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Abstract
Background: While healthy individuals and patients with anxiety disorders easily generalize fear responses, extinction
learning is more stimulus specific. Treatments aiming to generalize extinction learning are urgently needed, since they
comprise the potential to overcome stimulus specificity and reduce relapses, particularly in the face of stressful events.
Methods: In the current 3-day functional magnetic resonance imaging fear conditioning paradigm, we aimed to create a
generalized extinction memory trace in 60 healthy men and women by presenting multiple sizes of 1 conditioned stimulus
during extinction training (CS+G; generalized), whereas the other conditioned stimulus was solely presented in its original
size (CS+N; nongeneralized). Recall was tested on the third day after pharmacological administration of either the stress
hormone cortisol or placebo.
Results: After successful fear acquisition, prolonged activation of the amygdala and insula and deactivation of the ventromedial
prefrontal cortex for CS+G compared with CS+N during extinction learning indicated sustained fear to the generalization
stimuli. In line with our hypotheses, reduced amygdala activation was observed after extinction generalization on the third
day in the contrast CS+G minus CS+N, possibly reflecting an attenuated return of fear. Cortisol administration before recall,
however, blocked this effect.
Conclusions: Taken together, the findings show that extinction generalization was associated with decreased activation
of the fear network during recall after prolonged activation of the fear network during extinction learning. However, the
generalization of the extinction memory did not counteract the detrimental effects of stress hormones on recall. Thus,
stimulus-based extinction generalization may not be sufficient to reduce relapses after stressful experiences.
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Introduction
Although exposure therapy is commonly regarded as the firstline treatment for anxiety disorders, patients suffer from relapses after successful therapy (Craske et al., 2006), especially
after stressful events (Jacobs and Nadel, 1985; Francis et al., 2012;
de Quervain et al., 2019). Extinction learning represents the
major underlying mechanism for exposure therapy; thus, principles strengthening extinction learning should also enhance
exposure therapy (Scheveneels et al., 2016; Forcadell et al., 2017;

Craske et al., 2018; Lange et al., 2020). We will focus on stimulus
generalization during extinction training as a promising candidate to increase extinction learning and to prevent the return
of fear.
In anxiety disorders, fear is not only evoked by the original
fear-related stimulus but also by a multitude of perceptually
(Holt et al., 2014; Struyf et al., 2015, 2017; Zaman et al., 2019)
and conceptually (Dunsmoor et al., 2011, 2012; Vervoort et al.,
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Significance Statement
This study aimed to identify the neural correlates of stimulus-based extinction generalization for the first time, to our knowledge, which is one promising approach to be incorporated in exposure therapy to reduce relapses. To investigate the effects that
are solely attributable to extinction generalization, classical extinction training with the original conditioned stimulus only was
compared with extinction training with multiple generalization stimuli. Extinction training with multiple conditioned stimuli
in addition to the original conditioned stimulus led to prolonged activation of the amygdala and insula and deactivation of the
vmPFC. However, extinction generalization caused reduced activation of the fear network during recall on the following day.
Interestingly, the administration of the stress hormone cortisol before recall seemed to block the effects of extinction generalization, which can thus serve as a potential model for stress-induced relapses.

2014; Bennett et al., 2015; Dunsmoor and Murphy, 2015; Starita
et al., 2019) related stimuli. Therefore, fear seems to generalize
naturally over a variety of related stimuli (Lissek et al., 2014; de
Voogd et al., 2020), whereas extinction acts more specifically
(Bouton, 2002, 2004; Vervliet et al., 2006; Bouton and Todd, 2014;
Pappens et al., 2015). Fear generalization is assumed to rely on
pattern separation and pattern completion mechanisms in the
hippocampus (Lissek et al., 2014; Asok et al., 2019) matching
the encountered stimulus to the original feared stimulus. If
the schematic matching process initiates pattern separation
(discrimination between the stimuli), the ventromedial prefrontal cortex (vmPFC) will inhibit the fear network consisting
of the amygdala, insula, and the dorsal anterior cingulate cortex
(dACC). In contrast, pattern completion (missing discrimination
between the stimuli) should result in a reduced inhibitory control of the vmPFC that in turn leads to enhanced activation of
the fear network (Lissek et al., 2014). However, it remains elusive
whether extinction generalization follows the same principles
as fear generalization.
In contrast to extinction training including the original conditioned stimulus (CS) only, using multiple stimuli or contexts
during extinction training might create a more generalized extinction memory trace. Nevertheless, incorporating multiple
stimuli or contexts omitting the original CS during extinction
training resulted in less successful extinction learning for
the original CS (Vervliet et al., 2006; Xu et al., 2018; Wong and
Lovibond, 2020). In contrast, the utilization of multiple stimuli
encompassing the original CS for exposure therapy in a spiderfearful sample resulted in prolonged fear expression during exposure therapy but eventually led to less return of fear (Rowe
and Craske, 1998). Although context generalization is assumed
to constitute an important factor for the long-term effect of exposure therapy, stimulus-based generalization stimuli have also
been successfully incorporated in treatment analog studies and
represent an important part of exposure therapy (Craske et al.,
2014). Interestingly, the most beneficial effects in phobic patients, as shown in reduced short- and long-term return of fear,
were observed when multiple stimuli were presented during
extinction training in contrast to multiple contexts or multiple
stimuli and contexts (Shiban et al., 2015).
In the present study, new evidence and neural underpinnings of extinction generalization will be elucidated. As a first
hypothesis, enhanced activation of the vmPFC is expected to
downregulate activation of the fear network during recall of
the generalized extinguished conditioned stimulus (CS+G) relative to a classically extinguished, nongeneralized conditioned
stimulus (CS+N), mirrored in decreased skin conductance responses (SCRs) to the CS+G compared with CS+N. These effects are expected to rely on enhanced attentional processes
during extinction training towards the CS+G compared with the
CS+N due to heightened arousal or novelty. The hippocampus

is expected to mediate these effects via pattern completion;
therefore, enhanced activation of the hippocampus during recall of the generalized compared with the nongeneralized extinguished conditioned stimulus is assumed. Correspondingly, the
increased variability during extinction training could enhance
the prediction error occurring for the CS+G compared with the
CS+N. Exploratory analyses will be conducted to investigate the
influence of sex on extinction generalization (Merz et al., 2018b;
Velasco et al., 2019).
Additionally, stress and the stress hormone cortisol have
been shown to promote relapses after successful exposure
therapy (Jacobs and Nadel, 1985; Francis et al., 2012) and likewise
the return of fear after successful extinction learning (Deschaux
et al., 2013; Hamacher-Dang et al., 2013; Raio et al., 2014; Meir
Drexler et al., 2019). Furthermore, stress hormones promote
the return of fear by increasing activation of the fear network
(Kinner et al., 2018) while decreasing activation of the inhibitory
extinction network, including the vmPFC (Kinner et al., 2016;
Meir Drexler et al., 2019). As a second hypothesis, we will investigate whether extinction generalization is sufficiently robust to
withstand the detrimental effects of stress hormones on the extinction memory trace, reflected in lower activation of the fear
network and lower SCRs for CS+G compared with CS+N in the
cortisol group due to increased responding to the CS+N. In addition, effects of sex on cortisol effects will be explored (Merz and
Wolf, 2017).

Methods
Participants
According to the performed power analysis using G*Power 3.1
(Faul et al., 2007) with an assumed small effect size of f = 0.105
determined by the effect of stress on recall processes (Shields
et al., 2017), an assumed correlation of 0.8 between repeated
measures and a significance level P = .05, 60 participants would
be required to achieve a power of 1-β = .80. Sixty healthy participants (30 women; mean age: 24.5 years, SD: 3.8, range:
18–35 years; mean BMI: 23.3 kg/m2, SD: 2.7, range: 18–28 kg/
m2) recruited at the Ruhr University Bochum completed the
experiment. Of 62 participants in total, 2 had to be excluded
due to technical issues and missing contingency awareness.
Women were not tested during pregnancy or menstruation,
and women taking oral contraceptives were excluded to reduce alterations in circulating sex hormones and their impact on fear-conditioning processes (Merz et al., 2018b; Velasco
et al., 2019). Controlling for menstrual cycle phase appeared
not to be feasible due to practical reasons in this 3-day study,
although endogenous estrogens are assumed to exert effects
on fear-conditioning processes, especially extinction learning
(Hwang et al., 2015; Merz et al., 2018b; Hammoud et al., 2020).
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Participants reported normal or corrected-to-normal vision. In
addition to the application of standard functional magnetic resonance imaging (fMRI) exclusion criteria, students with chronic
or acute psychiatric or neurological illnesses, mental disorders,
and regular or acute intake of medication were excluded. The
Edinburgh Inventory of Handedness (Oldfield, 1971) confirmed
right-handedness of all participants.
Individual appointments were scheduled between 1 pm and
8 pm to reduce circadian variations in endogenous cortisol levels
(Chung et al., 2011). Participants were asked to refrain from exercising, drinking anything except water, and eating 2 hours prior
to each session. All participants provided informed consent before the start of the experiment, were reimbursed with 45€, and
were debriefed on the last day of the experiment. All procedures
were approved by the local ethics committee of the medical faculty (registration no. 16–5789) and conducted in accordance with
the Declaration of Helsinki.

Fear-Conditioning Procedure
In the present differential fear-conditioning paradigm taking
place on 3 consecutive days, 3 white geometric shapes (square,
rhomb, and parallelogram) with identical luminescence on
a black background served as CS (see Figure 1). In each trial,
the CS was shown for 8 seconds followed by a jittered 9.5- to
12-second black screen inter-trial interval. The black screen
presented at the beginning of each trial was jittered between
0 and 2.5 seconds, resulting in a fixed trial duration of 20 seconds. The assignment of the shapes to the 3 CS was pseudorandomized and balanced between groups. A 100-ms electrical
stimulation served as UCS and was applied via two 1-cm2 electrodes attached to the fingertips of the participant’s right indexand middle-finger using a constant voltage stimulator (STM200;
BIOPAC Systems, CA). Stimulation level was individually set to
be unpleasant but not painful (see Kinner et al., 2018; Merz
et al., 2018a).
Prior to fear acquisition training, participants were instructed to pay attention to possible associations between the
presentation of a geometrical shape and the electrical stimulation, as they would be asked about their observations afterwards. All 60 participants were classified as contingency aware,
since they correctly indicated electrical stimulations following
both CS+ and never following the CS− after fear acquisition
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training (Tabbert et al., 2011). Prior to extinction training and recall, participants were informed that the acquired associations
on day 1 would persist and not change during the experiment to
avoid expectancy of contingency reversal. The participants were
not informed about the actual contingencies over the course of
the entire experiment.
During fear acquisition training on day 1, 8 trials were presented for each of the 3 CS; the 2 CS+ were immediately followed by the UCS with a partial reinforcement rate of 62.5%
(5 of 8 trials), whereas the CS− was never reinforced (Figure 1).
During extinction training on day 2, the CS− and the CS+N were
presented solely in their original size, whereas the CS+G was
presented in 3 smaller sizes (75%, 50%, and 25% of the original
size) in addition to its original size. Each CS underwent 8 extinction trials (each of the 4 CS+G sizes was presented 2 times)
without reinforcement. During recall on day 3, all stimuli were
presented in 1 greater size (175%) for 4 trials intermixed with
4 presentations in their original size (see Figure 1). The greater
size was implemented to test for pure generalization effects to
a version of the CS+G not previously presented. Importantly, we
decided to include the same number of presentations for each
CS during extinction training and recall irrespective of size to
avoid learning effects solely due to a higher number of presentations. After recall, 4 electrical stimulations were applied during
reinstatement followed by a reinstatement test, which is not
reported in the main manuscript (see supplementary information and supplementary Table 2). The paradigm was realized in
Matlab 2017a (Mathworks Inc., Sherborn, MA), and stimuli were
presented using MR-suitable LCD goggles (Visuastim Digital,
Resonance Technology Inc., Northridge, CA).

Cortisol Administration and Saliva Samples
In a randomized double-blind design, one half of the participants (15 women and 15 men) received two 10-mg hydrocortisone tablets (Hoechst) 40 minutes before recall on day
3, whereas the other half of the participants (15 women and
15 men) received visually identical placebos. Saliva samples
were taken on day 3 using Salivettes (Sarstedt, Nümbrecht,
Germany) prior to tablet intake as a baseline, 30 minutes,
and 60 minutes after tablet intake (before and after recall).
All saliva samples were stored at −20°C until analyzed with
a commercial enzyme-linked immunosorbent assay (IBL

Figure 1. Extinction generalization paradigm. The 3 phases (fear acquisition training, extinction training, and recall) were performed on 3 consecutive days with
less than a 2-hour shift. Lightning bolts represent electrical stimulation as unconditioned stimulus in reinforced conditioned stimulus (CS+) trials (62.5% partial reinforcement) during fear acquisition training. In total, there were 8 presentations of each of the 3 CS on each day, which were adjusted according to the number of
versions for each geometrical shape. Thus, during extinction training, each of the 4 versions of the CS+G (generalized) was only presented 2 times, whereas the CS+N
(nongeneralized) and the non-reinforced conditioned stimulus (CS−) was presented 8 times each. Accordingly, each of the 2 versions of each CS were presented 4 times
during recall. The CS distribution was equal over the course of each phase with the restriction of no more than 2 consecutive trials of the same CS.
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International, Hamburg, Germany). Inter- and intra-assay
variations were <10%. One participant had to be excluded
from the cortisol analysis only due to nondetectable low cortisol levels.

Physiological Data
SCRs were measured with Ag/AgCl electrodes filled with an isotonic (0.05 NaCl) electrolyte medium attached to the hypothenar
of the left hand. Data were acquired at 5000 Hz using the Brain
Vision Recorder software, filtered at 4.5 Hz, and resampled at 10
Hz in the Brain Vision Analyzer (Brain Products GmbH, Munich,
Germany). Conditioned responses were analyzed via Ledalab
3.4.9 (Benedek and Kaernbach, 2010a, 2010b) and specified as
trough-to-peak maximum amplitudes in a time window of 1 to
8 seconds after CS onset. Analyses were carried out with transformed values (natural logarithm) to attain normal distribution.
Four participants were excluded from the SCR analysis only due
to technical failure of the recording system at least on 1 day.

Statistical Analyses
Statistical analyses of cortisol concentrations and SCRs were
tested with mixed ANOVAs performed in IBM SPSS Statistics 21
(IBM Corp., Armonk, NY) with the significance threshold set to
.05 (Bonferroni-corrected for multiple comparisons); effect sizes
were reported in partial eta square (η2P). Treatment (cortisol vs
placebo) and sex (men vs women) and their interaction were
always entered as between-participants variables. The withinparticipants factor time (baseline, 30 minutes vs 60 minutes
after tablet intake) was entered for the analysis of cortisol concentrations. SCR analyses encompassed the comparison of the
mean response to CS+G and CS+N against the CS− for fear acquisition training. For extinction training, each CS was entered
separately, and the within-subjects factor half (first vs second
half) was added. For recall, the within-participant factors CS and
size (original vs modified) were included. Greenhouse-Geisser
corrected values were reported if the assumption of sphericity
was violated.

Functional Magnetic Resonance Imaging
Whole-brain images were measured using a 3T whole-body
scanner with a 32-channel head coil (Philips Achieva 3.0 T
X-Series, Philips, the Netherlands). Structural images encompassed 220 transversally oriented slices (FOV: 240 mm × 240 mm,
voxel size: 1 mm × 1 mm × 1 mm) obtained in a T1 weighted FTE
sequence. Functional images encompassed 40 ascending slices
measured parallel to the orbitofrontal bone transition (FOV:
192 mm × 192 mm, voxel size: 2 mm × 2 mm × 3 mm) obtained
with a T2 weighted gradient echoplanar imaging sequence
(TR: 2.5 seconds, TE: 30 milliseconds, flip angle: 67°, slice gap:
0.75 mm). During each scan session, 201 volumes were recorded,
while 210 additional volumes were recorded for reinstatement
and reinstatement test. In addition to the 3 dummy scans preceding each functional scan session, the first 3 functional images were discarded to reach stable magnetization.
The software Statistical Parametric Mapping (SPM12,
Wellcome Department of Cognitive Neurology, London, UK) applied in Matlab 2017a (Mathworks Inc., Sherborn, MA) served for
preprocessing and analyses of imaging data. Preprocessing contained realignment, slice time correction, co-registration to the
participant’s structural image, normalization to MNI standard
space, and smoothing using an 8-mm FWHM Gaussian kernel.

In the first level model, the 3 scan sessions were entered separately for each participant. Regressors in each model encompassed
CS types (CS+G, CS+N, and CS−). For each scan session, additional
parameters were entered: fear acquisition parameters encompassed blocks (first and second half) as well as UCS transmission
and omission (separately for each CS), while extinction parameters encompassed blocks (first and second half). Recall parameters included size (original and modified) as well as the UCS and
the gray screen shown during reinstatement (see supplementary
information). In addition, the 6 realignment parameters were included as covariates, and a high pass filter with a time constant of
128 seconds was applied. In the general linear model, all parameters were modeled using a stick function and convolved with the
hemodynamic response function in an event-related design.
In the second level, full-factorial models with the factors
treatment and sex were conducted. In line with SCR analyses,
the contrast CS+G AND CS+N minus CS− served to examine successful fear learning due to missing differences between CS+G
and CS+N within fear learning. To capture time-dependent
changes during extinction learning between generalized and
nongeneralized CS, the critical contrast CS+G minus CS+N was
tested in the first and second block. The effectiveness of the extinction generalization procedure was analyzed with the contrast CS+G minus CS+N (both sizes) for recall. To compare the
classical extinction protocol with the extinction protocol with
multiple stimuli, the contrast CS+G minus CS+N is the most critical and direct test of our hypotheses. This approach also circumvents the possible problem of the usual comparison with
the CS−, which is also learned as a safety signal (Lissek et al.,
2005) and might obscure the result pattern.
As a first hypothesis, successful extinction generalization
during recall should be reflected by less activation of fear-related
areas (insula, amygdala, and dACC) and reduced SCRs towards
both sizes of the CS+G compared with both sizes of the CS+N.
This definition of generalization relies on the assumption of extinction generalization leading to enhanced extinction learning
that is expected to decrease responding to the original as well as
to the altered CS+G. Pure generalization effects, however, should
be captured in the comparison of the modified size of the CS+G
with the modified size of the CS+N during recall. Higher novelty during generalized extinction training is expected to reflect
an increased prediction error tested in the contrast CS+G minus
CS+N that enhances extinction recall. This effect should be indicated by higher activation of the fear network and lower activation of fear-inhibitory areas as well as increased SCRs toward
CS+G vs CS+N during extinction training.
As a second hypothesis, cortisol effects will also be investigated within the contrast CS+G minus CS+N. We expect lower
activation of the fear network and lower SCRs for CS+G compared with CS+N in the cortisol relative to the placebo group due
to increased responding to the CS+N.
Region of interest (ROI) analyses encompassed regions identified and expected to be involved in fear generalization (Lissek
et al., 2014) due to the assumption of comparable underlying
neural mechanisms: insula, amygdala, dACC (fear excitation;
Fullana et al., 2016), vmPFC (fear inhibition; Fullana et al., 2018),
and hippocampus (mediating area via pattern separation/pattern completion; Lissek et al., 2014). Maximum probability masks
(1 mm) from Harvard-Oxford Cortical- and Subcortical-Atlases
with the threshold set to 0.25 were used for the insula, amygdala,
and hippocampus. The dACC and vmPFC masks consisted of a
5-mm sphere around the peak voxel previously identified in metaanalyses regarding fear acquisition for dACC (MNI: x = 0, y = 16,
z = 36; Mechias et al., 2010) and regarding extinction for vmPFC
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(MNI: x = 0, y = 40, z = −3; Schiller and Delgado, 2010). Family-wise
error (FWE) correction (Penny et al., 2007) for small volumes was
applied to the significance threshold of P ≤ .05 for the predefined
ROIs. The significance threshold was set to P ≤ .05 with family-wise
error correction applied and a minimal cluster size of 10 voxels for
exploratory whole-brain analyses. In addition, functional connectivity was investigated using psychophysiological interaction (PPI)
analyses: significantly activated ROIs during extinction learning
and recall (also in interaction with cortisol) were entered as seed
regions (VOI with a 5-mm sphere around the peak voxel).

Results
Day 1: Fear Acquisition
Higher SCRs were present for both CS+ compared with CS−
(main effect CS: F(1,53) = 4.05, P = .049, η2P = .071; supplementary
Figure 1). In addition, successful fear acquisition was indicated
by an increased activation of the fear network for both CS+
compared with CS− observed in the bilateral amygdala, insula,
dACC, and right hippocampus (Table 1). Whole-brain analyses
confirmed increased activation in response to both CS+ compared with CS− for the right insula (see supplementary Table 3
for whole-brain results in the critical contrasts). Importantly, no
differences occurred between CS+G and CS+N in the predefined
ROIs, the exploratory whole-brain analysis, or the SCRs.

Day 2: Extinction
During extinction training, there was a significant decrease in
SCRs (F(1,52) = 38.09, P < .001, η2P = .423) from the first to the second
half of extinction training for CS+G (F(1,52) = 40.42, P < .001, η2P = .437),
CS+N (F(1,52) = 22.42, P < .001, η2P = .301), and CS− (F(1,52) = 13.47,
P = .001, η2P = .206; supplementary Figure 1). Additionally, there
was a significant main effect of CS (F(1.47,76.40) = 17.90, P < .001,
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η2P = .256) across the entire phase of extinction training,
indicating higher SCRs for CS+G (F(1,52) = 23.78, P < .001, η2P = .314)
and CS+N (F(1,52) = 16.81, P < .001, η2P = .244) compared with CS−
but not between CS+G and CS+N (F(1,52) = 2.11, P = .456, η2P = .039).
However, a significant CS × half interaction (F(1.71,88.73) = 6.79,
P = .003, η2P = .116) indicated differential CS responding over time.
Although SCRs for both CS+G (F(1,52) = 28.03, P < .001, η2P = .350) and
CS+N (F(1,52) = 19.03, P < .001, η2P = .268) were significantly higher
than for CS− during the first half of extinction training, this difference only persisted in the second half for CS+G (F(1,52) = 7.41,
P = .026, η2P = .125) but not for CS+N (F(1,52) = 5.84, P = .058, η2P = .101)
compared with CS− (supplementary Figure 1). However, there
was a difference between CS+G and CS+N for neither the first
(F(1,52) = 2.69, P = .320, η2P = .049) nor the second half of extinction
training (F(1,52) = 0.98, P > .999, η2P = .002).
On the neural level, we observed a reduced activation of fearrelated structures (bilateral amygdala, insula, dACC, and left
hippocampus) for CS+G compared with CS− and reduced activation of the left insula, dACC, and vmPFC for CS+N compared
with CS− in the second half compared with the first half of extinction training (see supplementary Tables 4 and 5 for the ROI
and whole-brain results for the extinction contrasts).
Importantly, in the contrast CS+G minus CS+N, increased activation was found in the left amygdala during the first half and
in the right insula during the second half of extinction training.
Complementary, the vmPFC was more strongly deactivated for
the CS+G compared with CS+N during the first half of extinction training (Table 1; Figure 2; see supplementary Table 3 for exploratory whole-brain results). No significant results were found
in the performed PPIs (P > .05).

Day 3: Recall
A significant main effect of CS (F(1.58,82.09) = 9.65, P = .001, η2P = .157)
indicated differences in SCRs during recall for CS+G (F(1,52) = 9.83,

Table 1. Peak-voxel statistics and localizations for the contrast CS+ vs CS− for (a) fear acquisition training and the contrast CS+G vs CS+N (directions of the contrasts are marked) during (b) early and (c) late extinction training as well as during (d) recall. Similarly, (e) cortisol effects on
recall are reported.
Contrast
(a) Fear acquisition training
CS+ > CS−

(b) Early extinction training
CS+G > CS+N
CS+G < CS+N
(c) Late extinction training
CS+G > CS+N
(d) Recall
CS+G < CS+N
(e) Cortisol effects for
CS+G > CS+N during recall
Cortisol > placebo

Structure

Cluster size

x

y

z

Tmax

Pcorr

L amygdala
R amygdala
L insula
R insula
dACC
R hippocampus

52
68
616
333
81
87

−18
18
−34
30
4
16

−6
−10
18
22
16
−10

−12
−16
6
0
38
−18

3.33
3.33
4.73
5.72
4.45
3.77

.039
.044
.003
<.001
.001
.029

33
70

−26
2

0
44

−14
−2

3.35
3.46

.041
.009

106

32

24

−2

3.93

.032

L amygdala
R PHG

74
34

−22
30

−10
0

−14
−34

3.39
3.67

.033
.032

L insula
L amygdala

81
68

−34
−22

−6
−10

10
−12

3.84
3.22

.038
.050

L amygdala
vmPFC
R insula

Abbreviations: CS+, reinforced conditioned stimulus; CS−, non-reinforced conditioned stimulus; CS+G, generalized extinguished conditioned stimulus; CS+N, nongeneralized extinguished conditioned stimulus; dACC, dorsal anterior cingulate cortex; L, left; PHG, parahippocampal gyrus; R, right; vmPFC, ventromedial prefrontal
cortex.
The significance threshold was set to P ≤ .05 (family-wise error-corrected for small volume correction). All coordinates (x, y, z) are given in MNI space.
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Figure 2. Differential neural responding for the contrast generalized extinguished conditioned stimulus (CS+G) minus non-generalized extinguished conditioned
stimulus (CS+N) during extinction training. The slices were selected according to peak voxels of the activated ROI: (a) left amygdala, (b) vmPFC, and (c) right insula. Data
are presented on the standard MNI brain template and thresholded to T ≥ 1 (see color bar for exact T values). Boxplots represent contrast estimates of the respective
peak voxel (with black dots representing the mean). Abbreviations: A, anterior; L, left; P, posterior; R, right. During the first half of extinction training, increased activation of the left amygdala accompanied by decreased activation of the ventromedial prefrontal cortex (vmPFC) was observed for CS+G minus CS+N. In the second half
of extinction training, right insula activation was increased for CS+G compared with CS+N.

P = .008, η2P = .159) and CS+N (F(1,52) = 13.72, P = .002, η2P = .209) compared with CS− but not for the critical comparison of CS+G and
CS+N (F(1,52) = 0.12, P > .999, η2P = .002). However, exploratory analyses revealed significantly higher SCRs for CS+N compared
with CS− (F(1,52) = 6.19, P = .048, η2P = .106) for the modified size in
the first trial but not for CS+G compared with CS− (F(1,52) = 3.73,
P = .176, η2P = .067; supplementary Figure 1). Nevertheless, the
direct comparison of CS+G and CS+N in SCRs revealed no significant difference (F(1,52) = 0.23, P > .999, η2P = .004).
Crucially, activations in the left amygdala and right
parahippocampal gyrus were decreased for CS+G compared
with CS+N for the original and modified stimuli, partially supporting our first hypothesis on the neural basis of extinction
generalization (Table 1; Figure 3). Psychophysiological interactions indicated that the deactivation of the parahippocampal
gyrus was connected to increased activation in the right hippocampus. All other PPIs were nonsignificant (P > .05). Exploratory
whole-brain analyses and the comparison of CS+G and CS+N for
the modified size only revealed no significant results (P > .05).

Day 3: Salivary Cortisol
In addition to significant main effects of time (F(1.27,69.66) = 79.32,
P < .001, η2P = .591) and group (F(1,55) = 35.85, P < .001, η2P = .395), enhanced cortisol levels in the cortisol group were indicated by
a significant time × group interaction (F(1.27,69.66) = 105.00, P < .001,
η2P = .656). Planned comparisons revealed higher cortisol levels in

the cortisol group compared with the placebo group 30 minutes
(F(1,55) = 61.33, P < .001, η2P = .527) and 60 minutes after tablet intake
(F(1,55) = 51.93, P < .001, η2P = .486), indicating a successful cortisol
manipulation (supplementary Table 1).

Day 3: Cortisol Effects on Recall
There was no significant main or interaction effect of cortisol for
SCRs (Ps > .156; supplementary Figure 2).
According to our second hypothesis, we expect the difference
between CS+G and CS+N to be higher in the cortisol compared
with the placebo group as reflected in activation of the fear
network. Indeed, the above-mentioned decreased activation of
the left amygdala during recall for CS+G compared with CS+N
interacted with cortisol: a decreased amygdala activation was
observed for CS+G compared with CS+N in the placebo group
but not in the cortisol group (Figure 4). A comparable pattern
emerged for the left insula: while a decreased insula activation
emerged for CS+G compared with CS+N in the placebo group,
insula activation was increased for CS+G compared with CS+N
in the cortisol group (Figure 4). Additionally, the left insula had
stronger functional connections to the vmPFC in the placebo
compared with the cortisol group in the contrast CS+G minus
CS+N (Figure 4). Comparisons of the CS+G and CS+N with the
CS− seem to confirm that the observed cortisol effects mainly
rely on the CS+G: activation of the amygdala is enhanced in the
cortisol group compared with the placebo group (see supplementary Table 6). Taken together, the cortisol results revealed no
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Figure 3. Differential neural responding for generalized extinguished conditioned stimulus (CS+G) minus non-generalized extinguished conditioned stimulus (CS+N)
during recall. The slices were selected according to peak voxels of the activated ROIs: (a) left amygdala and (b) right parahippocampal gyrus (PHG). Functional connectivity between the right PHG and (c) the left hippocampus (T = 4.02, P = .015) is displayed. Data are presented on the standard MNI brain template and thresholded to T ≥ 1
(see color bar for exact T values). Boxplots represent contrast estimates of the respective peak voxel (with black dots representing the mean). Abbreviations: A, anterior;
L, left; P, posterior; R, right. During recall, both the left amygdala and right PHG show a decreased activation to CS+G compared with CS+N.

support for our second hypothesis stating that extinction generalization might be able to overcome the detrimental effects
of cortisol administration prior to recall based on the above reported neural findings.
Other PPIs were nonsignificant (P > .05). Exploratory wholebrain analyses revealed no significance for the contrast CS+G
compared with CS+N. For the contrast CS+G minus CS+N regarding the modified stimulus size, there were no significant
results. Thus, pure generalization effects were not subject to a
modulation by cortisol. Furthermore, no main effects or interactions of the factors cortisol and sex were present during
fear acquisition training, extinction training, or recall (P > .05).
Whole-brain analyses also did not reveal any significant results
for cortisol interactions (P > .05).

Discussion
This study aimed to identify the neural correlates of extinction
generalization and to characterize the effects of cortisol administration on extinction generalization recall for the first time.
Increased amygdala and insula activation as well as decreased vmPFC activation were observed for CS+G compared
with CS+N during extinction training, possibly indicating a prolonged extinction learning (Figure 2). However, the comparison
of CS+G and CS+N revealed nonsignificant results for the SCR
analysis. Thus, alternative explanations for these altered neural
processes should be considered. For example, the modified sizes
of the CS+G might have elicited novelty and attentional effects

causing salience (Craske et al., 2018). Thus, processes other than
fear-related signaling per se could underlie CS+G processing.
However, a previous study investigating extinction generalization reported enhanced arousal during extinction training for the
CS+G as reflected by SCRs (Waters et al., 2018). Yet we could not
replicate this effect: slightly increased SCRs during the second
half of extinction training for CS+G compared with CS− emerged,
but the more critical comparison of CS+G and CS+N was not significant. However, both processes (i.e., novelty and fear-related
signaling) might enhance attention towards the CS+G: due to increased novelty and attention, encoding of the CS+G during extinction training might be facilitated, consequently leading to an
enhanced extinction memory recall 1 day later.
The altered neural processing of the CS+G compared with
CS+N could also be a consequence of the fewer presentations of
each size of the CS+G (twice) compared with the CS+N (8 times)
during extinction training. However, a previous report indicated
that incorporating multiple generalization stimuli during extinction training prolonged the extinction process, even if the same
number of the original CS+G and CS+N was presented (Waters
et al., 2018). Thus, the reported changes in neural processing
more likely rely on the implementation of generalization stimuli
presented in different sizes, probably enhancing attention towards the CS+G. In addition, balancing the total number of CS+G
and CS+N yields the advantage of controlling learning effects
across all CS: due to the balanced number of CS+G and CS+N
presentations, differential learning effects cannot rely on differences in the number of presentations.
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Figure 4. Cortisol effects on recall for the contrast generalized extinguished conditioned stimulus (CS+G) minus non-generalized extinguished conditioned stimulus
(CS+N). The slices were selected according to peak voxels of the activated ROIs: (a) left amygdala and (b) left insula. Additionally, functional connectivity between the
left insula and (c) the ventromedial prefrontal cortex (vmPFC) (T = 2.72, P = .046) is displayed. Data is presented on the standard MNI brain template and thresholded to
T ≥ 1 for activations and T ≥ 2.5 for functional connectivity (see color bar for exact T values). Boxplots represent contrast estimates of the respective peak voxel (with
black dots representing the mean). Abbreviations: A, anterior; L, left; P, posterior; R, right. Increased differential neural responding was present for CS+G minus CS+N
for the cortisol compared with the placebo group.

According to attentional-associative models (Pearce and
Hall, 1980; Dunsmoor and Schmajuk, 2009), variations in CS
might enhance the prediction error for the occurrence of the
negative outcome as it reallocates attentional resources towards the new variations of the generalized extinction stimulus
(Roesch et al., 2012). Higher prediction errors should consequently result in enhanced extinction learning for both, the original stimulus, and even formerly unpresented generalization
stimuli (Figure 5).
During recall, although not reflected in SCRs, diminished amygdala activation was present for the CS+G compared with CS+N, possibly depicting a neural correlate of
extinction generalization in line with our first hypothesis.
Though the amygdala is commonly regarded as vital for fear
learning, recent meta-analyses of fMRI findings in the area
of fear conditioning (Fullana et al., 2016, 2018) challenged
this notion. Possible explanations encompass the missing
activation of the survival-defensive circuits in human fear
conditioning paradigms due to ethical limitations or the comparison of threat-related stimuli (CS+) to safety stimuli (CS−;
Fullana et al., 2019). The latter explanation, however, cannot
account for differential activation patterns within the critical contrast CS+G compared with CS+N. Although a reduced
amygdala activation for generalized extinguished stimuli
was already observed after 1 day, other studies point toward
stronger effects after multiple weeks (Rowe and Craske, 1998;
Shiban et al., 2015).

Alternative, but not necessarily mutually exclusive, explanations might also account for the observed effects on recall.
For example, increased salience or novelty during extinction
training could enhance attention and alter extinction learning
for the CS+G. Thus, increased attention toward the CS+G could
result in enhanced extinction learning despite of continued
fear-related processing. In addition, a more general (declarative) emotional memory recall (Dunsmoor and Kroes, 2019)
through an interplay of amygdala, hippocampal (Phelps, 2004;
Richter-Levin, 2004; Phelps and LeDoux, 2005), and prefrontal regions (Preston and Eichenbaum, 2013) instead of a more specific
fear (or extinction) recall could be assumed. In the absence of
physiological arousal reflected in SCRs, these activations might
indicate the formation and recall of an emotional memory trace
in the amygdala and parahippocampal gyrus (PHG) and its functional connectivity to the hippocampus.
Decreased PHG activation to the CS+G might reflect less recollection of source memory compared with the CS+N (Stevenson
et al., 2020). In accordance, the functional connectivity of the
increased PHG activation to the decreased hippocampal involvement might argue for enhanced pattern completion in
the hippocampus (Treves and Rolls, 1994; Figure 5). However,
no enhanced activation of the hippocampus per se was present
during extinction learning and recall. Consequently, the distinction between the hippocampal subregions with higher magnetic
field strength might constitute a promising approach to further
characterize extinction generalization mechanisms.
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Figure 5. Neural model of extinction generalization based on the current findings. Extinction generalization results in prolonged fear expression reflected
in amygdala and insula activation and delayed safety signaling in the ventromedial prefrontal cortex (vmPFC) during extinction training. Successful extinction generalization is mirrored in reduced amygdala activation and thus return of fear. Plus symbols indicate upregulation while minus symbols indicate
downregulation of the respective area.

Increased variability and limited predictability due to the
inclusion of multiple similar stimuli during extinction generalization training might violate US expectancy and therefore increase prediction errors (Figure 5). Since prediction errors are
assumed to act as one of the main drivers of exposure therapy
success (Vervliet et al., 2013b; Craske et al., 2018), increasing the
prediction error should strengthen the extinction memory trace
and facilitate generalization processes. Previously, neural correlates of prediction errors and attention-modulated representations have been identified simulating an attentional-associative
model in a fear conditioning study manipulating the reinforcement rate (Dunsmoor and Schmajuk, 2009). In this study, amygdala and ACC activation most likely reflected prediction error
signaling, whereas dorsolateral PFC activation most likely mirrored attention-modulated representations.
In line with attentional-associative models, extinction generalization appears to rely on prolonged activation of the amygdala and insula accompanied by higher physiological arousal

9

(Waters et al., 2018) during extinction learning in which prediction errors can be expected due to the varying presentation of
1 formerly reinforced CS. Enhanced prediction error signaling
might be involved in a multitude of findings in extinction generalization research, including enhanced extinction generalization using a peak-stimulus (Struyf et al., 2018) and the absence
of extinction generalization including 1 (Wong and Lovibond,
2020) or multiple (Zbozinek and Craske, 2018) generalization
stimuli, but not the original CS. However, it should be taken into
consideration that reduced fear recall and enhanced extinction
recall can both account for the observed decreased activation of
the amygdala during recall since the amygdala comprises both
fear and safety neurons (Genud-Gabai et al., 2013).
Partially in line with previous studies (Kinner et al., 2016,
2018; for a review, see Meir Drexler et al., 2019), cortisol administration prior to recall increased amygdala and insula activation that was negatively connected to the vmPFC in the
cortisol group (Figure 4). Thus, the advantageous effects of extinction generalization on neural activation patterns appeared
to be blocked by cortisol administration, possibly representing a
model for stress-induced return of fear observed in the context
of anxiety disorders (Jacobs and Nadel, 1985; Francis et al., 2012).
Cortisol effects on the BOLD level were not accompanied by
similar effects on the SCR level. As SCRs might capture a more
contingency awareness–related aspect (Tabbert et al., 2011),
neural activations might be more sensitive than SCRs to detect
extinction generalization effects during extinction training and
recall. Taken together and in contrast to our second hypothesis,
extinction generalization did not seem to counteract the detrimental effects of cortisol administration prior to recall.
One explanation for the neural findings might be a reduced
hippocampal activation in the aftermath of stress (Meir Drexler
et al., 2019). Generalization effects are assumed to mainly rely
on pattern separation and pattern completion in the hippocampus (Lissek et al., 2014). Consequently, the ability to retrieve
the generalized extinction memory trace appears to be limited
in the face of stress, comparable with the negative effects of
stress hormones on declarative memory retrieval (de Quervain
et al., 2000, 2017; Smeets et al., 2008; Smeets, 2011; Wolf, 2017). In
addition, emotional learning processes that rely on interactions
between the amygdala and hippocampus might also partially
account for these findings; cortisol administration prior to recall
appears to deteriorate memory retrieval (Wolf, 2009) similar to
a blocked extinction recall after cortisol administration (Kinner
et al., 2016, 2018). Even though extinction memory recall in the
placebo group seemed to be enhanced, cortisol impaired extinction recall irrespective of former extinction generalization.
Although cortisol administration serves as a mechanistic
model for stress, stress is not only characterized by a release of
cortisol but also by additional bio-psycho-social factors (McEwen,
2007; Joëls and Baram, 2009). Thus, future studies should also
consider stress paradigms and their possible impact on the recall of generalized extinction memories. Nevertheless, cortisol
administration allows for mechanistic investigations of cortisol
effects on learning and memory processes as realized before
(for reviews, see Het et al., 2005; Wolf, 2009; Meir Drexler et al.,
2019). These cortisol effects on learning and memory processes
are key to our understanding of the pathogenesis and treatment
of various mental disorders, including anxiety disorders and
posttraumatic stress disorder (Bentz et al., 2010; de Quervain
et al., 2017). For example, cortisol itself might comprise the potential to overcome stress-induced relapses: cortisol administered
prior to extinction training is supposed to strengthen the extinction memory trace, which in turn counteracts the return of fear
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in healthy participants as well as patients with anxiety disorders
(Soravia et al., 2006, 2014; Bentz et al., 2010, 2013; Brueckner et al.,
2019). Additionally, further strategies enhancing the recall of the
extinction memory trace, for example deepened extinction or occasional reinforced extinction (Craske et al., 2014, 2018), could be
applied to reduce the risk of stress-induced relapses, potentially
in combination with extinction generalization.
The application of more naturalistic stimuli and inclusion
of clinical populations would considerably extend the findings
of the present study to real-life therapeutic settings. An investigation on spider-phobic patients already indicated successful
stimulus-based extinction generalization being superior to
context-based extinction generalization and their combination
(Shiban et al., 2015). Importantly, the transfer of stimulus-based
extinction generalization to various contexts can be considered
particularly advantageous, since it counteracts renewal (Vervliet
et al., 2013a; Andreatta et al., 2015; Podlesnik and MirandaDukoski, 2015), 1 major source of return of fear and consequently relapses.
Although sex differences in cortisol effects on extinction recall have been reported previously (Merz et al., 2018b; Velasco
et al., 2019), this study on cortisol effects on extinction generalization recall failed to reveal any differences. Despite missing
evidence for sex differences in extinction generalization processes, the lack of control for menstrual cycle phase may also
account for this finding. Hence, further studies focusing on sex
differences and the impact of sex hormones such as estrogens
on extinction generalization processes are required.
In conclusion, stimulus-based extinction generalization
increased amygdala and insula activation during extinction
learning while decreasing vmPFC activation relative to classical extinction learning. Thus, extinction generalization might
enhance arousal and increase novelty or salience during extinction learning. During recall, a decreased activation of the
amygdala and PHG accompanied by increased functional connectivity to the hippocampus was observed, which might point
towards reduced fear expression or less emotional memory recall in response to the CS+G compared with CS+N. Analogous
to the effects observed for extinction learning, this effect could
also be partially explained by novelty or salience effects; due
to greater variability during extinction learning, novelty decreases for the CS+G during recall. Despite missing effects on
SCRs, these results in combination might constitute a first hint
at positive effects of extinction generalization on fear-related
structures. However, this neural pattern was blocked by cortisol administration; amygdala and insula activation was decreased and a reduced functional connectivity to the vmPFC for
the CS+G compared with CS+N emerged in the placebo group,
whereas no difference between CS+G and CS+N was observed
in the cortisol group. Thus, the implementation of generalization stimuli might foster extinction learning, whereas cortisol
appears to counteract these effects during recall, corroborating
previous reports of detrimental cortisol effects on the recall of
(declarative) emotional memories in general.
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