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Abstract

Relapse represents a major limitation to long-term remission of psychopathology (anxiety, addiction). Relapse of anxiety
can be modeled in the laboratory as return of fear (ROF) following un-signaled re-presentation of the aversive event (re-
instatement, RI) after extinction. In humans, response enhancement to both the CSþ and CS� (generalized RI) or specifically
to the CSþ (differential RI) has been described following RI. The (psychological) mechanisms and boundary conditions
underlying these different RI qualities were investigated in 76 healthy participants using autonomic measures and func-
tional magnetic resonance imaging. Our results suggest that both processes reflect distinct albeit intertwined (psycho-
logical) processes which are reflected in different neural activation patterns. Differential RI was linked to CSþ related hippo-
campal activation and CS� related disinhibition of the ventromedial prefrontal cortex (vmPFC). The latter likely contributes
to robust generalized RI which was mirrored in thalamic and visual areas (as well as the bed nucleus of the striatum and
inusula) possibly indicating generally facilitated salience processing. In addition, we also present data on experimental
boundary conditions of RI (trial sequence effects, time stability). Taken together, this first comprehensive analysis of RI-
induced ROF aids not only experimental research on ROF but also understanding of factors promoting clinical relapse and
the role of the vmPFC.

Key words: reinstatement; fMRI; hippocampus; vmPFC; generalization; discrimination

Introduction

Despite the existence of effective psychological and pharmaco-
logical interventions for anxiety disorders, relapse following
initial treatment success represents a major limitation to long-
term remission. Relapse prevention by means of pharmaco-
logical or behavioral interventions has thus been a major focus
of research during the past years (Kindt et al., 2009; Schiller et al.,
2010; Haaker et al., 2013; Fitzgerald et al., 2014).

Relapse can be studied in the laboratory in classical condi-
tioning paradigms through the induction of return of fear (ROF)
following extinction training. During initial fear acquisition, one
stimulus (CSþ) is paired with an aversive event (US) whereas a
second stimulus (CS�) is not. Consequently, after a number of
CS–US pairings, the mere presentation of the CSþ is sufficient
to elicit fearful responding (conditioned reaction, CR). During
subsequent extinction, both CSs are presented without re-
inforcement by the US, leading to a gradual waning of the CR.

Importantly, extinction does not erase fear memories, but is
thought to generate competing and co-existing inhibitory ex-
tinction memories (Bouton, 2002; Myers and Davis, 2007).
Consequently, insufficient expression of extinction memories
at a later time promotes ROF, that is, clinical relapse, after suc-
cessful extinction/exposure treatment (Bouton, 2002).

In the laboratory, ROF can be triggered by experimental ma-
nipulations (for an overview, in humans see Vervliet et al.,
2013b; in animals see Bouton, 2004) that include the mere pas-
sage of time (spontaneous recovery), the induction of context-
ual change (renewal) or exposure to un-signaled USs
[reinstatement (RI)]. The RI phenomenon has been well charac-
terized in rodents already decades ago (Bouton and Bolles, 1979;
Bouton and King, 1983; Bouton, 1984) and has been implicated
in relapse of anxiety as well as addiction in humans (e.g.
Mantsch et al., 2015). RI-induced ROF in humans however has
only been studied more recently and mainly served as an
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outcome measure for manipulations of extinction memory con-
solidation (for a review, see Haaker et al., 2014). Nonetheless the
experimental boundary conditions have not been targeted yet,
rendering comparability and interpretation of different findings
problematic. Although some studies report a general response
enhancement for both the CSþ and CS� following RI (general-
ized RI), others observe a rather specific response enhancement
for the CSþ (differential RI; see Haaker et al. 2014, Table 3 for an
overview). The underlying mechanisms behind these different
qualities in RI remain however unexplored and cannot be
resolved by consulting rodent literature. Although nearly all ro-
dent studies (for an exception, see Dirikx et al., 2007) use single-
cue paradigms which employ only a single predictor of the US
(the CSþ), human studies mostly use differential conditioning
protocols, which also include a non-paired control CS (CS�).
Consequently, single-cue paradigms cannot generate different
qualities of RI. In addition, only differential designs allow con-
trolling for the effect of processes such as orienting and
sensitization because these processes affect the CSþ and the
CS� in a similar vein. In contrast, genuine associative processes
are not expected to affect both CSs similarly even though it has
been discussed that generalized ROF may also result from asso-
ciative learning to the CS� (Vervliet et al., 2013b).

To date, it remains unresolved whether generalized ROF fol-
lowing RI reflects association-based processes or if it is merely
attributable to sensitization/orienting effects to uncertainty
(Haaker et al., 2014). Whether ROF is differential or generalized
is however of critical clinical importance, as the ability to dis-
criminate safety from threat cues is negatively associated with
pathological anxiety (Lissek et al., 2005; Duits et al., 2015) and
predictive of resilient responding to life stress (Craske et al.,
2013). Consequently, the ability to maintain discrimination
under aversive circumstances might critically underlie long-
term remission and/or resilience.

Consequently, neuro-scientific methods such as functional
magnetic resonance imaging (fMRI) may shed light on the (psy-
chological) process underlying different qualities of RI (general-
ized vs differential). Thereby, differential RI is expected to
reflect remainders of the fear memory to the CSþ and thus an
association-based process. Consequentially, differential RI is ex-
pected to be mirrored in activation of brain areas observed dur-
ing fear conditioning (Fullana et al., 2015) such as the anterior
insula (AI)/frontal operculum, the anterior cingulate cortex
(ACC)/dorsomedial prefrontal area (dmPFC), hippocampus and
the amygdala and reduced activation in fear-inhibitory areas
such as the ventromedial prefrontal cortex (vmPFC).
Generalized RI in turn is expected to (partly) reflect sensitization
and elevated salience processing to any CS presentation follow-
ing RI. Therefore, we expect activation of the thalamus and
primary sensory (visual) areas, which are involved in the
processing of salient stimuli. As a secondary exploratory re-
search question we investigated experimental boundary condi-
tions of RI.

Taken together, the current study uses psychophysiological
measures and fMRI to both explore the psychological processes
as well as boundary conditions of RI in humans.

Materials and methods
Participants

Eighty-four right-handed [assessed by the Edinburgh
Handedness Inventory (Oldfield, 1971)] participants [41 female,
mean age(s.d.): 25(3.5) years] with normal or corrected-to-

normal vision were recruited from a pool of participants
(N¼ 390) from an ongoing data collection based on their history
of stressful life events (SLEs), as accessed via a modified version
of the Life events checklist (Canli et al., 2006). The effects of SLEs
on fear conditioning, extinction and ROF processes are beyond
the scope of this study and will be published elsewhere (see
also Supplementary Method S1 and Table S1 for details).
Exclusion criteria included any known current or prior psychi-
atric or neurological disorders and the abuse of illegal drugs.
Prior to enrollment, all participants provided written informed
consent to the protocol approved by the ethics committee of the
General Medical Council (Ärztekammer Hamburg). The study
was conducted in accordance with the Declaration of Helsinki
and participants received 50e for their participation. Three par-
ticipants had to be excluded from the study, two due to tech-
nical issues on day 1 and one due to pathological anatomy.
Additional five participants had to be excluded from day 2 (one
drop-out, four due to technical issues), leaving N¼ 76 for
analyses.

Stimulus material

Visual material. Two fractals (grey: RGB [230,230,230], 340� 320
pixel, resolution: 1024� 768) served as CSs (Supplementary
Figure S1). Allocation to CSþ/CS� was counterbalanced over all
subjects. A white cross served as inter-trial interval (ITI).
All stimuli (CSs and ITI) were during all experimental phases
presented on a grey background screen (Supplementary
Figure S1) to induce a general ‘context’ and avoid confounding
renewal effects (for a discussion and recommendation, see
Haaker et al., 2014).

Electrotactile US. The US consisted of a train of three electrotac-
tile stimuli (interval 50 ms, duration 10 ms) administered
through a surface electrode on the right dorsal hand via a DS7A
electrical stimulator (Digitimer, Elwyn Garden City, UK).
Intensity was calibrated individually to a maximum tolerable
level of pain [mean intensity(s.d.): 6.9(4.9) mA].

Procedure

Participants performed a differential, 2-day delayed, fear condi-
tioning and extinction paradigm within the MR-Scanner (as in
Lonsdorf et al., 2014). In all phases of the experiment, CSs were
presented in a pseudo-randomized order for 6–8 s (mean: 7 s; this
jitter was introduced to enable separation of the CS and US at the
neural level) whereas ITI duration was 10–16 s (mean: 13 s).

On day 1, the procedure included the attachment of two skin
conductance recording and one stimulation electrode after par-
ticipants were positioned inside the scanner as well as subse-
quent US intensity calibration. During the initial habituation
phase, each of the two CSs was presented explicitly unrein-
forced for seven times. In the un-instructed acquisition phase
both CSs were presented 14 times, whereby one of the CSs (CSþ)
was reinforced (100% reinforcement rate) with the US, while the
second was not (CS�).

Approximately 24 h after conditioning, participants returned
to the laboratory. Stimulation and recording electrodes were re-
attached (but not re-calibrated) as before. During extinction,
each CS was presented 14 times without reinforcement.
Participants were not informed beforehand about any changes
in the CS–US contingencies. Thirty seconds after the last extinc-
tion trial, participants received three (RI) USs while the grey
background that served as the ‘general context’ during the
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experiment (as during CS and ITI presentations) without any
CS/ITI was presented. This RI phase lasted for 20 s. Thirteen sec-
onds after the last RI-US the RI-test phase followed which con-
sisted of seven presentations of each CS. Thereby, the CS-type
(CSþ/CS�) of the first RI-test trial was counterbalanced between
participants.

Subjective and autonomic measures

Skin conductance responses (SCRs) were recorded using a
BIOPAC MP-100 amplifier (BIOPAC Systems Inc., Goleta, CA,
USA) with Ag/AgCl electrodes placed on the palmar side of the
left hand on the distal and proximal hypothenar. Data were
down-sampled to 10 Hz. The phasic SCRs to the CS onsets were
semi-manually scored off-line using a custom-made software.
SCR amplitudes (in mS) were scored as the largest response ini-
tiating 0.9–4.0 s after CS onset (Boucsein et al., 2012). To nor-
malize the distribution, the SCRs were logarithmized
(Venables and Christie, 1980) and range-corrected to account
for inter-individual variability (Lykken and Venables, 1971).
Due to technical difficulties, SCR data from some participants
were excluded from the analysis (NDay1¼ 1; NDay2¼ 5). Missing
data points were excluded from the analysis. Ratings were pro-
vided once per CS type after each experimental phase (as
stress/fear/tension elicited by the CSþ and CS�, respectively)
on a 25-stepped visual analog scale (anchored at 0 and 100).
After the RI-test both CSs were rated retrospectively referring
to their first presentation following the RI-US presentation
(retrospectively) as well as their last presentation. For partici-
pants who failed to give a valid retrospective rating (i.e. when
the rating was not provided within a given time period of 10 s
or not confirmed by pressing ‘enter’), we replaced the missing
data point by the mean value derived from all valid responses
for this specific rating across participants (None replacement¼ 16,
Ntwo replacements¼ 2).

Statistical analyses of subjective and autonomic data

For SCRs and fear ratings, separate repeated measure analyses
of covariance (ANCOVAs) were performed with the within-
subject factors stimulus (CSþ/CS�) and time. Thereby, for rat-
ings, time refers to the last rating provided after extinction and
the rating referring to the first presentation after RI for each CS
type. For SCRs, the factor time refers to the last extinction trial
and the first RI-test trial for each CS type. Single trials were
used for each CS, as the RI effect has been shown to be transient
(Haaker et al., 2014). Significant findings were further followed-
up using one-factorial ANCOVAs. A main effect of time thereby
is indicative of ‘generalized RI’ (i.e. stronger responding to
both CS types after as compared to before RI) whereas a CS
type*time interaction (i.e. stronger responding to the CSþ as
compared to the CS� after RI as compared to before) is indica-
tive of ‘differential RI’.

For an explorative investigation of trial sequence effects, the
sample was divided based on whether the CSþ (N¼ 40) or the
CS� (N¼ 36) was presented as the first RI-test trial. A repeated
measure ANCOVA with stimulus type (CSþ/CS�) and time (1st,
2nd and 3rd presentation) as within-subject factors and sub-
group as between-subject variable was performed. For an
explorative investigation of time stability, SCR analyses were
also performed with blocks of two (last two extinction trials and
first two trials after RI) and three (last three extinction trials and
first three trials after RI) trials (see Supplementary Material for
results).

Data were analyzed using SPSS 22 for Windows (IBM Corp.,
Armonk, New York). An a-level of P< 0.05 was considered signif-
icant, and Greenhouse–Geisser-corrected degrees of freedom
were used when appropriate. As all participants were invited
depending on their history of SLEs, SLE group was used as a
covariate in all analyses.

fMRI data acquisition, preprocessing and
statistical analyses

MRI data were acquired on a 3 Tesla MR-scanner (MAGNETOM
trio, Siemens, Germany) using a 32-channel head coil.
Functional data were obtained using an echo planar images
sequence (TR¼ 2460 ms, TE¼ 26 ms). For each volume, 40 slices
with a voxel size of 2� 2� 2 mm (1 mm gap) were acquired
sequentially. Structural images were obtained by using a T1
MPRAGE sequence.

fMRI data were analyzed using SPM8 (Welcome Trust Centre
for Neuroimaging, UCL, London, UK). Preprocessing included,
coregistration to the individual structural image, realignment,
normalization to group-specific templates created via the
DARTEL-algorithm (Ashburner, 2007) as well as smoothing
(6 mm FWHM).

At the first level, four effects-of-interest regressors were
built (i.e. last extinction and first RI-test trial for CSþ and CS�)
as well as eight nuisance regressors (RI-USs; ratings; six move-
ment parameters derived from realignment). All regressors of
interest were modeled as stick function and time locked to
stimulus (CS/US/rating) onset for volumes of interest (onset of
the first regressor of interest-TR until the onset of the last
regressor of interestþ 3�TR). Regression coefficients (beta val-
ues) for the regressor in each voxel were computed via the
general linear model. In order to closely mirror SCR analyses,
contrasts for the generalized RI effect (ExtCSþ/CS�<RICSþ/CS�)
and differential RI (ExtCSþ>CS�<RICSþ>CS�) as well as for com-
pleteness their inverse (ExtCSþ/CS>RICSþ/CS�;
ExtCSþ>CS>RICSþ>CS�) were estimated on the first level and
taken into the second level analysis employing one-sample t-
tests (generalized RI effect) or paired t-tests (differential RI
effect), respectively. SLE group was used as covariate. These
analyses were initially performed using single-trials but were
for exploratory reasons also performed for trial-blocks of two
and three single-trials per CS-type (see Supplementary Material
for results) to track the temporal transience of the RI-effect
(Haaker et al., 2014). ROI analyses were based on the amygdala,
ACC, thalamus and hippocampus masks derived from the
Harvard–Oxford cortical and subcortical structural atlases
(Desikan et al., 2006; threshold: 0.7). As AI and vmPFC masks are
not provided by the Harvard–Oxford atlases, an AI mask con-
sisting of the dorsal and ventral AI was derived from Deen et al.
(2011) for each hemisphere separately and for the vmPFC, a
10 mm sphere centered on coordinates derived from our pre-
vious (independent) study on RI was employed (x, y, z: 0, 40,
�12; Lonsdorf et al., 2014). For all fMRI analyses a peak voxel,
FWE corrected, threshold at P< 0.05 (cluster size: k� 10) was
considered as significant.

Exploratory, one-sided Pearson correlations [SPSS 22 for
Windows (IBM Corp., Armonk, New York)] between fMRI esti-
mates extracted from peak voxels activations derived from the
above-described fMRI analyses and SCR responses were calcu-
lated for the generalized (first RI-test trialCSþ/CS� � last Ext
trialCSþ/CS�) and differential [(first RI-test trialCSþ � CS�) – (last
Ext trialCSþ � CS�)] contrasts. For further explorations of the
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differential contrast, correlations were also performed sepa-
rately for both CS-types.

Results

As our analyses focused on ROF, results for the preceding
acquisition and extinction phases will only be described briefly
here. During acquisition the CSþ and the CS� were clearly dis-
criminated in SCRs (P¼ 0.003) and fear ratings (P< 0.001)
(Supplementary Table S2 and Figure S2 for details) which was
on a neuro-functional level reflected in enhanced activation of
areas typically observed in fear conditioning such as the
dmPFC/dmACC, insula/frontal operculum, ventral striatum,
thalamus and the amygdala (e.g. Sehlmeyer et al., 2009; Fullana
et al., 2015; Supplementary Figure S3).

Importantly, CSþ/CS� discrimination was no longer observable
in SCRs (P¼ 0.731) or fear ratings (P¼ 0.416) or any of our ROI’s at
the end of extinction (Supplementary Table S2 and Figure S3).

Behavioral and physiological data

After RI (as compared to before), a general increase in SCRs was
observed (generalized RI; Figure 1B), as indicated by a significant
main effect of time [F(1,71)¼ 13.57; P< 0.001, g2¼ 0.16]. In addi-
tion, a time*stimulus interaction [F(1,71)¼ 5.22; P¼ 0.025;
g2¼ 0.07], indicating differential RI, was driven by significantly
stronger increase in SCR responding to the CSþ [main effect of
time: F(1,71)¼ 14.81, P< 0.001, g2¼ 0.17] as compared to the CS�
[main effect of time: F(1,71)¼ 3.40, P¼ 0.07; Figure 2B]. In contrast
to these pronounced RI effects in SCRs, no significant effect
involving the factor time (last extinction rating vs first RI rating)
was observed for retrospectively provided subjective fear ratings.

Functional data

Differential RI (ExtCSþ>CS<RICSþ>CS�) elicited significant activa-
tion in the vmPFC [PFWE(svc) ¼ 0.011] and the left hippocampus
[PFWE(svc)¼ 0.015], as well as, at a more lenient exploratory
threshold of Puc< 0.001, activation clusters within bilateral

rectal gyrus, the left parietal operculum and the left dorsal infe-
rior temporal lobe (Table 1 and Figure 2A). Of note, analyses for
both CS types separately revealed that the hippocampal activa-
tion was driven by an increase of CSþ related activation from
the last extinction trial to the first RI-test trial [PFWE(svc)¼ 0.006]
whereas no CS� related activation was observed in this ROI. In
contrast, vmPFC activation was mainly driven by a significant
decrease of CS� related activation from the last extinction trial
to the first RI-test trial [PFWE(svc)< 0.001], whereas the increase in
CSþ related activation was only marginally significant
[PFWE(svc)¼ 0.075]. In line with this, extracted parameters esti-
mates from the vmPFC peak activation cluster for differential RI
(first RI-test trial�last Ext trial) for the CS�, correlated signifi-
cantly negative with the SCR amplitude for the CS� contrast
(first RI-test trial � last Ext trial, r¼�0.193; P¼ 0.044) (Figure 2D)
whereas no correlation was observed between extracted param-
eter estimates for the CSþ related vmPFC activation and the
corresponding SCR contrast for the CSþ (r¼�0.103; P¼ 0.183).
Parameter estimates for the hippocampus did not correlate sig-
nificantly with SCRs responses (all r< 0.185; all P> 0.05).

Generalized RI (ExtCSþ/CS�<RICSþ/CS�) in turn was reflected
in significantly higher activation of the left thalamus
[PFWE(svc)¼ 0.002; Table 1 and Figure 1A] and the left insula
[PFWE(svc)¼ 0.007] as well as, at a more lenient exploratory
threshold of Puc< 0.001 within the occipital lobe [PFWE< 0.001],
the left parietal operculum, the left inferior parietal lobe, the
left supplementary motor area, the left cuneus, the bilateral cer-
ebellum and the bilateral BNST (Table 1). In addition, a signifi-
cantly positive correlation between parameter estimates
extracted from the peak voxel of thalamic activation for the
generalized RI contrast (ExtCSþ/CS�<RICSþ/CS�) correlated signifi-
cantly positive with the corresponding SCRs differences
(r¼�0.217; P¼ 0.029) (Figure 1D), whereas no significant correla-
tions were observed for the other ROIs (all r< 0.188, all P> 0.05).

Exploratory analyses (boundary conditions)

Further analyses exploring the time stability of both RI effects
were performed using trial-blocks of two and three single trials

Fig. 1. (A) Neural activation reflecting the generalized RI effect (ExtCSþ/CS�<RICSþ/CS�) on a visualization threshold of P<0.01uc. (B) Logarithmized (log) and range cor-

rected (rc) mean SCRs responses (in ms) (irrespective of CS type) for the last extinction (Ext) and first RI-test trial (RI-test). (C) Extracted betas values for areas observed in

(A). (D) Correlation between generalized RI effect of SCR and the corresponding fMRI estimates of the thalamus peak voxel (AU, arbitrary units). Error bars represent the

standard error of the mean.
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(per CS type) and revealed comparable and consequently time
stable results to the aforementioned single-trial analyses
(Supplementary Figures S4 and S5).

Furthermore, with respect to possible trial sequence effects
on the quality of ROF, SCR amplitudes to the CSþand CS� did
not differ significantly depending on presentation sequence (CS
type� time; F< 1; Figure 3).

Discussion

Our study provides an in-depth investigation of the neural cor-
relates of and processes underlying generalized and differential
ROF following RI and presents several key findings which sub-
stantially extend previous work and provide answers to hitherto
unanswered questions. First, our results lend support from
functional neuroimaging as well as autonomic measures for the
idea of a distinction between the (psychological) processes
underlying generalized and differential RI. Second, both proc-
esses occur in parallel and seem inherently intertwined. Finally,
we provide evidence for the time-stability as well as experimen-
tal boundary conditions of the RI phenomenon. These findings
as well as their implications and clinical relevance will be dis-
cussed in detail in the following.

First, our data suggest that generalized (i.e. CS unspecific)
and differential (i.e. CSþ specific) RI effects may in fact reflect
distinct albeit intertwined processes. It has been discussed
whether generalized RI, that is equal response enhancement to
both the CSþ and the CS� following RI, is reflective of genuine
association-based ROF processes or may merely arise through
sensitization or orienting effects (e.g. Haaker et al., 2014; Vervliet
et al., 2013a). In this context it is tempting to speculate that sig-
nificant activation of thalamic and occipital regions, as
observed for generalized RI, may reflect generally facilitated
salience processing of incoming information (thalamus:
Robinson and Petersen, 1992; Snow et al., 2009; primary visual
areas: Khayat et al., 2006), which may support a contribution of
non-associative processes to generalized RI. Interestingly a sig-
nificant correlation between peak parameter estimates and SCR

responses, as a measure related to arousal, was only observed
for thalamic activations. It can be speculated that this might be
related to the thalamus function as a gate to higher cognitive
areas (Sherman and Guillery, 2002). However, it is also possible
that occipital and particularly thalamic activation may (partly)
reflect both the input and the output of associative processes.
In addition, activation of regions also observed for generalized
RI such as the insula/operculum, the BNST as well as the supple
mentary motor area (but also the thalamus) are linked to fear-
processing and are typically observed for the CSþ>CS� con-
trast during fear conditioning (Fullana et al., 2015).
Consequently, it is tempting to interpret their activation as fear
memory re-activation and possibly as RI-induced dominance of
the conditioning memory trace over the extinction memory
trace (Bouton, 2004; Myers and Davis, 2007). Activation of these
areas during generalized RI was however unexpected, as a re-
activation of fear memory can only occur to previously feared
stimuli (i.e. the CSþ). The CS� in turn serves as a safety signal
during preceding fear conditioning which is mirrored by activa-
tion in fear inhibitory areas such as the vmPFC during condi-
tioning (data not shown) as recently shown in a meta-analysis
(Fullana et al., 2015). Consequently, activation of the aforemen-
tioned areas linked to fear-processing might reflect a final
common pathway of different underlying processes for both CS
types (i.e. CSþ and CS�). In support of this interpretation, acti-
vation of the vmPFC and the hippocampus was observed when
probing differential RI [i.e. CSþ>CS�(RI)>CSþ>CS� (EXT)]
instead of the re-activation of the fear network. More precisely,
vmPFC activation resulted from reduced activation to the CS�
during RI as compared to the end of extinction
CS�>CSþ (RI)<CS�>CSþ (EXT). As the vmPFC is well recog-
nized for its role in fear inhibition during extinction recall
(Kalisch et al., 2006; Milad et al., 2007; Lonsdorf et al., 2014) and
safety processing (Milad and Quirk, 2002), a reduction of vmPFC
activation in our study might be indicative of RI-induced
‘release from inhibition’ specifically for the CS�. This is
also supported by the CS� specific negative correlation between
peak parameter estimates and SCR responses. This

Fig. 2. (A) Neural activation reflecting the differential RI effect (ExtCSþ>CS�<RICSþ/>CS�) on a visualization threshold of P<0.01uc. (B) Logarithmized (log) and range cor-

rected (rc) mean SCRs responses (in ms) per CS type for the last extinction (Ext) and first RI-test trial (RI-test). (C) Extracted betas values for areas observed in (A). (D)

Correlation between CS� differences (first RI-test trial � last Ext trial) of the SCR and the corresponding fMRI estimates for the vmPFC peak voxel (AU, arbitrary units).

Error bars represent the standard error of the mean.
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interpretation would be in line with the observation of strong
generalized RI and our data can thus be taken to suggest that
generalized RI is at least partly reflective of and may represent
the output of association-based processes (i.e. response
enhancement to the CS� through release from inhibition). As
such, both qualities of RI seem inherently inter-twined and
dependent on each other. In contrast to vmPFC activation dur-
ing differential RI, hippocampus activation was largely driven
by enhanced CSþ related response enhancement, rather mirror-
ing genuine fear memory re-activation, a finding that matches
previous reports of hippocampal involvement in RI-induced
ROF (humans: LaBar and Phelps, 2005; rodents: Laurent and
Westbrook, 2010; Lonsdorf et al., 2014). In sum, hippocampus
activation following RI seems to reflect ROF to the CSþ whereas
attenuated vmPFC activation seems to be reflective of release
from inhibition to the CS�. Of note, enhanced vmPFC activation

following RI has already been observed previously for cue condi-
tioning (as opposed to context conditioning; Lonsdorf et al.,
2014). Interestingly, with respect to generalization vs discrimi-
nation, others have reported opposing generalization gradients
in areas that are in this study linked to generalized and differen-
tial RI, respectively. More specifically, positive generalization
gradients (i.e. increasing activation with increasing similarity to
the CSþ) were observed in the insula, whereas negative general-
ization gradients (i.e. decreasing activation with increasing sim-
ilarity to the CSþ) were observed in the vmPFC and the
hippocampus (Lissek et al., 2010; Greenberg et al., 2013). This
again, may be taken to support association-based generaliza-
tion processes to be involved in the RI-effects (both differential
and generalized) reported here.

Finally, the generalized RI effect is very robust whereas dif-
ferential ROF is more subtle within the current experimental

Table 1. Neural activation reflecting the generalized and differentiated RI effects

Contrast Brain area x y z T P(uc) P(svcFWE)/PFWE
a

Differential RI vmPFC 2 36 �16 3.64 <0.001 0.011
RICSþ>CS�>ExtCSþ> CS� �4 42 �14 3.11 0.001 0.031

Hippocampus(L) �24 �20 �16 3.94 <0.001 0.015
Rectal gyrus(R) 6 30 �22 4.49 <0.001 —
Rectal gyrus(L) �10 38 �18 3.87 <0.001 —

�6 26 �24 3.70 <0.001 —
Precuneus(L) �12 �42 4 3.91 <0.001 —
Parietal operculum(L) �54 �6 10 4.31 <0.001 —
Dorsal inferior 64 0 �20 4.31 <0.001 —
temporal lobe(R)
WM 22 �30 38 4.41 <0.001 —

10 �34 �2 3.40 <0.001 —
RICSþ>CS�<ExtCSþ> CS Insula(R) 32 20 �4 3.70 <0.001 0.038

Frontal inferior 56 16 6 4.06 <0.001 —
operculum(R)
Cerebellum(L) �14 �50 �34 3.79 <0.001 —
Cerebellum(R) 12 �60 �38 3.75 <0.001 —

Generalized RI Occipital lobe(R) 12 �86 �10 6.93 <0.001 <0.001a

RI>Ext Thalamus(L) �12 �10 10 4.77 <0.001 0.002
�14 �28 8 3.90 <0.001 0.031

Parietal operculum(L) �50 �4 8 4.58 <0.001 —
Insula(L) �32 24 6 4.25 <0.001 0.007

�42 10 �2 3.44 <0.001 0.072
Inferior parietal lobe(L) �48 �50 44 4.23 <0.001 —

�30 �50 38 3.54 <0.001 —
Sup. motor area(L) �4 2 50 4.22 <0.001 —
Cuneus(L) �12 �74 34 4.20 <0.001 —
Cerebellum(R) 32 �48 �50 4.06 <0.001 —

38 �46 �36 3.71 <0.001 —
48 �54 �38 3.6 <0.001 —

BNST(R) 10 4 0 4.02 <0.001 —
12 2 8 3.86 <0.001 —

BNST(L) �10 4 8 3.92 <0.001 —
Cerebellum(L) �36 �54 �24 3.85 <0.001 —

RI<Ext ACC(L) �6 36 �4 3.71 <0.001 0.033
ACC(R) 2 34 �8 3.48 <0.001 0.077
Medial orbitofrontal cortex(R) 4 54 �8 4.11 <0.001 —
WM �26 �42 10 4.59 <0.001 —

�34 �38 �12 4.03 <0.001 —
�6 �18 24 3.79 <0.001 —
10 �14 26 3.75 <0.001 —
24 �36 12 3.60 <0.001 —

Note: WM, white matter; R, right; L, left; n.s., no suprathreshold clusters.
aWhole brain PFWE¼0.05 corrected.
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design. Hence, we are tempted to speculate that both processes
might be differentially vulnerable to experimental boundary
conditions, which may partly explain heterogeneous findings in
the (human) literature. For instance (see exploratory analyses)
due to the transience of the RI effect both on a behavioral auto-
nomic as well as on a neural level, trial sequence effects (i.e. the
CS type of the first RI-test trial) have been discussed as possible
experimental boundary conditions that may contribute to dif-
ferentiability of the RI effect. Contrary to our expectations how-
ever, our experimental data show that the quality of RI (i.e. SCR
amplitude to CSþ and CS�) was not affected by trial sequence
(i.e. whether the CSþ or the CS� was presented as the first CS
during RI-test), providing evidence for the experimental robust-
ness of RI. Consequently methodological artifacts due to trial-
sequence effects are unlikely to contribute to divergent findings
with respect to differentiability of RI in the literature (see
Haaker et al., 2014), but should not be neglected in experimental
designs. In addition, the RI effect was found to be most pro-
nounced in the first trial following RI but still present when
investigating blocks of two or three trials.

Future studies specifically targeting other possible individual
and experimental boundary conditions through direct experi-
mental manipulations will have to guide our understanding of
the RI phenomenon. For instance, due to the crucial role of the
context in RI (for a discussion, see Haaker et al., 2014; Lonsdorf
et al., 2014) subtle context changes during RI may have substan-
tial impact in particular on the differentiability of subsequent
ROF. Comprehensive investigations of such conditions are
eagerly awaited given that RI is increasingly used as outcome
measure of manipulations of extinction memory consolidation.

While the above-described methodological implications may
be of specific relevance only for a specialized audience, a deeper
understanding of the factors contributing to differentiability of
RI is of crucial clinical relevance. More precisely, the ability to
maintain discrimination between aversive and safe cues under
aversive circumstances is crucial to long-term remission and/or
resilience and consequently for the prevention of relapse.
Deficits in discrimination are in fact described as a hallmark of
anxiety- and stress-related disorders (Grillon et al., 2008; Lissek
et al., 2009, 2013; Jovanovic et al., 2012; Duits et al., 2015) and are
predictive of resilient responding to stress (Craske et al., 2013).
In support of this, anxiety patients are characterized by more
shallow generalization gradients as compared to controls (Duits
et al., 2015). To date, it remains however unclear whether
patients are also characterized by a stronger tendency to

generalize returning (learned) fears or by an impaired ability to
inhibit fear to safety cues following an aversive (relapse-induc-
ing) event and such clinical studies are eagerly awaited (Haaker
et al., 2014).

In sum, we provide compelling experimental evidence for
distinct albeit intertwined underlying (psychological) proc-
esses of differential and generalized ROF and generally raise
the question about appropriate control conditions in fear con-
ditioning studies, as the CS� seems to be clearly affected by
associative processes. In addition, we present initial in-depth
characterization of experimental and procedural boundary
conditions of ROF following RI which are informative for future
studies. We suggest that ROF following RI might represent a
promising laboratory intervention not only as outcome meas-
ure for fear and extinction memory manipulations but also as
a possible tool for clinical applications. It is in fact conceivable
that the ability of CSþ/CS� discrimination following RI might
prove as a predictive factor for individual relapse risk in the
anxiety disorders and/or addiction. Thereby, interventions tar-
geting discriminatory abilities may serve as a starting point for
the future aim of treatment individualization and relapse
prevention.
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Fig. 3. Logarithmized (log) and range corrected (rc) mean SCR responses (in ms) for the 1st, 2nd and 3rd CSþ (red) and CS� (blue) trial following RI. Plain bars represent

participants which were presented with the CSþ as first CS after RI. Dashed bars represent participants which were presented with the CS� as first CS after RI. Error

bars represent the standard error of the mean.
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