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Safety behaviors are often maladaptive in clinical anxiety as they typically persist without realistic threat and
cause various impairments. In the laboratory, safety behaviors are modelled by responses to a conditioned
stimulus (CS) that reduce the occurrence of an expected aversive unconditioned stimulus (US). Preliminary
evidence suggests that US devaluation, a procedure that decreases US aversiveness, devalues the threat value of
the CS and thus diminishes safety behaviors to the CS. This study (n = 78) aimed to extend this finding and
examined whether US-devaluation can reduce the generalization of safety behaviors to various stimuli. After
acquiring safety behaviors to CSs of different categories, the US predicted by one CS category was devalued. In
test, participants showed a selective reduction in safety behaviors to novel stimuli of the devalued CS category,
reflecting a decrease in generalization of safety behaviors. Trait anxiety was associated with persistent gener-
alized safety behaviors to novel stimuli of the devalued category. We discuss how US devaluation may improve
treatment outcome but also the challenges of clinical translation.

1. Introduction

Safety behaviors are a type of avoidance responses that minimize or
even prevent (the onset of) a perceived threat. Although an individual
uses safety behaviors with the idea that they induce relief by mitigating
the perceived threat, these behaviors often maintain or exacerbate
anxiety by preventing the individual from learning that the feared out-
comes are unlikely to occur. Safety behaviors are commonly observed in
clinical anxiety (Blakey & Abramowitz, 2016; Mendlowicz & Stein,
2000; Olatunji et al., 2007; Pittig et al., 2020). For instance, an indi-
vidual with social anxiety may over-rehearse a conversation before
engaging in social situations. The absence of the perceived threat (e.g.,
being judged negatively) may then be attributed to the excessive
rehearsal thus preventing the correction of one’s maladaptive threat
belief. This pattern has been empirically demonstrated in laboratory
studies (i.e., protection from extinction; Lovibond et al., 2009; Pittig,
2019; Rattel et al., 2017).

In the laboratory, safety behaviors are typically modelled in a fear
and avoidance conditioning framework. In this framework, an initially
neutral conditioned stimulus (CS) is first repeatedly paired with an
aversive unconditioned stimulus (US), thus the CS+ (i.e., a CS that is
reinforced by a US) comes to evoke conditioned fear. In a following

avoidance conditioning phase, executing a designated response (e.g.,
pressing a button), during CS+ presentation prevents the upcoming US.
To model maladaptive safety behaviors that inflict impairments in
clinical anxiety, empirical studies often incorporated tangible (e.g.,
financial cost; Wong & Pittig, 2022a) or intangible cost such as physical
cost (Glogan et al., 2020) in which safety behaviors that could more
effectively prevent a US required more physical effort to execute.
Furthermore, safety behavior acquired to the CS+ also generalizes to
other stimuli that are conceptually related to the CS+ . Empirical studies
also showed that safety behaviors generalized to novel stimuli that
belonged to the same category of the CS+ (e.g., Dymond et al., 2011,
2014; Kloos et al., 2022). For instance, after acquiring conditioned fear
to bird exemplars (e.g., penguin, sparrow), participants showed gener-
alized conditioned fear to other novel exemplars of the same category (e.
g., pigeon, emu; Dunsmoor & Murphy, 2014; Wong & Beckers, 2021).
These studies provide empirical evidence that safety behaviors spread to
other novel innocuous stimuli, providing an explanation why clinically
anxious individuals use safety behaviors to a wide range of stimuli or
situations.

There has been an increase in laboratory studies examining methods
for reducing maladaptive safety behaviors (e.g., see Dymond, 2019; Ball
& Gunaydin, 2022; Scheveneels et al., 2021, for reviews) given its
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clinical importance. However, the literature as of now is scarce in how
US devaluation, which refers to decreasing the US aversiveness, can
effectively reduce conditioned fear and safety behaviors. Traditionally,
US devaluation was carried out by having participants directly experi-
encing a decrease in US intensity. After US devaluation, empirical
studies showed a reduction in conditioned fear to the CS (Hosoba et al.,
2001) or to a higher-order CS (a CS that predicts the onset of the CS+,
Davey & Mckenna, 1983). More recently, studies employed various US
devaluation procedures, such as imagery rescripting (e.g., Dibbets et al.,
2012; Woelk et al., 2022), which involved mentally rescripting the US
being less aversive and more positive before confronting the CS+ in test
again. Participants showed a reduction in conditioned fear to the CS+
after imagery rescripting (Dibbets et al., 2012; Woelk et al., 2022). These
laboratory studies align with clinical studies which suggested that im-
agery rescripting can effectively reduce symptoms of anxiety-related
disorders (Kip et al., 2023; Morina et al., 2017). Flores et al., (2018,
2020) extended these findings to safety behaviors. In their studies,
participants first acquired safety behaviors to a CS+ that signaled a noise
US to the right ear and a different CS+- that signaled a noise US to the left
ear. The noise US to the right ear was then devalued. In a following
avoidance test, participants showed limited safety behaviors to the
rightCS+ but not to the leftCS+ , thus providing evidence that US
devaluation reduces safety behaviors to the CS+ .

However, Flores et al., (2018, 2020) only examined whether US
devaluation reduced safety behaviors specifically to the CS+ . It is of
clinical importance to further test whether reduction of safety behaviors
will effectively generalize to other novel stimuli that resemble the
devalued CS+ . This is especially important as a wide range of stimuli
resembling the feared stimulus evoke maladaptive generalized safety
behaviors in clinical anxiety due to excessive fear generalization (e.g.,
Kaczkurkin et al., 2017; Lissek et al., 2010, 2014). Indeed, excessive fear
generalization is thought to be a transdiagnostic mechanism underlying
anxiety-related disorders (e.g., panic disorder, specific phobias) and
trauma- and stressor-related disorders (Cooper et al., 2022; Fraunfelter
et al., 2022; Sep et al., 2019). Preliminary evidence also suggests that
individuals with anxiety-related disorders showed maladaptive safety
behaviors characterized by persistent costly safety behaviors in the
absence of threat (Pittig et al., 2021) and unnecessary safety behaviors
to safety stimuli (De Kleine et al., 2023), which interferes with the
effectiveness of exposure-based treatments (e.g., Helbig-Lang & Peter-
mann, 2010; Wells et al., 1995). Taken together, a laboratory model that
examines whether US devaluation can decrease the spread of safety
behaviors provides insights in improving treatment outcome.

The current study thus examined whether US devaluation reduced
safety behaviors to novel (but innocuous) generalization stimuli (GSs)
that shared the same category membership with the CS+ . In other
words, this study provides a laboratory model to examine whether US-
devaluation decreases the generalization of maladaptive safety behav-
iors. To this end, participants first acquired conditioned fear to two
CS+s: a rightCS+ that predicted a right noise US and a leftCS+ that
predicted a left noise US. They then acquired safety behaviors to the two
CS+s that mitigated the chances of receiving the noise USs. Additionally,
executing safety behaviors led to a loss in financial reward. This
rendered safety behaviors costly, modelling maladaptive safety behav-
iors in clinical anxiety (Krypotos et al., 2018; Pittig et al., 2020). In a
following US devaluation phase, the intensity of the right noise US was
decreased to a neutral level. In a final Generalization test phase, costly
safety behaviors to rightGSs and leftGSs, generalization stimuli that
belonged to the same category of the rightCS+ and leftCS+ , respec-
tively, were assessed. We expected a lesser extent in costly safety be-
haviors to the rightGSs (i.e., generalization stimuli related to the
devalued rightCS+s) compared to the leftGSs (i.e., generalization stimuli
related to the non-devalued leftCS+s).

This study also explored whether risk factors of clinical anxiety
would have any effect on the reduction of costly safety behaviors
generalization after US devaluation. Two risk factors were assessed in
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this study, trait anxiety and intolerance of uncertainty. Trait anxiety
refers to a stable trait that is characterized by a strong tendency to react
negatively across situations in general. It has been agreed as a risk factor
for clinical anxiety (e.g., Chambers et al., 2004; Gershuny & Sher, 1998;
Jorm et al., 2000). Intolerance of uncertainty refers to an incapacity to
tolerate situations with high level of outcome ambiguity (e.g., Carleton
et al., 2012; Freeston et al., 1994; Sexton et al., 2003). Empirical evi-
dence suggests these risk factors are associated with persistent safety
behaviors to an extinguished CS+ or to a safety CS- (e.g., Vervliet &
Indekeu, 2015; Zuj et al., 2020; also see Wong et al., 2023 for a review),
thus it is speculated that these risk factors would also be associated with
persistent safety behaviors to innocuous GSs related to a devalued CS+ .

2. Method

The pre-registration and data of this study can be found at Open
Science Framework (Pre-registration: https://osf.io/gvzyn; Data: htt
ps://osf.io/84pza/).

2.1. Participants

Undergraduates from Erasmus University Rotterdam were recruited
for the study in exchange for partial course credits. Participants were
also informed that they would receive a voucher of up to 5€ depending
on their performance in the experiment. However, all participants
received a 5€ voucher regardless. Using the dataset from Flores et al.
(2018), a data-based simulation power analysis (Kumle et al., 2021)
revealed that 70 participants provided 94.5% power to detect the effect
of US devaluation of costly safety behaviors of the smallest effect size of
interest (see Kumle et al., 2021) in Test (see https://osf.io/gvzyn). A
total of 80 participants were recruited to account for attrition rate such
as participants not reaching the acquisition criteria or technical issues.
This study was approved by the Ethics Committee of the Erasmus School
of Social and Behavioural Sciences (ETH2122-0453) in accordance to
the Declaration of Helsinki.

2.2. Apparatus and Materials

Twenty-four standardized black-and-white drawings (Snodgrass &
Vanderwart, 1980) served as the conditioned stimuli (CSs) or the
generalization stimuli (GSs). These drawings were picked from three
categories: mammal, fruit, and vehicle (mammal: bear, cow, deer, dog,
horse, lion, rabbit, and sheep; fruit: apple, banana, cherry, lemon, or-
ange, pear, pineapple, and strawberry; vehicle: bicycle, bus, car, heli-
copter, motorbike, plane, train, and truck; see Fig. 1). The exemplars
that served as CSs and GSs were counterbalanced across participants.

Two noise USs were delivered via a headphone (Audio-Technica
ATH-M40x) connected to an amplifier (Beyerdynamic A-20). One noise
US was delivered to the right ear (right noise US) whereas the other
noise US was delivered to the left ear (left noise US). The noise USs were
a 1000 ms beep of 44100 Hz. Skin conductance was measured via a pair
of Ag/AgCl electrodes attached to the hypothenar muscles of partici-
pants’ non-dominant hand. Skin conductance was recorded at a 1000 Hz
sampling rate by a Biopac MP150 system equipped with a EDA100
amplifier.

US expectancy ratings and safety behaviors were measured via visual
analogue scales (VAS) presented on the screen. The US expectancy VAS
was a bidirectional scale in which the right end of the scale indicates
100% expectancy for the right noise US, the left end of the scale in-
dicates 100% expectancy for the left noise US, and the middle of the
scale indicates neither USs. Similarly, the safety behaviors VAS was a
bidirectional scale in which the right end of the scale indicates 100%
avoidance to the right noise US, the left end of the scale indicates 100%
avoidance to the left noise US, and the middle of the scale indicates 0%
prevention of neither USs. Of note, this continuous avoidance VAS has
been shown to sensitively measure safety behaviors to GSs even when
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Fig. 1. Experimental design. CS indicates conditioned stimuli. Each CS represents 4 exemplars from one of the three categories (mammal, fruit, vehicle). Each
exemplar was presented twice in each phase. + means US presentation (either right noise US or left noise US); - indicates US omission; * indicates safety behaviors
availability; + and € in brackets indicate US presentation and a competing reward, respectively, depending on safety behaviors and CS type. GS indicates gener-
alization stimuli. Each GS represent 4 novel exemplars from one of each category. Each exemplar was presented twice. Number in parentheses indicates the number

of trials per trial type.

each GS is presented for one trial (see Wong & Pittig, 2022b; Wong &
Lee, Engelke et al., 2023 for detailed arguments). Both VASs were pre-
sented at the bottom of the screen along with the CSs or the GSs. A
computer equipped with Presentation software (Neurobehavioral Sys-
tems Inc., Berkeley, CA, Version 20.1) presented all visual stimuli and
VASs and recorded all self-reported ratings.

Trait anxiety was assessed by the trait version of Depression Anxiety
Stress Scale-21 (DASS-21; Lovibond & Lovibond, 1995; Lovibond,
1998), which measures and discriminates between depression, anxiety,
and stress. The DASS-21 anxiety subscale has great internal consistency
with a Cronbach’s alpha of 0.87 (Antony et al., 1998). The subscale of
DASS also showed selective stability; anxiety assessed by the DASS
anxiety subscale remained the best predictor for anxiety after 8 years
over the other subscales (Lovibond, 1998). Trait anxiety was scored by
multiplying the sum of scores of the anxiety subscales by two, so that the
scores of trait anxiety become comparable to the original 42-item DASS
and its cut-offs (Lovibond & Lovibond, 1995). Intolerance of uncertainty
was assessed by the Intolerance of Uncertainty scales (IUS; Buhr &
Dugas, 2002). IUS shows great internal consistency with a Cronbach’s
alpha of 0.94. It also appears to show great stability within a 5-week
period (Buhr & Dugas, 2002). Intolerance of uncertainty was scored as
sum of scores of IUS.

2.3. Procedure

After providing informed consent, participants filled in the DASS-21
and IUS questionnaires. Skin conductance electrodes filled with isotonic
gel were attached. A US familiarization procedure was then carried out,
in which the US was presented for five trials, starting from 30 dB to
100 dB. The US was delivered to the right and the left ear on alternative
trials, so that a 100 dB right noise US and a 100dB left noise US were
delivered on the fourth and last trial, respectively. If participants re-
ported that the USs were too aversive, the US intensity would be reduced
to 95 dB. In the final sample (n = 78), 9 participants requested to reduce
the US intensity to 95 dB. On a scale of 1 to 10 in which 1 indicated not
at all unpleasant whereas 10 indicated highly unpleasant, the averaged
unpleasantness ratings for the 100 dB noise (M=7.9, SD=0.38) did not

differ from those to the 95 dB noise (M=7.9, SD=0.33).

Next, a reward-matching procedure was carried out. This procedure
aimed to identify a reward that is neither too high nor too low to
minimize floor or ceiling effects on safety behaviors (see Schlund et al.,
2016; Wong & Pittig, 2022a). Participants were asked a series of ques-
tions “Are you willing to tolerate the noise (either to your right or left
ear) if you are given €_?” in which the amount of reward ranged from
5cents to 31cents in odd numbers (5cents, 7cents ... 29cents, 31cents).
This amounted to a total of 14 questions, presented in a randomized
order. Participants had to answer either ‘Yes’ or ‘No’ to each question.
The reward between the highest amount that received a ‘No’ and the
lowest amount that received a ‘Yes’ was selected as the competing
reward for safety behaviors. For instance, a participant who was only
willing to tolerate the noise US starting from 27cents (i.e., answering
‘No’ from 5 to 25cents but answering ‘Yes’ from 27cents onward) would
have 26cents selected as the maximum amount of competing reward per
trial.

The fear and avoidance conditioning task that followed consisted of
four consecutive phases: Fear acquisition training, Costly safety behaviors
acquisition, US devaluation, and Generalization test (see Fig. 1).

2.3.1. Fear acquisition training

This phase comprised two blocks, with four black-and-white draw-
ings from each category (mammal, fruit, and vehicle) presented once
each in each block. CSs from one category (e.g., mammal) signaled a
right noise US at a 75% reinforcement rate (rightCS+), CSs from another
category (e.g., fruit) signaled a left noise US at a 75% reinforcement rate
(leftCS+), CSs from the remaining category (e.g., vehicle) were not
reinforced (CS-). Each CS was presented at the center of the screen along
with the bidirectional US expectancy VAS for 8 s (see Fig. 2 A). Partic-
ipants indicated their US expectancy ratings on each trial. The presen-
tation order of the CSs was pseudo-randomized so that the same trial
type would not occur more than twice in a row. The intertrial intervals
(ITIs) were randomized between 11 and 15s. The same pseudo-
randomization and ITIs were applied to all the following phases. The
CSs were counterbalanced across participants.
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Fig. 2. (A) Trial structure during Fear acquisition training. The CS was presented along with the bidirectional US expectancy scale for 8 s; participants were prompted
to indicate their US expectancies. Immediately after CS offset, a right noise US, a left noise US, or no US was delivered depending on the CS type. (B) Trial structure
during Costly safety behaviors acquisition and Generalization test. (i) Participants were prompted to indicate their engagement in safety behaviors. (ii) After response,
the CS or the GS remained on screen for 8 s. Immediately after CS/GS offset, a right noise US or a left noise US might be administered depending on the degree of
safety behaviors engagement and trial type during Costly safety behaviors acquisition, whereas none of the stimuli were reinforced during Generalization test. (iii) A

reward feedback appeared on screen for 2 s.

2.3.2. Costly safety behaviors acquisition

Participants were instructed that they could now avoid the noise USs
signaled by the CSs by indicating their safety behaviors on the bidirec-
tional safety behaviors VAS (see Fig. 2B). The degree of safety behaviors
engagement probabilistically determined the chance of US omission. For
instance, an 85% engagement in safety behaviors would lead to an 85%
chance of US omission if the CS would have signaled that particular US.
Additionally, each trial came with a competing reward that was indi-
vidually selected via the reward-matching procedure. The amount of the
competing reward was, however, inversely proportional to the degree of
safety behaviors engagement on each trial. For instance, an 85% safety
behaviors engagement would lead to a gain of 15% of the maximum
reward for that trial. Participants were instructed that all reward gained
through the experiment would be paid off at the end of the task. Par-
ticipants were also informed that inaccurate safety behaviors would not
effectively prevent US presentation. For example, indicating 100%
prevention of a right noise US on a leftCS+ trial would still result in a left
noise US presentation.

This phase comprised two blocks, with each of the four CSs from each
category presented once in each block. On each trial, the CS would be
presented along with the safety behaviors VAS until response. After that,
the CS remained on screen for 8 s. Immediately after CS offset, partici-
pants might receive a right noise US, a left noise US, or nothing
depending on the trial type, the degree of safety behaviors engagement,
and the accuracy of safety behaviors. A reward feedback would then be
presented for 2 s

2.3.3. US devaluation

In this phase, the intensity of the right noise US was decreased in a
stepwise procedure from 100 dB/95 dB to 30 dB across four trials (100/
95-77—-54—-30). The devalued right noise US (at 30 dB) was then
repeated twice, totaling 6 right noise US trials. On each trial, partici-
pants rated the aversiveness of the right noise US on a VAS ranging from
0 to 100, with 0 indicating Not at all aversive and 100 indicating Very
aversive.

2.3.4. Generalization test

Participants were instructed that they could use costly safety be-
haviors again. In this phase, novel GSs that shared the same category
membership of the CSs were present (rightGS, leftGS, GS-). This phase
comprised two blocks, with four GSs from each category presented once
in each block, totaling 12 trials per block. Each GS was presented along
with the bidirectional safety behaviors VAS until response. The same GS
then remained on screen for 8 s, followed by a reward feedback for 2 s.
None of the GSs were reinforced regardless of trial type and safety
behaviors.

2.4. Scoring and analysis

2.4.1. SCRs

Only skin conductance recorded during the 8s CS presentation
during Fear acquisition training was included for analysis. A 50 Hz notch
filter and a 1 Hz low-pass filter were applied to the SCR data. The SCRs
were obtained by the trough-to-peak method 1 s after CS onset till CS
offset. The SCRs were then square root transformed to reduce skewness



A.H.K. Wong et al.

(Boucsein et al., 2012). The processing of SCRs was done by research
assistants blinded to the trial types.

2.4.2. US expectancy ratings and safety behaviors

Due to the bidirectional VASs, US expectancy or safety behaviors to
the rightCS+ /rightGS ranged from + 1 to + 100 whereas the same
measure for the leftCS+ /leftGS ranged from — 1 to — 100. To make
these measures comparable between stimuli, the absolute values of
responding to the leftCS+ /GS were taken. Furthermore, inaccurate
safety behaviors throughout the entire experiment (e.g., using safety
behaviors to left noise US during rightCS+ presentations) were removed
and treated as missing data.

All analyses were conducted with linear mixed models. In addition,
when a null difference was expected (e.g., no difference in responding to
the rightCS+ and the leftCS+ during Fear acquisition training), a Bayesian
approach was used to support the absence of an effect (Kruschke, 2015).
In these Bayesian models, the 95% highest density intervals (HDIs) that
contained the most credible values were calculated. Then, a Markov
Chain Monte Carlo method was used to calculate the posterior distri-
bution that fell under the area of null value, namely the Region Of
Practical Equivalence (ROPE). The percentage of HDIs that fell under
ROPE was obtained; a higher percentage reflects a higher likelihood of
an absence of an effect. (Kruschke, 2015; Kruschke & Liddell, 2018). All
analyses were carried out using R (R Core Team, 2023), with Imer
package for the frequentist linear mixed models (Bates et al., 2015) and
bayetestR (Makowski et al., 2019) for the Bayesian models. The degree of
significance was reported with Satterthwaite approximation for degrees
of freedom (Satterthwaite, 1941). The effect sizes in the frequentist
models were reported as partial—R2 (Jaeger, Edwards et al., 2017) with
r2glmm package (Jaeger, 2017). The analyses were separated into three
parts: manipulation check, main hypotheses, and exploratory analyses.
All analyses were pre-registered (see https://osf.io/gvzyn).

2.4.3. Manipulation check

2.4.3.1. The acquisition of conditioned fear and costly safety behaviors.
Two orthogonal contrasts were employed to the two acquisition phases.
The first contrast examined whether participants successfully acquired
differential responding to the CSs. To this end, responding averaged
across the rightCS+ and the leftCS+ was compared to CS-. The second
contrast examined whether there were any differences in responding
between the two threat-related CSs, by comparing responses to the
rightCS+ with the leftCS+ . For these two contrasts, US expectancy
ratings or SCRs (during Fear acquisition training) or safety behaviors
(during Costly safety behaviors acquisition) served as a continuous
dependent variable, whereas CS type (rightCS+, leftCS+, & CS-) and
Block served as fixed effects. Given that we expected no differences in
responding between the rightCS+ and the leftCS+ , we also carried out
Bayesian models to support the absence of an effect. Participants served
as a random effect; it was the only random effect served in all the
following linear mixed models.

2.4.3.2. US devaluation. To check whether US devaluation was suc-
cessful, aversiveness ratings to the right noise US on the last trial (30 dB)
were compared to the first trial (100 dB/95 dB) during this phase. To
this end, aversiveness ratings served as a continuous dependent variable,
whereas Trial (first trial & last trial) served as a fixed effect.

2.4.4. Main hypotheses

2.4.4.1. Generalization Test. Two non-orthogonal planned contrasts
were applied. The first contrast examined whether costly safety behav-
iors selectively generalized to novel GSs belonging to the same category
of the threat-related leftCS+ . To this end, costly safety behaviors to the
leftGS was compared with that to GS- that belonged to the safety
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category CS-. Noted that this contrast deviated from the pre-registered
analysis, as the current contrast could more sensitively detect whether
generalized costly safety behaviors occurred. The second contrast
directly compared whether US devaluation decreased generalized costly
safety behaviors by comparing costly safety behaviors to (the devalued)
rightGS with (the non-devalued) leftGS. For these two contrasts, safety
behaviors served as a continuous dependent variable, whereas GS type
(rightGS, leftGS, & GS-) and Block served as fixed effects. Noted that the
two contrasts were non-orthogonal to each other, thus the reported p-
values were Bonferroni-corrected.

2.4.4.2. Cross-phase analyses. Two non-orthogonal planned contrasts
were applied. The first contrast examined whether generalization
decrement (e.g., a decrease in responding from CS+ to GS of the same
category) took place. Costly safety behaviors to the leftCS+ and CS- on
the last block of Costly safety behaviors acquisition were compared to the
1eftGS and GS- on the first block of Generalization test. A second contrast
directly compared whether generalized costly safety behaviors to the
rightGS decreased after US devaluation while accounting for general-
ization decrement. This contrast compared costly safety behaviors to the
rightCS+ /rightGS with the leftCS+ /leftGS. For these two contrasts,
safety behaviors served as a continuous dependent variable, whereas
Trial type (rightCS+/rightGS, leftCS+/leftGS, & CS-/GS-) and Phase
served as fixed effects. The reported p-values were Bonferroni-corrected.

2.4.5. Exploratory analyses

Exploratory analyses were included to further explore the effect of
trait anxiety or intolerance of uncertainty on responding during Fear
acquisition training, Costly safety behaviors acquisition, and Generalization
test. To this end, the aforementioned contrasts and models described in
each phase were employed again, with trait anxiety or intolerance of
uncertainty added as a continuous variable.

3. Results

Data exclusion criteria were pre-registered at https://osf.io/gvzyn.
Overall, two participants were excluded due to not acquiring the correct
CS-US contingencies during Fear acquisition training. This led to a final
sample of 78 participants (Mage=21.2, SD=2.8; Genderyomen=72%). In
addition, SCRs data from 6 participants were excluded due to technical
problem; however, behavioral data from these 6 participants were
included for analyses. In sum, 78 participants were included for the
analysis of behavioral data, whereas 72 participants were included for
SCR analyses. A total of 6.4% of safety behaviors were inaccurate and
thus treated as missing data.

3.1. Manipulation check

3.1.1. The acquisition of conditioned fear and costly safety behaviors

Two orthogonal contrasts were applied (Contrast 1: rightCS+ &
leftCS+ vs CS-; Contrast 2: rightCS+ vs leftCS+). In brief, participants
showed stronger responding to the threat-related CSs compared to the
CS- in US expectancy ratings and SCRs during Fear acquisition training
(Fig. 3A & 3B; all ps < .001) and costly safety behaviors during Costly
safety behaviors acquisition (Fig. 3C; p < .001). Participants also showed
no differences in responding to the two threat-related CSs in all mea-
sures (all ps > .268). Bayesian models further supported these null ef-
fects as > 89.77% HDIs fell under the area of ROPE (see Supplementary
Materials for the full analysis).

3.1.2. US devaluation

Averaged aversive ratings to the right noise US on the first trial
(100 dB or 95 dB) was 66.6 (SD=24.3), while averaged aversive ratings
to the devalued right noise US on the last trial (30 dB) was 4.4 (SD=8.4).
The decrease in aversiveness was significant, bTrial= —62.16, p < .001,
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R? = 0.75. This suggests that the manipulation of US devaluation was
successful.

3.2. Main hypotheses

3.2.1. Generalization test

Data in Generalization test were analyzed in linear mixed models with
GS type and Block as fixed effects. Fig. 3C shows costly safety behaviors
to the GSs during Generalization test. Two non-orthogonal contrasts were
used: the first contrast (leftGS vs GS-) tested whether participants
showed generalized costly safety behaviors. Participants exhibited
stronger costly safety behaviors to the leftGS compared to GS-; this
differential difference decreased across blocks presumably due to
ongoing extinction learning. This pattern was supported by a significant
interaction between GS type and Block, bGStype(leftGS vs GS-)
*Block= 3.95, Bonferroni-corrected p < .001, R? = 0.009.

The second contrast assessed whether US devaluation selectively
reduced generalized safety behaviors to GSs that belonged to the same
category of the devalued CS+ (i.e., rightGS). Participants exhibited less
costly safety behaviors to (the devalued) rightGS compared to (the non-
devalued) leftGS, but this difference decreased over blocks presumably
due to greater extinction learning to the leftGS. This pattern was sup-
ported by a significant interaction between GS type and Block, bGStype
(rightGS vs leftGS)*Block= 3.81, Bonferroni-corrected p < .001, R®
= 0.006.

3.2.2. Cross-phase analyses

The first contrast compared generalization decrement in costly safety
behaviors to the leftGS and GS-. Generalization decrement was observed
to both the leftGS and GS- (i.e., decreased responding from the leftCS+
to the leftGS but an increase in responding from CS- to GS-). This pattern
was supported by a significant interaction between GS type and Phase,
bGStype(leftCS+/1eftGS vs CS-/GS-)*Phase= 8.91, Bonferroni-corrected
p<.001, R? =0.021. Importantly, the second contrast directly

compared the change in responding to the rightGS and the leftGS when
transiting from acquisition to test. There was seemingly a greater
generalization decrement to the rightGS compared to the leftGS, bGS
type(leftCS-+/leftGS vs rightCS+/rightGS)*Phase= 5.79, Bonferroni-
corrected p = .001, R? = 0.007. The apparent greater decrease in costly
safety behaviors to the rightGS in the transition across the two phases
was presumably due to a combination of generalization decrement and
an effect of US devaluation. Follow-up analyses revealed that on the last
block of Costly safety behaviors acquisition, there was no evidence that
costly safety behaviors differed between the rightCS+ and the leftCS+ ,
bGStype(leftCS+ vs rightCS—+)= 0.12, Bonferroni-corrected p > .999, R?
< 0.001 (100% HDIs fell under the area of ROPE in the Bayesian model).
However, after US devaluation, costly safety behaviors were signifi-
cantly weaker to the rightGS compared to the leftGS, bGStype(leftGS vs
rightGS)= 5.91, Bonferroni-corrected p < .001, R? = 0.015, further
suggesting that the difference in responding to the rightGS and the
1leftGS was not merely due to generalization decrement.

In sum, participants showed generalized safety behaviors to novel
but threat-related leftGS. More importantly, participants showed less
generalized costly safety behaviors to the rightGS when compared with
the leftGS, suggesting that US devaluation decreased generalized safety
behaviors. This difference in generalized safety behaviors to the rightGS
and the leftGS was not merely due to generalization decrement.

3.3. Exploratory analyses

Trait anxiety scores ranged from 0 to 26 (M=7.7, SD=7.6) whereas
intolerance of uncertainty ranged from 31 to 107 (M=60.9, SD=19.8).
We only reported significant effects below. See the Supplementary
Materials for the detailed full analyses.

During the acquisition phases, only effects involving intolerance of
uncertainty reached significance. Specifically, when controlling for the
effect of trait anxiety on the differential US expectancy ratings to the
CSs, intolerance of uncertainty was significantly associated with a
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decrease in differential US expectancy ratings to the CSs averaged across
blocks, bCStype(rightCS+ & leftCS+ vs CS-)*IU= —0.10, p = .007, R?
= 0.005, (see Fig. S1 & S2 in the Supplementary Materials). Bayes factor
(BFq9) for this contrast was 33.50; according to Jeffreys (1961), a Bayes
factor of 10 or larger reflects strong evidence of an effect. However,
follow-up analyses showed that this apparent decrease in differential US
expectancy ratings to the CSs was driven by a decrease in US expec-
tancies to the two CS+s, bIU= —0.34, p = .036, R? = 0.018, but there
was no association between intolerance of uncertainty and US expec-
tancies to the CS-, bIlU< —0.001, p = .999, R? < 0.001. Similarly, during
Costly safety behaviors acquisition (Fig, 4), intolerance of uncertainty was
associated with a decrease in differential costly safety behaviors to the
CSs averaged across blocks when controlling for trait anxiety, bCStype
(rightCS+ & leftCS+ vs CS-)*IU= —0.11, p = .003, R? = 0.005, BFy,
= 22.66. However, follow-up analyses suggested no evidence that
intolerance of uncertainty was associated with changes to safety be-
haviors in the CS+ or CS- (all ps >.125).

During Generalization test (Fig. 4), only effects involving trait anxiety
reached significance. When directly comparing costly safety behaviors
to (the devalued) rightGS with the (non-devalued) 1eftGS, trait anxiety
was significantly associated with a decrease in differential costly safety
behaviors to these two GSs averaged across blocks when controlling for
the effect of intolerance of uncertainty on differential responding to the
same GSs, bGStype(rightGS vs leftGS)*Anxiety= —0.24, Bonferroni-cor-
rected p = .045, R? = 0.003, BF10 = 10.94. There was no evidence that
intolerance of uncertainty had any effect on the same contrast, bGS type
(right GS vs left GS)*IU = —0.037, SE = 0.039, Bonferroni-corrected
p =.678, R? = 0.001. However, the BF;, for this contrast was 5.48,
suggesting that there was substantial evidence that an increase in
intolerance of uncertainty was associated with impaired differential
responding to the rightGS and leftGS.

In sum, exploratory analyses suggested that intolerance of uncer-
tainty was associated with impaired discriminative responding to the
CSs, whereas trait anxiety was associated with a persistence in gener-
alized costly safety behaviors to the rightGS after US devaluation.
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4. Discussion

Using a fear and avoidance conditioning procedure, the current
study examined whether devaluing US aversiveness led to a decrease in
costly safety behaviors to novel generalization stimuli. As predicted,
participants exhibited stronger costly safety behaviors to GSs that
belonged to the same category of a threat-related CS+ (i.e., leftGS)
compared to safety-related GS- in Generalization test, despite none of
these stimuli had a direct history of predicting the presence or absence of
a US. This suggested that costly safety behaviors acquired to the threat-
related leftCS+ generalized selectively to novel stimuli of the same
category. This pattern is consistent with past studies that found gener-
alized safety behaviors to novel stimuli that were conceptually related to
the CS+ (e.g., Boyle et al., 2016; Dymond et al., 2014; Kloos et al.,
2022).

A key finding is that after devaluing the aversiveness of the right
noise US, participants exhibited limited generalized costly safety be-
haviors to the rightGS (novel stimuli of the same category of the
devalued rightCS+) compared to the leftGS (novel stimuli of the same
category of the non-devalued leftCS+) in Generalization test. Two addi-
tional patterns further supported that US devaluation decreases costly
safety behaviors generalization. First, participants showed similar levels
of costly safety behaviors to both threat-related CS+s during Safety be-
haviors acquisition, indicating no pre-existing difference in responding
between the two CS+s. However, after devaluing the aversiveness of the
right noise US, costly safety behaviors reduced selectively to the rightGS,
a set of novel stimuli that belonged to the same category of the (now)
devalued rightCS+ . Second, the cross-phase analysis suggests that the
decrease in costly safety behaviors to the rightGS from training to test
was not solely due to generalization decrement (i.e., a decrease in
responding due to generalization). The decrease in costly safety be-
haviors from the rightCS+ to rightGS was significantly greater than from
the leftCS+ to the leftGS; this significant decrease in responding to the
rightGS was largely attributed to US devaluation, assuming that the
levels of generalization decrement for the rightGS and leftGS were
similar. Thus, the current finding suggests that US devaluation reduces
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generalized costly safety behaviors to novel stimuli that categorically
resemble a devalued CS+ .

4.1. Theoretical and methodological considerations

The reduction in costly safety behaviors generalization after US
devaluation is consistent with cognitive accounts of conditioning. First,
these accounts proposed that after repeated CS-US pairings, a proposi-
tional belief that CS+ is threatening is formed (e.g., De Houwer, 2009;
Mitchell et al., 2009). After US devaluation, a neutral US is expected to
follow the CS+ , thus threat belief to the CS+ is reevaluated and hence
markedly reduced (e.g., Davey, 1989, 1992). Second, safety behaviors to
the CS+ is thought to involve mental processes that compare the out-
comes of using safety behaviors or not (Lovibond, 2006). If threat belief
to the CS+ is established, one is likely to engage in safety behaviors to
prevent US onset. Likewise, this model explains how safety behaviors
generalize to novel exemplars that belong to the same category of CS+ :
a threat is expected upon GS presentation due to categorical general-
ization, thus driving one to engage in safety behaviors. These cognitive
accounts jointly explain how US devaluation selectively decreases
generalized safety behaviors to the rightGS (i.e., the devalued threat
category): the rightGS evokes generalized threat beliefs similar to the
rightCS+ due to categorical generalization. Therefore, devaluing the
right noise US not only attenuated threat belief to the rightCS+ , but also
to the rightGS (i.e., participants expected a non-aversive US during
rightGS presentation), thus leading to a reduction in costly safety be-
haviors to the rightGS. In contrast, threat belief to the leftCS+ was not
devalued (and thus the generalized threat beliefs to the leftGS), hence
participants exhibited stronger generalized costly safety behaviors to the
leftGS compared to the devalued rightGS.

Most laboratory studies (e.g., Cameron et al., 2015; van Meurs et al.,
2014) that examined generalization of safety behaviors typically
measured safety behaviors dichotomously (i.e., to use safety behaviors
or not). Thus, generalized safety behaviors were measured by averaging
multiple trials of the same GS. Considering that the GSs are typically
presented under extinction, some studies partially reinforced CS+ dur-
ing test (e.g., Boyle et al., 2016; Hunt et al., 2019). However, this may
create new safety learning to the GSs, thus artificially reducing gener-
alized responses in test (see Wong & Pittig, 2022b). Another way to
minimize the confounding effects of ongoing extinction learning is to
limit the number of test trials. This was made possible in the current
study by assessing safety behaviors on a continuum, which was capable
to reflect generalized responses even when each GS was presented only
once. However, extinction learning was observed despite the limited
number of test trials, as evident in the reduced responding in the last
block in Generalization test.

4.2. Risk factors

This study also explored how risk factors of clinical anxiety, such as
trait anxiety and intolerance of uncertainty, had any effect on the
acquisition and generalization data. Trait anxiety was associated with
persistent generalized costly safety behaviors even when the expected
outcome had been devalued, while controlling for intolerance of un-
certainty. This finding is consistent with preliminary evidence high-
lighting trait anxiety is linked to persistent avoidance (Pittig et al., 2014;
Wong & Pittig, 2023). On the other hand, intolerance of uncertainty was
associated with impaired acquisition of discriminative fear and safety
behaviors to the CSs, independently of trait anxiety. Although these
patterns were apparently consistent with some previous findings (e.g.,
Kanen et al., 2021; Sjouwerman et al., 2020), they were not driven by an
increase in responding to the safety CS-. For the generalization data,
despite the frequentist model suggested no evidence that intolerance of
uncertainty was associated with persistent generalized costly safety
behaviors after US devaluation, the Bayes model suggested “substantial”
evidence for this effect. There are two potential reasons to account for
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this discrepancy between the two analyses. First, we used a quite con-
servative method to correct for the non-orthogonal contrasts in the
frequentist model. Second, the sample size might be too small to detect
any potential effect of intolerance of uncertainty in persistent general-
ized safety behaviors (c.f. Zuj et al., 2020). Taken together, despite
research on individual differences in safety behaviors is still emerging
(see Wong et al., 2023), replication is required with sufficient sample
size (Morriss et al., 2021).

4.3. Clinical implications

The present findings modeled the reduction of maladaptive safety
behaviors to novel stimuli that resembled the feared stimulus. For
example, the current findings suggest that devaluing the aversiveness of
a perceived threat (e.g., getting judged negatively) can reduce mal-
adaptive safety behaviors (e.g., over-rehearsal of a speech) across
various social situations (e.g., public speech, a group conversation). At
face value, US devaluation may seem unfeasible (nor ethical) for clinical
translation as it involves directly exposing the feared outcome or trauma
(e.g., the US) to clients. However, there are interventions that utilize US
devaluation that are more feasible for clinical translation. For instance,
imagery rescripting has been found to effectively reduce fear in labo-
ratory studies (e.g., Dibbets et al., 2012; Woelk et al., 2022) and also
symptoms in clinical anxiety (e.g., Frets et al., 2014; Norton & Abbott,
2016) and PTSD (Morina et al., 2017). Of note, in the current study, the
same US was used for training and devaluation for all participants for
practical reasons. However, in a clinical context, US devaluation re-
quires recalling a US that is individually meaningful and
disorder-specific (Kip et al., 2023; Morina et al., 2017). Nonetheless,
there are still challenges on translating the current findings to a clinical
context. For instance, it remains unclear whether devaluing a single US
is sufficient to decrease safety behaviors to the CS or GSs if multiple
feared outcomes are expected. For instance, a socially anxious individ-
ual may avoid social interaction because of multiple feared outcomes,
such as social rejection and getting humiliated. It is unknown whether
merely devaluing one of the feared outcomes (e.g., social rejection) can
effectively reduce safety behaviors to this or other similar situations.
Furthermore, US devaluation may not be an effective intervention for
disorders that do not involve a specific feared outcome, such as gener-
alized anxiety disorder (but see Ovanessian et al., 2019). In sum, the
current findings provide a laboratory model suggesting that US deval-
uation can decrease maladaptive generalized safety behaviors. Future
studies are warranted for addressing the aforementioned challenges in
translating laboratory findings into clinical practice.

4.4. Limitations

One limitation of the current study is that the US devaluation pro-
cedure and costly safety behaviors generalization were assessed on the
same day. As a result, it remains unclear whether US devaluation has a
long-term effect in reducing the generalization of safety behaviors,
which can more relevantly apply to a clinical context. A second limita-
tion is that the CSs and the GSs were too simple and hence not neces-
sarily ecologically valid, unlike the acquisition and generalization of
complex fear memories in real life (Beckers et al., 2013). Future studies
can incorporate complex stimuli with multimodal input (e.g., both vi-
sual and auditory), for instance, using a trauma film as both the CS and
US (Holmes & Bourne, 2008), or asking participants to imagine the US
via mental imagery (Mertens et al., 2020).

4.5. Conclusion

In conclusion, the current study has demonstrated that devaluing US
aversiveness consequently led to a decrease in generalized costly safety
behaviors to novel stimuli that shared the same category membership as
the devalued CS+ . This provides a laboratory model for examining
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interventions that utilize US devaluation to reduce the spread of mal-
adaptive safety behaviors in clinical anxiety. Exploratory analyses sug-
gest that trait anxiety, but not intolerance of uncertainty, was associated
with a persistence in generalized costly safety behaviors to the devalued
GSs. Future studies can examine whether US devaluation remains
effective in reducing (the generalization of) maladaptive safety behav-
iors in the long-term in multiple-day paradigms.
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