporal resolution [Amaro and Barker, 2006]. Based on
our previous work [Kattoor et al., 2013; Benson et al., 2014;
Gramsch et al., 2014], varying delays between CS1 and US
presentation as well as intermittent reinforcement were
chosen to induce uncertainty and generate more robust
conditioned responses [Kalisch et al., 2006; Sehlmeyer
et al., 2009]. Intertrial intervals (ITI) were 20 s. (2) During
the extinction phase, only visual cues (6 CS1; 6 CS2) were
presented in the absence of US. To assess context effects
on extinction, the extinction context was manipulated in
the context group (Supporting Information Fig. S1 B),

operationalized by changed CS background color and cor-
responding room illumination (Supporting Information
Fig. S1 C and D). A context manipulation utilizing back-
ground colors has previously been implemented in fMRI
studies to investigate contextual learning and memory
[Kalisch et al., 2006; Lang et al., 2009]. In the control
group, the extinction context remained unchanged (Sup-
porting Information Fig. S1 A). (3) During the final test
phase, only CSs (6 CS1; 6 CS2) were presented to both
groups while no US were delivered. To assess the reactiva-
tion of extinguished fear memories (i.e., renewal effect),
the context group was returned to the original learning
context and compared to the control group who remained
in the same learning context throughout all phases. Back-
ground and room colors as well as visual CS1 and CS2

were counterbalanced across subjects.
At different time points, online VAS ratings of CS

valence, CS-US contingencies and US painfulness were
accomplished using an MRI-compatible hand-held fiber
optic response system (LUMItouchTM, Photon Control Inc.,
Burnaby, BC, Canada). At baseline and at the conclusion
of each phase, participants responded to the question
“How do you perceive the circle/square?” on a VAS with
“neutral” indicated in the middle of the scale and end-
points labelled “very pleasant” and “very unpleasant” to
address CS valence. In addition, contingency awareness
was assessed following each phase by prompting partici-
pants to respond to the question “How often was the
circle/square followed by a rectal distension?” on a VAS
with the endpoints “never” and “always”. To ensure that
all participants had acquired pain-related fear as a prereq-
uisite for investigating subsequent extinction and fear
memory reactivation processes, differentially acquired
aversion was defined as an inclusion criterion for further
analyses. Therefore, valence ratings as indicators of
learned emotional aversion in response to CS1 were crit-
ically inspected in an initial blinded analysis. Ratings from
nine participants indicated a lack of fear memory forma-
tion (i.e. CS1 being perceived as more pleasant after acqui-
sition compared to baseline) which led to exclusion for
further analyses. This resulted in a final sample of 16 par-
ticipants in the control group (eight males, eight females)
and 23 participants in the context group (twelve males,
eleven females). Of note, supplementary analyses were
carried out to (a) address SCR in excluded subjects and (b)
show all BOLD analyses in the whole sample without
excluded participants (see result section for details).

Skin Conductance Responses

Online skin conductance responses (SCR) were recorded
from electrodes placed on the thenar and hypothenar of
the nondominant hand using an MR-compatible recording
system (Biopac Systems, Inc., Goleta, CA, USA). After the
raw data was high-pass filtered at 0.05 Hz, analysis of CS-
specific SCR was accomplished using AcqKnowledge
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Software (Biopac). Analyses included the highest ampli-
tude during the anticipation phase during which CS only
were presented (entire interval response; EIR) as previ-
ously recommended for long duration CS [Pineles et al.,
2009] with a latency of 1 second, interval lengths between
7 and 11 seconds and an SCR threshold of 0.01 microsie-
mens (mS) [Boucsein et al., 2012; Pineles et al., 2009].
Although there may be other conventions of equal validity
for scoring SCR, e.g. separating first and second interval
responses [Tabbert et al., 2011; Vansteenwegen et al.,
2005], we chose the EIR as an approach making ideal use
of the data acquired and reducing the vulnerability for
type II errors by falsely omitting valid responses when
limiting data analyses to a predefined time window [Milad
et al., 2007]. Based on this rationale, variable time win-
dows according to the actual CS presentation length were
analyzed instead of fixed intervals of 7 s when based on
the shortest CS duration. These time windows would have
likely rather encompassed orientating responses while con-
ditioned SCR reportedly occurring at later phases of antici-
pation would have not met criteria for SCR scoring. To
extract SCR to CS1 and CS2, inflexion points were auto-
matically detected and manually controlled utilizing the
software EDA-Bio (1.98; Sch€afer, unpublished data). The
skin conductance level immediately preceding the inflex-
ion point served as a baseline as previously described
[Tabbert et al., 2011]. Amplitudes with peaks exceeding
threshold and exhibiting half-time recovery within the
defined time window were considered SCR. Before con-
ducting statistical analyses, log-transformation was per-
formed in order to normalize data [Boucsein et al., 2012].
Note that skin conductance data from one participant of
the context group had to be excluded due to technical dif-
ficulties resulting in a final sample of N 5 22 participants
in the context and N 5 16 in the control group for SCR
analyses.

Statistical Analysis of non-fMRI Data

Statistical analyses of non-fMRI data were computed
with IBM SPSS Statistics 21.0 (IBM Corporation, Armonk,
NY). Initially, normal distribution of the data was tested
using Kolmogorov–Smirnov test. Repeated measures anal-
yses of variance (RM-ANOVA) were computed with
Greenhouse-Geisser correction where indicated, followed
by post hoc t-tests with Bonferroni correction for multiple
comparisons. The alpha level for accepting statistical sig-
nificance was set at P< 0.05. All non-fMRI data are shown
as mean 6 standard error of the mean (SEM) unless indi-
cated otherwise.

Brain Imaging and Analyses

Structural and functional MRI data were acquired on a 3
Tesla scanner with a 32-channel head coil (Skyra, Siemens
Healthcare, Erlangen, Germany). For structural images, a

3D-MPRage T1-weighted sequence (TR 1900 ms, TE 2.13
ms, flip angle 98, FOV 239 3 239 mm2, 192 slices, slice-
thickness 0.9 mm, voxel size 0.9 3 0.9 3 0.9 mm3, matrix
256 3 256 mm2, GRAPPA r=2) was acquired. Blood
oxygen level-dependent (BOLD) contrast images were
recorded using Multiecho echo-planar imaging (ME-EPI)
including three echoes (TE1 13.0 ms, TE2 28.9 ms, TE3 44.8
ms, TR 2000 ms, Flip angle 908, FOV 220 3 220 mm2 and
matrix 80 3 80 mm2, GRAPPA r 5 3) with 36 transversal
slices angulated in direction of the corpus callosum with a
thickness of 3 mm, voxel-size of 2.8 3 2.8 3 3 mm3 and a
0.6 mm slice gap [Poser et al., 2006]. Voxel-based analysis
of functional MRI data was accomplished with Statistical
Parametric Mapping (SPM8, Wellcome Trust Centre for
Neuroimaging, UCL, London, UK) implemented in Matlab
R2012a (Mathworks, Sherborn, MA). Initially, functional
images were combined, motion and slice-time corrected,
normalized to the Montreal Neurological Institute brain
(MNI-brain) and spatially smoothed with an isotropic
Gaussian kernel of 8 mm. To correct for low frequency
drifts in the data, a temporal high-pass filter of 128s was
used and serial autocorrelations were accommodated by
means of an autoregressive model first-order correction.
For statistical first-level analyses, a general linear model
(GLM) was applied to the EPI images. The time series of
each voxel was fitted with a corresponding task regressor
that modeled a box car convolved with a canonical haemo-
dynamic response function (hrf). The first level model
included the following regressors: For the acquisition
phase: CS1 (16 trials with a variable duration of 8–12 s);
CS2 (16 trials with a variable duration of 8–12 s); US (12
trials with a duration of 14 s); for the extinction phase:
CS1 (6 trials with a variable duration of 8–12 s); CS2 (6 tri-
als with a variable duration of 8–12 s); for the renewal test
phase: CS1 (6 trials with a variable duration of 8–12 s);
CS2 (6 trials with a variable duration of 8–12 s). Addition-
ally, six realignment parameters for translation (x, y, z)
and for rotation (pitch, roll, yaw) to describe the rigid
body transformation between each image and a reference
image were implemented as multiple regressors within the
model estimation. BOLD responses to pain-predictive cues
(CS1) compared to nonpain-predictive cues (CS2) were
computed and the first-level contrast images (CS1>CS2;
CS2>CS1) were used for voxelwise second-level (i.e.,
group) analyses treating individual subjects as a random
factor and including nonsphericity correction. Initially,
two sample t-tests were conducted for the acquisition
phase to confirm the absence of group differences
between the context and the control group, treated
equally during acquisition. Consequently, acquisition
data was analyzed in one-sample t-tests in the pooled
sample. Group differences in neural activation during
extinction and renewal test phases were assessed in two-
sample t-tests on the first-level differential contrasts
([Context group(CS1>CS2)>Control group(CS1>CS2)] and
[Control group(CS1>CS2)>Context group(CS1>CS2)]).
Based on our previous work on pain-related fear
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conditioning [Benson et al., 2014; Icenhour et al., 2015;
Kattoor et al., 2013], all phases were separated into an
early and a late phase, and CS1 valence ratings as
behavioral indicators of learned emotional aversion
were included as a covariate throughout. ROI were a
priori defined based on existing fMRI data addressing
contextual influences on fear extinction [Milad et al.,
2007] as well as anticipatory pain modulation and pain
processing, particularly from conditioning studies with
aversive visceral US [Benson et al., 2014; Icenhour et al.,
2015; Kattoor et al., 2013; Labus et al., 2013; Schmid et
al., 2014; Yaguez et al., 2005]. ROI included amygdala,
hippocampus and parahippocampus, insula, thalamus,
basal ganglia, somatosensory cortex, cingulate cortex,
and prefrontal cortex [dorsolateral prefrontal cortex
(dlPFC), ventrolateral prefrontal cortex (vlPFC), ventro-
medial prefrontal cortex (vmPFC), orbitofrontal cortex
(OFC)]. ROI analyses were carried out using anatomical
templates constructed from the WFU Pick Atlas (Version
2.5.2) with familywise error (FWE) correction for multi-

ple comparisons set at PFWE< 0.05. All results are given
as MNI coordinates.

RESULTS

Acquisition

Data from the acquisition phase were initially analyzed
to confirm successful differential learning in both groups.
Between-group analyses expectedly revealed no significant
group differences in behavioral measures, SCR or BOLD
responses during acquisition, consistent with identical
group treatment during this phase (data not shown). Psy-
chological measures of anxiety and depression indicated
no evidence of group differences and overall low to mod-
erate levels of depression and anxiety symptoms in this
sample of healthy volunteers (HADS depression scores,
mean 6 SEM: control group: 1.81 6 .49; context group:
.96 6 0.20; P 5 0.809; HADS anxiety scores: control group:
2.88 6 0.63; context group: 2.52 6 .45; P 5 0.450; STAI-T
scores: control group: 29.13 6 1.09; context group:
32.08 6 1.57; P 5 0.136). Therefore, acquisition phase results
for the pooled sample are provided to improve clarity and
conciseness. Analyses of differential neural activation
revealed enhanced responses to pain-predictive CS1 when
compared to CS2 in vmPFC, insula and putamen during
early acquisition and in vmPFC, OFC, basal ganglia (cau-
date, pallidum and putamen) and insula during the late
acquisition phase ([CS1>CS2]; all PFWE< 0.05; Table IA).
Differential neural activation in response to non-pain pre-
dictive CS2 was observed in frontopolar cortex, parahip-
pocampus, hippocampus and thalamus ([CS2>CS1]; all
PFWE< 0.05; Table IB).

SCR in the pooled sample supported significantly
greater electrodermal responses to the CS1 when com-
pared to the CS2 (t 5 2.53; P 5 0.016; Fig. 1A). Analyses of
behavioral data indicated cognitive awareness of CS-US
contingencies (in reality 75% CS1-US reinforcement; 0%
CS 2-US reinforcement). While CS1-US contingencies were
rated rather accurately (72.74 6 3.97%), CS2-US contin-
gency ratings were less accurate (16.46 6 3.71%). The dif-
ferentiation between perceived CS1-US and CS2-US
contingencies was highly significant (t 5 9.48; P< 0.001).
Valence ratings showed significantly increased aversion of
the CS1 following the acquisition phase (t 5 11.34;
P< 0.001). This was paralleled by a significant increase in
pleasantness of the CS2 (t 5 3.99; P< 0.001; Fig. 2). Aver-
age US painfulness, assessed with VAS ratings following
acquisition, supported moderately painful stimuli (mean-
6 SEM: 63.25 6 5.04 mm).

Together, and in line with our previous reports [Benson
et al., 2014; Gramsch et al., 2014; Icenhour et al., 2015; Kat-
toor et al., 2013], these data confirm successful differential
learning of abdominal pain-related signal properties result-
ing from specific valence changes and neural responses to
both pain-predictive CS1 as well as non-pain predictive
CS2.

TABLE I. Differential neural activation during

acquisition

Phase Brain region H

Coordinates

t-value Pax y z

(A) [CS1 > CS2]

Early acquisition
vmPFC (BA 47) R 32 26 2 4.53 .019
Insula R 34 30 22 4.83 .006
Insula L 234 20 0 4.58 .011
Putamen R 30 16 6 3.68 .050

Late acquisition
OFC (BA 11) R 18 54 28 4.10 .016
vmPFC (BA 25) R 12 26 220 3.88 .018
Insula R 34 22 10 6.14 .000
Caudate R 12 10 2 3.83 .027
Pallidum R 14 8 0 3.71 .034
Pallidum L 218 6 24 3.35 .028
Putamen R 22 14 0 4.11 .014
Putamen L 218 10 26 3.71 .034

(B) [CS2 > CS1]

Early acquisition
FPC (BA 10) R 10 66 12 4.63 .010
Parahippocampus L 228 214 228 4.54 .007
Parahippocampus R 22 242 210 6.38 .000
Thalamus R 18 222 6 3.76 .038

Late acquisition
Hippocampus L 228 222 218 4.89 .002
Hippocampus R 24 210 220 4.44 .006
Parahippocampus R 24 0 234 4.55 .006

Within-group analyses of differential CS-induced BOLD responses
by one-sample t-tests with valence ratings as covariate.
aOnly results of region-of-interest-analyses at PFWE-corrected< 0.05
are shown and exact unilateral P-values are given. H 5 hemisphere;
vmPFC 5 ventromedial prefrontal cortex, OFC 5 orbitofrontal cor-
tex; FPC 5 frontopolar cortex; BA 5 brodman area.
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Separate analyses of SCR and valence ratings within
each group were additionally conducted to confirm differ-
ential learning in both groups. SCR results revealed differ-
entiation between CS1 and CS2, although mean SCR to
CS1 were significantly higher compared to CS2 in the con-
text group only (t 5 2.33; P 5 0.030; Fig. 1A). Analyses of
valence ratings conducted separately for context and con-
trol group confirmed differential changes in aversion rat-
ings of predictive cues in both groups, indicated by
significantly higher aversion to CS1 compared to CS2 fol-
lowing acquisition (control group: t 5 7.10; P< 0.001; con-
text group: t 5 9.53; P< 0.001) as well as a significant
increase of aversion to pain-predictive CS1 after acquisi-

tion when compared to baseline ratings (control group:
t 5 6.59; P< 0.001; context group: t 5 9.54; P< 0.001; Fig. 2).

Context Effects on Extinction Learning

To address the context-dependency of extinction learn-
ing, the context group experienced extinction in a new
context, whereas no context change occurred in the control
group. For analyses of group differences in differential
neural modulation during extinction, two-sample t-tests on
the first-level differential contrasts were computed. Results
revealed significant group differences in dlPFC, vmPFC
and amygdala for the differential contrast [Context group

CS1>CS2>Control group CS1>CS2] during the early phase
of extinction, whereas no significant group differences
were observed during late extinction (all PFWE< 0.05;
Table II; Fig. 3). Parameter estimates revealed that differ-
ences observed were driven by reduced differential modu-
lation in the context when compared to the control group
(Fig. 3). In other words, significant group differences in
two-sample t-tests resulted from greater CS1-CS2 differen-
tiation in the control group, whereas virtually no such dif-
ferentiation was seen in the context group. Results from
supplementary analyses on differential neural activation
during early and late extinction within context and control
groups separately are provided in Supporting Information
Tables S2 and S3.

Behavioral analyses revealed comparable CS1-US and
CS2-US contingency awareness (in reality 0% CS-US con-
tingency) with no significant group differences and no sig-
nificant differentiation between CS1 (context group:
8.61 6 3.76%; control group: 13.31 6 5.22%) and CS2 (con-
text group: 6.04 6 3.05%; control group: 10.31 6 4.09%).
This was paralleled by a return of CS1 as well as CS2

valence ratings to baseline levels, without evidence of sig-
nificant group differences (context group: t 5 10.64;

Figure 1.

Mean skin conductance responses to predictive CS1 and CS2

during acquisition separately for context and control groups and

in the pooled sample (A) and group comparisons during late

extinction and early renewal test phases (B). During acquisition,

greater electrodermal responses to CS1 compared to CS2

were observed, supporting differential fear learning. While no

significant group differences were observed during late extinc-

tion, a return to the original learning context led to greater

SCR to the CS1 when compared to the CS2 during the early

renewal test phase. However, group differences did not reach

statistical significance. Data are shown as mean 6 SEM. For sta-

tistical details, see text. *P< 0.05.

Figure 2.

CS valence ratings assessed using visual analogue scales (VAS).

Both groups showed a significant increase in negative valence in

response to the CS1, paralleled by significantly higher perceived

pleasantness of the CS2 following acquisition. By the end of

extinction, valence ratings for both CS1 and CS2 had returned

to baseline levels with no detectable group differences and no

effect of a context change in the context group. No significant

group differences were observed after the renewal test phase.

For statistical details, see text. *P< 0.05. [Color figure can be

viewed in the online issue, which is available at wileyonlineli-

brary.com.]
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Figure 3.

Group differences in differential neural activation during extinc-

tion. Group comparisons revealed significant differential neural

activation in dlPFC (A), vmPFC (B), and amygdala (C) during

early extinction, resulting from greater CS1-CS2 differentiation in

the control when compared to the context group in all regions,

as indicated by parameter estimates (all PFWE< 0.05). Activations

were superimposed on a structural T1-weighted MRI used for

spatial normalization, masks for relevant ROI were applied and

activations were thresholded at P< 0.001 uncorrected for visual-

ization purposes; color bars indicate t-scores. For statistical

details, see Table II. dlPFC 5 dorsolateral prefrontal cortex;

vmPFC 5 ventromedial prefrontal cortex; a.u. 5 arbitrary units.

TABLE II. Group differences in differential neural activation during extinction [CS1 > CS2]

Phase Brain region H

Coordinates

t-value Pax y Z

[Context group (CS1 > CS2) > Control group (CS1 > CS2)]

Early extinction
dlPFC (BA 8) L 236 10 58 4.85 0.011
vmPFC (BA 11) R 6 60 212 3.85 0.024
Amygdala L 212 0 216 3.38 0.025

Late extinction
– – – – – – –

[Control group (CS1 > CS2) > Context group (CS1 > CS2)]

– – – – – – –

Between-group analyses of differential CS-induced BOLD responses by two-sample t-tests with valence ratings as covariate.
aOnly results of regions-of-interest analyses at PFWE-corrected< 0.05 are shown and exact unilateral P-values are given. H 5 hemisphere;
dlPFC 5 dorsolateral prefrontal cortex; vmPFC 5 ventromedial prefrontal cortex; BA 5 Brodman area. For visualization, see Figure 3.
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P< 0.001; control group: t 5 3.33; P 5 0.002; Fig. 2). Finally,
CS1-CS2 differentiation in SCR observed during early
extinction (t 5 2.63; P 5 0.014) was abolished by the late
extinction phase (Fig. 1B). No significant group differences
were observed in electrodermal responses during extinc-
tion. To exclude that observed context-effects during
extinction were merely due to a generalization decrement
in the context group, SCR data were critically tested
regarding a fear generalization decrement across contexts
as suggested for human renewal research [Vervliet et al.,
2013]. Comparisons of CS1-induced SCR to the last acqui-
sition trial(s) and to the first extinction trial(s) in the con-
text group revealed no significant differences, indicating
generalization of conditioned responses across contexts
(last acquisition vs. first extinction trial t 5 1.02; P 5 0.319;
last two acquisition trials vs. first two extinction trials
t 5 0.81; P 5 0.428).

Renewal Effects

We tested the hypothesis of a return of previously extin-
guished fear, evidenced by differential skin conductance
responses and differential activation of brain structures
mediating the formation and reactivation of conditioned
fear, especially amygdala and hippocampus. Analysis of
BOLD responses revealed no effects for either amygdala
or hippocampus. However, group comparisons showed
significant differential activation in OFC [Context group

CS1>CS2>Control group CS1>CS2] and dlPFC [Control
group CS1>CS2>Context group CS1>CS2] in the early
renewal test phase (all PFWE< 0.05; Table III; Fig. 4), which
resulted from differential modulation of the CS2 in both
regions, as indicated by parameter estimates. No signifi-
cant group differences were detected on BOLD-level in the
late renewal test phase. Although SCR analyses suggested
greater electrodermal responses to the CS1 when com-
pared to the CS2 in the context group during the early
renewal test phase (Fig. 1B), differences between groups

did not reach significance (t 5 1.77; P 5 0.087) and no sig-
nificant differentiation was observed during the late
renewal test phase. No significant group differences in CS
valence ratings were detected at the conclusion of the
renewal test phase (Fig. 2).

Additional supplementary analyses

To confirm the exclusion of nine individuals indicating
a lack of differential fear acquisition, SCR data in this sub-
group were inspected in a supplementary analysis. Results
indicated insufficient CS1-CS2 differentiation during ini-
tial learning (t 5 0.903; P 5 0.393), especially a lack of
learned CS1-related SCR over trials (F 5 1.13; P 5 0.352) in
this subgroup.

Additionally, supplementary analyses of imaging data
were conducted for all experimental phases (a) including
the full sample, that is, N 5 48 without exclusion based on
a lack of learned CS1 aversion (Supporting Information
Tables S4 and S5) and (b) without CS1 valence as covari-
ate (Supporting Information Tables S6, S7, and S8). Results
confirmed essentially similar albeit in parts weaker find-
ings (i.e., lower t-values), leading to partly nonsignificant
results.

DISCUSSION

While the neural mechanisms mediating the context-
dependency of extinction and renewal in conditioned fear
paradigms are relatively well-characterized in animal
models [Maren et al., 2013], human brain imaging studies
are scarce. With the exception of a single study [Milad
et al., 2007], effects of a change of context conducted fol-
lowing the formation of differential fear in response to
predictive CS has not been addressed. Therefore, the goal
of this study was to address the context-dependency of
extinction and renewal in a differential fear conditioning

TABLE III. Group differences in differential neural activation during renewal test [CS1 > CS2]

Phase Brain region H
Coordinates

t-value Pa

x y z

[Context group (CS1 > CS2) > Control group (CS1 > CS2)]

Early renewal
OFC (BA 11) L 218 22 216 4.27 .013

Late renewal
– – – – – – –

[Control group (CS1 > CS2) > Context group (CS1 > CS2)]

Early renewal
dlPFC (BA 44) R 64 10 18 3.92 .040

Late renewal
– – – – – – –

Between-group analyses of differential CS-induced BOLD responses by two-sample t-tests with valence ratings as covariate.
aOnly results of regions-of-interest analyses at PFWE-corrected< 0.05 are shown and exact unilateral P-values are given. H 5 hemisphere;
OFC 5 orbitofrontal cortex; dlPFC 5 dorsolateral prefrontal cortex; BA 5 Brodman area. For visualization, see Figure 4.

r Context Effects on Pain-Related Fear Extinction r

r 3187 r



paradigm with clinically relevant visceral pain as US. Ini-
tial analysis of the acquisition phase essentially confirmed
successful differential learning, as indicated by significant
SCR differentiation, CS valence changes, and differential
neural modulation in response to the CSs, in line with our
previous work [Kattoor et al., 2013]. As a result of condi-
tioning, pain-predictive CS1 acquired a negative emotional
valence and resulted in activation of pain and pain-
regulatory brain regions encompassing insula, prefrontal
regions and basal ganglia. At the same time, the CS2

acquired positive emotional valence, and led to significant
differential activation of thalamus, hippocampal regions
and frontopolar cortex, areas previously reported to
encode and process reward-related cue-outcome associa-
tions [Krawczyk, 2002; Wolosin et al., 2013]. Hence, differ-
ential conditioning with rectal pain as US involves distinct
and specific learning in response to both the CS1 as a
threat signal and CS2 as a predictor of safety from pain.

Extinction

A change in extinction context resulted in altered neural
activation in dlPFC, vmPFC and amygdala, consistent with
our hypothesis. The role of vmPFC and amygdala in

extinction learning has been well-established [Quirk and
Mueller, 2008]. The vmPFC is critically involved in the
processing and inhibitory control of emotions [Etkin et al.,
2011; Roy et al., 2012; Schiller and Delgado, 2010]. Within
the amygdala, inhibitory interneurons are activated by a
prefrontal-hippocampal network during extinction, media-
ting a suppression of previously conditioned fear [Maren
et al., 2013; Quirk and Mueller, 2008]. In line with previ-
ous data addressing contextual effects on extinction fol-
lowing differential fear conditioning [Milad et al., 2007],
our findings support that this network is sensitive to the
extinction context and also involves the dlPFC as an estab-
lished pain-modulatory region mediating top-down cor-
tico-limbic inhibition [Lorenz et al., 2003]. Interestingly,
differences between groups were driven by reduced differ-
entiation of neural activation to predictive cues in the
group with a context change (context group). Unlike the
context group, during extinction the control group showed
marked neural activation to CS2 relative to CS1 in all
these brain regions, presumably reflecting the formation of
a new, inhibitory memory trace. Hence, the context change
apparently suppressed re-learning of safety and danger
signal properties normally occurring during extinction.
Herein, and in sharp contrast to context conditioning stud-
ies [Kalisch et al., 2006; Lang et al., 2009], the new

Figure 4.

Group differences in differential neural activation during renewal

test phase. Group comparisons revealed significant CS-induced

differential neural activation in OFC (A) and dlPFC (B) in the

early renewal test phase, resulting from differential modulation

of the CS2 rather than CS1, as indicated by parameter esti-

mates (all PFWE< 0.05). Activations were superimposed on a

structural T1-weighted MRI used for spatial normalization, masks

for relevant ROI were applied and activations were thresholded

at P< 0.001 uncorrected for visualization purposes; color bars

indicate t-scores. For statistical details, see Table III.

OFC 5 orbitofrontal cortex; dlPFC 5 dorsolateral prefrontal

cortex; a.u. 5 arbitrary units.
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extinction context unequivocally signals safety given the
absence of USs, which may activate mechanisms associ-
ated with safety learning irrespective of previously learned
cue properties. The lack of differential neural activation to
CSs in the context group could therefore be explained
with a loss of salience of the CSs in favor of the context as
a new, more salient safety signal.

Differences at the neural level occurred in the absence
of group differences in SCR, which is consistent with pre-
vious reports addressing contextual modulation of extinc-
tion [Effting and Kindt, 2007; Lang et al., 2009; Milad
et al., 2007]. Therefore, it is difficult to judge if the
observed lack of neural differentiation reflects suppression
or facilitation of new inhibitory learning in the context
group. It is important to consider that in parallel with the
initiation of new inhibitory learning, other neural proc-
esses presumably take place during early extinction,
including prediction error processing and recall of residual
conditioning memory [Herry et al., 2010; Milad et al., 2007;
Quirk and Mueller 2008], which are difficult to disentan-
gle, given our relatively short extinction phase. In contrast
to the directionality of differential activation observed
herein, previous findings on neural mechanisms involved
in extinction learning following a context change reported
enhanced CS1-induced neural activation and reduced
responses to CS2 in vmPFC and amygdala [Milad et al.,
2007]. These discrepancies could be attributed to differen-
ces in methodological approaches. Specifically, Milad
et al., [2007] reported results from later trials of a long
extinction phase following a context-change within one
group, while observations reported herein are based on
group differences during the early phase of an overall
short extinction phase.

Behavioral measures, assessed at the conclusion of the
extinction phase, revealed accurate contingency awareness
in both groups as well as a full reversal of emotional
valence changes induced during acquisition. Hence, the
context change we conducted did clearly not affect behav-
ioral outcomes of extinction.

Against our hypothesis, our analysis did not reveal
group differences in differential hippocampal activation
during extinction. This could be explained in light of pre-
vious evidence showing hippocampal involvement during
encoding of an association between context, CS and aver-
sive US [Alvarez et al., 2008; Lang et al., 2009] as well as
in contextual conditioning [Kalisch et al., 2006]. Unlike our
study implementing a context-change in a cue condition-
ing paradigm, these paradigms combined contextual
manipulations with US presentations, which may explain
a lack of hippocampal involvement observed herein.
Others have emphasized the involvement of hippocampus
especially during extinction retrieval following consolida-
tion [Quirk and Mueller, 2008; Sehlmeyer et al., 2009], sup-
porting a role of hippocampus in extinction recall rather
than extinction learning, well in line with observations by
Milad et al [2007]. Finally, US omission especially during
the early phase of extinction may by itself represent a con-

text change of equal salience in both groups, precluding
significant group differences in hippocampal activation.

Renewal

Our analyses of group differences during the renewal
test phase do not support the hypothesis that a return into
the original learning context elicits a reactivation of the
previously extinguished fear memory trace. We neither
observed significantly greater differential SCR in response
to the CS1 in the context group nor did we observe group
differences in the activation of hippocampus or amygdala.
Instead, we found significant group differences in differen-
tial neural activation within dlPFC and OFC, which were
attributable to modulation of the CS2 rather than CS1.
These activation patterns observed particularly in response
to CS2 are well in line with the role of dlPFC and OFC in
learned safety cue processing [Christianson et al., 2012;
Pollak et al., 2010], but may also reflect emotion regulation
through reappraisal processes involving selective attention
and re-evaluation of CS properties [Golkar et al., 2012;
Ochsner and Gross 2005], especially of CS2.

Of note, we herein did not observe differential amyg-
dala activation in response to pain-predictive CS1 in any
experimental phase. This is at odds with our hypothesis
and earlier findings from our group showing CS1-related
amygdala activation during the late phase of acquisition
[Kattoor et al., 2013]. In light of the considerable variability
in fear conditioning neuroimaging findings in general,
including inconsistent results of amygdala activation [Sehl-
meyer et al., 2009], more work is needed to address the
reproducibility of amygdala activation and its putative
role in pain-related fear conditioning.

Limitations and Perspectives

Our experimental design differs from previous human
studies on contextual learning and extinction in three dis-
tinct ways: (i) We herein implemented acquisition, extinc-
tion and a renewal test phase within one scanning session,
while others have included an explicit consolidation phase
and then tested for extinction recall [Kalisch et al., 2006;
Milad et al., 2007]. Until more knowledge about the con-
solidation of pain-related fear extinction becomes avail-
able, it is difficult to discern if and to what extent the lack
of a dedicated consolidation phase affected our results
observed in the renewal phase. (ii) In contrast to electric
shock as most commonly used US in fear conditioning, we
employed rectal distensions as clinically-relevant visceral
US [Keszthelyi et al., 2012; Mayer et al., 2008]. This intero-
ceptive stimulation differs with respect to its stimulation
properties, neural processing and possibly ecological valid-
ity [Aziz et al., 2000; De Peuter et al., 2011]. Indeed, from
an evolutionary standpoint, the ability to learn and
remember signals predicting danger or safety regarding
visceral pain allows effective survival strategies. This idea
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is well in line with principles of preparedness or belong-
ingness, illustrating that certain CS-US associations are
more easily learned and more resistant to extinction than
others, based on their biological significance or the concep-
tual closeness of CS and US [Hamm et al., 1989; Ohman
and Mineka, 2001]. Preparedness may not only influence
the acquisition and extinction of pain-related fear, but has
also previously been shown to alter pain perception
[Miguez et al., 2014; Williams and Rhudy, 2007]. Besides
interoceptive US application, homoreflexive conditioning
approaches emphasize the implementation of interoceptive
CS as more clinically-relevant models to investigate pain-
related fear learning and memory [De Peuter et al., 2011;
Pappens et al., 2013]. Although pain has been demon-
strated to be more readily associated with visual compared
to for example gustatory cues [Rachman, 1991], if and to
which extent the neural circuitry mediating pain-related
learning and extinction is in fact US-, or in this respect
also CS-modality-specific requires further clarification. (iii)
We implemented a relatively short number of trials during
extinction learning, consistent with our previous work on
visceral pain-related fear learning [Benson et al., 2014; Ice-
nhour et al., 2015; Kattoor et al., 2013]. Behavioral and
SCR data clearly supported full extinction in both groups,
but as specified above, especially neural responses
observed may have mirrored processes occurring in paral-
lel to early extinction learning. Phases were separated by
online ratings, which likely indicated the beginning of a
new experimental phase following acquisition in both
groups and may have facilitated extinction learning. Addi-
tionally, previous reports on learning involving interocep-
tive US from the gastrointestinal tract indicate rapid
acquisition processes [Gramsch et al., 2014; Stockhorst
et al., 2007], which may also apply to extinction. Future
research should aim to address these arising open ques-
tions, especially focusing on the role of CS and US modal-
ities in pain-related learning and memory processes.
Finally, we have previously observed sex differences in
the neural processing of visceral pain-related fear learning
and memory reactivation [Benson et al., 2014], which may
play a key role in the higher female preponderance for
several chronic pain conditions, including IBS [Mogil,
2012]. Sex-related differences may indeed also contribute
to contextual effects on extinction and future studies
including sufficient sample sizes will be needed to address
the role of sex and gender in context effects on pain-
related extinction.

Our results strongly support the sensitivity of learned
safety cue properties to contextual changes in visceral
pain-related fear extinction and extend existing data
reporting safety signals to affect learning and extinction of
movement-related fear [Meulders et al., 2014; Meulders
and Vlaeyen, 2012]. Given evidence suggesting that the
processing of learned safety and reward share common
neural pathways [Christianson et al., 2012] and that pain-
relief may indeed be perceived as rewarding (den
Hollander et al., 2010; Navratilova and Porreca, 2014], the

neural processing of learned safety as well as reward
could play a role in chronic pain. Specifically, learned
safety may contribute to the development and mainte-
nance of safety-seeking and avoidance behavior aiming at
relieving pain, which, according to fear-avoidance models
of chronic pain, crucially impacts pain chronification [De
Peuter et al., 2011; den Hollander et al., 2010] and likely
hampers extinction-based treatment efficacy in chronic
pain patients [Volders et al., 2012, 2014].

Ultimately, more knowledge regarding the putative role
of contextual effects on pain-related danger and safety
learning and memory processes in patients with chronic
pain is needed. Thus far, the clinical implications of
context-related effects have been established in anxiety
and addictive disorders, and are beginning to be appreci-
ated in pain-related fear of movement [Meulders and
Vlaeyen, 2013; Volders et al., 2014]. Therefore, more mech-
anistic insight regarding the role of context in pain-related
fear and safety learning may contribute to optimizing
emerging extinction-based treatment approaches for
chronic pain [Boersma et al., 2004; de Jong et al., 2005;
Vlaeyen et al., 2002] including IBS [Craske et al., 2011;
Ljotsson et al., 2011, 2014].
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