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The powerful ways future behavior and cognition can be affected by emotional events are typically studied either
by means of Pavlovian conditioning or episodic memory paradigms, which both rest on the idea that associations
are formed between distinct stimuli experienced closely together in space or time. However, due to their
incompatible methods, little is known about how physiological read-outs of Pavlovian conditioning and episodic
memory work in concert to affect behavior and other cognitive processes, how they relate to each other, or
whether they reflect the activity of distinct associative processes in the first place. To shed light on such ques-
tions, a paradigm is needed that can assess both conditioned psychophysiology and episodic memory. We
reasoned that multimodal stimuli, consisting of congruent image-sound combinations, have the potential to serve
as potent unconditioned stimuli in a paradigm where participants encode a large number ‘mini-conditioning
events’. Measuring both pupil dilation and facial electromyography, we found that psychophysiological re-
sponses to 20 unique aversive USs — but not positive USs - transferred to arbitrary predictors already after a single
paired presentation in this novel paradigm. Real-life emotional aversive and stressful events are likely to involve
both Pavlovian conditioning and episodic memory processes. The ‘Episodic Threat Conditioning’ paradigm en-
ables their simultaneous assessment, thereby providing an opportunity to gain more holistic insight into how
different expressions of memory interact in mental health and disease.

1. Introduction

Emotional experiences have a special status in memory and can
thereby profoundly change the course of our lives. By means of both
declarative and non-declarative memory processes, they strongly influ-
ence current and future behavior (LaBar & Cabeza, 2006; Squire, 2004).
The multiple avenues through which emotion exerts its effects on
memory are, however, studied in relative isolation by separate research
groups using distinct techniques and measures. As a result, our under-
standing of how learning and memory are modulated by emotion is
fractured across research areas, predominantly Pavlovian conditioning
and episodic memory. The former measures anticipatory physiological

responses to learned predictors of significant events (Rescorla, 1987),
whereas the latter studies the accuracy and subjective experience of
conscious recollections (Tulving, 1983). The separation of research on
these phenomena is typically justified by assuming that they hinge on
distinct neural systems that are by and large independent from each
other in how they function (Squire, 2004), but the degree to which this is
in fact true remains contested. Moreover, even if the associative mech-
anisms that underly the effects found in Pavlovian conditioning and
episodic memory studies are fully distinct, their conjoint activity may
still have important interaction effects on measurable outputs that are
currently precluded from investigation. Indeed, a recent review has
argued for the importance of a holistic study of emotional learning and
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memory expressions, especially in regard to maladaptive instances
(Dunsmoor & Kroes, 2019). Here, we present a new method (dubbed
“Episodic threat conditioning™) that allows for simultaneous assessment
of Pavlovian conditioning and episodic memory, and has its own niche
of applications that complements existing paradigms that have been
developed towards the same end.

Pavlovian conditioning is one of the oldest and most widely used
procedures in experimental psychology and affective neuroscience. It
consists in the repeated presentation of a neutral stimulus (conditioned
stimulus; CS) followed by a biologically significant event (uncondi-
tioned stimulus; US), such that the CS comes to elicit physiological re-
sponses (conditioned response; CR) in anticipation of the US it predicts
(Rescorla, 1987). Learning from experience which cues in the environ-
ment signal the onset of threat or reward clearly provides a large
evolutionary advantage. As such, it is perhaps unsurprising that the
neural mechanisms that support Pavlovian conditioning are considered
to be highly preserved across species (LeDoux & Pine, 2016), and that
the field is still flourishing more than a century after its conception
(Vervliet & Boddez, 2020). What drives most of the current research
interest today, however, is its potential to explain the etiology and
maintenance of anxiety disorders in terms of behavior and neurobiology
(Kindt, 2014).

Within this framework, feelings of fear and anxiety are a part of
initially adaptive CRs (Frijda, 1986) that only become maladaptive
when they persist despite subsequent disconfirmatory evidence
regarding the CS-US relationship, or generalize to similar cues (Duits
et al., 2015). Such stubborn persistence (Craske et al., 2008) and over-
generalization (Lissek et al., 2014) of emotional responses to related but
harmless signals are key targets for clinical interventions that Pavlovian
conditioning allows us to quantify, meaning it provides an valuable
model by which treatments can be discovered or further optimized.

Although the simplicity of Pavlovian conditioning can be seen as one
of its main strengths, there are worries that the basic procedure is
lacking in several ways that limit its external validity and clinical ap-
plications (Beckers et al., 2013; Vervliet & Boddez, 2020). First, the vast
majority of Pavlovian conditioning studies have used mild electric
shocks as the US and geometric shapes as CSs: one that predicts the US
and one that does not. One important limitation therefore concerns the
role of higher-level cognitive processing in predictive learning and
retrieval, which is particularly relevant to theories of associative
learning (Mitchell et al., 2009), but virtually untestable using only a
handful of stimuli. Simply put, when participants learn only one or two
CS-US pairings, with few exceptions, they will have perfect memory for
each CS and its associated outcome. This issue is partly addressed by the
category conditioning paradigm developed by Dunsmoor and colleagues
(Dunsmoor et al., 2012). By employing a large number of CSs, each of
which belongs to a semantic category that predicts shock or one that
does not, it enables testing whether later recognition of a CS is affected
by its association with the reinforced category. The category condi-
tioning paradigm has yielded important insights into the effects of
reinforcement on CS recognition (Dunsmoor & Murphy, 2015), and has
been employed as a building block for a variety of studies into emotional
memory. However, it is less well suited for studies into the effects of
emotion on the encoding and retrieval of unique events. For any CS,
participants can report the associated US based on whether it belongs to
the reinforced or unreinforced semantic category, without having to
retrieve the specific memory of a particular CS being followed by a
particular aversive outcome. For a conditioning paradigm to probe the
encoding and retrieval of specific, episodic-like events, a CS should 1)
not have any perceptual or semantic features from which its association
with a US can be inferred, and 2) be associated to a unique US.

A second limitation of traditional Pavlovian conditioning is that it
strongly relies on just a handful of established simple USs. Shocks and
loud sounds are highly effective negative reinforcers, but lack some of
the key features that may characterize an associative memory that is
formed following an aversive experience in real life. Specifically, they
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lack the perceptual richness and semantic depth that allows for an as-
sociation with a CS to be elaborated on in a meaningful and personally
relevant way (Craik & Lockhart, 1972; Tulving, 1983). This hinders the
application of the Pavlovian conditioning paradigm to many research
questions regarding emotional associative memories of higher
complexity. An important consequence is that it is also insufficient as an
analogue for several of the clinical phenomena that experimental psy-
chopathology aims to understand in terms of associative learning. This is
clearly illustrated by intrusive memories, which refers to the involuntary
reliving of traumatic events, and is a transdiagnostic symptom that may
contribute to a variety of psychiatric disorders (Brewin et al., 2010). The
development and subsequent triggering of intrusive memories is thought
to obey the principles of Pavlovian conditioning, meaning that invol-
untary reliving of a US in the mind’s eye, when triggered by an associ-
ated CS, can be considered a CR (Ehlers & Clark, 2000; Franke et al.,
2021; Visser, 2020). This insight has led to the development of the
conditioned-intrusion paradigm (Wegerer et al., 2013), in which aversive
film clips are used as USs. Not only do studies using this paradigm yield
results similar to standard Pavlovian conditioning on measures such as
skin conductance (Ney et al., 2022), they also enable tests of relived
perceptions in response to a CS (e.g. Franke et al., 2022; Miedl et al.,
2020; Rattel et al., 2019), and of voluntary memory for various features
of the aversive films that serve as USs. However, even though the use of
movies would overcome the issue of complexity, such studies still make
use of a relatively small number of CSs and USs, thereby precluding a
declarative test of CS — US associations and instead often focusing on
declarative memory for features of the USs. The possibility to include
CS-US associative memory tests is essential to align tests of Pavlovian
and episodic learning, as they both rest on the idea that associations are
formed between distinct stimuli experienced closely together in space or
time.

In sum, in order to study how both physiological and declarative
expressions of associative memory for an emotional event emerge and
change as a function of various manipulations, it is necessary to encode a
large number of unique associations, consisting of both unique CSs and
USs. A paradigm that simultaneously measures both enables new
research into their interactions, as well as long-standing questions as to
whether they result from one or multiple memory systems. However,
combining physiological and declarative measures of associative mem-
ory in a single paradigm requires dealing with a methodological conflict:
Pavlovian conditioning is typically achieved by pairing one or two
predictors with a salient outcome over many repetitions, whereas
studies of episodic memory rely on the presentation of many stimuli,
ideally with as few repetitions as the design allows. As such, there is a
balance to strike between having sufficient stimuli for subsequent
episodic tests of CS-US declarative associations, while still allowing for
psychophysiological conditioned responses to develop. Here, we aimed
to address this problem by leveraging the effects associated with
multimodal stimulus presentation on physiology and memory. To
reconsile our demands for US-complexity with the need for multiple USs,
we reasoned that movieclips would be too long, and reverted to another
solution, employing complex visual images along with congruent
sounds. Researchers in various subfields of psychology have argued that
congruent images and sounds make for particularly potent aversive
stimuli (e.g. Polo et al., 2024; Cosié etal., 201 6), but this insight remains
to be applied to Pavlovian conditioning. Moreover, multisensory
congruence has been demonstrated to enhance stimulus-driven atten-
tion (Ee et al., 2009) and recognition memory (Packard & Soto-Faraco,
2025), which are critical factors when participants are to encode many
episodic CS-US associations within only few repeated presentations.
Finally, involving multiple sensory inputs has the additional benefit of
increasing the degree to which a real-world episodic experience is
emulated in the lab, thereby increasing the ecological validity of ob-
tained results.

We collected 20 negative, neutral, and positive combinations of
congruent images and sounds (60 in total). Physiological responses and
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ratings of subjective experience in response to these US stimuli to-be
were measured in a separate sample (see supplement 1). For the pre-
sent experiment, each of the multimodal stimuli (US) was preceded by a
unique predictor (CS), and all CS-US pairs were presented three times in
total during distinct learning blocks. Unconditioned responses and
acquisition of conditioned responses over repeated presentations were
measured using both pupil dilation and facial electromyography
(fEMG). We chose these physiological indices over self-report indices as
we are interested in automatic measures of conditioned responding that
lie beyond conscious control. More specifically, we chose pupil dilation
as the primary measure of autonomic arousal as it has been shown not to
habituate over repeated presentations (Leuchs et al., 2019; Snowden
et al., 2016), and to restabilize at a baseline level relatively quickly after
stimulus presentation (Korn et al., 2017). For the purpose of condi-
tioning with many CS-US pairs, these are substantial practical advan-
tages over more traditional measures of autonomic arousal such as skin
conductance. We additionally included fEMG (corrugator and zygo-
matics) as a physiological measure of valence, which may represent a
dimension of emotion that is distinct and independent of autonomic
arousal (Lang et al., 1998), and can be employed without having to mix
bursts of noise with the audio of our multi-modal stimuli, as would be
required for the fear-potentiated startle, a more traditional index of
conditioned physiological valence (Lang et al., 1990).

The goal with this paradigm is to provide a flexible experimental
building block that measures both physiological and declarative ex-
pressions of emotional associative memory. For the former, there is a
clear validity criterion that mirrors traditional Pavlovian conditioning,
namely the acquisition of conditioned responses following exposure to
aversive and appetitive CS-US associations. We predicted these effects to
be consistent with the current literature: Pupil diameter, taken to reflect
autonomic arousal, should increase in response to negative and positive
US stimuli, and across learning blocks this effect should transfer to their
associated CSs. For fEMG, taken to reflect valence, we expect the cor-
rugator to respond to negative USs and the zygomaticus to positive USs,
and again a transfer of both these effects to associated CSs. Whereas
there is a clear assessment of validity concerning the physiological/
conditioning aspect of our paradigm, this is not the case for the
declarative memory component. There is currently no established ‘main
effect’ of emotion on associative memory with a consistent direction.
Rather, whether emotion enhances, impairs, or does not affect associa-
tive memory at all, seems to depend on a large set of interacting mod-
erators that remain an active area of research (e.g. Bisby et al., 2018; de
Montpellier & Talmi, 2023; Henson et al., 2016; Madan et al., 2017,
2020). Simply getting associative memory performance within a range
of decent variance, such that an effect of emotion can be detected in the
first place, may then seem like a more pragmatic criterion to establish
the utiliy of this paradigm. However, given the sensitivity of declarative
memory to design elements that can vary greatly with each research
question, such as the number of repeated exposures (Hintzman & Block,
1971) and the interval between encoding and testing (Ebbinghaus,
1885; Murre & Dros, 2015), that, too, is insufficient. As such, we only
consider acquisition of conditioned responses to be necessary towards
demonstrating the utility of the episodic conditioning paradigm.
Declarative associative memory is tested for exploratory purposes, and
critical design elements that need to be considered when adapting this
paradigm are detailed in the discussion.

2. Methods
2.1. Participants

Sixty-one participants were recruited via the University of Amster-
dam’s online system. Exclusion criteria were physical or neurological
illness, having received treatment for any psychological disorder that is
recognized by the DSM-5 in the past year (American Psychiatric Asso-
ciation, 2013), having experienced at least one severely traumatic
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episode (assessed by asking if they had personally experienced or wit-
nessed any life-threatening situations), relatively high usage of alcohol
(consumption above 21 units a week) or other recreational drugs (more
than once a week). Four participants aborted the experiment due to the
aversiveness of the stimuli, and one was in the end excluded due to
technical failures, resulting in a total sample of 56 (mean age = 21.3, SD
= 3.4, women = 25). This study was approved by the local ethics
committee of the University of Amsterdam.

2.2. Materials
2.2.1. Unconditioned stimuli

2.2.1.1. Images. We sought to include a total of sixty images, equally
distributed over three affective conditions: negative, neutral, and posi-
tive. Some of the negative images were chosen from the Nencki Affective
Picture System (NAPS), which consists of high-quality images, charac-
terized along the dimensions of arousal and valence by subjective
participant ratings (Marchewka et al., 2014). Key selection criteria were
high arousal and negative valence ratings, but also whether they could
be sensibly presented simultaneously with a corresponding sound. The
remaining negative images were found elsewhere on the internet. Then,
20 neutral and 20 positive images were picked to each match one of the
negative images in terms of their semantic content. For example, the
negative image of a fatal car crash was matched with a neutral image of
a car driving on a street, as well as a positive image of a retro Volks-
wagen camper van under a starry sky. All online searches for images
were filtered to only show results that fall under a ‘creative commons
license’ for free use and distribution by third parties.

Two modifications were made to each image. First, they were
cropped to a resolution of 600 x 600 pixels. Second, to minimize the
impact of low-level features on pupil dilation, luminance was equalized
across all images. This was achieved using the programming language
Python and the ‘scikit-image’ processing module by 1) converting all
images from RGB to HSV space, 2) computing the grand mean of the set
of images’ value channels (V), which corresponds to luminance, and 3)
scaling the V channel of each image such that its mean value matches the
grand mean.

2.2.1.2. Sounds. For each of the images a corresponding sound was
found on https://freesound.org, an online repository of sound files
under a creative commons license. All sound clips were entirely non-
verbal, thus avoiding potential effects of different languages spoken by
participants. The sound files were clipped to a duration of 4 s in the
digital audio editing program ‘Audacity’. Moreover, to avoid con-
founding by physiological responses to loud sounds, the maximum
amplitude of each file was adjusted to not exceed 72 dB in our lab
setting.

2.2.2. Conditioned stimuli

Sixty images of objects were selected from the Bank of Standardized
stimuli (BOSS; Brodeur et al., 2010) to use as CSs. The luminance of each
CS was set to the same value as the USs, by means of the same procedure
described above.

2.2.3. Equipment and software

The experiment was performed using Presentation software version
23.0 (Neurobehavioral Systems, Inc., Berkeley, CA, www.neurobs.com).
Sounds were played through Sennheiser HD 25-1 II headphones. Pupil
dilation was measured using a Tobii Pro Nano eye tracker at a sampling
frequency of 60 Hz, and fEMG data was recorded in VSRRP, a program
for physiological measurement developed by the Technical Support
Group Psychology at the University of Amsterdam.
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2.3. Experimental design and procedure

Participants first signed informed consent. Due to the aversive nature
of the stimulus material, it was emphasized that participants were free to
abort the experiment at all times without giving reasons. Next, partici-
pants filled in several trait questionnaires’ that were not analyzed here.
Then, sensors for physiological measurements were attached after which
the participant was asked to rest their head in a chin-rest, positioned
120 cm away from the computer screen. For exploratory purposes, we
also measured electrodermal activity and electrocardiography. These
data were not analyzed here. After calibrating the eye-tracker the par-
ticipants were asked to put on the headphones so the experiment could
begin. Both just before and right after the experiment, two affective state
questionnaires” were presented that were also not analyzed. During the
encoding task (Fig. 1), participants encoded 60 associative memories,
each consisting of a CS and a US. Each CS was shown for 4 s, and
immediately followed by 4 s of US presentation. Participants were
instructed to use each combination of stimuli to imagine a story in which
they either feature as the main character or observer of an event (Van

Conditioning

R

How vivid was your story?

cs us if: block 3
4s 4s 6s

Episodic memory test

USneg USneg

cs
— ----------»
4s Self paced

Fig. 1. Schematic overview of the two tasks. During the conditioning phase,
participants were presented 60 CS -US pairs. Each US was a unique image
combined with a congruent sound that was presented through headphones, and
could be negative, neutral, or positive. The figure depicts an example of a
neutral US. After all CS-US pairs were presented, they were presented again in a
second and third block. In block three, participants would indicate the vividness
of the story they imagined using each stimulus pair. During the episodic
memory test, each CS would be presented followed by its paired associate and 5
other previously seen USs (2 of each valence in total). Participants used the
numpad on the keyboard to select the correctly paired US.

1 Trait section of the State-Trait Anxiety Inventory (Spielberger et al., 1983),
Beck’s Depression Inventory (Beck, A. T., Steer, R. A., & Brown, 1996), Ply-
mouth Sensory Imagery Questionnaire (Andrade et al., 2014), and the Spon-
taneous Use of Imagery Scale (Nelis et al., 2014).

2 State section of the State-Trait Anxiety Inventory (Spielberger et al., 1983)
and the Positive and Negative Affect Schedule (Watson et al., 1988).
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Ast et al., 2013). After all 60 pairs had been presented there was a 1 min
break after which they were repeated in a second and third learning
block. In the final learning block, participants indicated the vividness of
each imagined story on a visual analogue scale (VAS) ranging from 0 to
100 (‘not vivid’ to ‘extremely vivid’). Trials were followed by an ITI that
randomly varied from 10 to 14 s, with an average of 12 s. Each partic-
ipant was shown uniquely randomized CS-US combinations, and the
task was programmed so that no more than two USs of the same affective
condition would be presented consecutively.

Following encoding, participants completed an associative recogni-
tion test for the CS-US associations. Each CS was shown for 4 s, after
which six USs (two from each affective condition) were presented from
which the associated stimulus had to be selected using the numpad
(Fig. 1). The total duration of the experiment was ~75 min.

2.4. Data pre-processing

2.4.1. Pupil

Samples taken 100 ms before and after missing values were also set
to missing, since samples near moments when the eye-tracker lost the
pupil from its view are not reliable. Missing values were then filled in by
linear interpolation, after which a third order bandpass filter (0.01-6
Hz) was applied (Fink et al., 2021). Pupil responses to each CS and US
were computed by subtracting the mean pupil dilation from 500 ms
before until onset from the mean pupil dilation during the last 2 s of
stimulus presentation. Trials were discarded if either the responses to a
stimulus or its corresponding baseline were computed based on over 50
% missing values. Participants were excluded from pupil analyses alto-
gether if over 50 % of trials from any affective condition in any of the
learning blocks were discarded. These criteria led to the exclusion of 9
participants and a further 1115 trials, leaving a sample of 47 partici-
pants and 7345 trials for pupil analysis.

2.4.2. fEMG

Electrodes for fEMG were connected to a custom-made bipolar EMG
amplifier with an input resistance of 1GQ, an amplification factor of
5200, and a bandwidth of 5-1000Hz (6dB/oct). The raw data were
sampled at 1000 Hz. The raw data was offline filtered with a 20Hz high-
pass filter(Boxtel, 2001), a 50Hz notch filter, and a 100Hz notch filter
(all 4th order). Then, the data was rectified and integrated using a digital
contour follower with a time constant of 25ms. Finally, the data was
down-sampled to a rate of 4 Hz. Due to faulty sensors, two participants
had to be excluded from corrugator analyses and three from zygomati-
cus analyses, leaving samples of 54 and 53 participants, respectively.

2.5. Data analysis

All analyses were conducted in R version 4.0.3 (R Team, 2021). We
used multilevel linear modeling, performed with the package ‘lm4’
(Bates et al., 2015) for each measure separately, and p-values were
extracted using ‘lmerTest’ (Kuznetsova et al.,, 2017). Intercepts were
allowed to vary across participants to account for the nested structure of
the data and prevent inflation of the type-1 statistical error rate (Gelman
& Hill, 2007). In multilevel regressions, it is often also recommended to
include random slopes for the different experimental conditions
(Wright, 1998). However, when we did include random slopes, the six
main models (three physiological measures x responses to two stimulus
types) converged with different sets of parameter inclusions, leading to
differences in the exact interpretation of each model. For the sake of
consistency across analyses, we opted to report intercept-only models.
The main hypothesis that threat conditioning would occur during
learning was tested for each physiological measure separately by
modelling CS responses as a 3 x 3 linear interaction between Block (1, 2,
and 3) and Condition (negative, neutral, positive), representing the
valence of the paired US. For measures where calling the base R ANOVA
function on the fitted model showed that the interaction between



O.T. de Vries et al.

Condition and Block explained significant variance, we used the R
package ‘emmeans’ (Russell et al., 2023) to assess divergence between
conditions for each block separately. If conditioning has occurred, re-
sponses to predictors of emotional stimuli should increase over repeated
presentations of CS-US pairs relative to predictors of neutral stimuli.
Where such a pattern was found, we aggregated the data both across
participants and stimuli to calculate the proportion that contributed to
the effect. Test-retest reliability was estimated for each measure by
computing the correlations between stimulus responses in block 1 and 2,
and in block 1 and 3, using the package ‘correlation’ for R (Makowski
et al., 2019).

Prior to the main analyses, physiological response data was con-
verted to within-subject Z-scores for two reasons. First, this means that
the beta coefficients of all linear models can be interpreted as an indi-
cation of effect size, which for this reason will be reported using the
symbol Z rather than . Note however that this does not indicate a test
statistic, but instead refers to the estimated difference relative to a
reference condition. For example, an analysis of a difference between
conditions that is reported like this: (Z = 0.5, Clgs = [0.35, 0.65]) in-
dicates that the point-estimate of the effect is half a standard deviation
(Freedman, 2009). Critically, as Z-scores were computed for each sub-
ject individually, this means that an average participant will show an
effect of condition that is 0.5 standard deviations, regardless of their
exact response scale and distribution shape. A second advantage of
Z-transforming physiological data within participants is that it normal-
izes responses of individuals whose response distributions may vary
widely, thereby potentially causing biased sample means. Particularly
on the fEMG measures we noticed that several participants showed re-
sponses in a much higher range than most (100 %-1500 % change
relative to baseline compared to 0 %20 %). These large responses only
occurred in specific valence conditions (i.e., the corrugator in the
negative condition and the zygomaticus in the positive condition),
which indicates that these values do not reflect artefacts but expected
affective expressions. However, if analyzed without transforming the
data, such values would inflate condition effects and response means for
individual stimuli. Stimulus-specific effect sizes (Z-score) and proba-
bility of superiority (Ruscio, 2008), are listed in sheet 2 of supplement 2
for each measure and learning block, and represent their effectiveness at
evoking physiological responses to neutral predictors following
learning. If for example these values are [Z_block2 = 0.25 and P_sup_-
block2 = 65 %], this means that the expected response to a predictor
(CS) paired to this particular stimulus (US) in the second block is 0.25
standard deviations large, and the probability that it will be higher than
that to a random CS that is paired to a neutral stimulus is 65 %.

Performance on the memory test that immediately followed the three
learning blocks was analyzed to test whether declarative memory for CS-
US associations differed across affective conditions. The effect of
emotional condition on memory was tested by fitting a multilevel lo-
gistic regression with random intercepts for participants to the binary
memory response variable. The overall effect of Condition was tested
using the base-R anova function to compare the model including Con-
dition to a null-model of only random participant intercepts. Addition-
ally, we used multilevel regression paired with ANOVA to test the effect
of reaction times as an alternative measure of memory strength (e.g.
Meyer et al., 2017).

3. Results
3.1. Vividness of encoded episodes

Participants failed to enter their vividness ratings within 6 s on 7.9 %
of trials. An ANOVA of vividness ratings revealed a significant effect of
Condition (Fz 3203 = 69.25, p < 0.001, n participants = 55). Relative to
neutral CS-US pairs (mean vividness = 59.14, sd = 30.40), vividness of
negative trials was lower (difference = —8.45, Clg5 = [—5.69, —11.21], t
=7.17, p < 0.001) whereas that of positive trials was higher (difference
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= 5.30, Clg5 = [2.54, 8.06], t = 4.50, p < 0.001). Only 7 participants
reported average vividness values below the mid-point on the VAS (50),
suggesting that the majority was largely able to follow our encoding
instructions to imagine vivid stories involving themselves and the
stimulus pairs. Moreover, a regression analysis further showed that there
was no effect of trial-number (f = 0.006, p = 0.904), indicating that
willingness and/or ability to comply with task instructions was not
affected by the relatively large number of trials.

3.2. Unconditioned responding and test-retest reliability

3.2.1. Pupil
We found significant main effects of Condition (Fy 772 = 266.78,p <

0.001) and Block (Fa,7972 = 106.37, p < 0.001) on pupil dilation to the
unconditioned stimuli, as well as an interaction between Condition and
Block (F47072 = 95.35, p < 0.001). This indicates that pupil dilation
differed both when averaged across learning blocks and affective con-
ditions, and that the effect of condition varies across learning blocks. To
further disentangle the interaction, pairwise comparisons of marginal
means showed that pupil responses to negative USs were higher than to
neutral USs in all three learning blocks, starting in block 1 at a difference
of Z = 0.52 (Clos = [0.41, 0.63], p < 0.001), then Z = 0.54 (Clos = [0.43,
0.63], p < 0.001) in block 2, and finally at a relatively smaller difference
of Z=0.30 (Clg5 = [0.19, 0.42], p < 0.001). Pupil responses to positive
USs were smaller than to neutral USs in all blocks, although for block 2
the difference was only marginally significant. For block 1 we found a
difference of Z = 0.24 (Clgs = [0.13, 0.35], p < 0.001), for block 2 of Z =
0.11 (Clgs = [—0.005 0.22], p = 0.064), and Z = 0.14 (Clgs = [0.03,
0.25], p = 0.011) for block 3. Test-retest reliability between pupil re-
sponses in block 1 and block 2 was pzg9; = 0.26 (Clgs = [0.22, 0.30], p <
0.001), and p2p9; = 0.23 (Clgs = [0.19, 0.27], p < 0.001) between block
1 and block 3. These results suggest that especially the negative stimuli
are consistently potent in eliciting pupil responses. However, unlike in
the rating experiment described in supplement 1, pupil responses to
positive stimuli were significantly lower than to neutral stimuli. This
difference is relatively small compared to the effect of negative stimuli,
and this inconsistency may be explained by the larger statistical power
of the main experiment. Despite the Block x Condition interaction,
which indicates a degree of habituation, the effect of Condition
remained significant over repeated presentations.

3.2.2. Corrugator

The ANOVA of corrugator responses revealed a main effect of Con-
dition (F2,9691 = 439.42, p < 0.001) and an interaction between Con-
dition and Block F4 9691 = 5.36, p < 0.001), but no main effect of Block
(F2,0691 = 0.82, p = 0.438). Thus, the corrugator was sensitive to Con-
dition, and the effect differed across learning blocks. Pairwise compar-
isons of marginal means showed that corrugator responded to negative
and positive USs in the same way as the pupil: compared to neutral USs,
responses to negative USs were higher and responses to positive USs
were lower in all three learning blocks. In block 1, the difference be-
tween negative and neutral USs was Z = 0.64 (Clgs = [0.54, 0.73],p <
0.001), then Z = 0.50 (CIg5 = [0.41, 0.60], p < 0.001) in block 2, and Z
= 0.46 (Clgs = [0.37, 0.56], p = 0.016) in block 3. The difference be-
tween positive and neutral stimuli in block 1 was Z = —0.18 (Clgs =
[-0.28, —0.08], p < 0.001), then Z = —0.11 (ClIg5 = [-0.20, —0.01],p =
0.029) in block 2, and Z = —0.11 (Clgs = [—0.21, —0.02], p = 0.016) in
block 3. Test-retest reliability between corrugator responses in block 1
and block 2 was pP3222 = 0.22 (C195 = [0.19, 0.26], p< 0.001), and P2091
= 0.15 (CIos = [0.12, 0.19], p < 0.001) between block 1 and block 3.
These findings show that the effect of condition decreases, but remains
statistically significant across the three learning blocks.

3.2.3. Zygomaticus
A main effect of Condition (F,9477 = 42.91, p < 0.001) shows that the
zygomaticus was sensitive to US condition. There was no main effect of



O.T. de Vries et al.

Block (F2 9477 = 0.26, p = 0.769), nor an interaction between Condition
and Block (F49477 = 0.26, p = 0.081), indicating that the effect of
Condition on zygomaticus responses remained stable across learning
blocks. Comparisons of marginal Condition means, collapsed across
Block, revealed that both negative (Z = 0.12, Clgs = [0.07, 0.19], p <
0.001) and positive USs (Z = 0.23, Clos = [0.41, 0.60], p < 0.001)
evoked larger responses than neutral USs, and responses to positive USs
were significantly higher than to negative USs (Z = 0.10, Clgs = [0.04,
0.16], p = 0.001). Test-retest reliability between zygomaticus responses
in block 1 and block 2 was p3222 = 0.11 (Clgs = [0.07, 0.14], p < 0.001),
and p2g97 = 0.05 (Clgs = [0.02, 0.09], p = 0.002) between block 1 and
block 3. Overall, this shows that although trial level zygomatics re-
sponses are less reliable across blocks as they are for the pupil and
corrugator, they can still be partly predicted from earlier presentations.

3.3. Acquisition of conditioned responses

3.3.1. Pupil

There was a significant interaction between Condition and Block
(F4,7336 = 7.71, p < 0.001), indicating that there is an effect of stimulus
valence on pupil CRs that differs across learning blocks. There was no
significant difference in pupil responses evoked by CS;e; as compared to
CSpey When all CS-US pairs were first presented in block 1 (Z = 0.03,
Clgs = [—0.08, 0.14], p = 0.806), but these conditions did diverge in
both block 2 (Z = 0.39, CIyps = [0.27, 0.50], p < 0.001), and block 3 (Z =
0.20, CIgs = [0.08, 0.311, p < 0.001). Pupil responses to CSp,s however,
did not differ from CSpey in any of the learning blocks (all p > 0.177).
These results demonstrate that, after learning the CS-US associations,
predictors paired to negative USs came to evoke conditioned pupil re-
sponses, whereas those paired to positive USs did not. The average
response to CSpeg Was higher than to CSpey for 39 out of 46 participants
(84.8 %) in block 2, and 34 out of 46 (73.9 %) in block 3. All 20 negative
USs on average elicited larger conditioned responses than the mean of
neutral USs in block 2, and 18 (90 %) in block 3. Together, these findings
show that the negative stimuli, but not the positive stimuli are potent
USs for measuring conditioned responses on pupil dilation.

3.3.2. Corrugator

There was a significant interaction between Condition and Block
(F4,9710 = 4.30, p = 0.002), indicating that there is an effect of stimulus
valence on corrugator CRs that differs across learning blocks. Contrary
to expectations, responses to CS,eg Were already higher than to CSpey in
block 1, prior to learning the associations (Z = 0.12, Clgs = [0.02, 0.23],
p = 0.012). However, this effect became larger in block 2 (Z = 0.20, Clys
=1[0.10, 0.30], p < 0.001), and then even more in block 3 (Z = 0.28, Clgs
=1[0.19, 0.391, p < 0.001). Corrugator responses to predictors of positive
stimuli did not differ from those that predicted neutral stimuli in any of
the learning blocks (all p > 0.151). Thus, corrugator responses to CSpeg
increased relative to CS- following repeated presentation of the CS-US
pairs, whereas responses to CSpos did not. The average corrugator
response to CSpeg was higher than to CSyey for 34 out of 54 participants
(63.0 %) in block 2, and for 37 (68.5 %) in block 3. Of the 20 negative
stimuli, 18 on average elicited larger CRs than the mean of neutral
stimuli in both block 2 and block 3. Similar to the pupil, the corrugator is
an effective measure of aversive conditioning to the negative stimuli, but
shows no appetitive conditioning to the positive stimuli. It must be noted
that there was already a difference between CSpeg and CSyey in the first
block, before the CS-US pairs had ever been presented. The interaction
between condition and block indicates that this difference grew larger
following the first learning block, consistent with the pattern expected of
Pavlovian conditioning effects.

3.3.3. Zygomaticus

An ANOVA showed that there was no interaction effect of Condition
and Block on CRs of the zygomaticus (172 = 0.000, CIgp = [0.000, 0.001],
F4,9531 = 0.52, p = 0.720), thus providing no evidence for the occurrence
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of conditioning in either the negative or positive condition.
Conditioned and unconditioned responses for all physiological
measures and valence conditions are shown in Fig. 2.

3.4. Memory test

There was no effect of Condition on associative recognition accuracy
(F =0.25, p = 0.775), meaning that there was no difference in how well
participants remembered the associations between CSs paired with
negative, neutral, or positive USs. However, this analysis was however
most likely hindered by high performance close to ceiling. The average
proportion of correctly recognized associations were for 0.91, 0.90, and
0.91 for the negative, neutral, and positive pairings, respectively.
Moreover, 42 out of 58 participants achieved a perfect score in at least
one affective condition, and 23 achieved a perfect score overall.
Excluding participants with a perfect score did not yield another result
(F = 0.25, p = 0.777). We also analyzed reaction times, which as a
continuous and unbounded variable may be more sensitive to an effect
of affective condition on memory strength. Yet, an ANOVA with Con-
dition and Accuracy (correct or incorrect memory) as interacting pre-
dictors only revealed a significant effect of Accuracy (Fy 3064 = 251.15, p
< 0.001), indicating that participants entered correct answers faster
than incorrect answers. There was no main effect of Condition (F2 3424 =
2.78, p = 0.062), nor an interaction between Condition and Accuracy
(F2’3427 = 3.477, p= 0.081).

4. Discussion

The present research aimed to develop a new paradigm to simulta-
neously measure Pavlovian conditioning and episodic memory using
multimodal affective stimuli. Using a relatively large number of unique
CS-US episodic ‘mini-conditioning events’, we demonstrated that
randomly paired predictors (CS) of negative stimuli (US) triggered
conditioned responses in the form of increased pupil dilation and cor-
rugator activity already after a single block of associative learning. We
found no such conditioned responses to predictors of positive stimuli on
the zygomaticus or any other of the physiological indices. There was no
effect of emotion condition on declarative associative memory. This test
may have been hindered by high overall performance, but excluding
participants with a perfect score did not change the result. More
important, however, is that the mere quantity of employed stimuli does
allow for meaningful declarative tests of associative memory, given
some adaptations are made to the episodic conditioning paradigm.
Options such as a reduction in learning blocks, or extending the time
interval between learning and testing, are discussed below. Together,
these results indicate that congruent image-sound combinations can be
used as potent emotional USs in studies that require simultaneous
assessment of physiological and declarative expressions of emotional
associative memory. Thereby, the episodic conditioning paradigm opens
the door to new research questions where they intersect.

Although ‘episodic conditioning” was successful for negative USs, it
was not for positive USs, which is a fairly typical pattern of results for
studies investigating both aversive and appetitive conditioning in
humans (e.g. Exner et al., 2021; Hermann et al., 2000; Stussi et al.,
2018). One reason for this may be that the unconditioned responses to
positive stimuli were on all measures substantially smaller than those to
negative stimuli were on the pupil and corrugator. Conditioned re-
sponses tend to be lower than their corresponding unconditioned re-
sponses, making positive CRs harder to detect in the present study. It is
also possible that we did not find positive conditioning because the
positive stimuli did not require anticipatory physiological responses to
be approached in the same way that the negative stimuli did to be
avoided (Krypotos et al., 2014). Since the difference between negative
and neutral stimuli was much larger than that between positive and
neutral stimuli on each measure except the zygomaticus, the CSs of
neutral and positive stimuli may have simply clustered in affective space
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Fig. 2. Conditioned (left panel) and unconditioned responses (right panel) for each physiological measure (pupil, corrugator, and zygomaticus), each affective
condition (negative, neutral positive), and each learning block. Data was Z-transformed and aggregated across participants, meaning that’ Z-score’ is the unit for each
physiological measure shown here. Error bars indicate confidence intervals. Asterisks indicate significant differences relative to the neutral condition (* = p < 0.05,

** = p < 0.005, *** = p < 0.001).

as safety signals (Sangha et al., 2020), in which case the presence of the
successful negative conditioning trials thwarted the detection of a pos-
itive conditioning effect. Regardless, we only found evidence that the
negative multimodal stimuli used here are effective as USs, hence spe-
cifically the name ‘Episodic Threat Conditioning’.

This study provides a chart of subjective and physiological measures
of emotion in response to 60 unique multi-modal stimuli (see supple-
ment 1), as well as to arbitrarily paired predictors, that can be utilized in
a broad range of research areas. Where they are uniquely useful, how-
ever, is in studies aimed at understanding the relation between
Pavlovian threat conditioning and episodic memory, as well as how they
interact to produce other outcomes of interest. One straightforward
example is the question of whether conditioned responding can exist the
absence of memory for the CS-US association. This has previously been

N

investigated in brain damaged patients (Buchanan, 1995), which are
rare and yield results that may not generalize to healthy individuals, and
through subliminal stimulus presentation (Helmstetter, 2019; Raio
et al., 2012), which comes with the downsides of weakened US impact
and methodological issues that may bias results towards false positives
(Mertens & Engelhard, 2020). The episodic threat conditioning para-
digm enables the direct presentation of many stimulus pairs that trigger
strong CRs and URs in healthy participants, which can be related to the
presence of declarative memory associations, thus providing a new
approach to address this fundamental question of human learning. As
another example of how this paradigm can be used to integrate ideas
from Pavlovian threat conditioning and episodic memory, one study
from our lab used it to investigate whether threat affects the ability to
draw connections between distinct memories through a shared element,
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also known as associative inference (de Vries et al., 2022). We found that
associative inference was impaired by threat, but that this effect was not
moderated by intensity of emotional responses to the USs. Another
study, incorporating the episodic conditioning paradigm in a very
similar design, found that conditioned responses spread to arbitrary
stimuli that were previously associated with a CS, and that this was
likely facilitated by an episodic memory integration mechanism (de
Vries et al., 2025). Importantly, the pattern of URs and CRs to negative
stimuli during acquisition in both these studies was the same as in the
present study, providing evidence for the robustness of the episodic
threat conditioning effect.

When making use of the episodic threat conditioning paradigm and
adjusting it to the needs of a new study, it is important to be aware of
several design choices that influence both Pavlovian conditioning and
episodic memory, and may need to be balanced carefully. As also evi-
denced by the ceiling effect of associative memory in the present study,
episodic memories are stronger following repeated stimulus pre-
sentations (Hintzman & Block, 1971) and when the interval between
encoding and testing is short (Ebbinghaus, 1885; Murre & Dros, 2015).
Repetition of CS-US stimulus pairs is however essential to measure
conditioned responses. Here, as well as in our previous studies using this
paradigm (de Vries et al., 2022, 2025), we found significant conditioned
responses already after presenting each ‘mini-conditioning event’ one
time, meaning that for the purpose of measuring acquisition, the third
block is redundant and could probably be omitted to bring episodic
memory performance immediately following encoding into a workable
range. This would have the added benefit of keeping the memories more
episodic in nature, since that is thought to decrease as a function of
repeated experience (O'Reilly et al., 2014). Alternatively, when more
than two CS-US presentations are required for other reasons, increasing
the interval between encoding and testing would likely accomplish the
same. Another factor that affects episodic memory is the cognitive de-
mand of the encoding task (Underwood, 1978). Since the paradigm was
only effective at inducing aversive conditioning effects, future studies
will likely only use the negative and neutral USs, thus decreasing the
number of associations to be learned. This may enhance acquisition and
have the possibly unwanted effect of further increasing episodic memory
strength (Underwood, 1978), in which case can be is even more
important to take measures that reduce memory performance. It is
furthermore important to note that the encoding instructions here are
likely to be key to the paradigm’s efficiency. Letting participants use the
CS-US pairs to imagine stories that centrally involve them recruits
elaborative processes that are beneficial to memory (Craik & Lockhart,
1972). It is possible that without this specific kind of engagement,
acquisition of conditioned responses will require more than two learning
blocks, or may even not be possible at all. Note, however, that as we
instructed participants that they could also imagine stories in which they
witnessed an event, it is possible that conditioning is more driven by
first-person relative to third-person narratives. Whether this is actually
the case is an interesting avenue for future studies.

Future studies employing the episodic conditioning approach should
carefully consider what dependent variables are of interest for their
specific study. We developed this paradigm using primarily measures of
pupil size and fEMG for reasons specified in the introduction, most
importantly their resistance to habituation. However, studies that make
use of fewer stimuli and/or repititions at encoding could also consider
using more traditional measures such as SCR and startle. We also did not
index self-report report measures such as conditioned distress, since we
were mostly interested in psychophysiological indices of autononomic
arousal. Moreover, we reasoned that online ratings were likely to
interfere with both pupil measurement and participants’ ability to
imagine coherent stories encompassing both CS and US, which may be
essential for forming a measurable association between the two. How-
ever, for future studies with a clinical interest, online ratings such as
conditioned distress or US expectancy could be required. When imple-
menting such measurements, we recommend considering the effect this
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may have on pupil assessment and episodic encoding. Note that imple-
menting traditional US-expectancy ratings is not possible, given that
there are many different USs that such a rating could refer to, though it is
possible to ask more generally if the participant anticipates any of the
aversive outcome stimuli.

One final recommendation regarding the use of this paradigm con-
cerns the statistical analyses. Although every research question demands
a critical evaluation of what statistical models are most appropriate, we
would like to emphasize that a key feature of this paradigm is the
encoding of multiple distinct events, consisting of unique stimulus
combinations. Therefore, unless there is a clear reason not to, the default
recommendation is to fit hierarchical models rather than aggregating
data within participants and thereby discarding trial-level variance. For
the analysis of physiological data a standard multilevel linear regression
is suitable, whereas for the associative recognition test used here, a
multilevel logistic regression that fits the true distribution of binary data
is recommended. Standard works on hierarchical regression typically
recommend fitting the maximum random effects structure to avoid
inflation of the false-positive rate (Barr et al., 2013; Gelman & Hill,
2007), while others note that this may reduce statistical power
(Matuschek et al., 2017). Additionally, issues with model convergence
can pose a more pragmatic challenge when fitting hierarchical re-
gressions with random slopes. Here we reported six main analyses (CRs
and URs for three physiological measures), and since there was no
consistency in which random effects structure converged, we opted to
report the intercept-only models so that each result has the same exact
interpretation. Notably, the converging maximum effect structure for
each analysis yielded similar SEs and p-values, which in some cases were
more statistically significant rather than less. This suggests that the
false-positive rate was not inflated by our decision to report
intercept-only models. With that being said, we urge users of this
paradigm to consider and explore the matter of random effects struc-
tures for each study independently.

With this study, we presented a new experimental paradigm that can
be used as a building block for studies aimed at understanding how
threat conditioning and episodic memory processes interact to facilitate
the prediction of aversive outcomes. Although we have emphasized the
various ways these fields and their methods may complement each
other, the result of this fusion is best thought of not as more, but rather as
being different than the sum of its parts. The large number of CS-US pair
and the instruction to imagine oneself outside the context of the lab
likely requires the recruitment of brain areas and networks beyond those
involved in traditional Pavlovian conditioning tasks, particularly pre-
frontal areas and the medial temporal lobe (Rugg & Vilberg, 2013).
Given that these areas are known to be highly interconnected with the
amygdala and other structures that are considered part of the threat
learning network (Fastenrath et al., 2014; Ledoux & Daw, 2018), in-
teractions at the neural level may give rise to new behavioral effects, as
well as interfere with previously established findings. Similarly, effects
of emotion on episodic associative memory may differ from those
established in the literature when using this paradigm due to its
sequential as opposed to simultaneous (e.g. Bisby et al., 2018; Madan
et al., 2017) presentation of stimuli, and the acquisition of predictive
value that follows. This could trigger the engagement of the defensive
network when a CS is presented during a memory test, which may
interact with the mechanisms of declarative retrieval. The episodic
threat conditioning paradigm thus provides a way to blur the perhaps
artificial lines between cognitive and emotional memory processes
(Pessoa et al., 2022), and study the mechanisms underlying the pre-
diction and recollection of aversive events with stimuli that are more
ecologically valid and meaningful to participants.
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