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Excessive generalization of safety behavior to innocuous stimuli that resemble a feared stimulus is oftentimes
pathological especially with inflicted impairments. Safety behavior is conventionally assessed dichotomously,
requiring multiple presentations of each test stimulus for assessing the proportion of safety behavior executed.
Thus, the generalization gradient confounds with ongoing extinction learning during non-reinforced test trials.
The present study employed a recently developed dimensional measure of avoidance to examine the extent of
safety behavior generalization. We found that a dimensional measure of avoidance was able to assess the
generalization gradients of safety behavior even when each test stimulus was presented once, thus minimizing
the effect of ongoing extinction learning. Of equal importance is whether higher-order cognitive processes shape
generalization of safety behavior. We found a range of distinct generalization gradients in safety behavior, which
were highly consistent with participants’ verbally reported relational rules. This rule-based generalization par-
allels to how clinically anxious individuals develop different threat beliefs after trauma exposure, and models

how these distinct threat beliefs determine the extent of safety behavior engagement.

1. Introduction

Stimuli that signal threat evoke fear, which in turn motivates
avoidance. Avoidance is often used as an umbrella term for distinct
defensive responses, including safety behavior. Safety behavior is initi-
ated in the presence of a fear-related stimulus or situation that aims to
prevent an aversive outcome (Krypotos, Vervliet, & Engelhard, 2018;
Pittig, Wong, Gliick, & Boschet, 2020). Thus, safety behavior is regarded
as an adaptive behavior given it prevents harm. Safety behavior in
anxiety-related disorders is, however, often maladaptive given that it
persists in the absence of realistic threat, impairs daily functioning, and
preserves pathological threat beliefs (Mendlowicz & Stein, 2000; Ola-
tunji, Cisler, & Tolin, 2007; Salkovskis, 1991). For instance, an indi-
vidual with clinical social anxiety may have developed fear of small talk
after experiencing negative feedback in one. Subsequently, this indi-
vidual may speak quietly to avoid appearing anxious, therefore pre-
venting an unrealistic perceived threat, such as being negatively
criticized (Kim, 2005). Clinically, safety behavior rarely confines to a

single learned fear stimulus, but also generalizes to a broad range of
stimuli that resemble the original fear-related stimulus (e.g., McManus,
Sacadura, & Clark, 2008; Wells et al., 1995). For example, a socially
anxious individual may perform similar safety behavior (e.g., speaking
quietly) in other feared situations, such as public speeches or job in-
terviews. Excessive generalization of safety behavior to innocuous
stimuli or situations is considered a pathological feature in
anxiety-related disorders when it becomes unnecessary and causes
impairments.

The generalization of fear and safety behavior can be examined in a
highly controlled environment in the laboratory via fear and avoidance
conditioning models. This well-established model usually combines both
Pavlovian fear conditioning and avoidance conditioning. During
Pavlovian fear conditioning, conditioned fear is acquired to a formerly
neutral conditioned stimulus (CS+) after repeated pairings with an
aversive unconditioned stimulus (US). In a following avoidance condi-
tioning phase, performing a designated response during CS+ presenta-
tion prevents the upcoming US. This response is regarded as US-
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avoidance given it allows one to avoid US occurrence, but does not
necessarily terminate the CS (see Krypotos, Effting, Kindt, & Beckers,
2015; Pittig et al., 2020).

Only a few laboratory studies investigated how newly acquired
safety behaviors generalize to other stimuli. For example, van Meurs,
Wiggert, Wicker, and Lissek (2014) pioneered a laboratory paradigm to
examine generalization of costly, fear-related US-avoidance. After dif-
ferential Pavlovian and avoidance conditioning to a circle CS+ and
another safe circle stimulus (CS-) of different sizes, participants were
presented with generalization stimuli (GSs) of different sizes interme-
diate of the CSs during a generalization test. The generalization test
consisted of alternating Pavlovian and avoidance trials: the former
measured conditioned fear to the stimuli whereas the latter measured
US-avoidance responses to the stimuli. Of note, executing US-avoidance
resulted in the omission of a competing reward, thus rendering
US-avoidance costly. This manipulation arguably taps into the patho-
logical domain of US-avoidance, as it is often costly in anxiety-related
disorders (Pittig, Boschet, Gliick, & Schneider, 2021). Results showed
a generalization decrement from the CS+ to GSs more perceptually
dissimilar to the CS+ in both conditioned fear and US-avoidance. In
addition, conditioned fear to the GSs positively correlated with
US-avoidance to the same stimulus, suggesting that generalization of
Pavlovian fear is positively associated with the generalization of
US-avoidance. Other studies also found that generalization gradient of
US-avoidance as a function of perceptual similarity to the CS+
(Arnaudova, Krypotos, Effting, Kindt, & Beckers, 2017; Hunt, Cooper,
Hartnell, & Lissek, 2019; Lommen, Engelhard, & van den Hout, 2010).
US-avoidance also generalizes to novel GSs that conceptually resemble
the CS+ (Boyle, Roche, Dymond, & Hermans, 2016; Dymond et al.,
2011, 2014). Collectively, laboratory studies have shown that
US-avoidance can generalize via a perceptual or a conceptual pathway.

A common feature of the aforementioned studies is that US-
avoidance was measured dichotomously, that is, US-avoidance could
either be executed or not. Therefore, the same GS had to be presented
multiple times to examine the generalization gradient of US-avoidance:
the proportion of US-avoidance across trials indicated the degree of US-
avoidance generalization. One caveat is that most stimuli were pre-
sented under extinction during the generalization test, thereby the
proportion of US-avoidance over multiple GS trials may be confounded
with ongoing extinction learning, potentially reducing the overall
amount of US-avoidance (see also Pittig & Wong, 2021). Although some
studies (Boyle et al., 2016; Dymond et al., 2011; van Meurs et al., 2014)
reduced extinction learning by continuing to reinforce the CS+ in test
(steady-state generalization testing; Blough, 1969; Honig & Urcuioli,
1981), this also induced additional safety learning to the GSs in test (i.e.,
artificially reducing the breadth of generalization). Thereby, examining
the generalization of US-avoidance by relying on the proportion of
US-avoidance over multiple trials may confound with extinction
learning or additional safety learning, biasing the generalization
gradient in test.

One way to minimize the aforementioned problem is the usage of a
non-dichotomous measurement for US-avoidance. We have recently
developed a dimensional assessment for US-avoidance, which partici-
pants could engage in US-avoidance on a continuous scale (from 0% to
100%) on each trial (Wong & Pittig, 2021). The extent of US-avoidance
engagement was negatively proportionate to US occurrence and the
amount of competing reward. For instance, if a participant chose a 70%
of US-avoidance during CS+ presentation, there would be a 70% chance
of preventing an upcoming US at the cost of missing out 70% of the
competing reward. This dimensional assessment of US-avoidance was
developed to measure partial engagement in costly safety behavior,
which is commonly seen in anxiety-related disorders (see Krypotos et al.,
2018; Telch & Lancaster, 2012). However, it also seems fit to measure
the generalization of US-avoidance given it does not require the need of
averaging across US-avoidance responses across multiple test trials,
thereby minimizing the confounding effect of extinction learning to the
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test stimuli.

The current study, therefore, sought to examine the generalization of
costly US-avoidance using the newly developed dimensional measure of
avoidance. Participants were first trained in a single-cue conditioning
procedure, in which a single CS paired with an US was presented mul-
tiple times in the training phases. After acquiring conditioned fear and
costly US-avoidance to the CS+, a range of GSs that varied in similarity
to the CS+ along a perceptual dimension were presented. Conditioned
fear, and most importantly, costly US-avoidance to these GSs were
assessed on a single trial.

This study also took advantage of recent developments in the liter-
ature to examine the effect of explicit reasoning processes on fear
generalization. Recent work has found that participants reported infer-
ring and adopting different relational rules (rules that are inferred based
on the relation of physical differences between stimuli) in stimulus
generalization, namely rule-based generalization (Lee, Hayes, & Lovi-
bond, 2018; Wong & Lovibond, 2017, 2018). For instance, some par-
ticipants reported responding based on perceptual similarity between
the GSs and the CS+ (e.g., similarity rule) whereas other participants
reported responding less to stimuli towards one end of the stimulus
dimension while responding more to stimuli towards the other extreme
end of the dimension (e.g., linear rule). Importantly, the reported rules
were highly consistent with the shape of the individual generalization
gradients. These results thereby suggest that inferred rules guide fear
generalization, parallel to how clinically anxious individuals form
different threat beliefs after trauma exposure. Thus, we categorized
participants into different groups in accordance with their reported
rules. We expected to replicate findings of a high consistency between
the reported rules and the shape of Pavlovian generalization gradients,
but more importantly, to examine whether the gradients of
US-avoidance generalization also align with the reported rules. Sum-
marized, the aim of the current study was two-fold: first, we sought to
examine the generalization of US-avoidance with each GS presented
once, with a newly developed dimensional measurement of avoidance.
Second, we sought to examine whether the different relational rules
(similarity or linear) align with the generalization gradient of
US-avoidance and conditioned fear.

2. Method

Preregistration is available at https://osf.io/a79r8 and the data are
available at https://osf.io/62qxy/.

2.1. Participants

Undergraduate students or residents from Wiirzburg were recruited
as participants and received either partial course credit or 9€ for
participation. We used the same recruitment procedure as in a previous
study (Wong, Gliick, Boschet, & Engelke, 2020), in which we stopped
recruitment until all rule groups had at least 20 participants. This
recruitment strategy allowed appropriate sample size in each rule group
(e.g., similarity, linear; see Questionnaire Coding in Results). This led to a
total recruitment of 83 participants. The Ethics Committee of the Insti-
tute of Psychology at the University of Wiirzburg approved the study in
accordance to the Declaration of Helsinki.

2.2. Apparatus and materials

The stimulus dimension consisted of nine yellow squares with black
outline (9.5 cm x 9.5 cm) containing a black dot that varied in position
from the left to the right. This stimulus dimension was employed to
minimize intensity biases (for details, see Lee et al., 2018; Wong &
Lovibond, 2017). These stimuli were labelled A (with the dot at the
left-most) to I (with the dot at the right-most), by adjusting the dot
position by 0.8 cm from one stimulus to the next (see Fig. 1A). Stimulus
E, the stimulus with the black dot in the centre of the box, served as the
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Fig. 1. (A) Stimulus dimension: Stimulus E served as the CS+. The stimulus labels (A-I) were not presented in the experiment. (B) Example of the trial structure in
the US-avoidance-acquisition phase and the US-avoidance-reward. (i) Participants were prompted to indicate their US-avoidance ratings. (i) A fixation cross
appeared in the centre of the screen for 1 s (iii) The CS was presented again alongside an US expectancy scale for 8 s. Participants were prompted to indicate their US
expectancy ratings. An electrical US would be administered immediately after CS offset depending on the US-avoidance made. (iv) The reward feedback appeared on
the screen for 2 s, noted that this feedback occurred in the US-avoidance-reward phase.

CS+. All stimuli were individually presented in the centre of a white
screen.

A computer equipped with Presentation software (Neurobehavioral
Systems Inc., Berkeley, CA, Version 20.1) presented all stimuli and
recorded the US-avoidance ratings and US expectancy ratings. Another
computer with BrainVision Recorder (Brain Products GmbH, Gliching,
Germany) recorded the skin conductance via two Ag/AgCl electrodes at
a sampling rate of 1000Hz. A DS7A Digitimer stimulator generated an
electric stimulation US. The US consisted of 125 pulses separated by 5
ms (i.e., US duration of 625 ms), delivered through a bar electrode
attached to participants’ wrist.

2.3. Procedure

After providing written informed consent, participants filled in the
German version of DASS-21 (Lovibond & Lovibond, 1995; Nilges &
Essau, 2015), which validly measures and discriminates three different
constructs: depression, anxiety, and stress. Next, US electrodes were
attached to participants’ wrist on their non-dominant hand. Two skin
conductance electrodes filled with isotonic gel were attached to the
hypothenar muscles on the palm on the same hand. Participants were
then led through an US intensity calibration, in which the US intensity
was gradually increased starting from 0.2 mA until a level of US in-
tensity that was perceived as ‘definitely unpleasant but not painful’.
Importantly, we carried out a reward matching procedure immediately
after US workup procedure to match the US intensity with the amount of
competing reward. This means that the amount of the competing reward
would neither be too low that artificially increase the degree of
US-avoidance nor too high that would artificially induce an opposite
pattern. This workup procedure was highly similar to Wong and Pittig
(2021, 2022), entailing a series of questions “Are you willing to tolerate
the selected level of electrical 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 ... 29 cents, 31 cents) presented in a randomized order.
This means, a total of 14 questions were presented individually. Par-
ticipants had to answer either “Yes” or “No” to these questions. The

amount of competing reward was the level between the highest amount
that received a “No” and the lowest amount that received a “Yes”. For
instance, if an individual participant was unwilling to tolerate an US
when given 5 to 17 cents, but was willing to do so from 19 cents on-
wards, the amount in between (18 cents) would be used as the maximum
competing reward per trial.

This experiment consisted of seven phases: Habituation, Pavlovian
fear acquisition, US-avoidance acquisition, US-avoidance-reward,
Pavlovian generalization test 1, US-avoidance generalization test and
Pavlovian generalization test 2 (see Table 1). Noted that competing
reward was only included in US-avoidance-reward and US-avoidance
generalization test.

Habituation (US electrodes connected). Participants were instructed
that some pictures would appear on the screen, which might or might
not be followed by an US. They were informed to learn the relationship
between the pictures and the US (cf. Mertens, Boddez, Krypotos, &
Engelhard, 2021). Participants were asked to indicate their US expec-
tancy during CS presentations using their dominant hand. The US ex-
pectancy visual analogue scale ranged from 0 to 100 in which 0 indicates
certain no US and 100 indicates certain US. The habituation phase
consisted of four trials of non-reinforced CS+. This phase served to
assess baseline responding to the CS+, to compare whether fear had
been acquired to the CS+ in the following Pavlovian fear acquisition
phase. The CS was presented alongside the US expectancy scale for 8 s.
The inter-trial intervals (ITIs) varied between 15 and 18 s and were the
same in all the following phases.

Pavlovian fear acquisition (US electrodes connected). Eight trials of CS+
were presented in this phase. Participants were prompted to indicate
their US expectancy ratings during the 8 s of CS presentation. The CS+
was reinforced at a 75% rate (i.e., 6 out of 8 trials). The presentation
order was pseudo-randomized so that the first and the last trial of CS+
were always reinforced, and the non-reinforced trials were never pre-
sented consecutively.

US-avoidance acquisition (US electrodes connected). Before this phase
started, participants were informed that they could prevent a potential
US that followed the pictures, by indicating their avoidance ratings at
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Table 1
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A to I indicate the different stimuli across the 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 competing reward depending on US-avoidance; Number in pa-

rentheses indicates the number of trials.

Habituation  Pavlovian fear acquisition =~ US-avoidance US-avoidance-reward  Pavlovian US-avoidance Pavlovian generalization test 2
acquisition generalization test 1 generalization test
E-(4) E+ (6) E* (+) (8) E* (+, €) (8) [A-1]- (1) [A-1]*- (€) (2) C-(1)
E-(2) E- (D
G- (D

I- (1)

the US-avoidance scale presented alongside the CS (see Fig. 1B for the
trial structure). The US-avoidance ratings were negatively proportionate
to the chance of receiving an US. For example, an US-avoidance rating of
80% would render a 20% chance of US administration if it would have
followed the CS (i.e., reinforced CS+ trials). The CS+ and the US-
avoidance scale were presented on the screen until choice. After US-
avoidance had been made, a 1 s fixation cross appeared, followed by a
CS presented alongside an US expectancy scale for 8 s. Participants were
again prompted to indicate their US expectancy ratings. This phase
consisted of eight CS+ trials. Six of these CS+ trials were potentially
followed by an US depending on the US-avoidance ratings made,
whereas two of these CS+ trials were not followed by an US regardless of
US-avoidance ratings made. The two non-reinforced CS+ trials were
included to follow the 75% reinforcement rate in Pavlovian fear
acquisition.

US-avoidance-reward (US electrodes connected). Before this phase
started, participants were informed that each trial would be accompa-
nied by a maximum amount of monetary reward. This amount was
chosen based on the reward-matching procedure prior to the condi-
tioning task. The amount of reward per trial was, however, inversely
proportionate to US-avoidance. For example, an US-avoidance response
of 60% would result in a gain of 40% of the reward. Participants were
instructed that all reward gained would be paid at the end of the
experiment. The trial structure was identical to the previous phase, with
the exception that participants received a reward feedback for 2 s at the
end of each trial (see Fig. 1B).

Pavilovian generalization test 1 (US electrodes disconnected). The
experiment was paused and the experimenter disconnected the US
electrodes. The experimenter then proceeded to explain the US elec-
trodes were disconnected to examine whether the disconnection would
induce a change in physiological responding, thereby setting up the
cover story for disconnecting the US electrodes. In fact, this procedure
was established to prevent extinction learning during this phase, which
reduces the probability of participants modifying their response strategy
due to extinction learning (see Lee et al., 2018; Wong & Lovibond,
2017). Given the US electrodes were disconnected, participants were
informed that US-avoidance was unnecessary and hence its availability
was removed. They were also informed to continue providing their US
expectancy ratings, assuming hypothetically that it was still possible for
them to receive an US. All nine stimuli along the stimulus dimension
(stimuli A to I) were presented once each in a randomized order. Each
stimulus was presented for 8 s and participants were prompted to
indicate their US expectancy ratings.

US-avoidance generalization test (US electrodes reconnected). The
experiment was paused and the experimenter reconnected the US elec-
trodes. Participants were informed that it was again possible to receive
an US, and they were free to decide their US-avoidance ratings for each
stimulus. The trial structure was identical to US-avoidance-reward. This
phase consisted of two blocks: each block consisted of all nine stimuli
along the dimension (stimuli A to I), each presented once. None of the
stimuli were reinforced regardless of US-avoidance made.

Pavlovian generalization test 2 (US electrodes connected). Participants
were informed that the availability of US-avoidance was removed. Four
selected stimuli (C, E, G, & I) were presented once each in a randomized

order alongside the US expectancy scale for 8 s. Given that US electrodes
were connected in this phase, anticipatory fear to the test stimuli indi-
cated by skin conductance could be analysed. Only four stimuli instead
of the whole stimulus dimension was presented to minimize the effect of
ongoing extinction in this phase. Noted that in our previous work (Lee
etal., 2018; Wong & Lovibond, 2017), participants came up with a Right
linear rule (i.e., stimuli on the right end of the stimulus dimension were
more likely to predict an US) but not with a Left linear rule (i.e., stimuli
on the left end of the stimulus dimension were more likely to predict an
US). Thus, we included stimulus I, but not stimulus A, to capture peak
responding in participants entertaining a Right linear rule. None of the
stimuli were reinforced in this phase.

After the conditioning task, participants were asked to fill in a 2-page
questionnaire (see Supplementary Materials). On the first page, the US
expectancy ratings to stimuli A and I that the individual participant had
made during Pavlovian generalization testl (when the US electrodes
were disconnected). Participants were asked to explain why such ratings
were made, and to write down in detail any strategies or rules of
responding they used. The second page was administered only after
participants had completed the first page. This page consisted of four
statements, each describing a potential relationship between the stimuli
and the US in terms of relational rules (right linear, left linear, similarity,
and no rule). Participants had to rate how much they endorsed each
statement on a scale of 0-100, with 0 being false and 100 being true. If
none of the given statements matched an individual participant’s
perceived relationship between the stimuli and the US, they were asked
to write down their own description in the ‘Other’ section.

2.4. Scoring and analysis

Only skin conductance recorded during the 8 s stimulus presentation
(i.e., when participants were prompted to indicated their US expectancy
ratings) were included for analysis. We applied a 1 Hz high-pass filter
and a notch filter (50Hz) on the data. We then calculated the SCRs by
finding the difference between the peak responding and the corre-
sponding trough in the interval of 1 s after stimulus onset to stimulus
offset. We square root transformed the SCRs to reduce skewness
(Boucsein et al., 2012). Of note, we did not analyse the SCR data in
Pavlovian generalization test 1 because the US electrodes were discon-
nected, thus no anticipatory fear responses could be elicited.

We conducted linear mixed models for all analyses. US expectancy
ratings and SCRs served as cognitive and physiological indicators of the
acquisition of conditioned fear to the CS+. Thus, these two measures
served as the dependent variable, whereas Trial (the last two trials in
Habituation vs the last two trials of Pavlovian fear acquisition) and
Group (all rule groups, see Questionnaire coding in Results) served as the
fixed effect. To examine the acquisition of costly US-avoidance, Phase
(US-avoidance acquisition vs US-avoidance-reward) and Group served
as the fixed effects.

For all test phases, US expectancy ratings, SCRs, or US-avoidance
served as the dependent variable. Two orthogonal polynomial trend
repeated measures contrasts across all test stimuli served as fixed effects
to assess the shape of the generalization gradients. Specifically, a linear
trend repeated measures contrast assessed linear gradients (represented
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by Stimulus) whereas a quadratic trend repeated measures contrast
assessed curvature gradients (represented by Stimulus?). After catego-
rizing participants into groups according to their reported rules, Group
served as another fixed effect. Specifically, the interactions between the
polynomial trends across test stimuli and all rule groups were assessed to
evaluate any group differences in the shapes of generalization gradients.
Follow-up analyses then compared the gradients between each rule
group.

In addition, Block (Block 1 vs Block 2) served as an additional fixed
effect in the US-avoidance generalization test phase. This assessed whether
the US-avoidance gradients decreased across blocks (i.e., caused by
extinction learning). Follow-up analyses then examined the US-
avoidance gradients in each block, assessing the formation of US-
avoidance generalization gradients even if all stimuli were presented
once each. Although US expectancy ratings and SCRs were measured as
anticipatory fear responses after US-avoidance responses had been
executed, we did not include these analyses in the main text (see Sup-
plementary Materials for these analyses).

For all these linear mixed models, participants served as a random
effect. In addition, although not pre-registered, the models examining
US-avoidance generalization also included random slopes of partici-
pants affected by Block, to account for by individual differences in US-
avoidance to the test stimuli between the two blocks in the US-
avoidance generalization phase (e.g., individual differences in extinc-
tion learning)'. The degree of significance was reported with Sat-
terthwaite approximation for degrees of freedom (Satterthwaite, 1941).
For all follow-up simple analyses, we applied Bonferroni corrections to
control for family-wise error rate. All analyses were carried out using R
(R Core Team, 2020) with lme4 package (Bates, Machler, Bolker, &
Walker, 2015) and lmerTest package (Kuznetsova, Brockhoff, & Chris-
tensen, 2017).

3. Results

Statistical analyses were restricted to participants who had acquired
conditioned fear to the CS+. This means, participants who indicated
higher US expectancy ratings in the last two trials of Pavlovian fear
acquisition compared to the last two trials of Habituation were included
in data analyses. This inclusion criterion was pre-registered. Six partic-
ipants were excluded based on this acquisition criterion. In addition,
data from one participant were not measured due to technical problem.
Thus, a total of 7 participants were excluded, leading to a final sample of
76 participants.

Questionnaire coding: Two raters, who were blind to the data, cate-
gorized participants into different rule groups based on participants’
responses to the post-experimental questionnaires via a two-step pro-
cedure. The raters first classified participants into rule groups according
to their responses to the open-ended section of the questionnaire. If the
reported rules were ambiguous, the raters would consult the close-ended
section of the questionnaire and categorized participants according to
the rule they most strongly endorsed. The two raters reached a sub-
stantial agreement as indicated by Cohen’s Kappa (k = 0.74; p < .001).
Discrepancies in rule group classification was resolved via discussion.
Similar to previous studies (Wong & Lovibond, 2017, 2018), three
distinct rule groups were identified, namely Similarity (n = 27), Right
linear (n = 20), and No rule (n = 29). Participants in the Similarity group
reported higher US expectancies when the stimulus was more percep-
tually similar to the CS+. Participants in the Right linear group reported
higher US expectancies when the dot was more towards the extreme
right end. Participants in the No rule group reported not being able to
identify any clear rules. Table 2 shows the demographic data for each
group. No significant differences emerged.

1 Results remained similar when only participants served as a random effect.
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Table 2
Demographic and DASS-21 data. Means (standard deviations).
Similarity Right linear No rule For p
group (n=27)  group (n = group (n = $
20) 29)
Age 23.48 (3.10) 22.40 (2.35) 23.59(2.80) 0.54 .583
Sex - Female 22 (81.5%) 14 (70.0%) 19 (65.5%) 1.86 .395
US intensity 1.06 (0.56) 1.06 (0.38) 1.17 (0.50) 0.44 .647
(mA)
DASS 21- 3.33 (4.22) 3.80 (4.49) 3.52(3.41) 0.08 925
Anxiety
DASS 21- 5.11 (6.89) 5.70 (4.69) 6.21(7.20) 0.20 .821
Depression
DASS 21- 8.96 (8.58) 8.10 (7.24) 9.10 (7.18) 0.11 .900
Stress

3.1. Habituation and pavlovian fear acquisition

US expectancy ratings and SCRs. Fig. 2 shows the responses in the
first 4 phases. We examined whether participants acquired conditioned
fear to the CS+ by comparing responding to the last two trials of
Pavlovian fear acquisition to the last two trials of Habituation. In brief,
participants exhibited higher US expectancy ratings to the CS+ at the
end of Pavlovian fear acquisition compared to the end of Habituation
averaged across all rule groups, F(1, 76) = 219.21, p < .001. There was
no evidence for any group differences in the acquisition of US expec-
tancies to the CS+, F(2, 76) = 0.20, p = .821. In contrast, although
participants showed a descriptive increase in SCRs to the CS+ at the end
of Pavlovian fear acquisition than the end of Habituation averaged
across all rule groups, this increase did not reach significance, F(1, 76) =
3.47,p = .066.

3.2. US-avoidance acquisition and US-avoidance-reward

US-avoidance. Participants exhibited high levels of US-avoidance to
the CS+ immediately in the US-avoidance acquisition, presumably due
to the verbal instructions entailing the effectiveness of US-avoidance in
US prevention. Averaged across all rule groups, participants exhibited
lower levels of US-avoidance to the CS+ in the US-avoidance-reward
phase compared to the US-avoidance acquisition phase, F(1, 76) =
94.16,p < .001. This decrease in US-avoidance between phases was due
to the introduction of a reward competing with US-avoidance. The
interaction between Phase and Group did not reach significance, F(2,
76) = 0.71, p =.497, suggesting no evidence for any group differences in
the reduction of US-avoidance when a competing reward was
introduced.

US expectancy ratings and SCRs. Due to high levels of US-
avoidance, participants showed a relatively low level of US expectancy
ratings to the CS+ in the US-avoidance acquisition phase. Furthermore,
there was a significant increase in US expectancy ratings to the CS+
when transiting from US-avoidance acquisition to US-avoidance-reward,
F(1, 76) = 73.43, p < .001. This pattern was attributed to a decrease in
US-avoidance due to the introduction of a competing reward (see Pittig,
2019; Pittig & Wong, 2021). The SCRs showed a similar pattern: par-
ticipants exhibited a significant increase in responding to the CS+ in the
transition from US-avoidance acquisition to US-avoidance-reward, F(1,
76) = 6.40, p = .013. There was no evidence for any group differences in
the increase in US expectancies or SCRs to the CS+ when a competing
reward was introduced (smallest p = .503).

Collectively, an introduction of a competing reward reduced levels of
US-avoidance. Alongside the decrease in US-avoidance, participants
exhibited higher US expectancy ratings and stronger SCRs to the CS+
with no group differences. Of note, the increase in SCRs did not purely
reflect an increase in anticipatory fear, but also reflected an increase in
general arousal due to anticipating a competing reward (e.g., Hulsman
et al., 2020; Le et al., 2019).
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Fig. 2. US-avoidance (top panel), US expectancy ratings (middle panel), and square-root SCRs in the first four phases. (For interpretation of the references to color in
this figure legend, the reader is referred to the Web version of this article.)

3.3. Pavlovian generalization test 1

US expectancy ratings. Fig. 3A shows the generalization gradients
of US expectancy ratings for each rule group. Only interactions of

A Pavlovian generalization test 1 | B
1004
:\; 80 1 :\e‘
> . .
2 604 %\ W3 ¥ I e
*3 AT s
S =
g 40 ‘}"‘f/%—{ ?\@"% S
) 3 } f ?
(7] : 2]
S 201 i I 1 =
0 E
A B C D E F G H I
(Cs+)
C Pavlovian generalization test 2
1004
:\; 80 1
g 60 3
g x
k3] i 2
%m- 7 T N~ +
3 T e — o — g
(2} =
2 204
T T .
0 E
A B C D E F G H I
(Cs+)

interest are reported here given we were primarily interested in the
distinct generalization patterns in each rule group. We observed sig-
nificant interactions between Group and Stimulus, F(2, 608) = 22.91, p
< .001, and between Group and Stimulus® F(2, 608) =9.16, p < .001.
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Fig. 3. Responding to test stimuli in the different test phases for each rule group. (A) Mean US expectancy ratings in Pavlovian generalization test 1. Noted that no
SCRs data were analysed in this phase due to the disconnection of US electrodes, thus no anticipatory fear responses could be measured (B) Mean US-avoidance in US-
avoidance generalization test. (C) Mean US expectancy ratings (left panel) and square-root SCRs (right panel) in Pavlovian generalization test 2. (For interpretation of
the references to color in this figure legend, the reader is referred to the Web version of this article.)
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This suggests that the generalization gradients differed between rule
groups in terms of linearity and curvature, respectively. Follow-up an-
alyses revealed that the gradients in all rule groups differed from each
other substantially. Compared to the No rule group, the Right linear
group exhibited a more linear gradient, indicated by a significant
interaction in linear trend across stimuli between these two groups
bGroup(Right linear vs No rule)*Stimulus = 297.53, SE = 46.75, p < .001,
whereas the Similarity group exhibited a more curved gradient, bgroup
(Similarity vs No rule)*Stimulus2 = —150.67, SE = 43.02, p = .003. Compared
to the Right linear group, the Similarity group revealed a more curved
gradient: béroup(similarity vs Right linear)*Stimulus = —181.16, SE = 47'467p <
.001, but a less linear gradient, bGroup(Similarity vs Right linear)*Stimulus =
—265.09, SE = 47.46, p < .001.

In sum, the three rule groups revealed distinct generalization gra-
dients: visually inspecting, the Similarity group exhibited a sharp
unimodal gradient; the Right linear group showed a linear gradient with
increasing responding to test stimuli on the right end of the stimulus
dimension; the No rule group exhibited a flat unimodal gradient.

3.4. US-avoidance generalization test

US-avoidance. Fig. 3B shows the generalization gradients of US-
avoidance in the entire US-avoidance generalization test for each rule
group. We observed a significant interaction between Group and Stim-
ulus, F(2,1292) =16.11, p < .001, and between Group and Stimulusz, F
(2,1292) = 11.95, p < .001, suggesting that the shape of the gradients
differed between groups in terms of linearity and curvature, respec-
tively. Follow-up analyses revealed that the Right linear group exhibited
a more linear gradient than the No rule group, bgroup(right linear vs No rule)
*stimulus = 231.11, SE = 43.35, p < .001, whereas the Similarity group
exhibited a more curved gradient than the No rule group, bgroup(similarity
vs No rule)ﬁ.sﬁmulusz = —164.91, SE = 39.88, p < .001. Furthermore, the
Right linear group showed a more linear gradient than the Similarity
group, bGroup(Similarity vs Right linear)*Stimulus = 206.40, SE = 44.00, p <
.001, whereas the Similarity group showed a more curved gradient than
the Right linear group, b%roup(similarity vs Right linear)*Stimulus = —186.72,
SE = 44.00, p < .001.

There was a significant decrease in US-avoidance from the first block
to the second block of US-avoidance generalization, supported by a main
effect of Block, F(1, 76) = 37.21, p < .001. This presumed extinction
significantly changed the group differences in gradient’s linearity be-
tween blocks, F(2, 1216) = 16.11, p < .001, but did not significantly
change the group differences in gradient’s curvature between blocks, F
(2, 1292) = 0.44, p = .642. However, follow-up analyses revealed that
none of the groups differed with each other in terms of linearity between
blocks (smallest p = .140).

3.5. US-avoidance generalization test block 1

Given that we hypothesized that US-avoidance gradients could be
observed even when each test stimulus was presented once, we analysed
the group differences in generalization of US-avoidance in each US-
avoidance generalization test block.

US-avoidance. In the first block of US-avoidance generalization test
(Fig. 4), we observed a significant interaction between Group and
Stimulus, F(2, 608) = 14.75, p < .001, and between Group and Stim-
ulus? F(2, 608) = 7.17, p < .001, suggesting some group differences in
linearity and curvature of gradients of US-avoidance, respectively.”
Visually inspecting the gradients, the Similarity group showed a unim-
odal gradient, the Right linear group showed a linear gradient whereas
the No rule group exhibited a flat gradient. Follow-up analyses
confirmed that these gradients in the rule groups differed from each

2 US-avoidance generalization gradient for each participant can be seen in the
Supplementary Materials.
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other: the Right linear group exhibited a more linear gradient than the
No rule group, bGroup(Right linear vs No rule)*Stimulus = 230.18, SE=45.12,p
< .001, whereas the Similarity group showed a more curved gradient
than the No rule group, b%}roup(Similarity vs No rule)*Stimulus = —123.78, SE =
4152, p = .018. In addition, the Right linear group had a more linear
gradient than the Similarity group, bGroup(Similarity vs Right linear)*Stimulus =
205.61, SE = 45.80, p < .001, whereas the Similarity group had a more
curved gradient than the Right linear group, bgroup(similarity vs Right linear)
+Stimulus> = —158.46, SE = 45.80, p = .003.

3.6. US-avoidance generalization test block 2

US-avoidance. In the second block of US-avoidance generalization
test (Fig. 4), we observed a significant interaction between Group and
Stimulus, F(2, 608) = 4.67, p =.010, and between Group and Stimulus?,
F(2, 608) = 7.56, p < .001, suggesting group differences in linear-based
gradients and in curvature-based gradients, respectively. Follow-up
analyses revealed that compared to the No rule group, the Right linear
group showed a more linear gradient, bgroup(Right linear vs No rule)*Stimulus
= 96.65, SE = 33.66, p = .025, whereas the Similarity group showed a
more curved gradient than the No rule group, bgroup(Similarity vs No rule)
+Stimulus> = —109.44, SE = 30.97, p =.003. Compared to the Right linear
group, the Similarity group revealed a more curved gradient, bgroup
(Similarity vs Right linear)*Stimulus2 = -105.61, SE = 34.17, p = .013, however
the Right linear group did not show a more linear gradient than the
Similarity group, bgroup(Similarity vs Right linear)*stimulus = 86.29, SE =
34.17,p = .071.

Collectively, the generalization gradients of US-avoidance in each
rule group were distinct from each other. Aligning with participants’
reported rules, the Similarity group showed a sharp peaked gradient, the
Right linear group showed a linear gradient, whereas the No rule group
showed a relatively flat gradient. Group differences in the generalization
of US-avoidance were less robust in the second block compared to the
first block, presumably due to partial extinction learning.

3.7. Pavlovian generalization test 2

US expectancy ratings and SCRs. For the US expectancy ratings
(Fig. 3C), there was a significant interaction between Group and Stim-
ulus, F(2, 228) = 8.902, p < .001, and between Group and Stimulus?, F
(2, 228) = 8.90, p < .001, suggesting that the shape of the gradients
differed between groups in terms of linearity and curvature,
respectively.

Follow-up analyses revealed that the Similarity group exhibited a
more curved gradient than the No rule group, bgroup(similarity vs No rule)
*Stimulusz = —168.67, SE = 50.40, p = .006. However, there was no ev-
idence that the Right Linear group had a more linear gradient than the
No rule group, bGroup(Right linear vs No rule)*Stimulus = 144'35» SE = 54'78» p
= .054. Furthermore, the Right linear group had a more linear gradient
than the Simﬂarity group, bGroup(Similarity vs Right linear)*Stimulus = 234.23,
SE = 55.60, p < .001, whereas the Similarity group had a more curved
gradient compared to the Right linear group, bgroup(similarity vs Right linear)
sStimulus> = —213.47, SE = 55.60, p = .001.

For the SCRs (Fig. 3D), there were some group differences in the
gradients in terms of linearity, F(2, 228) = 3.15, p = .045, but not in
terms of quadratic trend, F(2, 228) = 0.39, p = .676. However, the
follow-up analyses revealed that there was no evidence that the rule
groups differed in linearity (smallest p = .091).

4. Discussion

With a single-cue conditioning procedure, the current study
measured the generalization of safety behavior with a recently devel-
oped dimensional measure of avoidance (Wong & Pittig, 2021). This
dimensional measure was able to capture costly safety behavior gener-
alization gradients even if each test stimulus was presented once (e.g.,
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Fig. 4. Generalization gradients of US-avoidance in the first block (left panel) and second block (right panel) of US-avoidance generalization test for each rule group.
(For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

block 1 of US-avoidance generalization test). Importantly, individual
generalization gradients varied from each other considerably and were
consistent to relational rules (i.e., rule-based generalization). Partici-
pants were categorized into three distinct rule groups, namely Similar-
ity, Right linear and No rule. Notably, we demonstrated that both
generalization of Pavlovian fear and generalization of safety behavior
were highly consistent with these relational rules.

A key finding is that generalization gradients of safety behavior
could be assessed even when each test stimulus was presented once
when measured in a non-dichotomous manner. Past studies that
measured safety behavior dichotomously had to assess the proportion of
safety behavior averaged across multiple trials of the same stimulus.
This assessment is, however, confounded with ongoing extinction
learning to the test stimuli given that none of them were reinforced in
test (except the CS+; Blough, 1969; Honig & Urcuioli, 1981). The ability
of a dimensional measure to assess generalization gradients of safety
behavior without averaging across multiple trials of the same stimulus
thus minimizes any confounding effect with extinction learning. This
notion is highlighted by the reduction in safety behavior generalization
from the first test block to the second test block. This reduction of
responding was presumably due to extinction learning, suggesting that
extinction occurred rapidly in humans even when the number of
non-reinforced test trials was limited. Therefore, this pattern highlights
the potential of a dimensional measure of avoidance in minimizing the
confounded extinction effect. Although a dimensional measure of
avoidance might effectively minimize extinction learning occurring
between test blocks, generalized extinction might still occur from trial to
trial (given that the GSs are highly similar).

Another advantage of using a dimensional measure is that it arguably
provides higher face validity given that safety behavior is not necessarily
dichotomous in real life: safety behavior can be partially engaged in to a
certain extent (see Krypotos et al., 2018; Telch & Lancaster, 2012). For
instance, an individual with social anxiety may avoid eye contact to a
greater extent when giving a public speech, but engage in the same
safety behavior to a lesser extent when conversing in a small group.
Future studies can examine whether a dimensional measure of avoid-
ance is strong in other external validities (e.g., predictive validity, see
Vervliet & Raes, 2013). Furthermore, as this measure allowed the partial
engagement in safety behavior while being able to retain a portion of the
competing reward, it provides great potential for future research to
examine the nuances in approach-avoidance conflict.

Another key finding is that the generalization of safety behavior
aligns with the self-generated relational rules. Generalization gradients

generated by different rules were distinct from each other. More
importantly, these gradients of safety behavior were highly consistent
with the relational rules. Specifically, participants who reported a sim-
ilarity rule engaged in safety behavior to a lesser extent when presented
with a novel stimulus that only slightly resembled the CS+, whereas
participants who reported a right linear rule engaged in safety behavior
to a greater extent to stimuli right of the stimulus dimension. Further-
more, participants who failed to identify any relational rules (No rule)
exhibited a flat gradient, characterized with a relative absence of
generalization decrement. These patterns suggest that relational rules
determine how safety behavior generalizes to other stimuli that
resemble the CS—+. The current findings align with studies that examined
safety behavior generalization via higher-order processes. For instance,
participants were more likely to engage in safety behavior when pre-
sented with novel stimuli that belonged to the same artificial category of
the CS+ than those that belonged to the same category of the CS-
(Dymond et al., 2011, 2014). Similarly, safety behavior was more
frequently engaged in when presented with a novel word that was a
synonym of the CS+ (semantic generalization; Boyle et al., 2016). The
current findings thus extend the role of higher-order processes in the
generalization of safety behavior.

The current study also found that the generalization gradients of fear
were consistent with the reported relational rules, consistent with other
rule-based generalization studies (Lee et al., 2018; Wong et al., 2020;
Wong & Lovibond, 2017). The rule group differences in generalization
gradients were, however, observed in the US expectancy ratings,
whereas the SCR data partially aligned with the reported rules. Specif-
ically, given that acquisition of SCRs to the CS+ was not established, the
limited group differences in SCRs warranted caution in interpreting how
inferred relational rules determined SCRs generalization. In sum,
self-generated relational rules determine the generalization of both
self-reported ratings and costly safety behavior.

The high consistency between the self-generated relational rules and
fear as well as safety behavior generalization aligns with the Expectancy
model (Lovibond, 2006). This model entails that the acquisition of both
conditioned fear and safety behavior to a warning signal are based on
one’s propositional belief. The current findings extend this notion to
novel stimuli that resemble the warning signal. Specifically, how prop-
ositional beliefs determine the degree of safety behavior engagement to
these novel stimuli. It is, however, largely unknown how participants
came up with a variety of relational rules despite receiving highly
similar training. In addition, it is unclear whether there are any indi-
vidual factors that may encourage participant to endorse one rule but
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not another. Perhaps the endorsement of different rules was caused by
the individual differences participants brought to the study, for instance,
prior history of learning or different personalities. Future studies can
delineate what factors directly or indirectly determine the type of rela-
tional rules generated.

Regarding clinical implications, partial engagement in safety
behavior can be seen as balancing threat at a subjectively acceptable
level and limiting the cost of executing safety behavior (cf. Schlund
et al., 2016). Thus, a dimensional measure of US-avoidance captures the
nuances of the degree of safety behavior engagement (see Krypotos
et al.,, 2018; Wong & Pittig, 2021). More importantly, the individually
inferred relational rules parallel with the formation of different threat
beliefs in anxiety-related disorders. Specifically, participants acquired
fear in highly similar conditions, but inferred distinct relational rules,
which in turn guided the generalization of conditioned fear and costly
safety behavior. This may parallel with individuals who experienced
similar trauma exposures, but later exhibit safety behavior to different
extents when presented with situations or objects that resemble the
trauma. For instance, when encountering a dark color Chihuahua, an
individual with dog phobia believing that the fur’s darkness is positively
associated with aggressiveness may engage in safety behavior to a
greater extent, whereas another individual believing that the size of a
dog is positively associated with aggressiveness may engage in safety
behavior to a lesser extent. Furthermore, we incorporated a competing
reward to encourage disengagement in safety behavior, thus effectively
rendered the execution of safety behavior costly, resembling patholog-
ical safety behavior in anxiety-related disorders. Thus, the current
findings suggested that the self-generated threat beliefs determine the
balance between minimization of perceived threat and cost of safety
behavior to novel stimuli that resemble the feared stimulus.

The current study emphasized on the “initial” generalization of
costly safety behavior as confounded extinction was minimized,
providing a useful testbed for evaluating the interplay between threat
appraisal and approach-avoidance conflict with minimum interference
from ongoing extinction. Thus, future studies may expand the current
design and assess whether individuals at risk of or with clinical anxiety
are more likely to exhibit excessive generalized safety behaviors before
ongoing extinction learning in test occurs. Future studies may also assess
another maladaptive aspect of generalized safety behavior, namely the
persistent generalized safety behavior after extinction learning to the
GSs (e.g., Hunt et al., 2019; van Meurs et al., 2014). By presenting the
same GSs for multiple trials and employing a dimensional measure of
avoidance, one can evaluate how the initial generalized safety behavior
impacts subsequent extinction learning to the same GS. For example,
stronger engagement in safety behavior to a GS likely protects one from
extinction learning, further fuelling unnecessary, excessive safety
behavior to it.

The current study had some limitations. First, we found only a few
significant effects on the skin conductance measure, especially the lack
of evidence in SCR acquisition to the CS+ and SCR generalization gra-
dients. The limited findings in the SCRs could be due to its large indi-
vidual variability (Lykken & Venables, 1971), resulting in less statistical
power for group comparison. Second, we employed a single-cue condi-
tioning procedure so that we could assess how excitatory learning to the
CS+ generalizes to other GSs without being interfered by the general-
ization of inhibitory learning to a safety cue (CS-). However, without a
CS-, it was difficult to determine whether conditioned fear was acquired
to the CS+, or whether the increase in conditioned fear was due to
non-associative learning processes (e.g., sensitization). Third, we
included only four test stimuli in Pavlovian generalization test 2 to
minimize ongoing extinction. This led to an asymmetrical distribution of
test stimuli (i.e., the inclusion of stimulus I but not A). Fourth, the
stimulus dimension in use had a clearly defined mid-point, thus
encouraging the formation of explicit relational rules and overshadowed
effects from low-level associative learning processes. Future studies can
employ a more continuous stimulus dimension with no clearly defined
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mid-point (e.g., blue-green dimension, see Lee et al., 2018). Fifth, the
non-reinforced CS+ trials in Habituation might have induced latent in-
hibition, slowing down fear learning to it in the following phase. How-
ever, at the end of Pavlovian fear acquisition, threat expectancy ratings
reached asymptote that was similar to the reinforcement rate, suggest-
ing that latent inhibition had been minimized.

In conclusion, this study employed a dimensional measure to assess
the generalization gradients of costly safety behavior. Impressively, this
dimensional measure allowed us to examine the generalization of safety
behavior even when each test stimulus was presented once, thus mini-
mizing the confounding effect of ongoing extinction learning to all test
stimuli. In addition, participants inferred distinct relational rules, which
directly determined to what extent one would engage in safety behavior
to different generalization stimuli. In terms of clinical implication, the
present work emphasizes that threat beliefs determine the extent of
costly safety behavior engagement to various stimuli that resemble the
feared stimulus. Thus, the current findings can be extended to identify
individual threat belief that could help identify sets of objects or situa-
tions that evoke costly safety behavior.
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