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ABSTRACT

Exposure-based treatment involves repeated presentation of feared stimuli or situations in the absence of perceived threat (i.e., extinction learning). However, the
stimulus or situation of fear acquisition (CS+) is highly unlikely to be replicated and presented during treatment. Thereby, stimuli that resemble the CS+ (gener-
alization stimuli; GSs) are typically presented. Preliminary evidence suggests that depending on how one generalizes fear (i.e., different generalization rules),
presenting the same GS in extinction leads to differential effectiveness of extinction learning. The current study aimed to extend this finding to safety behaviors. After
differential fear and avoidance conditioning, participants exhibited discrete generalization gradients that were consistent with their reported generalization rules
(Similarity vs Linear). The Linear group showed stronger safety behaviors to a selected GS compared to the Similarity group, presumably due to higher threat
expectancy. After extinction learning to this GS, the Linear group exhibited stronger reduction in safety behaviors generalization compared to the Similarity group.
The results show that identifying distinct generalization rules allows one to predict expectancy violation to the extinction stimulus, in addition to corroborating the
idea that strongly violating threat expectancy leads to better extinction learning and its generalization. With regard to clinical implications, identifying one’s
generalization rule (e.g., threat beliefs) help designing exposure sessions that evoke strong expectancy violation, enhancing the reduction in the generalization of

maladaptive safety behaviors.

1. Introduction

Exposure-based therapy has been widely considered as one of the
most effective treatments for anxiety-related disorders (Carpenter et al.,
2018; Hofmann & Smits, 2008). A part of this treatment involves
repeated confrontation to feared stimuli or situations in the absence of
an anticipated threat, thus disconfirming maladaptive threat beliefs to
these fear-evoking stimuli or situations. This learning about the absence
of threat can be modelled in the laboratory via fear extinction training,
which has been widely regarded as a valid laboratory analogue to
exposure-based therapy (Carpenter, Pinaire, & Hofmann, 2019; Sche-
veneels, Boddez, Vervliet, & Hermans, 2016). Fear extinction involves
repeated presentation of a conditioned stimulus (CS+) alone that pre-
viously predicted an aversive unconditioned stimulus (US). As a result of
repeated exposure to an unreinforced CS+, conditioned fear decreases
across extinction trials (e.g., Alvarez, Johnson, & Grillon, 2007; Her-
mans et al., 2005; Milad, Orr, Pitman, & Rauch, 2005; Orr et al., 2000).

There are, however, factors that affect the effectiveness of exposure-
based therapy. Expectancy violation is thought to be one central
mechanism that enables extinction learning. It refers to the mismatch

between an expected outcome and the actual outcome (i.e., expectation
of an aversive event and its actual absence). According to the Inhibitory
model, the stronger the expectancy violation (i.e., the greater the
mismatch between the expected and actual outcomes), the stronger
extinction learning is and hence translates to better learning outcome
(Craske, Treanor, Conway, Zbozinek, & Vervliet, 2014; Craske, Her-
mans, & Vervliet, 2018). One reason for suboptimal expectancy viola-
tion in exposure-based treatments may be that the exact stimulus or
circumstances at the time of fear acquisition (i.e., the original CS+) are
highly unlikely to be reproduced. Thereby, stimuli that are different
from the CS+, but nonetheless resemble it, are presented in treatment. In
the laboratory, this is equivalent to presenting generalization stimuli
(GSs) that perceptually or conceptually resemble the CS+ in extinction.
However, empirical studies have shown that extinction learning to a GS
does not effectively generalize to the original CS+ (e.g., Barry, Griffith,
Vervliet, & Hermans, 2016; Vervliet & Geens, 2014; Vervliet, Van-
steenwegen, Baeyens, Hermans, & Eelen, 2005; Vervliet, Van-
steenwegen, & Eelen, 2004; Vervoort, Vervliet, Bennett, & Baeyens,
2014; Wong & Lovibond, 2020) or to other GSs that resemble the CS+ (e.
g., Vervliet et al., 2004; Vervoort et al., 2014; Wong & Lovibond, 2020).
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This ineffective generalization of extinction learning to a GS is pre-
sumably due to the GS not evoking as much expectancy violation as a
CS+ (i.e., due to generalization decrement). That is, expectancy viola-
tion is not maximized when presenting a GS in extinction, thus limited
extinction learning generalizes to other stimuli. Thereby, poor responses
to exposure-based treatment are presumably partly due to limited ex-
pectancy violation to the GS in extinction. It has also been proposed that
weak generalization of GS extinction is a potential new pathway for the
‘return of fear’ (Wong & Lovibond, 2020); limited extinction learning to
a GS failed to generalize to other novel stimuli, thus leading to an
apparent relapse after successful treatment.

Recent studies have examined whether presenting a GS in extinction
that evokes at least as much threat expectancy as the CS+ promotes
generalization of GS extinction (Struyf, Hermans, & Vervliet, 2018;
Wong, Gliick, Boschet, & Engelke, 2020). This procedure induces strong
expectancy violation, leading to robust extinction learning, and hence
potentially translates to better treatment outcome. One way to search for
GSs that evoke strong expectancy violation is to identify individual
generalization rules. Recent laboratory studies (e.g., Ahmed & Lovi-
bond, 2019; Lee, Hayes, & Lovibond, 2018; Wong & Lovibond, 2017)
have assessed the different generalization gradients formed by the
adaptation of distinct rules (rule-based generalization). Participants
were first trained in a differential conditioning procedure with a CS+ at
the centre of a stimulus dimension (e.g., aqua color circle) and a safety
stimulus (CS-) off-centre (e.g., green circle) along the dimension (e.g.,
green-blue continuum). In a following generalization test, all stimuli
along the dimension were presented individually, and participants
exhibited distinct generalization gradients despite receiving highly
similar training conditions (e.g., Ahmed & Lovibond, 2019; Lee et al.,
2018; Wong & Lovibond, 2017). These distinct generalization gradients
were due to participants inferring different self-reported rules, which
guided fear generalization. For instance, participants who responded
based on a linear rule (e.g., the bluer the stimulus, the more likely the
US) exhibited a linear gradient, with the strongest conditioned fear to
stimuli located at the opposite end of CS- along the stimulus dimension
(see Fig. 1). In contrast, participants who responded based on a simi-
larity rule (e.g., the more aqua color a stimulus is, the more likely the
US) showed a peaked gradient with responding peaked at the CS+ in the
middle of the stimulus dimension. In other words, these self-reported
rules predict how fear is generalized, thereby forming distinct general-
ization gradients. The stimulus at the end of the stimulus dimension in
the opposite direction of the CS- (e.g., S9 in Fig. 1) evokes strong
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Fig. 1. Example generalization gradients. After differential conditioning
training, two different generalization rules are typically inferred: Similarity and
Linear. These generalization rules presumably drive generalization, leading to
distinct generalization gradients. Gradients are plotted for 9 equally spaced
stimuli along a stimulus dimension (S1 -S9). S1 serves as the CS- whereas S5
serves as the CS+.
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generalized fear in the linear rule group, whereas it evokes limited
generalized fear in the similarity rule group. We have recently found
that presenting this stimulus in extinction resulted in different degrees of
generalization of extinction in conditioned fear (Wong et al., 2020): the
linear rule group showed greater generalization of extinction compared
to the similarity rule group (i.e., flattening the post-extinction gradient
to a greater extent), due to greater expectancy violation during
extinction.

Although preliminary evidence suggests that individual generaliza-
tion rules determine the effectiveness of generalization of GS extinction,
it is unknown whether this finding extends to safety behaviors. Safety
behaviors refer to behaviors that prevent or minimize the onset of threat
when confronting a warning signal. In the laboratory, safety behaviors
are modelled by behavioral responses performed during CS+ pre-
sentations that prevent US onset i.e., US-avoidance (Krypotos, Vervliet,
& Engelhard, 2018; Pittig, Wong, Gliick, & Boschet, 2020). Safety be-
haviors are usually adaptive when they prevent realistic harm; however,
they become pathological when they persist in the absence of threat in
addition to inflicting impairments and results in cost to the individual (i.
e., costly safety behaviors). Empirical studies (Lovibond, Mitchell,
Minard, Brady, & Menzies, 2009; Pittig, 2019; Rattel, Miedl, Blechert, &
Wilhelm, 2017; Volders, Meulders, de Peuter, Vervliet, & Vlaeyen,
2012) showed that if US-avoidance was constantly engaged to the CS+
during extinction trials, participants would attribute the absence of a US
to their US-avoidance, thus protecting them from extinction learning (i.
e., protection from extinction). Therefore it is of clinical interest to
reduce safety behaviors as it likely reduces protection from extinction
and the inflicted impairments, thus enhancing the effectiveness of
exposure-based treatments (see also Helbig-Lang & Petermann, 2010;
Wells et al., 1995). This leads to the speculation that different general-
ization rules might lead to different degrees of extinction learning to the
GS in extinction, thus leading to differential reduction of safety behav-
iors and its generalization. Therefore individuals having weak threat
expectancy to the extinction stimulus may show limited generalization
of reduction in safety behaviors. This limited generalization of safety
behaviors reduction is likely to lead to protection from extinction to a
broader range of stimuli or situations, impeding responses to treatment.

The current study therefore sought to examine how presenting a GS
to participants with different generalization rules (assessed via rule-
based generalization) differentially affects generalization of GS extinc-
tion in safety behaviors. We employed a differential fear and avoidance
conditioning procedure, with the stimulus in the middle of a green-blue
stimulus dimension serving as the CS+ (aqua-color) and the stimulus at
the green end serving as the CS- (parallel to S1 in Fig. 1). After acquiring
stronger conditioned fear and costly safety behaviors to the CS+
compared to the CS- (i.e., differential responding to the CSs), all nine
stimuli along the dimension were then presented to assess the general-
ization of costly safety behaviors. In the next phase, the GS at the other
end of the dimension (blue color; as in S9 in Fig. 1) was presented in
response prevention extinction, i.e. an unreinforced stimulus was pre-
sented without the option for costly safety behaviors. In the final test
phase, generalization of GS extinction was assessed by presenting the
full range of GSs along the stimulus dimension again, and costly safety
behaviors to each of these GSs were measured. After the experiment, we
assessed whether participants adopted any rules to guide their responses
during the generalization test prior to GS extinction. We expected that
most participants would report entertaining either a similarity- or a
linear-based rule. It was expected that participants who responded with
a linear rule would engage in stronger costly safety behaviors to the GS
at the extreme blue end of stimulus dimension (S9). Thus, presenting
this GS in response prevention extinction would lead to strong expec-
tancy violation, and lead to robust generalization of GS extinction in
costly safety behaviors. In contrast, the same GS would evoke limited
expectancy violation in participants who responded with a similarity
rule, therefore resulting in little if any generalization of GS extinction
effect. The current study also explored whether risk factors, such as trait
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anxiety or intolerance of uncertainty, would have any impact on the
generalization of costly safety behaviors before and after GS extinction
(cf. Flores, Lopez, Vervliet, & Cobos, 2018; Kaldewaij et al., 2021; Pittig
& Scherbaum, 2020).

2. Method
Pre-registration and data are available at OSF (https://osf.io/xfj26).
2.1. Participants

Undergraduate students from the University of Wiirzburg or the
general community were recruited and were compensated with partial
course credit or 10€ for 1 hour of participation. Of note, participants also
received extra monetary reward depending on their avoidance ratings
throughout the experiment. We followed a recruitment strategy similar
to our previous study (Wong et al.,, 2020), in which we stopped
recruitment when the two expected rule groups had at least 35 partici-
pants after exclusions. A simulation-based power analysis (Kumle, Vo, &
Draschkow, 2021) revealed that 35 participants in each rule group
provided 92% power to detect a group difference of the smallest effect
size of interest (see Kumle et al., 2021) in post-extinction US-avoidance
gradients (see the pre-registered report for more details). This recruit-
ment strategy led to a total sample of 84 participants. This study was
approved by the Ethics Committee of the Institute of Psychology at the
University of Wiirzburg in accordance to the Declaration of Helsinki.

2.2. Apparatus and materials

We employed a subset of visual stimuli adapted from Lovibond, Lee,
and Hayes (2020). This subset of stimulus dimension consisted of nine
rectangles (each measuring 354 x 177 pixels) varying in hue along a
green-blue dimension (Fig. 2A). The hue values ranged from 0.42 to 0.58
and were equally spaced between stimuli. The saturation and brightness
were kept constant across all stimuli at 1 and 0.75, respectively. S5, the
aqua color rectangle served as CS+, whereas S1, the green color rect-
angle, served as CS-. All stimuli were individually presented on a white
screen.

A computer equipped with Presentation software (Neurobehavioral
Systems Inc., Berkeley, CA, Version 20.1) presented the instructions, all
visual stimuli, and recorded the US expectancy ratings and US-
avoidance responses. Skin conductance were measured via two Ag/
AgCl electrodes at a sampling rate of 1000 Hz, which was recorded by
another computer equipped with BrainVision Recorder (Brain Products
GmbH, Gilching, Germany). The US was an electric stimulation with a
duration of 625 ms, generated by a DS7A Digitmer stimulator and
delivered through a bar electrode attached to participants’ wrist.
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2.3. Procedure

After providing informed consent, we attached skin conductance
electrodes filled with isotonic gel to the hypothenar muscles on the palm
of participants’ non-dominant hand. Next, participants filled in the
German version of Intolerance of Uncertainty scale (UI-18; Freeston,
Rhéaume, Letarte, Dugas, & Ladouceur, 1994; Gerlach, Andor, & Pat-
zelt, 2008) and the short German version of Depression, Anxiety, and
Stress Scale (DASS-21; Lovibond & Lovibond, 1995; Nilges & Essau,
2015). The UI-18 measures cognitive, emotional, and behavioral re-
sponses to uncertainty (see Carleton, Norton, & Asmundson, 2007),
whereas the DASS-21 measures and discriminates three different con-
structs: depression, anxiety, and stress. Afterwards, US electrodes were
attached to participants’ wrist on the non-dominant hand.

Participants were then led through a US workup procedure, in which
an US intensity of 0.2 mA was gradually increased until it reached a level
that was perceived as ‘definitely unpleasant but not painful’. Next, we
carried out a reward-matching procedure, which aimed to identify a
reward that was neither too low nor too high to prevent ceiling or floor
effects on US-avoidance (see Schlund et al., 2016; Wong & Pittig, 2022;
Wong and Pittig, 2022b). This procedure entailed a series of questions
“Are you willing to tolerate the selected level of electric stimulation if
you are given €_?“, with the amount of reward ranging from 5 to 31
cents in odd numbers (i.e., 5 cents, 7 cents, 9 cents, ..., 31 cents) pre-
sented in a randomized order. A total of 14 questions were presented.
Participants were prompted to answer either ‘Yes’ or ‘No’ to each of
these questions. The amount of reward exactly between the highest
amount that received a ‘No’ and the lowest amount that received a ‘Yes’
(i.e., averaged between these two values) was selected as the incentive
for US-avoidance disengagement. For instance, if an individual partici-
pant was unwilling to tolerate an US up to 19 cents (i.e., answering ‘No’
up to 19 cents), but was willing to tolerate it when given 21 cents or
more (i.e., answering ‘Yes’ from 21 cents onwards), the amount in be-
tween (20 cents) would be chosen as the maximum amount of competing
reward per trial.

This experiment consisted of five consecutive phases: Pavlovian fear
acquisition, Costly US-avoidance acquisition, Pre-extinction generalization
test, GS extinction, and Post-extinction generalization test (see Table 1).

Pavlovian fear acquisition. Participants were instructed that some
geometric shapes would appear on the screen, which might or might not
be followed by a US (all exact instructions were reported in the Sup-
plementary Materials). They were instructed to learn the relationship
between the shapes and the US (cf. Mertens, Boddez, Krypotos, &
Engelhard, 2021). Twelve trials of CS+ (S5) and twelve trials of CS- (S1)
were presented alongside a US expectancy scale. The US expectancy
scale ranged from 0% to 100% in which 0% indicates certain no US and
100% indicates certain US. Participants were asked to indicate their US

Fig. 2. (A) Green-blue stimulus dimension: S1 served
as the CS- whereas S5 served as the CS+. The stimulus
labels (S1-S9) were not presented in the experiment.
(B) Trial structure when US-avoidance was available.
(i) Participants were prompted to indicate US-
avoidance. (ii) A black fixation cross was presented
in the centre of the screen for 1 s (iii) The stimulus
was presented again along with an US expectancy
scale for 8 s. Participants had to indicate their US
expectancy ratings. In Costly US-avoidance acquisi-
tion, an electrical US would be administered imme-

diately after CS+ offset depending on the US-
avoidance made. In Pre-extinction generalization

test and Post-extinction generalization test, no US was
administered regardless of US-avoidance made. (iv)
The reward feedback appeared on screen for 2 s. (For

interpretation of the references to color in this figure
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According to your avoidance decision,
you will receive the following reward
How likely would you like to avoid ¢ likely we expect an ES?|
a potential electrical stimulus (ES)? Howlikely:wodld you'expect an'ES?
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legend, the reader is referred to the Web version of
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Table 1
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S1 to S9 indicate the different stimuli across the green-blue stimulus dimension; + indicates US presentation; - indicates US omission; * indicates the availability of US-
avoidance; + in parentheses indicates that US presentation depends on US-avoidance; € in parentheses indicates the amount of competing reward depends on US-

avoidance; number in parentheses indicates the number of trials per trial type.

Pavlovian fear acquisition Costly US-avoidance acquisition

Pre-extinction generalization test

GS extinction Post-extinction generalization test

S5+ (9) S5* (+, €) (8)
S5- (3) S1*- (€) (8)
S1-(12)

[S1 -89]*- () (1)

S9- (6) [S1 -89]1*- (6) (1)

expectancy during CS presentations. The CSs and US expectancy scales
were presented on screen for 8 s. Of note, the CS+ trials were reinforced
by a US at a 75% rate (i.e., 9 out of 12 trials) whereas the CS- trials were
never reinforced. The presentation order was pseudo-randomized such
that the same trial type was not presented more than twice in a row, and
the first and last trials of CS+ were always reinforced. The inter-trial
intervals (ITIs) varied between 15 and 18 s and were applied to all the
following phases.

Costly US-avoidance acquisition. Participants were informed that they
can avoid the US by indicating their avoidance ratings at the US-
avoidance scale presented alongside the CSs. Avoidance ratings were
negatively proportional to the chance of US presentation. For instance,
an avoidance rating of 60% would result in a 60% chance of US omission
for that particular trial. Participants were, however, not informed that
US-avoidance ratings determined US omission on CS+ trials only,
whereas CS- trials were not reinforced regardless of US-avoidance.
Furthermore, each trial included a competing reward that was deter-
mined individually by the initial reward-matching procedure. The
amount of this reward was, however, inversely proportional to the US-
avoidance made. For instance, an avoidance rating of 60% would lead
to a gain of 40% of the maximum reward. Participants were instructed
that all rewards gained throughout the experiment would be paid off
after the conditioning task. This phase consisted of 8 CS+ and 8 CS-
trials. On every trial, a CS and the US-avoidance scale were presented on
screen until response. After US-avoidance ratings had been indicated, a
fixation cross appeared for 1 s. After that, the same CS was presented
alongside the US expectancy scale for 8 s, and participants were
prompted to indicate their US expectancies. Inmediately after CS offset,
a US would either be presented or omitted depending on the US-
avoidance made and CS type. Specifically, US presentation was deter-
mined probabilistically on each CS+ trial. Reward feedback was then
presented for 2 s (see Fig. 2B).

Pre-extinction generalization test. This phase continued seamlessly
from the previous phase and was carried out under extinction. All nine
stimuli (S1 — S9) were presented on screen once in a randomized order.
The trial structure was identical to the previous phase, with the excep-
tion that none of the stimuli were reinforced by a US regardless of US-
avoidance made, that is, none of the CSs and GSs were reinforced. Of
note, the dimensional measure of avoidance was able to minimize
confounding effect of extinction learning to the test stimuli in this phase
and in Post-extinction generalization test (see Wong & Pittig, 2022a; Wong
and Pittig, 2022b).

GS extinction. Before this phase started, participants were asked to
take a 30 s break. The word “Pause” appeared on screen throughout the
break. At the end of the break, participants were informed that avoid-
ance was unavailable for the following phase, and they were asked to
continue indicating their US expectancies only. S9 was presented for 6
trials in this phase, the same as in previous studies examining the effect
of expectancy violation in generalization of GS extinction (Struyf et al.,
2018; Wong et al., 2020). Each stimulus was presented on screen
alongside the US expectancy scale for 8 s.

Post-extinction generalization test. Participants were informed that US-
avoidance was available again, and they could choose to potentially
prevent the US that might followed the stimuli. Participants were also
reminded their US-avoidance rating determined the amount of reward
on each trial. All nine stimuli along the stimulus dimension (S1 to S9)

were presented once each in a randomized order. The trial structure was
identical to Pre-extinction generalization test. None of these stimuli were
reinforced by a US.

After the conditioning task, participants were asked to fill in a
questionnaire assessing potential rules they might have employed dur-
ing the task. The experimenter wrote down the US-avoidance ratings
that the individual participant had made to S1 and S9 during Pre-
extinction generalization test. Participants were explicitly asked whether
they came up with a rule or strategy before the break (before GS extinction
took place). In prior studies (Wong et al., 2020; Wong & Lovibond,
2017), we found that participants entertained different rules once
extinction learning took place. Thus, we specifically asked for the rules
inferred before the break to probe the exact generalization rule
employed before GS extinction. To indicate generalization rules used
during the conditioning task, participants were given a force choice
question with five alternative options: Blue linear (US administration is
more likely the bluer the rectangle), Green linear (US administration is
more likely the greener the rectangle), Similar (US administration is
more likely the more aqua color the rectangle), No rule (US adminis-
tration is not related to the color of the rectangles), and Other (None of the
above). Participants would be categorized into rule groups according to
their responses to the five-alternative force-choice question in the
post-experimental questionnaire.

2.4. Scoring and analysis

Although skin conductance was recorded online throughout the
entire experiment, only skin conductance measured during the 8 s
stimulus presentation (i.e., when participants were prompted to indicate
their US expectancies) were included for analysis. We applied a 50 Hz
notch filter and a 1 Hz high-pass filter to the SCR data. The SCRs were
calculated by identifying the difference between response peak and the
corresponding trough (i.e., minimum response) in the interval of 1 s
after stimulus onset to stimulus offset (i.e., SCRs peaks were measured
from 1s to 8s after CS onset). We then square root transformed the SCRs
to reduce skewness (Boucsein et al., 2012).

We conducted linear mixed models for all analyses within a tradi-
tional frequentist framework. Analyses that examined the differences (i.
e., differences between groups, differences between phase) in general-
ization gradients were followed up by a recent novel technique,
augmented Gaussian modelling (Lee, Mills, Hayes, & Livesey, 2021).
This analysis fits an augmented (i.e., asymmetric) Gaussian function to
individual gradients in a hierarchical model and estimates parameters
corresponding to the height, mean, and width on the left- and right-hand
side of the function. The height parameter represents the height of the
gradient peak, the mean parameter represents the peak location on the
stimulus dimension, and the two width parameters represent the width
of the gradient on either side of the gradient peak (width- for the side
containing the CS-, and width+ for the other side). This analysis quan-
tifies multiple descriptive features of generalization gradients and pro-
vides a way to test exactly how generalization changes between groups
or phases. For example, broadening of gradients could be captured via
group differences in one, or both, width parameters.

The analysis was conducted in a Bayesian framework, producing
posterior distributions for each of the four parameters (mean, height,
and two width parameters). Contrasts were tested by simulating
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differences between phases or subgroups, followed by calculating the
proportion (p(direction)) of the posterior samples that were above or
below 0 (whichever was most probable). Specifically, a p(direction)
larger than 0.975 is considered as equivalent to a significant difference
(Makowski, Ben-Shachar, & Liidecke, 2019). We only reported esti-
mated parameters that reached this significant threshold. The analyses
were separated into three parts: manipulation check, main hypotheses,
and exploratory analyses. All analyses were pre-registered (see
https://osf.io/xfj26).

2.5. Manipulation check

We first analyzed whether participants acquired stronger condi-
tioned fear and costly US-avoidance to the CS+ compared to the CS- in
Pavlovian fear acquisition and Costly US-avoidance acquisition, respec-
tively. To this end, US expectancy, SCRs, or US-avoidance served as
dependent variable, whereas CS type (CS+ vs CS-) and Trial (a linear
trend repeated measures across trials) served as fixed effects. Partici-
pants served as a random effect; this was applied to all the linear mixed
models.

2.6. Main hypotheses

First, to examine the different shapes in generalization gradients in
both Pre-extinction generalization test and Post-extinction generalization
test, we used two orthogonal polynomial trend repeated measures con-
trasts across test stimuli as fixed effects. Specifically, a linear trend
repeated measures contrast across test stimuli (represented by “Stim-
ulus™), and a quadratic trend repeated measures contrast across test
stimuli (represented by “Stimulus®”). To evaluate any group differences
in the generalization gradients, Group (Linear vs Similarity) served as
another fixed effect. In sum, US-avoidance served as dependent variable,
whereas Stimulus, Stimulus?, and Group served as fixed effects. The
interactions between the polynomial trend repeated measures and
Group were of primary interest to evaluate any group differences in the
shapes (linearity or curvature) of the generalization gradients. It is ex-
pected that the Linear group would show a greater linear trend across
stimuli compared to the Similarity group (as indicated by a Group*-
Stimulus interaction), whereas the Similarity group would show a
stronger quadratic trend across stimuli compared to the Linear group (as
indicated by a Group*Stimulus? interaction). In addition, we included
an extra contrast that evaluated the group differences in differential US-
avoidance to the CS+ and the CS- in Post-extinction generalization test, in
which the Linear group was expected to show a weaker differential
responding to the CSs compared to the Similarity group (as indicated by
a Group*CS type interaction). Thus, CS type and Group served as fixed
effects in this contrast. This additional contrast was non-orthogonal to
the two polynomial trend repeated measures contrasts (i.e., the contrasts
were correlated), therefore Bonferroni-corrections were applied to the p-
values for the contrasts in Post-extinction generalization test.

Second, group differences in the rate of extinction were analyzed in
separate linear mixed models. Rate of extinction was analyzed via Trial
(a linear trend repeated measures across trials) i.e., the slope of change
in responding to the GS during extinction. To this end, US expectancy or
SCRs served as dependent variable, whereas Trial and Group served as
fixed effects. It was expected that the Linear group would show stronger
responding to the extinction stimulus on early trials, followed by faster
decrease in responding compared to the Similarity group (as indicated
by a Group*Trial interaction).

Third, a separate cross-phase linear mixed model specifically exam-
ined the change in generalization gradients prior to and after GS
extinction between groups. In this model, US-avoidance served as
dependent variable, whereas Phase (Pre-extinction generalization test vs
Post-extinction generalization test), Stimulus, Stimulusz, and Group served
as fixed effects. Furthermore, we included a non-orthogonal contrast to
examine whether the groups differed in differential US-avoidance to the
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CSs prior- compared to post-extinction (i.e., whether the groups differed
in how effectively GS extinction generalized to the CS+). To this end,
US-avoidance served as dependent variable, whereas Phase, CS type,
and Group served as fixed effects. All contrasts in this model were
Bonferroni-corrected. It was expected that the Linear group would show
a stronger decrease in linear trend across stimuli after GS extinction
compared to the Similarity group (as indicated by a Group*Stimulu-
s*Phase interaction; see Wong et al., 2020), in addition to a greater
decrease in differential responding to the CSs (as indicated by a
Group*CS type*Phase interaction).

Fourth, the group differences in generalization gradients in Pre-
extinction generalization test and Post-extinction generalization test were
further evaluated by two separate analyses (i.e., group differences in Pre-
extinction generalization test only and in Post-extinction generalization test
only), and estimating the four parameters (mean, height and two width
parameters) of an augmented Gaussian for each analysis.

2.7. Exploratory analyses

To explore the effect of trait anxiety or intolerance of uncertainty on
the gradients in Pre-extinction generalization test and Post-extinction
generalization test, we separately added these two constructs as a
continuous fixed effect to the aforementioned models. That is, US-
avoidance served as dependent variable, whereas Stimulus, Stimulus?,
Group, and trait anxiety/intolerance of uncertainty served as fixed
effects.

Of note, although US expectancy ratings and SCRs were recorded
after US-avoidance had been made in the test phases (Pre-extinction
generalization test & Post-extinction generalization test), these analyses
were moved to Supplementary Materials. This was because these mea-
sures were measured after US-avoidance had been made and thus were
influenced by the level of US-avoidance. Thereby, these measures did
not fully reflect one’s generalization rules if US-avoidance would have
been unavailable (cf. Lee, Mills, et al., 2021; Wong & Lovibond, 2017).
The degree of significance was reported with Satterthwaite approxi-
mation for degrees of freedom (Satterthwaite, 1941). All analyses were
carried out using R (R Core team, 2022), with Imer package for fre-
quentist models (Bates, Machler, Bolker, & Walker, 2015), and rstan
(Stan Development Team, 2018) and BayesTestR (Makowski,
Ben-Shachar, & Liidecke, 2019) for the augmented Gaussian modelling.

3. Results

Exclusion criteria were pre-registered at https://osf.io/xfj26. Over-
all, data of three participants were incomplete due to technical issues,
and thus were excluded from the final sample. This led to a sample of 81
participants.

Questionnaire coding: Participants were categorized into rule groups
according to their responses to the five-alternative force-choice question
in the post-experimental questionnaire. As expected, most participants
identified either a Similarity rule (n = 38) or a Linear rule (n = 35). A
small number of participants failed to identify any clear rules (No rule; n
= 8). Participants identifying a Similarity rule reported stronger US-

Table 2
Demographic and questionnaire data. Means (standard deviations).
Similarity group Linear group For X2 p
(n=38) (n=35)
Age 24.58 (3.97) 23.14 (3.80) 2.49 119
Sex - Female 29 (76.3%) 27 (77.1%) 18.09 .319
US intensity (mA) 1.31 (0.61) 1.42 (2.93) 0.036 .850
DASS 21-Anxiety 2.79 (3.17) 5.14 (4.74) 6.31 .014
DASS 21-Depression 4.79 (5.33) 6.46 (5.78) 1.64 .204
DASS 21-Stress 7.11 (5.42) 10.69 (8.03) 5.06 .028
UI-18 40.74 (10.75) 43.86 (11.72) 1.41 .239
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Fig. 3. US-avoidance (top panel), US expectancy ratings (middle panel), and square-root SCRs (bottom panel) in Pavlovian fear acquisition, Costly US-avoidance
acquisition, and GS extinction. Error bars indicate the standard error of the mean. (For interpretation of the references to color in this figure legend, the reader is

referred to the Web version of this article.)

avoidance when the stimulus was more perceptually similar to the CS+
whereas participants identifying a Linear rule reported stronger US-
avoidance when the stimulus was bluer. As pre-registered, we
excluded participants in the No rule group from statistical analyses due
to the small sample size (and thus the lack of statistical power). The final
sample thus comprised 73 participants (data available at https://osf.
io/b2gzv/). Groups did not differ in age, sex, US intensity, depression,
or intolerance of uncertainty. However, the Linear group scored higher
in trait anxiety and stress compared to the Similarity group. (see
Table 2).

3.1. Manipulation check

Pavlovian fear acquisition. All acquisition data were analyzed in linear
mixed models with CS type and Trial as fixed factors. Fig. 3B shows the
mean US expectancy ratings across acquisition trials in each rule group.
Main effects were not reported if the higher-order interactions were
significant. Averaged across Group, participants developed higher US
expectancy ratings to the CS+ across trials, whereas an opposite pattern
was observed to the CS-. This pattern was confirmed by a significant
interaction between CS type and Trial, bcs typesTrial = 733.64, SE =
38.11, p < .001. No interactions involving Group reached significance
(smallest p = .131), suggesting no evidence for any group differences in
the acquisition of differential expectancy ratings to the CSs.

Fig. 3C shows the square root SCRs across acquisition trials in each
rule group. Averaged across Group, stronger SCRs to the CS+ compared
to the CS- were developed across acquisition trials, supported by a sig-
nificant interaction between CS type and Trial, bcs type*Trial = 1.36, SE =
0.63, p = .031. There was no evidence for any group differences in the
acquisition of SCRs to the CSs (smallest p = .554).

Costly US-avoidance acquisition. Fig. 3A shows the mean US-
avoidance across trials in each rule group in Costly US-avoidance

acquisition. Averaged across Group, participants showed stronger US-
avoidance to the CS+ compared to the CS-, in which this pattern
became more pronounced across trials. This pattern was supported by a
significant interaction between CS type and Trial, bcs typerrrial =
—164.28, SE = 47.88, p < .001. There was no evidence that the groups
differed in the differential acquisition of costly US-avoidance to the CSs
(smallest p = .521).

In sum, participants successfully acquired differential conditioned
fear and costly US-avoidance to the CSs without any group differences.

3.2. Main hypotheses

Pre-extinction generalization test. Group differences in both general-
ization test phases were analyzed in linear mixed models with poly-
nomial repeated measures contrasts (Stimulus & Stimulusz) and Group.
Fig. 4A shows the generalization gradient of US-avoidance in each rule
group.' The Similarity group exhibited a bell-shaped gradient with the
strongest US-avoidance to the CS+, whereas the Linear group revealed
an S-shaped gradient with strong US-avoidance to stimuli right of the
CS+. The Linear group showed a stronger linear trend across stimuli
than the Similarity group, bstimulus*Group = 318.58, SE = 48.95, p < .001,
suggesting that there was more linearity in the gradient in the Linear
group than the Similarity group. The Similarity group, on the other
hand, exhibited a stronger quadratic trend across stimuli than the Linear
group, b%emms = —142.81, SE = 48.95, p = .004, suggesting that there
was greater curvature in the gradient in the Similarity group than the
Linear group.

GS extinction. We examined whether there were any group

! Gradient for each individual participant can be seen in the Supplementary
Materials.
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differences in the rate of extinction to the extinction stimulus (S9). This
was examined by linear mixed models with Group and Trial as fixed
factors. Fig. 3B shows the mean US expectancy ratings across extinction
trials in each rule group. As expected, the Linear group exhibited higher
US expectancy ratings to the extinction stimulus on early trials
compared to the Similarity group, and a more rapid extinction. This
pattern was supported by a significant interaction between Group and
Trial, bgroup*Trial = —127.96, SE = 30.97, p < .001. Follow-up analyses
revealed that both groups showed a significant decrease in US expec-
tancies to the extinction stimulus across trials (smallest p < .001).

Fig. 3C shows the mean square-root SCRs across extinction trials in
each rule group. Similar to the expectancy data, the Linear group
showed stronger SCRs to the extinction stimulus on early extinction
trials than the Similarity group. This pattern was supported by a sig-
nificant interaction between Group and Trial, bgroup*Trial = —1.57, SE =
0.56, p = .006. Follow-up analyses further revealed that only the Linear
group exhibited a significant decrease in SCRs to the extinction stimulus
across trials, brra) = —1.72, SE = 0.41, p < .001, but not the Similarity
group, bryia = —0.16, SE = 0.39, p = .687.

Post-extinction generalization test. Fig. 4A shows the post-extinction
generalization gradient of US-avoidance in each group. Both groups
exhibited a peaked gradient with the peak responding to CS+. The
Linear group showed a weaker quadratic trend across stimuli compared
to the Similarity group, b%ﬁmﬂulms = 161.08, SE = 46.77, p = .002, sug-
gesting that the Linear group had a less curve gradient than the Simi-
larity group. Follow-up analyses revealed that both groups exhibited a
significant peaked gradient (smallest p < .001). However, there was no
evidence for any group differences in linearity, bstimulus*Group = 88.51,
SE = 46.77, p = .179.

In addition, averaged across Group, US-avoidance was stronger to

the CS+ compared to the CS-, bcsyype = 36.04, SE = 4.47, p < .001,
suggesting the persistence of differential US-avoidance to the CSs post-
extinction. There was, however, no evidence for any group differences
in differential US-avoidance to the CSs, bcs type*Group = 15.67, SE = 8.75,
p =.233.

Cross-phase analyses: The group differences in generalization of GS
extinction. For this analysis, a linear mixed model was employed with
three non-orthogonal contrasts. The first two contrasts compared the
change in group differences in generalization gradients before and after
GS extinction, whereas the third contrast compared the change in group
differences in differential US-avoidance to the CSs before and after GS
extinction. With regard to the first two contrasts, the US-avoidance
gradients decreased in linearity after GS extinction as compared to
before GS extinction, presumably due to a decrease in US-avoidance to
stimuli right of the CS+. This pattern was more pronounced in the Linear
group compared to the Similarity group, supported by a significant 3-
way interaction involving Group, Phase, and Stimulus, bgroup*
Phase*Stimulus = —325.36, SE = 98.70, p = .003. Follow-up analyses
further confirmed that the Linear group showed a significant decrease in
linearity after GS extinction, bphase*stimuius = —384.76, SE = 71.21, p <
.001, whereas there was no evidence of changes in linearity after GS
extinction in the Similarity group, bphasestimulus = —59.40, SE = 68.34,
p = .999. For the second contrast, no interactions involving Stimulus?
reached significance (all Bonferroni-adjusted p = .999).

For the third contrast, there was no evidence for any changes in
differential US-avoidance to the CSs after GS extinction, bphase=cs type =
—6.22, SE = 5.58, p = .798, nor there was evidence for any group dif-
ferences in differential US-avoidance to the CSs before and after GS
extinction, bgroup*phase*cs type = —14.23, SE = 11.02, p = .594.

To further explore the rule group differences pre- and post-
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extinction, we modelled the gradients as augmented Gaussians (Lee,
Mills, et al., 2021) and estimated the height, mean, width-, and width +
parameters for the Linear and Similarity subgroups, for each general-
ization phase. Fig. 4B and C shows the posterior distributions for the
group differences (Linear vs. Similarity) in each parameter pre-extinction
(Fig. 4B) and post-extinction (Fig. 4C). Examining the empirical gradi-
ents (Fig. 4A), the Linear gradient appears more linear and higher than
the Similarity gradient pre-extinction, but becomes more similar to the
Similarity gradient post-extinction. In line with these observations, prior
to extinction (Fig. 4B), the posterior densities suggest a clear group
difference in the height and width+ parameters, while post-extinction
(Fig. 4C), the group difference disappears for the height parameter
and appears reduced for the width-+ parameter. The visual differences in
the posteriors were supported by the computed p(direction) statistics for
the group difference, which were greater than 0.99 for both height and
width+ pre-extinction. However post-extinction, there was a group
difference for the width+ parameter only, with p(direction) greater than
0.975 (see Supplemental materials). These results suggest that extinc-
tion of a GS reduced US-avoidance to stimuli similar to the extinguished
GS, and changed the shape of the gradient from linear to more peaked.
However, a group difference in the width+ parameter remained, sug-
gesting that even post-extinction, the Linear group still exhibited
stronger US-avoidance generalization to stimuli right of the CS+ (see
Supplementary Materials for the complete analysis for the augmented
Gaussian modelling).

3.3. Explorative analyses

Pre-extinction generalization test. These exploratory analyses were
examined in linear mixed models with polynomial repeated measures
contrasts, Group, and risk factors (trait anxiety or intolerance of un-
certainty) as fixed factors, whereas US-avoidance served as dependent

Anxiety — High-Anxiety/High-1U

Trait anxiety

+ Low-Anxiety/Low-1U
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variable. Fig. 5A and B show the effect of trait anxiety and IU in Pre-
extinction generalization test, respectively. We observed a three-way
interaction involving Stimulus?, Group, and Anxiety, b%ﬁnmlm"sAnxiety =
29.59, SE = 13.13, p = .025, suggesting as anxiety increases, the group
differences in quadratic trend across stimuli increases. Follow-up ana-
lyses suggested that this pattern was isolated to the Similarity group, b
%ﬁmdm = —21.39, SE = 10.76, p = .047. In other words, an increase in
trait anxiety was associated with a broader gradient in the Similarity
group. In contrast, no interactions involving IU reached significance
(smallest p = .146).

Post-extinction generalization test. Fig. 5A and B show the effect of trait
anxiety and IU on generalization in Post-extinction generalization test,
respectively. With regard to trait anxiety, there was a group difference in
how trait anxiety was associated with Stirnulusz, b%thmnxiety =
—43.43, SE = 12.44, p = .002. Follow-up analyses revealed that an in-
crease in trait anxiety was associated with a weaker quadratic trend
across stimuli in the Similarity group, btimulus * Anxiety = —39.70, SE =
10.20, p < .001, but not in the Linear group, bgnmlus “Anxiety = 3.73, SE
=7.13, p =.999. This suggested that higher trait anxiety was associated
with a flatter gradient, but only in the Similarity group. There was no
evidence that trait anxiety was associated with differential US-
avoidance to the CSs in the Post-extinction generalization test (small-
est Bonferroni-adjusted p = .446).

An increase in IU was associated with a stronger quadratic trend
across stimuli averaged across Group, supported by a significant inter-
action between Stimulus® and 1U, béﬁmums sy = —5.51, SE=2.11,p =
.027. This suggested that individuals high in IU were associated with less
flattening in their gradients post-extinction (i.e., a reduction in US-
avoidance generalization after GS extinction), suggesting that IU is
associated with poorer generalization of GS extinction. No other in-
teractions involving IU reached significance (smallest Bonferroni-
adjusted p = .409).

Group Similarity (n=38) —e— Linear (n=35)
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Cross-phase analyses: The effect of risk factors on generalization of GS
extinction. There was no evidence that trait anxiety was associated with
changes in US-avoidance gradients nor differential US-avoidance to the
CSs before and after GS extinction (smallest Bonferroni-adjusted p =
.999).

IU, on the other hand, had a descriptively more pronounced associ-
ation with elevated generalized US-avoidance after GS extinction
compared to before GS extinction. This pattern, however, did not reach
significance, bphagse 1y = 0.28, SE = 0.14, p = .116. No other interactions
involving IU reached significance (smallest Bonferroni-adjusted p =
.128).

4. Discussion

Empirical studies have shown that extinction learning to a GS does
not always effectively generalize to other fear-related stimuli (e.g.,
Vervliet et al., 2004; Vervoort et al., 2014; Wong & Lovibond, 2020).
The current study aimed to examine the impact of generalization rules
on the levels of generalization of GS extinction; we examined whether
this effect extended to costly US-avoidance. The rule differences in
generalization of GS extinction were presumably due to differences in
expectancy violation.

We found that the US-avoidance generalization gradients prior to GS
extinction were highly consistent with participants’ self-reported rules.
In particular, participants reporting a similarity rule exhibited peak US-
avoidance to the CS+, with decreasing US-avoidance to stimuli that
were further away from the CS+ along the stimulus dimension. Partic-
ipants reporting a Linear rule, on the other hand, showed strong
generalized US-avoidance to bluer stimuli. These patterns aligned with
our previous work that self-generated rules were highly consistent with
the shape of generalization gradients (Ahmed & Lovibond, 2019; Lee
et al., 2018; Wong & Lovibond, 2017, 2018), in addition to extending
the findings to generalized US-avoidance (see also Wong and Pittig,
2022b). The current study also aligns with studies that have examined
the role of higher-order cognitive processes in the generalization of
US-avoidance. For example, participants were more likely to engage in
US-avoidance to a novel word that was a synonym of the CS+ (Boyle,
Roche, Dymond, & Hermans, 2016), or to novel stimuli that shared the
same artificial category with the CS+ (Dymond et al., 2011, 2014).
Combined, these findings offer strong support that higher-order cogni-
tive processes play an important role in the generalization of
US-avoidance.

As predicted, the strength of extinction learning to a GS was deter-
mined by participants’ self-reported rules. The Linear group showed
stronger conditioned fear on early extinction trials to the extinction
stimulus compared to the Similarity group, as indexed by both US ex-
pectancy ratings and SCRs. This pattern aligned with our prediction that
the extinction stimulus more strongly violated outcome expectancy, thus
leading to stronger extinction learning in the Linear group. In contrast,
little to no expectancy violation took place in the Similarity group, thus
leading to limited extinction learning.

A key finding was that after GS extinction, the linear-based gradient
in the Linear group transformed to a flatter, peaked gradient, featured by
a reduction in US-avoidance to the GSs right of the CS+ (i.e., bluer
stimuli). The augmented Gaussian modelling suggested that the height
and breadth of US-avoidance generalization to stimuli right of the CS+
were both reduced after GS extinction in the Linear group. This suggested
that extinction learning to the extinction stimulus generalized effec-
tively to other GSs, at least to GSs that resemble both the extinction
stimulus and the CS+. On the other hand, the shape of US-avoidance
gradient in the Similarity group remained largely unchanged before
and after GS extinction, due to limited expectancy violation during GS
extinction. Overall, these findings are consistent with the notion of the
Inhibitory learning model (Craske et al., 2014, 2018), which puts for-
ward the idea that the stronger the expectancy violation, the stronger
extinction learning is. The Linear group experienced strong expectancy
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violation during GS extinction, thus showed stronger reduction in
generalization of US-avoidance to the GSs right of the CS+ compared to
the Similarity group in the Post-extinction generalization test.

Despite the enhanced expectancy violation in the Linear group
leading to greater generalization of US-avoidance reduction, extinction
learning to this GS did not lead to a significant reduction in US-
avoidance to the CS+. In addition, the Linear group still showed stron-
ger generalization to stimuli right of the CS+ in the Post-extinction
generalization test. One explanation is residual threat expectancies to the
GS due to the limited amount of extinction trials, as observed in the
apparent higher US expectancies on the last extinction trial in the Linear
group compared to the Similarity group. Thus, this residual threat ex-
pectancy to the GS might have reduced the magnitude of generalization
of GS extinction to the CS+. Another explanation is that a mere strong
expectancy violation is not sufficient to generalize GS extinction to the
CS+. Perhaps multiple interventions are required to further enhance the
generalization of US-avoidance reduction, for instance, presenting
multiple GSs in extinction (e.g., Shiban, Schelhorn, Pauli, & Muhlberger,
2015; Waters, Kershaw, & Lipp, 2018; Zbozinek & Craske, 2018),
inducing positive affect during extinction (e.g., Zbozinek, Holmes, &
Craske, 2015), or enhancing the generalization of safety learning to the
CS- (Laing, Felmingham, Davey, & Harrison, 2022).

Exploratory analyses regarding the role of risk factors in US-
avoidance generalization and its reduction were less clearcut. Trait
anxiety was associated with a broader US-avoidance generalization
before and after GS extinction, but only in the Similarity group. Given
that limited extinction learning took place in the Similarity group during
GS extinction, we interpreted that trait anxiety was associated with a
broader generalization of US-avoidance but not with impaired gener-
alization of GS extinction. The association between trait anxiety and
enhanced US-avoidance generalization aligned with empirical findings
of excessive US-avoidance in trait anxiety (e.g., Gorka, LaBar, & Hariri,
2016; Lau et al., 2012; Pittig & Scherbaum, 2020). With regard to IU,
there was no evidence that it was associated with a broader
US-avoidance generalization, in contrast to preliminary evidence that IU
was associated with enhanced fear generalization (e.g., Bauer et al.,
2020; Hunt, Cooper, Hartnell, & Lissek, 2019). After GS extinction, IU
was associated with broader US-avoidance generalization gradients
across groups, suggesting that it was related with impaired generaliza-
tion of GS extinction. Overall, this preliminary, exploratory analysis
suggested that trait anxiety was associated with broader US-avoidance
generalization, whereas IU was associated with impaired generaliza-
tion of GS extinction. However, one must be cautious with this inter-
pretation, given that our power analyses were calculated based on
observing the rule group differences in post-extinction gradients. It was
possible that the current study was underpowered to examine the effect
of risk factors on the acquisition and extinction of US-avoidance
generalization (see Morriss, Zuj, & Mertens, 2021).

The current study categorized participants into a single rule group,
assuming that each individual participant entertained one single rule.
However, a recent study suggests that participants might entertain
multiple rules simultaneously, and that modelling generalization as a
mixture of rules was more predictive than a single rule (see Lee, Mills,
etal., 2021). However, it is worth noting that Lee, Lovibond, Hayes, and
Lewandowsky (2021) found that although most participants held a
moderate-high degree of belief in both similarity and relational (i.e.,
linear) rules, these beliefs were negatively correlated, suggesting that
most participants had a higher degree of belief in one of the two rules.
Further, previous studies dividing participants into discrete rule sub-
groups have consistently showed differential generalization gradients
consistent with the reported rules (Ahmed & Lovibond, 2019; Lee et al.,
2018; Lovibond et al., 2020; Wong & Lovibond, 2017). Thus, separating
participants into linear and similarity subgroups is a simple but valid
method of analysing individual differences in generalization rules.

With regard to clinical implications, the present findings suggest
selecting stimuli that maximize expectancy violation for exposure-based
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treatments. This can be achieved by identifying individual threat beliefs.
This is crucial as the exact stimuli of acquisition are highly unlikely to be
reproduced in treatments. Our findings also suggest that presenting
stimuli that maximize expectancy violation promotes the generalization
of safety behaviors reduction to resembling stimuli. This is of clinical
importance as it can aid in reducing “protection from extinction” to a
wide range of fear-related stimuli, facilitating the generalization of
extinction learning. In addition, enhancing generalization of GS
extinction in safety behaviors can help alleviate impairments caused by
costly safety behaviors that persists in the absence of realistic threat. It is
of importance to note that despite generalization of GS extinction was
enhanced in the Linear group, it did not effectively reduce US-avoidance
to the CS+. It remained, however, unclear whether this pattern was due
to GS extinction failing to reduce US-avoidance to the stimulus of fear
acquisition (cf. Wong et al., 2020), or due to the limited amount of
extinction trials.

The current study had some limitations. First, the Linear group
showed significantly higher anxiety and stress levels than the Similarity
group. However, this group difference was unlikely to have confounded
the current findings given that the Linear group still showed less US-
avoidance averaged across stimuli after GS extinction compared to the
Similarity group. Second, we assessed the rules after the experimental
task. This meant that we were not able to measure any changes in rules
after GS extinction (e.g., changing from a linear rule to a similarity rule
after GS extinction). Although the post-experimental questionnaire
emphasized that participants should respond with the rule adopted
before GS extinction, it is still possible that participants’ responses could
have been affected by the GS extinction phase. Third, we have limited
power for detecting how risk factors affect the generalization of US-
avoidance and the generalization of GS extinction, given our power
analysis was calculated based on the rule group differences after GS
extinction.

In conclusion, the current work replicated findings on self-inferred
rules determining the shape of US-avoidance generalization gradient
(Wong and Pittig, 2022b), resembling how threat beliefs determine the
extent of US-avoidance engagement to a broad range of stimuli that
resemble the feared stimulus. Different generalization rules determine
threat expectancy to the same GS, thus presenting this stimulus in
extinction evokes different levels of expectancy violation in different
rule groups, leading to different levels of generalization of GS extinction
(Wong et al, 2020). The current study extends this finding to
US-avoidance. Participants who had their threat expectancy strongly
violated showed a great generalization of US-avoidance reduction to
similar stimuli, whereas those who had experienced minimal expectancy
violation showed very limited generalization of US-avoidance reduction.
It is worth noting the strengths of the current study included the clear
rule group differences in US-avoidance generalization gradients, leading
to the identification of different levels of expectancy violation for a
range of stimuli. Additionally, the augmented Gaussian modelling pro-
vided more details in where the group differences lie in. The current
work emphasizes the identification of different threat beliefs and se-
lection of stimuli that maximize expectancy violation to reduce
US-avoidance, minimizing protection from extinction to a broad range
of stimuli.
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