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Abstract

Previous research has found the anticipation of immediate (compared with delayed) rewards to enhance instrumental approach
behaviour and interfere with instrumental inhibition. This so-called intertemporal Pavlovian bias has been proposed as a
mechanism contributing to impatient actions. In the present preregistered study, we aimed to replicate this intertemporal
Pavlovian bias effect, and examined whether individual differences in the strength of this bias were associated with mental
health symptoms characterized by increased or decreased intertemporal impatience. A sample of 389 participants completed
an intertemporal go/no-go learning task, as well as questionnaires that assessed symptoms of alcohol use disorder, nicotine
dependence, depression, anxiety, attention-deficit/hyperactivity disorder (ADHD), disordered eating, impulsivity, and body
mass index. We replicated the intertemporal Pavlovian bias effect on the probability of go responding (a response bias), and
reinforcement learning models again pointed to a Pavlovian cue-response bias as computational mechanism driving this
effect. Contrary to our expectations, the response bias was not associated with mental health symptoms. We also observed
an intertemporal Pavlovian bias effect on the vigour of correct go responses, with faster responses in anticipation of imme-
diate rewards (a response time or RT bias). A stronger RT bias was associated with ADHD hyperactivity/impulsivity and
nonplanning impulsivity symptoms, while a reversed RT bias (with faster incorrect go responses in anticipation of delayed
rewards) was associated with eating disorder symptoms and total and motor impulsivity. Together, our results support the
robustness of the intertemporal Pavlovian response bias and point towards the possible relevance of the RT bias for several
mental health problems.

Keywords Intertemporal choice - Delay discounting - Reinforcement learning - Pavlovian bias - Mental health -
Computational psychiatry

Intertemporal decisions refer to choices between smaller
short-term and larger long-term outcomes. For instance,
we may choose between watching another episode of our
favourite series versus going back to writing a difficult
paper to obtain our degree, or we may be tempted to smoke
a cigarette instead of abstaining to improve our long-term
health. Individuals vary in the degree of intertemporal
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impatience they exhibit in these situations, i.e., their ten-
dency to choose short-term over long-term outcomes. In
research, the most common approach to quantify intertem-
poral impatience is to ask participants to make a series of
choices between sooner-smaller and later-larger monetary
rewards (also known as delay discounting tasks, referring
to the subjectively discounted value of a reward as its delay
until delivery increases; Lempert et al., 2018). Intertemporal
impatience has been associated with a large variety of mala-
daptive behaviours and mental health problems, with meta-
analyses showing increased impatience in individuals diag-
nosed with attention-deficit/hyperactivity disorder (ADHD;
Jackson & Mackillop, 2016; Marx et al., 2021; Patros et al.,
2016; Pauli-Pott & Becker, 2015), substance and gambling
addiction (MacKillop et al., 2011), obesity (Amlung et al.,
2016), major depressive disorder, schizophrenia, border-
line personality disorder, bipolar disorder, bulimia nervosa,
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binge-eating disorder (Amlung et al., 2019), and decreased
impatience in individuals diagnosed with anorexia nervosa
(Amlung et al., 2019), compared with individuals without
mental health diagnoses. Following these findings, inter-
temporal impatience has been proposed as a transdiagnostic
process that may form a risk factor contributing to the devel-
opment and maintenance of these disorders (supported by
studies showing an etiological role of impatience), and may
explain some of the comorbidity between disorders (Amlung
et al., 2017, 2019; Bickel et al., 2012, 2019; Lempert et al.,
2018; Scheres et al., 2024). In addition to these differences
between patients and controls, studies have observed con-
tinuous associations between intertemporal impatience and
the severity of mental health problems in general population
samples, in line with the proposed dimensionality of inter-
temporal impatience and mental health constructs (Amlung
et al., 2016, 2017; Burghoorn et al., 2025; Keidel et al.,
2024; Levin et al., 2018; Levitt et al., 2022).

Intertemporal Pavlovian bias

The relevance of intertemporal impatience across mental
health problems raises the question about which psychologi-
cal mechanisms may contribute to impatience and thus may
be implicated in the behaviours and mental health symptoms
that have been characterized by intertemporal impatience.
In a recent study, we provided evidence for an intertem-
poral Pavlovian bias as a possible mechanism contribut-
ing to impatient intertemporal decisions (Burghoorn et al.,
2024). Pavlovian biases refer to the influence of anticipated
outcomes (e.g., rewards or punishments), signalled by cues
in the environment, on instrumental (often goal-directed)
actions. Previous research has demonstrated that the antici-
pation of a reward elicits a Pavlovian approach response,
which is adaptive when approach responses are required to
achieve a goal, but maladaptive when inhibitory or with-
drawal responses are required to achieve a goal (Guitart-
Masip et al., 2014). In contrast, the anticipation of a pun-
ishment has been shown to elicit a Pavlovian withdrawal
response, enhancing instrumental approach but interfering
with instrumental withdrawal. Pavlovian responses may
either align or conflict with instrumentally required actions.
A key difference between Pavlovian and instrumental action
control is that whereas Pavlovian control revolves around
relatively simple cue-outcome associations, instrumental
control revolves around more complex cue-action-outcome
associations. Thus, only instrumental actions (particularly
when they are goal-directed) are determined by their effect
on the desired outcomes or goals. Although Pavlovian
actions are often shaped through their general adaptive-
ness (e.g., it is generally adaptive to approach rewards or
reward-predicting cues; Dayan et al., 2006), they can result

in actions that persist even when maladaptive to reaching
one’s goal (e.g., when a reward requires inhibition). In other
words, while instrumental control is computationally costly
and flexible, Pavlovian control is computationally cheap and
inflexible (Dorfman & Gershman, 2019; Huys et al., 2012;
Millner et al., 2018).

Until recently, research on Pavlovian biases exclusively
focused on the valence and magnitude of anticipated out-
comes (see Guitart-Masip et al., 2014 for a review), com-
paring the anticipation of rewards versus punishments (and
sometimes also comparing different reward and/or punish-
ment magnitudes). In Burghoorn et al. (2024), however, we
demonstrated that the timing of the anticipated reward also
influenced instrumental actions in a Pavlovian manner. To
test this, we developed an intertemporal variant of a go/
no-go learning task that orthogonalizes the required instru-
mental action (go/no-go) and the timing of the reward that
is available upon giving the correct response (immediate/
delayed). This resulted in four trial types: go to win immedi-
ate reward, go to win delayed reward, no-go to win imme-
diate reward, and no-go to win delayed reward trials. The
immediate and delayed rewards were preference-matched
per participant by using a choice titration procedure, allow-
ing us to test for the effect of reward timing beyond indi-
vidual differences in subjectively discounted reward value.
We observed that the anticipation of immediate rewards
increased go responding compared with the anticipation of
delayed rewards, thus facilitating instrumental approach but
interfering with instrumental inhibition. This intertemporal
Pavlovian bias may contribute to the often-experienced dif-
ficulty to inhibit ourselves in the face of immediate gratifica-
tion, possibly at the cost of long-term goals. For instance,
the sight of your favourite unhealthy snack may elicit an
approach response (i.e., eating the snack), giving you an
immediate reward (i.e., the taste of the snack) but undermin-
ing your long-term health goal. Note that irrespective of the
reward timing, any reward may elicit a Pavlovian approach
response and may therefore contribute to intertemporally
impatient actions (as also discussed by Dayan et al., 2006;
Huys et al., 2012). Importantly, however, the results of
Burghoorn et al. (2024) extend this by demonstrating that
immediate rewards exert a stronger approach response com-
pared with delayed rewards, even when the two rewards are
matched based on revealed choice preferences.

Intertemporal Pavlovian bias and mental
health: The present study

In the current study, we asked how such an intertemporal
Pavlovian bias may be implicated in those mental health
problems that have been characterized by increased or
decreased intertemporal impatience. For instance, a stronger
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difficulty to inhibit one’s response to cues signalling imme-
diate gratification (e.g., a drug or snack), at the cost of
long-term (health) goals, may contribute to a vulnerability
to develop substance use addiction, obesity, or binge eat-
ing episodes. Similarly, a stronger behavioural activation
towards distracting but immediately rewarding cues (e.g.,
an incoming text), at the cost of long-term occupational or
educational achievements, may be associated with ADHD
symptoms. In contrast, excessive control over Pavlovian
responses towards immediate reinforcers (e.g., food) and/
or a preoccupation with future (e.g., weight) goals may be
associated with symptoms of anorexia nervosa.! Provid-
ing support for the general relevance of Pavlovian biases
in mental health, several studies have found valence-driven
Pavlovian biases (i.e., comparing the anticipation of rewards
versus punishments) to be associated with individual dif-
ferences in substance use (Garbusow et al., 2022), mood
and anxiety symptoms (Huys et al., 2016; Mkrtchian et al.,
2017; Nord et al., 2018; Peterburs et al., 2022; Scholz et al.,
2020; but also see Moutoussis et al., 2018), suicidal thoughts
and behaviours (Millner et al., 2018), ADHD hyperactivity/
impulsivity symptoms (Geurts, Den Ouden, et al., 2022),
borderline personality disorder symptoms (but only for neu-
ral Pavlovian bias-related signals, not for behaviour; Geurts,
Van Den Heuvel, et al., 2022), schizophrenia (Albrecht et al.,
2016; Montagnese et al., 2020; Morris et al., 2015; but also
see Metts et al., 2022), and psychopathic tendencies (Geurts,
Von Borries, et al., 2022), although the direction of the
reported statistically significant associations (i.e., positive
or negative) has been somewhat inconsistent.

The present study had two main goals. First, using the
intertemporal go/no-go task developed previously (Burg-
hoorn et al., 2024), we aimed to replicate the intertemporal
Pavlovian bias effect, thereby examining its robustness. Sec-
ond, we investigated the associations between this intertem-
poral Pavlovian bias and symptoms of alcohol use disorder,
nicotine dependence, ADHD, depression, trait anxiety, dis-
ordered eating, body mass index (BMI), and impulsivity, all
of which have previously been associated with increased or
decreased intertemporal impatience. We investigated these
associations in a general population sample, thus treating
mental health and intertemporal impatience as dimensional
constructs, and tested for their continuous associations.

! The question to what extent individuals with anorexia nervosa con-
sider food as rewarding has been debated (Steinglass et al., 2012).
Therefore, weaker or even reversed Pavlovian biases in anticipation
of immediate food outcomes may also result from a lower subjective
value attributed to food (and/or a higher subjective value attributed
to long-term health outcomes), instead of or in addition to increased
control to overcome these biases. The use of monetary outcomes in
the present study allowed us to test for intertemporal Pavlovian biases
while bypassing the complex reward properties of food outcomes.

Third and finally, while not a central goal of the present
study, we tested whether the associations between the mental
health symptoms and the level of intertemporal impatience
(as assessed using a choice titration procedure, explained
further below) were similar to those previously reported in
the literature.

Study hypotheses

We expected to replicate the intertemporal Pavlovian bias
effect and thus predicted that go responding in the go/no-go
task would increase in anticipation of an immediate reward
(i.e., in the immediate reward trials) compared with the
anticipation of a preference-matched delayed reward (i.e.,
in the delayed reward trials).

Next, following the literature on intertemporal impa-
tience and mental health discussed earlier and the proposed
role of the intertemporal Pavlovian bias as mechanism of
impatience, we expected the strength of the intertemporal
Pavlovian bias to be associated with increased symptoms of
alcohol use disorder, nicotine dependence, ADHD, depres-
sion, and BMI. For several of these mental health variables,
we not only assessed total symptom scores, but additionally
distinguished between different symptom subscales. Specifi-
cally, for alcohol addiction, we distinguished between gen-
eral alcohol use and alcohol-related problems, as research
suggests them to be separate constructs (Horvath et al.,
2023), and because we expected to observe more interin-
dividual variation in general alcohol use compared with
alcohol-related problems. Similarly, for nicotine addiction,
we distinguished between nicotine dependence in the full
sample, smoking status (i.e., whether someone smokes or
not), and nicotine dependence in a subset of smokers. For
ADHD, we distinguished between hyperactivity/impulsiv-
ity symptoms and inattention symptoms, as recommended
by Jackson and Mackillop (2016). We hereby explored the
possibility that different subsets of symptoms may be driven
by different psychological mechanisms, thus accounting for
within-disorder heterogeneity of symptoms and underlying
mechanisms. Scheres et al. (2008) observed hyperactivity-
impulsivity but not inattention symptoms to be associated
with increased intertemporal impatience, raising the pos-
sibility that the former is more strongly associated with the
intertemporal Pavlovian bias than the latter.

For disordered eating, we distinguished between symp-
toms reflecting a lack of control over eating and other eating
disorder symptoms (revolving around food restriction and
a preoccupation with weight loss). We expected a lack of
control over eating to be associated with a stronger inter-
temporal Pavlovian bias, reflecting a stronger effect of cues
signalling immediate gratification (e.g., food rewards) on
behaviour. This aligns with research showing increased
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intertemporal impatience in bulimia nervosa and binge-
eating disorders, both of which are characterized by uncon-
trolled binge-eating episodes (Amlung et al., 2019). We did
not have a directional hypothesis for the remaining eating
disorder symptoms. Because we expected these symptoms to
be positively correlated with the symptoms reflecting a lack
of control overeating, one may expect a similarly increased
Pavlovian bias. At the same time, the strong focus on food
restriction and weight loss that characterizes these symptoms
may require strong control over Pavlovian responses towards
immediate rewards, as well as a strong focus on delayed
rewards, possibly resulting in a reduced or even reversed
intertemporal Pavlovian bias. This is consistent with previ-
ously reported negative associations between anorexia ner-
vosa—particularly the restricting subtype—and intertempo-
ral impatience (see Amlung et al., 2019 and Lempert et al.,
2018 for reviews).

Findings on the association between intertemporal
impatience and anxiety have been mixed; studies showed
increased impatience (Keidel et al., 2024; Rounds et al.,
2007; Xia et al., 2017; Zhang et al., 2020), decreased
impatience (Steinglass et al., 2017), or no association with
impatience (Jenks & Lawyer, 2015; Takahashi, 2004; Wor-
thy et al., 2014). Even within studies, findings have been
mixed, depending on the type of analytic approach used
(Levitt et al., 2022) or the type of anxiety assessed (Levin
et al., 2018). Similarly, while some studies on valence-driven
Pavlovian biases observed an increased Pavlovian bias in
association with anxiety—albeit in the punishment domain
(Mkrtchian et al., 2017; Peterburs et al., 2022)—others found
a decreased bias (Scholz et al., 2020), the latter of which
was theorized to result from a more ruminative and care-
ful decision style. Because the present study only included
rewards (not punishments), and following the inconsistency
in previous research findings on anxiety, intertemporal impa-
tience, and valence-driven Pavlovian biases, we did not have
a directional hypothesis regarding the association between
the intertemporal Pavlovian bias and anxiety.

Finally, we expected the intertemporal Pavlovian bias
to be associated with increased impulsivity, reflecting an
impaired ability to override the Pavlovian approach response
elicited by immediate rewards. This hypothesis follows the
strong conceptual link between impulsivity and intertempo-
ral impatience, as well as several studies showing an empiri-
cal association between the two (Baumann & Odum, 2012;
Jauregi et al., 2018; Keidel et al., 2024; Malesza & Kalinow-
ski, 2021; Malesza & Ostaszewski, 2016; Zhou et al., 2021).
Impulsivity was assessed by using the Barratt Impulsive-
ness Scale (BIS-11; Patton et al., 1995), which, in addition
to a total score, results in separate scores for attentional
impulsivity, motor impulsivity, and nonplanning impulsiv-
ity. Because the intertemporal Pavlovian bias involves a

conditioned approach (go) response, we expected the bias
to be most strongly associated with motor impulsivity.

Our hypotheses on the association between mental health
and intertemporal impatience (as assessed using the choice
titration procedure) followed the hypotheses on mental
health and the intertemporal Pavlovian bias described above.

Methods

The study’s research questions, hypotheses, design, sample
size, and analyses were preregistered on the Open Science
Framework (https://osf.io/4qczy). The OSF page also con-
tains the study materials, data, and analysis code (https://
osf.io/p5bz9/).

Participants

Participants were recruited on Prolific (https://www.proli
fic.com/) if they indicated to be fluent in English, live in
a country that uses euros as its currency (as study rewards
were presented in euros), have normal or corrected-to-nor-
mal vision, have normal colour vision, and have an approval
rate on Prolific of at least 95%. Of the 435 participants who
took part in the study, 46 were excluded from data analysis,
either because they did not meet our preregistered data qual-
ity criteria (n =44, see Supplementary Information 1 [S1]
for details), because they did not complete the entire study
(n=1), or did not complete the study in English (n=1). A
simulation-based power analysis showed that the remaining
sample of 389 participants (140 females, 243 males, 5 non-
binary, 1 other; M,,.=31.37, SD,,.=9.07) would provide
90-95% power to replicate the intertemporal Pavlovian bias
effect observed in Burghoorn et al., (2024; unstandardized
effect of reward of b=0.17 on log-odds scale), and at least
95% power to replicate an interaction between the intertem-
poral Pavlovian bias and total alcohol use disorder scores
observed in a pilot study (N=51; unstandardized interac-
tion of 5=0.34 on log-odds scale; smaller interaction effect
sizes of 0.25 and 0.20 would be detected with 87% and 77%
power, respectively). Following our preregistered trial-level
exclusion criteria (see S1), 0.32% of the go/no-go trials of
the final sample were excluded.

The study fell under a research line that received ethics
approval from the local institutional review board prior to
data collection (number: ECSW-2024-053), and the study
was performed in accordance with the ethical standards of
the Declaration of Helsinki. Digital informed consent was
obtained from all individual participants. Participation was
compensated with £5.25 (Prolific uses Great British Pounds
as its currency). In addition, participants took part in a per-
formance-contingent lottery, in which they could win one of
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the rewards they earned during the go/no-go task (described
below).

General procedure

The experimental procedure was programmed in jsPsych
(version 7.0.0; de Leeuw & Gilbert, 2023) and could be
completed in a Mozilla Firefox, Safari, or Microsoft Edge
browser on a desktop or laptop computer. The experimental
timeline is displayed in Fig. 1. The complete experiment
took approximately 35 min.

Choice titration |

The choice titration procedure was used to derive a partici-
pant-specific immediate reward that was preference-matched
to a delayed reward of €28 in 120 days. Details are reported
in Burghoorn et al. (2024). Summarized, participants first
completed the Monetary Choice Questionnaire (Kirby et al.,
1999), which consists of 27 choices between varying imme-
diate and delayed monetary rewards. Choices on this task
were used to derive a participant-specific discount rate,
which was then used to compute the starting amount of the
immediate reward in the subsequent adaptive choice titra-
tor. Each trial of the adaptive choice titrator offered a choice
between an immediate reward (€X today, with X being an
even integer between €0 and €28) versus a fixed delayed
reward of €28 in 120 days. If a participant chose the immedi-
ate [delayed] reward, the immediate reward amount on the
next trial was decreased [increased] with €2. The titrator
continued until participant reached a stable window of six
trials during which the immediate reward did not deviate by
more than €2. Participants who failed to reach stability after
50 trials were excluded from data analyses (n=35). Partici-
pants who indicated to prefer €0 today over €28 in 120 days
were asked to confirm their choice in a subsequent, identical
trial. If they again preferred €0, they were excluded from the
analyses (n=1), because this indicated that they preferred
not to receive any reward, undermining a critical premise of
the study. The titration procedure was incentivized through
a lottery at the end of the experiment, in which participants

Reward Go/no-go task
Introduction  valuation (v1) 9
Titration | Que
ratings |

Fig. 1 Experimental timeline. Note. Experimental timeline, display-
ing the order of tasks administered. Whether the reward valuation
task was administered before (v1) or after (v2) the go/no-go task, and

had the chance of winning a monetary reward that was deter-
mined by their choice preferences (described below).

Intertemporal Go/No-Go task

Next, participants completed the intertemporal go/no-go task
as detailed in Burghoorn et al., (2024; originally adapted
from Scholz et al., 2022) and as displayed in Fig. 2. The task
was framed as a gem game, during which participants had to
learn which two gems (i.e., cues) to collect (go response) and
which two gems to leave behind (no-go response). For two
of the four gems, a correct response resulted in the delayed
larger reward of €28 in 120 days. For the other two gems, a
correct response resulted in the participant-specific imme-
diate reward of €X today. For all four gems, an incorrect
response resulted in no reward. Orthogonalizing the required
action (go/no-go) and available reward (immediate/delayed)
resulted in four conditions: go to win immediate reward tri-
als; go to win delayed reward trials; no-go to win immediate
reward trials; and no-go to win delayed reward trials. For
each participant, the four cues were randomly assigned to
conditions. The required response (go/no-go) for each of
the cues had to be learned by trial and error. Although the
available reward (immediate/delayed) could also be learned
by trial and error, it was additionally signalled by a col-
oured edge (orange/blue) around the cue. The purpose of this
coloured edge was to increase the salience of the available
reward (immediate/delayed), and to ensure that any reward
effects would be present early on in the task (hereby follow-
ing Burghoorn et al., 2024; Scholz et al., 2022; Swart et al.,
2017, 2018). Which edge colour signalled which reward was
counterbalanced across participants and was instructed to
the participants before the start of the task.

Upon cue presentation, participants had 600 ms to make
aresponse by pressing the space bar (go response) or doing
nothing (no-go response). After the response window, the
outcome was presented for 1,700 ms, by presenting a reward
going into a reward chest that was either close to the par-
ticipant on a timeline (immediate reward) or far away on
the timeline (delayed reward), or by presenting only closed
chests (no reward). Outcome feedback was probabilistic,

Reward  Titration
valuation (v2) 1l Lottery
Cue Mental health End
ratings Il questionnaires

whether the valuation task was a rating or ranking task, was counter-
balanced across participants
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A

Go to win
delayed reward

Go to win
immediate reward

No-go to win
immediate reward

No-go to win
delayed reward

5

H b

B

¥ Y

Go to win immediate reward example trial:

Inter-trial interval (600-800 ms) +

Cue + response window (600 ms)

NG

Feedback (1700 ms)

IN 120 DAYS

[ ToDAY

Fig.2 Go/No-Go task. Note. Design of the go/no-go task. A: The go/
no-go task consisted of four conditions, each signalled by a unique
visual cue: go to win immediate reward, go to win delayed reward,
no-go to win immediate reward, no-go to win delayed reward. The
cue signalled the required instrumental action (go/no-go) and the
reward available upon giving a correct response (immediate/delayed).
Participants had to learn the required instrumental action by trial and
error; the reward was instructed through the coloured edge around the
cue, and could also be learned by trial and error. Cues were randomly
assigned to conditions, and which cue edge (blue/orange) indicated
which reward (immediate/delayed) was counterbalanced across par-
ticipants. Each condition was presented 50 times in pseudorandom
order (i.e., in random order except that the same condition could not
be presented more than twice in a row). B: Example of a go to win

such that in 80% the trials, the outcome presented to the
participant was consistent with the correctness of their
response. Each of the four conditions was presented 50 times
in pseudorandom order (i.e., random order with the excep-
tion that the same condition could not be presented more
than twice in a row). The 200 trials were divided in four
blocks of 50 trials, divided by 20-s breaks.

Participants received extensive task instructions and
were required to reach 80% performance in a round of
five practice trials before proceeding to the full task. Par-
ticipants who required more than six practice rounds were
excluded from the analyses (n=2). The task included four
attention checks (separated by a minimum of 25 trials),

immediate reward trial. The trial started with a fixation cross (inter-
trial interval), after which the cue was presented. Upon cue presenta-
tion, participants had to respond within 600 ms, after which feedback
was provided. If participants gave a correct response for an immedi-
ate reward cue (such as that presented in B), the immediate reward
was presented to go into a chest close to the participants’ agent on a
timeline. If participants gave a correct response for a delayed reward
cue (not presented in B), the delayed reward was presented to go
into a chest far away from the participants on the timeline. If partici-
pants gave an incorrect response (regardless of the cue), both chests
remained closed. Feedback was probabilistic; in only 80% of the tri-
als, the feedback presented corresponded to the correctness of the
participant’s response

during which a crosshair target appeared on the screen for
1,000-2,000 ms (jittered), and participants had to press
the space bar within 1,500 ms upon disappearance of the
target. To incentivize task performance, participants were
informed that they would be entered into a lottery at the
end of the experiment, during which they had the chance to
win the outcome they received on one randomly selected
go/no-go trial (hereby incentivizing response accuracy)
and that their response speed increased their chance of
winning the lottery (hereby incentivizing response speed).
See Burghoorn et al. (2004) for the equation used to deter-
mine the per-participant lottery chance; 13 participants
won the lottery.
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Mental health measures

The instruments used to assess the mental health symptoms,
and their descriptive statistics, are outlined in Table 1. A
detailed description of all questionnaires can be found in S2.
The order in which the questionnaires were administered was
randomly determined per participant. The STAI-T-5 and BIS-
11 contained one attention check, instructing participants
which answer to give. After completing the mental health
questionnaires, participants also completed a few questions
on their menstrual cycle (if applicable); these data were not
of interest (and therefore not analysed) for the present study.

Secondary measures

In addition to the choice titration, go/no-go task, and men-
tal health questionnaires, which formed the three main

Table 1 Mental health measures

parts of the experiment, we administered several other
short tasks, described in the following sections.

Reward valuations

The choice titration procedure resulted in an immediate
and delayed reward that were matched based on revealed
choice preferences. To examine whether the two rewards
were also valued similarly outside a choice context,
we administered a separate reward valuation task. We
included two versions of this task, a rating and ranking
version, allowing us to compare valuations across different
preference elicitation methods. Which of the two versions
of the valuation task a participant completed, and whether
they completed this before or after the go/no-go task, was
counterbalanced across participants.

Variable Scale Possible range Observed range M (SD) Mdn  Cronbach’s a

Total alcohol use disorder AUDIT 0-40 0-29 3.61 (4.20) 2 .86
Saunders et al. (1993)

Alcohol use AUDIT 0-12 0-12 243 (2.15) 2 75

Alcohol problems AUDIT 0-28 0-19 1.18(249) 0 81

Smoking status “Do you smoke Yes / No 16% smokers
(e-)cigarettes?”

Nicotine dependence FTND 0-11 0-8 057158 0 .86%

in full sample Heatherton et al. (1991)

in smokers (n=63) 0-10 0-7 2.54(2.23) 2

Depression DASS-21 0-21 0-21 555(.23) 4 93
Lovibond and Lovibond (1995)

Trait anxiety STAI-T-5 0-15 0-15 598335 6 .85
Zsido et al. (2020)

Total ADHD ASRS-v1.1 0-72 0-62 2742 (9.89) 27 .88
Kessler et al. (2005)

ADHD inattention symptoms ASRS-vl.1 0-36 0-31 14.58 (5.69) 14 .85

ADHD hyperactivity / impulsivity ASRS-v1.1 0-36 0-31 12.84 (5.58) 13 .80

symptoms

Total disordered eating EDE-QS 0-36 0-29 7.26 (6.70) 5 .88
Gideon et al. (2016)

Lack of control over eating EDE-QS 0-6 0-6 0.86 (1.28) 0 75

Remaining eating disorder symptoms ~ EDE-QS 0-30 0-26 6.40(5.82) 5 .85

Total impulsivity BIS-11 0-90 5-64 30.07 (10.42) 29 .86
Patton et al. (1995)

Attentional impulsivity BIS-11 0-24 0-24 8.59 (3.91) 9 .76

Motor impulsivity BIS-11 0-33 1-21 9.65(4.07) 9 .68

Non-planning impulsivity BIS-11 0-33 1-26 11.84 (5.04) 12 11

Body Mass Index® _weight 16.07-61.86  24.17 (4.78) 23.15
(height/100)>

Overview of the mental health variables assessed in the study, the instruments used to assess them, and their descriptive statistics. M =mean,
SD = standard deviation, Mdn=median. Cronbach’s a was computed for all scales consisting of multiple items

 Given the limited subsample of smokers, we only computed Cronbach’s « in the total sample

One impossible BMI score was removed from the sample. Therefore, all analyses involving BMI scores were performed on 388 participants
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Rating task The rating task was identical to that used in
Burghoorn et al. (2024). Participants were asked to rate
how attractive they found each of the two rewards, one by
one, using a slider on a visual analogue scale ranging from
very unattractive (0, left endpoint) to very attractive (100,
right endpoint). The left endpoint additionally included as
anchor a delayed reward that was €1 lower in amount than
the immediate reward of the preference-matched reward
pair, and 1 day longer in delay than the delayed reward (i.e.,
121 days), hereby representing a relatively very unattractive
reward. The right endpoint included as anchor an immediate
reward that was €1 higher in amount than the delayed reward
of the preference-matched reward pair (i.e., €29), represent-
ing a relatively very attractive reward. The two reward rat-
ings were presented in random order.

Ranking task The ranking version of the valuation task was
adapted from Luo et al. (2009). Participants were asked to
rank the two rewards based on how attractive they found
each of them. They were instructed to give the reward that
they found most attractive rank 1 and the reward that they
found least attractive rank 2, or if they found both rewards
equally attractive to give both rewards rank 1. In line with
Luo et al. (2009), participants were instructed not to think
about which reward they would choose if they compared
them but simply to think about how attractive they found
each reward. The two rewards were simultaneously pre-
sented on the screen; which reward was presented on the
top or bottom of the screen was randomly determined.

Cue ratings

To examine pre-existing differences in subjective valuation
of the cues (i.e., gems) used in the go/no-go task, we asked
participants to rate how attractive they found each of the
cues. Ratings were provided using a slider on a visual ana-
logue scale ranging from very unattractive (0, left endpoint)
to very attractive (100, right endpoint). The cue rating task
was again presented after the go/no-go task, allowing us to
examine whether the cue ratings changed over the course
of the experiment. In both cue rating tasks, the cues were
presented in random order.

Choice titration Il

To examine whether the degree of intertemporal impatience,
as assessed using the first choice titrator, remained stable
across the experiment, we again administered the adaptive
part of the choice titration procedure after the go/no-go task.
The starting value of the immediate reward was identical to
the adaptive titrator administered before the go/no-go task.

Data analyses
Statistical models

The majority of the data were analysed with Bayesian
mixed-effects models, using the brms package (version
2.21.0; Biirkner, 2018) in R (version 4.4.1; R Core Team,
2024). The statistical models used for our primary analyses
are outlined below; the models for all secondary analyses are
specified in the respective results or Supplementary Infor-
mation sections. In all models, brms’ weakly informative
default priors were used, categorical predictors were sum-to-
zero coded, and continuous predictors were mean-centered.
A Gaussian model family was used unless mentioned oth-
erwise. We accounted for by-participant random variation
using a maximal random-effects structure. Effects were
denoted as statistically significant if the 95% highest den-
sity interval (HDI) did not include O (except when the HDI
levels were corrected for multiple testing, as detailed below).
If we computed Pearson correlations, these were denoted as
statistically significant when p <0.05 (except when correct-
ing for multiple testing). Visualizations of the results were
created using the packages emmeans (version 1.10.3; Lenth,
2019) and ggplot2 (version 3.5.1; Wickham, 2016).
Intertemporal Pavlovian bias models

Response bias Our main statistical model on the intertempo-
ral Pavlovian bias included response (go/no-go) as depend-
ent variable, a fixed intercept, required action (go/no-go),
reward (immediate/delayed), task block (1-4, modelled as
centered linear predictor), and their interactions as fixed
effects. Random effects included a random intercept, a ran-
dom slope for all fixed effects, and all random correlations
varying over participants. Responses were modelled with a
Bernoulli model family to account for their binary nature.

RT bias As preregistered, we also explored whether any
intertemporal Pavlovian bias effect was observed on the
response times (RTs), reflecting an effect of the available
reward on response invigoration. To this end, we reran our
main intertemporal Pavlovian bias model, but with response
times (from both correct and incorrect go responses) as
dependent variable. A shifted lognormal family was used to
account for the non-normal RT distribution.

Mental health moderation To examine whether the inter-
temporal Pavlovian bias was associated with the mental
health symptoms, we tested whether the mental health vari-
ables moderated the Pavlovian bias. To this end, we reran
our Pavlovian bias models (both for responses and RTs), but
this time included a mental health score as additional fixed
effect, allowing it to interact with all other fixed effects. To
prevent convergence issues resulting from overly large mod-
els, we ran a separate model for each mental health variable,
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and corrected for multiple testing by applying a Benjamini—
Hochberg correction to the HDIs (with a false discovery
rate of 5%; Benjamini & Hochberg, 1995). Our main test
involved the two-way interaction between the reward effect
and the mental health score. We additionally examined
whether this two-way interaction was further moderated by
the required action, task block, or both.

Intertemporal impatience and mental health We also tested
whether the level of intertemporal impatience, as assessed
using the first choice titrator, was associated with any of the
mental health variables, in line with the literature on inter-
temporal impatience and mental health (Amlung et al., 2019;
Lempert et al., 2018). Intertemporal impatience was quanti-
fied as the reward amount of the immediate reward pref-
erence-matched to the delayed reward of €28 in 120 days.
Because a higher immediate reward amount indicates more
patience, we reverse-coded these patience scores to create
an impatience score (1-28, with higher scores indicating
more impatience). We subsequently computed the Pearson
correlations between the immediate reward amount derived
from the choice titrator, and the mental health variables. A
Benjamini—-Hochberg correction was applied to correct for
multiple testing. Finally, we computed the bivariate corre-
lations between all mental health variables to gain insight
into possible comorbidity between mental health symptom:s.

Reinforcement learning models

To study the computational mechanisms that may underlie
the intertemporal Pavlovian response bias, and its possible
association with mental health symptoms, we fitted a series
of nested reinforcement learning (RL) models to the data of
the go/no-go task (following Burghoorn et al., 2024, inspired
by Guitart-Masip et al., 2012b). The first and most simple
model was a Rescorla-Wagner model (MO0), in which action
weights (w,) are fully determined by action values (Q)).:

Wz(ar’ Sz) = Qr(“n sr) =0, (az’ st) + a(rt_l -0 (ar’ Sz))
ey
Action values are updated on a trial-by-trial basis, based
on prediction errors, i.e., the difference between the expected
reward (Q, ;) and the obtained reward (r,_,), scaled by the
learning rate (a). A softmax function was used to trans-
form action weights into the probability of making a go
response (p). The inverse temperature parameter T reflects
the response stochasticity, i.e., the degree to which responses
are determined by action weights:

exp(tw,(a,ls,)

> expltw,(alls,)

pla,s,) = )

The next model, M1, includes an extended softmax func-
tion with & that captures irreducible noise in action selection,
due to, e.g., motor or attentional lapses:

as) = |

exp(tw,(a,|s,) E
Za,exp<rw,<ar|s,>] 1=9+3 ©

M2 adds a go bias parameter b to the computation of
the action weight, capturing a general tendency to give go
responses:

— Qz (at, st) + b ifd, = g0
Wt(ats Sz) - { 0, (at’ st) else @

M3 captures the hypothesized intertemporal Pavlovian
bias through a cue-response bias &, which reflects the elici-
tation of a Pavlovian go response by cues that signal imme-
diate (versus delayed) rewards, implemented through an
increased action weight of the go response:

_ Ql(al, st> +b+ ﬂV(s,) ifa, =go
wilaps) = 0,(a,,s, else
&)

Here, V(s,) represents the reward signalled by the cue. In
line with previous research, the values of V(s,) were fixed at
1 for immediate rewards and — 1 for delayed rewards, cap-
turing the instruction of the reward identity by the coloured
edge around the cue (Burghoorn et al., 2024; Scholz et al.,
2022; Swart et al., 2017, 2018; van Nuland et al., 2020).

In Burghoorn et al. (2024), we fitted two additional mod-
els, M4 and M5, which reflect alternative and/or comple-
mentary computational mechanisms possibly driving the
intertemporal Pavlovian bias. We observed that whereas
these models provided a slight advantage compared to M3 in
terms of model fit, M3 was the only model that showed suc-
cessful parameter recovery, model recovery, and posterior
predictive performance. In the present study, we again fitted
M4 and M5 to examine whether the results were consist-
ent with our previous study or whether these models could
be successfully validated in the larger sample of the cur-
rent study. M4 revolves around a learning bias: It reflects
enhanced learning of (1) go responses that are followed by
immediate (versus delayed) rewards and (2) no-go responses
that are followed by delayed (versus immediate) rewards.
The learning advantage is reflected by an increased learn-
ing rate:

) % if (a, = go & r, = immediate)or(a, = nogo & r, = delayed)
‘= { a; else
(6)

MS5 forms a combination of M3 and M4 by including both
the cue-response and the learning bias.
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«Fig.3 Go/No-Go task performance. Note. Results of the go/no-go
task. A: Average trial-by-trial probability of making a go response
(with 95% Confidence Intervals, CIs) per condition. B-C: Average
proportion of aggregated go responses (with 95% Cls) per available
reward, aggregated over go and no-go trials (B), and for go and no-go
trials separately (C). D: Average trial-by-trial response times (RTs, in
milliseconds, with 95% ClIs) per condition. E-F: Average aggregated
RTs (with 95% Cls) per available reward, aggregated over go and
no-go trials (E), and for go and no-go trials separately (F)

Model fitting, comparison, and validation The models were
fitted using maximum a posteriori (MAP) estimation, which
aims to find the participant-specific posterior mode. As in
Burghoorn et al. (2024), the learning rate and irreducible
noise parameters were constrained between 0 and 1, the
inverse temperature was constrained between 0 and 50, and
the go bias and Pavlovian bias parameters were constrained
between —3 and 3. A Gamma(3,0.3) prior was used for the
inverse temperature parameter, and a Gaussian(0,1) prior
was used for the go bias and the cue-response bias parame-
ters. Parameters were optimized with a differential evolution
algorithm implemented in the DEoptim package (version
2.2.8; Mullen et al., 2011). Models were compared using
Akaike’s Information Criterion (AIC), with smaller values
indicating a better fit, and model frequency, the proportion
of participants for which each model had the lowest AIC. We
validated the best-fitting models using parameter recovery,
model recovery, and posterior predictive checks.

Associations with mental health We computed Pearson cor-
relations between the parameters of the winning RL model
and the mental health variables assessed in the study, with a
specific focus on the Pavlovian bias parameter(s). A Benja-
mini—Hochberg correction was applied to the threshold for
statistical significance (i.e., the a-level).

Results
Intertemporal Go/No-Go task

We replicated all go/no-go task effects reported in Burg-
hoorn et al. (2024). Below, we report the results in more
detail.

General task performance

Participants on average showed satisfactory task perfor-
mance, making significantly more go responses in go trials
than in no-go trials (bgeysGrandmean = 1-3> 95% HDI [1.17,
1.43]). They did show a general go bias, because they were
more likely to make go responses than no-go responses
(M,,Goy=0.58, 95% HDI [0.55, 0.61]). Figure 3A suggests

performance to gradually increase and then asymptote at
a relatively stable level. A statistically significant interac-
tion between the required action and the task block con-
firms that performance improved throughout the task
(P GovsGrandmean*Block = 0-32, 95% HDI [0.46, 0.58]), with par-
ticipants making increasingly more go responses in go trials
(Dgjock =0.46, 95% HDI [0.38, 0.54]) and fewer go responses
in no-go trials (bg,q = —0.58, 95% HDI [-0.67,—0.51]).
The performance asymptotes may reflect the probabilistic
feedback participants received (i.e., an 80% probability of
correct feedback), a phenomenon termed probability match-
ing (Herrnstein, 1961; Vulkan, 2000). As reported in detail
in S3, individual differences in task performance did not
moderate the intertemporal Pavlovian bias effect.

Intertemporal Pavlovian bias

Response bias Replicating the intertemporal Pav-
lovian bias, participants made more go responses in
immediate reward trials than in delayed reward trials
(BimmysGrandMean = 0-19, 95% HDI [0.07, 0.32]; Figs. 3A-
C). This bias was not significantly different in go versus
no-go trials (blmmvsGrandMean*GovsGrandMean =0.01, 95%
HDI [-0.04, 0.07]; Figs. 3A and C). The availability of
immediate rewards increased go responses on both go
trials (enhancing performance; by, . GrandMean = 0-21,
95% HDI [0.06, 0.36]) and no-go trials (impairing per-
formance; by mysGrandmean = 0-18, 95% HDI [0.11, 0.62]).
The intertemporal Pavlovian bias did not change over the
course of the task (b} mvsGrandMean*Block = 0-003, 95% HDI
[—0.04, 0.04]). We also did not observe a three-way inter-
action between reward, required action, and task block (b
ImmvsGrandMean*GovsGrandMean*Block — — 002’ 95% HDI [_ 005’
0.01]). In line with Burghoorn et al. (2024), we did observe
substantial heterogeneity in the intertemporal Pavlovian bias
effect, with the largest group of participants showing the
expected effect, but also a considerable number of partici-
pants showing no effect or the opposite effect. We discuss
these interindividual differences in detail in S4.

RT bias There was no statistically significant main effect
of the reward (immediate/delayed) on response times
(brmmvsGrandmean = — 0.001, 95% HDI [—0.004, 0.002];
Figs. 3D-F). However, there was a statistically sig-
nificant interaction between the reward and required
action (bGovsGrandMean*ImmvsGrandMean = —0.003, 95% HDI
[-0.01,-0.0001]; Figs. 3D and F), such that only on go
trials (i.e., for correct go responses), responses were faster
in anticipation of immediate versus delayed rewards (go tri-
als: by mysGrandviean = — 0-004, 95% HDI [—0.01, —0.0001];
no-go trials: by mysGrandMean = 0-002, 95% HDI [—0.003,
0.01]). The observed inter-individual variability in this
effect is discussed in S4. We also observed a main effect
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of required action (bgoysGrandmean = 0-01, 95% HDI [0.005,
0.01]), with faster incorrect go responses (go responses
made on no-go trials, i.e., false alarms) than correct go
responses (go responses made on go trials). The faster
false alarms may hence be viewed as impulsive errors and
may point towards a speed-accuracy trade-off (also dis-
cussed in S3). Finally, a main effect of task block showed
that responses generally became faster over the course of

Symptom severity
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the task (bgjox = —0.005, 95% HDI [-0.01,—0.001]).
This effect did not interact with the effects of reward
(PrmmysGrandMean*Block = 0-001, 95% HDI [—0.001, 0.003]) or

required action (blmmvsGrandMean*GovsGrandMean*Block =0.001 ’
95% HDI [-0.001, 0.003]).

Summary We replicated the intertemporal Pavlovian bias
on the probability of go responses (i.e., an intertemporal
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«Fig.4 Intertemporal Pavlovian RT bias and mental health. Note. Sta-
tistically significant associations between the intertemporal Pavlovian
RT bias and mental health variables. Panels display the three-way
interactions between the available reward (immediate / delayed), the
required action (go / no-go), and the mental health symptom sever-
ity (at the mean symptom level [M], and 1 standard deviation above
[+1 SD] and below [—1 SD] the mean). The panels display model-
based estimated marginal means and 95% HDIs, which were back-
transformed from the logarithmic scale to the response scale (ms) to
facilitate interpretation. As a result of the involved non-linear (back-)
transformations, the means presented here may deviate from the raw
RT means and 95% ClIs presented in Fig. 3. A-B: An increased inter-
temporal Pavlovian RT bias on go trials (with faster correct responses
in anticipation of immediate versus delayed rewards) was associ-
ated with ADHD hyperactivity/impulsivity (A) and non-planning
impulsivity (B). C-G: A reversed intertemporal Pavlovian RT bias
on no-go trials (with faster incorrect responses in anticipation of
delayed versus immediate rewards) was associated with eating dis-
order symptoms (all three subscores, C-E), total impulsivity (F), and
motor impulsivity (G). Estimates of all post-hoc tests are reported in
S5. These also include the estimates and figures of the non-significant
interactions between the intertemporal Pavlovian biases and the men-
tal health variables

Pavlovian response bias), with increased go responding in
anticipation of immediate (versus delayed) rewards. The
magnitude of this effect (b=0.19) was highly similar to
Burghoorn et al., (2024; b=0.17). In contrast to this pre-
vious study, we additionally observed an intertemporal
Pavlovian bias on the speed or vigour of go responses (i.e.,
an intertemporal Pavlovian RT bias), with faster correct go
responses in anticipation of immediate (versus delayed)
rewards.

Intertemporal Pavlovian bias and mental health

Response bias Contrary to our hypotheses, the intertempo-
ral Pavlovian response bias was not associated with any of
the mental health variables assessed in the present study.
More specifically, we did not observe any statistically sig-
nificant two-way interactions between the effect of reward
(immediate/delayed) and the mental health variables on
go responding, nor any higher-order interactions involving
these variables (both with and without correcting for multi-
ple comparisons). The results, including a visualization of
the nonsignificant interaction patterns, are detailed in S5.

Several studies on Pavlovian biases (some of which also
examined associations with mental health) have taken a
complementary or alternative approach by comparing aggre-
gated performance in the different go/no-go conditions or
trial types (Albrecht et al., 2016; Cavanagh et al., 2013;
Mkrtchian et al., 2017; Montagnese et al., 2020; Moutous-
sis et al., 2018). To avoid overlooking possibly relevant pat-
terns, we performed additional, non-preregistered analyses
using this approach (see S6 for details). Although we did
observe mental health symptoms to be (mostly negatively)
associated with performance in the different go/no-go

conditions, these more likely reflected general performance
advantages or benefits, instead of a stronger or weaker inter-
temporal Pavlovian bias; we return to the implications of this
interpretation below.

RT bias We observed statistically significant associations
between the intertemporal Pavlovian RT bias and ADHD
hyperactivity/impulsivity symptoms, eating disorder symp-
toms, and impulsivity. While the two-way interactions
between the effect of reward and these mental health vari-
ables were not statistically significant, there were several sta-
tistically significant three-way interactions between reward,
required action, and the mental health variables (Fig. 4A-G).
Specifically, we observed that a stronger RT bias on go trials
(i.e., faster correct go responses in anticipation of imme-
diate versus delayed rewards) was associated with ADHD
hyperactivity/impulsivity symptoms (b= —0.001, 95% HDI
[—0.001,—-0.0001], Fig. 4A) and with nonplanning impul-
sivity (b= —0.001, 95% HDI [-0.002, —0.0001], Fig. 4B).
A stronger reversed RT bias on no-go trials (i.e., faster false
alarms for delayed versus immediate rewards) was associ-
ated with eating disorder symptoms (total disordered eating:
b=0.001, 95% HDI [0.0004, 0.002], Fig. 4C; lack of con-
trol over eating: b=0.006, 95% HDI [0.002, 0.01], Fig. 4D;
remaining eating disorder symptoms: »=0.001, 95% HDI
[0.0004, 0.002], Fig. 4E), as well as with total impulsivity
(b=0.001, 95% HDI [0.00004, 0.001], Fig. 4F) and motor
impulsivity (b=0.001, 95% HDI [0.0003, 0.003], Fig. 4G).
Detailed results, including estimates and visualizations for
all significant and nonsignificant interactions, and for the
post-hoc tests (if applicable), can be found in S5.

Intertemporal impatience and mental health

The bivariate associations between the mental health vari-
ables, and between the mental health variables and inter-
temporal impatience, are displayed in S7. We did not
observe any statistically significant associations between
intertemporal impatience and any of the mental health vari-
ables. Although the uncorrected Pearson correlations sug-
gested impatience to be weakly associated with increased
motor impulsivity (r=0.13, p=0.011) and total impulsivity
(r=0.10, p=0.047), these correlations did not survive cor-
rections for multiple testing.

Reinforcement learning models

Figures SA-B display the model fits of the six RL models
fitted to the go/no-go data. Model comparison using the
median AIC showed the increasingly complex models to
improve model fit in a stepwise manner. The median AIC
values for M3 (167.34), M4 (166.87), and M5 (164.29) were
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Fig.5 RL model fit. Note. Model fits of the six reinforcement learn-
ing (RL) models that were fitted to the go/no-go task data. A: Median
Akaike’s Information Criterion (AIC) value across participants.

close, with a small advantage for the model incorporating
both a cue-response bias and a learning bias (M5), in line
with Burghoorn et al. (2024) and Swart et al., (2017, 2018).
The model frequency index did not show a clear winner,
with models MO and M2-M4 all having an approximately
equal proportion of participants for whom this model formed
the best fit.> Importantly, however, only M3 was success-
fully validated on all three validation criteria, showing
successful parameter recovery, model recovery, and pos-
terior predictive performance (described in detail in S9).
This confirms validation results reported previously (Burg-
hoorn et al., 2024). Given the importance of model valida-
tion, especially in light of our goal to test for the associa-
tions between the model parameters and mental health, we

2 Based on a question by a reviewer, we investigated the relatively
strong model frequency evidence in support of the most basic model
MO. Details are reported in S8. In sum, individuals for whom MO fitted
best showed highly similar AIC values (i.e., model fit) across all models,
whereas individuals for whom M2-MS5 fitted best showed a larger dif-
ference in model fit between the more complex models M2-M5 versus
the more simple models MO-1. However, these quantitative differences
between model fits are not captured by the more qualitative model fre-
quency index, resulting in more model frequency support for M0. Sec-
ond, individuals who showed high performance on the go/no-go task
were more often fitted best by MO, possibly because MO is the only
model that does not include parameters (e.g., irreducible noise, go bias,
or Pavlovian bias) that aim to capture biases in task performance.
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p(best fit)
o
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Model

B: Model frequency, displayed as the proportion of participants for
which each model had the lowest AIC value

selected M3 as the winning model.> A summary of param-
eter estimates of M3 can be found in Table 2. A one-sample
t-test and a one-sample Wilcoxon signed-rank test showed
that the Pavlovian cue-response bias parameter was statis-
tically significantly different from zero (one-sample r-test:
#(388)=3.19, p=0.002; one-sample Wilcoxon signed-rank
test: V=44,682, p <0.001).

RL models and mental health We observed no statistically
significant associations between the Pavlovian cue-response
bias parameter ® and any of the mental health variables
assessed in this study. We did observe statistically significant
positive associations between the irreducible noise param-
eter £ and alcohol problems (r=0.11, p=0.031) and motor
impulsivity (r=0.13, p=0.013), but these associations did
not survive a correction for multiple testing. An overview of
all correlations can be found in S10.

3 Following a reviewer’s suggestion, we also computed Bayesian
Information Criterion (BIC) values to examine whether the model
fit and model recovery results would more closely align when using
BIC instead of AIC values. Using BIC reduced M5’s slight advantage
in model fit, resulting in median BIC values across M3-5 that were
even closer together than the median AIC values (BIC: 183.8, 183.36,
and 184.08, respectively). Consistent with the model recovery results
using AIC, model recovery with BIC showed support for the suc-
cessful validation of M3 but not M4 and M5. Thus, the model fit and
model recovery results were indeed more closely aligned when using
BIC than AIC, which likely arises from BIC’s tendency to penalise
model complexity more strongly than AIC.
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Table2 Summary parameter estimates M3

Model parameter M Mdn 95% CI

o 0.21 0.13 [0.19, 0.23]
T 7.33 7.25 [7.05,7.62]
€ 0.17 0.06 [0.15, 0.20]
b 0.09 0.05 [0.06, 0.12]
b 0.05 0.02 [0.02, 0.08]

Summary of the parameter estimates of the winning reinforcement
learning model, M3. M =mean, Mdn=median, 95% CI=95% Con-
fidence Interval

Secondary results

Choice titration The immediate reward derived from the
first choice titration, and preference-matched to the delayed
reward of €28 in 120 days, varied across participants
between €1 and €28 (raw M =14.4, SD="7.98). As reported
in detail in S11, these individual difference in intertemporal
impatience did not moderate the intertemporal Pavlovian
bias effect. This is consistent with the idea that by using indi-
vidualized preference-matched reward pairs in the go/no-go
task, we were able to test for the intertemporal Pavlovian
bias effect beyond individual differences in subjectively dis-
counted reward value (as expressed by choice preferences).
The immediate rewards derived from the second choice
titration again ranged between €1 and €28 (raw M =15.35,
SD =7.84). In line with previous work (Burghoorn et al.,
2024), participants became slightly more patient from the
first to the second choice titration, reflected by a signifi-
cantly higher immediate reward amount in the second choice
titration (pygysGrandmiean = 0-48, 95% HDI [0.32, 0.63]). This
small drift in the level of impatience could mean that the
reward pairs used in the go/no-go task did not remain pref-
erence-matched throughout the task. However, the increase
in patience would imply that the delayed reward became
more valuable, which should then have resulted in increased
go responding towards delayed rewards—contrary to what
we observed. Thus, we consider it unlikely that the drift
in impatience drove the observed intertemporal Pavlovian
bias effect. As detailed in S12, we did observe the per-
participant drift in impatience to moderate the intertem-
poral Pavlovian bias, such that the bias was stronger as a
function of the increase in impatience (possibly through an
increase in the subjective value of the immediate reward
used in the go/no-go task). We do note that the majority of
participants either did not show a drift in impatience (57%
of participants), or became slightly more patient (33%
of participants), and that those individuals also showed
a statistically significant intertemporal Pavlovian bias
effect. This, again, does not support the possibility that the

intertemporal Pavlovian bias was driven by a drift in inter-
temporal impatience.

Reward valuation Consistent with Burghoorn et al. (2024),
in the rating version of the reward valuation task, partici-
pants on average rated the immediate reward higher than the
delayed reward (see S13 for details). Thus, although the two
rewards were matched based on revealed choice preferences,
they were valued differently when rated individually. How-
ever, different from our previous study, the rating difference
did not moderate the intertemporal Pavlovian bias, suggest-
ing that the valuation difference between the two rewards did
not strongly drive the intertemporal Pavlovian bias effect.

In the ranking version of the task (which we did not
administer in our previous study), the probability of both
rewards being ranked as equally attractive was statistically
significantly lower than the probability of the rewards being
ranked differently, again suggesting the two rewards were
not valued as equally attractive when evaluated outside a
choice context. Importantly, however, the probability of the
immediate reward being ranked as more attractive than the
delayed reward was not significantly different from the prob-
ability of the delayed reward being ranked as more attractive
than the immediate reward. These results were independent
of whether the task was administered before or after the go/
no-go task. Thus, different from the rating task, the ranking
task did not point towards a systematically higher valuation
of either the immediate or delayed reward, the latter of which
is consistent with the ranking results reported by Luo et al.
(2009). Finally, consistent with the rating task, individual
differences in the ranking scores did not moderate the inter-
temporal Pavlovian bias effect.

Cue ratings We observed several statistically significant
differences in subjective valuation of the cues; all pairwise
differences are reported in S14. By randomly assigning the
cues to go/no-go conditions, we prevented these differences
from confounding the intertemporal Pavlovian bias effect.
Cues were also rated slightly, but significantly higher after
the go/no-go task than before the go/no-go task, but this did
not interact with the effect of cue identity.

Discussion

The goals of the present study were to replicate the intertem-
poral Pavlovian bias effect, and to examine in a general pop-
ulation sample whether the strength of this bias was asso-
ciated with mental health symptoms that have previously
been associated with increased or decreased intertemporal
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impatience, including symptoms of alcohol use disorder,
nicotine dependence, depression, trait anxiety, ADHD,
disordered eating, BMI, and impulsivity. As hypothesized,
we replicated the intertemporal Pavlovian bias effect on go
responding, with an increase in go responding in anticipation
of immediate rewards compared to the anticipation of prefer-
ence-matched delayed rewards, thus facilitating instrumental
approach but impairing instrumental inhibition. The mag-
nitude of this effect was highly similar to Burghoorn et al.
(2024), supporting the reliability of this effect. We addition-
ally observed an intertemporal Pavlovian bias on response
times (RTs), with faster correct go responses in anticipation
of immediate compared to delayed rewards. Contrary to our
expectations, none of the mental health variables assessed
in the present study were associated with the intertempo-
ral Pavlovian bias on go responding (i.e., the intertemporal
Pavlovian response bias). However, we did observe several
associations between mental health and the intertemporal
Pavlovian RT bias. While an enhanced RT bias on go trials
(i.e., faster correct go responses in anticipation of immediate
rewards) was associated with ADHD hyperactivity/impul-
sivity symptoms and nonplanning impulsivity, a reversed
RT bias on no-go trials (i.e., faster false alarms in anticipa-
tion of delayed rewards) was associated with eating disorder
symptoms, total impulsivity, and motor impulsivity. Finally,
in contrast with the existing literature, none of the mental
health variables were associated with individual differences
in the level of intertemporal impatience (as assessed during
the first choice titration procedure).

Intertemporal Pavlovian bias effects

The replication of the intertemporal Pavlovian bias on go
responding supports the robustness of the effect that we
observed previously, and is consistent with the theory that
the anticipation of an immediate reward elicits a stronger
Pavlovian approach response than the anticipation a delayed
reward, even when the two rewards are matched based on
subjectively discounted reward value (as revealed through
choice preferences). This intertemporal Pavlovian bias may
form a psychological mechanism that underlies the tempta-
tion posed by immediate rewards, possibly contributing to
intertemporally impatient behaviour. For instance, a ham-
pered ability to show instrumental inhibition in the face
of immediate temptations (e.g., the “next episode” button)
may go at the cost of long-term (e.g., educational or occu-
pational) goals.

The additional finding of an intertemporal Pavlovian RT
bias suggests that the anticipation of immediate rewards not
only increases the probability that a go response is made,
but also increases the vigour with which these responses are
made. This RT bias aligns with findings by Luo et al. (2009),
who observed faster responses on a Monetary Incentive

Delay (MID) task in anticipation of immediate compared to
preference-matched delayed rewards. Moreover, the results
are consistent with valence-driven Pavlovian bias effects,
in which response bias effects have generally been accom-
panied by RT bias effects (Algermissen et al., 2022; Alge-
rmissen & den Ouden, 2023; Guitart-Masip et al., 2011,
2012a, 2012b; Scholz et al., 2022; Swart et al., 2017, 2018).
In Burghoorn et al. (2024), however, we did not observe
RT effects. Possibly, the present study’s increased statistical
power, resulting from the larger sample size, contributed to
a statistically significant RT effect—although it should be
noted that the direction of the non-significant RT patterns in
our previous work did not point towards any RT effects. The
specificity of the intertemporal Pavlovian RT bias to correct
go responses illustrates that Pavlovian biases are not always
maladaptive to instrumental goals but can also be adaptive
(as also discussed by Dayan et al., 2006).

Fitting the reinforcement learning models to the go/
no-go responses showed similar model evidence for the cue-
response bias, learning bias, and the model incorporating
both biases. However, in line with Burghoorn et al. (2024),
only the cue-response bias was successfully validated, show-
ing consistently satisfactory parameter recovery, model
recovery, and posterior predictive performance, and was
therefore selected as winning model. This cue-response bias
model posits that cues signalling immediate rewards elicit a
stronger general behavioural activation compared to delayed
rewards, increasing the action weight of go responses, and
that the per-participant strength of this effect is scaled by
the cue-response bias parameter . Our finding that this cue-
response bias accurately fits and predicts the observed go/
no-go data is in line with a large body of valence-driven
Pavlovian bias showing support for this model (Guitart-
Masip et al., 2014) and suggests that similar computational
mechanisms apply to Pavlovian bias effects driven by reward
timing.

The immediate and delayed reward used in the go/no-go
task were preference-matched using a choice titration pro-
cedure, hereby aiming to test for an effect of reward delay
beyond individual differences in subjectively discounted
reward value. Using two different versions of a reward valu-
ation task (i.e., a rating and ranking version), we examined
whether the rewards would also be valued similarly when
evaluated outside a choice context. While the immedi-
ate reward was, on average, rated higher than the delayed
reward, the immediate reward was not ranked higher than the
delayed reward (nor was the delayed reward ranked higher
than the immediate reward). These results are consistent
with a discrepancy in findings between our previous study,
in which we observed the immediate reward to be rated
higher than the delayed reward, versus those by Luo et al.
(2009), who used a near-identical choice titration procedure
to derive preference-matched rewards but did not observe a
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statistically significant difference in ranking of the rewards.
This relates to a large body of literature on the role of dif-
ferent preference elicitation methods (e.g., choices, ratings,
rankings) in determining the subjective value of rewards
(Bettman et al., 1998; Johnson & Busemeyer, 2005; Kvam
& Busemeyer, 2020; Lichtenstein & Slovic, 1971; Slovic,
1995; Tversky et al., 1990; Warren et al., 2011) and compli-
cates a decision on when two rewards are truly preference-
matched. We conclude that the intertemporal Pavlovian bias
reported here is restricted to reward pairs that were pref-
erence-matched through choices. In contrast to Burghoorn
et al. (2024) and Luo et al. (2009), the difference in rankings
or ratings between the immediate and delayed reward did not
moderate the intertemporal Pavlovian bias effect. This allevi-
ates the concern that these valuation differences formed the
primary mechanism underlying the intertemporal Pavlovian
bias. We do acknowledge, however, that the nonsignificant
moderation patterns were similar to what we observed in
Burghoorn et al. (2024), suggesting that valuation differ-
ences may to some extent contribute to the Pavlovian bias
effect. We refer to this previous study for an extensive dis-
cussion on the implications of this possibility.

Response Bias and mental health

In contrast to our hypotheses, the intertemporal Pavlovian
response bias was not associated with any of the mental
health variables, and none of the parameters of our winning
RL model were associated with the mental health variables.
We did observe statistically significant associations between
mental health and aggregated performance accuracy in each
of the four go/no-go conditions. However, these more likely
reflected general performance deficits or advantages, instead
of an enhanced or reduced intertemporal Pavlovian bias. This
also implies that previously reported associations between
Pavlovian biases and mental health that were solely based on
aggregated performance in each of the four conditions (e.g.,
the clinical group comparisons by Montagnese et al., 2020)
may have been confounded by such general performance
deficits or advantages. We recommend future research to
disentangle general performance deficits or advantages from
the hypothesized Pavlovian biases.

The absence of statistically significant associations
between the intertemporal Pavlovian response bias and
mental health in the present study suggests that the effect
of the anticipated reward timing on instrumental approach/
withdrawal decisions does not explain individual differences
in the mental health problems assessed in this study, despite
the fact that these mental health problems have previously
been characterized by increased or decreased impatience.
Future research may therefore shift the focus to alternative
mechanisms that could contribute to these individual dif-
ferences in behaviour and mental health, such as individual

differences in general self-control (Figner et al., 2010), time
perception (Kim & Zauberman, 2019), or reward valuation
(Scheres et al., 2013).

Several alternative explanations for the absence of asso-
ciations between the intertemporal Pavlovian response bias
and mental health should be discussed. First, contrary to our
expectations, we also did not observe statistically significant
associations between individual differences in intertempo-
ral impatience (as assessed using the choice titration) and
the mental health symptoms. With the exception of anxi-
ety, this contrasts with a large body of literature reporting
robust associations between intertemporal impatience and
the mental health variables assessed in the present study.
While the majority of these studies compared individuals
with a clinical diagnosis with individuals without a diagno-
sis (Amlung et al., 2016, 2019; Jackson & Mackillop, 2016;
MacKillop et al., 2011; Marx et al., 2021; Patros et al., 2016;
Pauli-Pott & Becker, 2015), continuous associations have
also been observed in general population samples (Amlung
et al., 2016, 2017; Burghoorn et al., 2025; Keidel et al.,
2024; Levin et al., 2018; Levitt et al., 2022). These continu-
ous associations have been small in magnitude, however,
with Pearson correlations ranging between 0.09 and 0.17.
The nonsignificant correlations observed in the present study
were at the lower end or even below this range, suggesting
that any possibly existing associations may have been too
small to be statistically significant in our sample. Given our
aim to study the role of the intertemporal Pavlovian bias
in mental health problems characterized by increased or
decreased impatience, our results warrant replication in a
sample in which the severity of mental health problems is
indeed associated with increased or decreased impatience.
One point that should be considered is that the severity of
mental health problems in general population samples is
generally skewed towards the lower end, supported by com-
parable mental health scores in our sample and in that used
by Levitt et al. (2022). This reduced interindividual variation
in mental health scores may have reduced the probability of
finding statistically significant associations between mental
health scores and the intertemporal Pavlovian bias. Future
research could try to overcome this limitation by oversam-
pling participants with higher symptom scores. Although
such samples may not be as representative of the general
population, they may increase statistical power for detect-
ing associations between the intertemporal Pavlovian bias
and mental health. Serving as an initial indication, and fol-
lowing a reviewer’s suggestion, exploratory analyses in sub-
samples of individuals with symptom scores above the 75th
percentile tentatively pointed towards possible associations
between the intertemporal Pavlovian biases and alcohol use
disorder scores, BMI, lack of control over eating, anxiety,
and ADHD inattention scores, although not all of these asso-
ciations reached statistical significance (see S15 for details).
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We encourage future studies to study these associations in
larger samples of at-risk or high-symptom individuals.

A second possible explanation for the absence of associa-
tions between the intertemporal Pavlovian response bias and
mental health is that we only examined Pavlovian responses
elicited by the anticipation of monetary immediate and
delayed rewards. Despite observing an intertemporal Pav-
lovian bias with such rewards in the present study and in
Burghoorn et al. (2024), it is possible that its association
with mental health problems may be stronger for disorder-
specific outcomes, because cues signalling such outcomes
may acquire more incentive salience compared with mon-
etary cues (Godier & Park, 2014). Examples of disorder-
specific outcomes include food (for obesity or disordered
eating) or substances (for substance use disorders). Research
with food or substance outcomes has been conducted for
valence-driven Pavlovian biases (see Garbusow et al., 2022
for a review, and see Belanger et al., 2022, for a comparison
between monetary and gustatory outcomes). However, to the
best of our knowledge, no research has directly compared
the associations between the strength of Pavlovian biases
and mental health with monetary versus disorder-specific
outcomes. Illustrating the possible role of outcome speci-
ficity, some studies reported mood and anxiety symptoms
to be associated with individual differences in Pavlovian
responses elicited by the anticipation of punishments, but
not with individual differences in Pavlovian responses elic-
ited by the anticipation of rewards (Mkrtchian et al., 2017,
Nord et al., 2018; Peterburs et al., 2022). In the context of
intertemporal outcomes, anxiety symptoms may be more
strongly driven by a particularly strong avoidance of imme-
diate punishments (e.g., social disapproval, or feelings of
distress) instead of a particularly strong approach towards
immediate rewards.* The use of disorder-specific instead of
general monetary outcomes does limit the range of mental
health problems that can be assessed with the same task.
Using different tasks and outcomes for each mental health
category complicates a comparison of the associations
between the intertemporal Pavlovian bias and mental health
across the different mental health categories. This contrasts
with recent reviews calling for less heterogeneity in tasks
and outcomes to study the role of Pavlovian biases as pos-
sible transdiagnostic mechanism (Dofiamayor et al., 2021;
Garbusow et al., 2022). It is for this reason that we investi-
gated an intertemporal Pavlovian bias elicited by the antici-
pation of universally rewarding monetary outcomes across a
range of mental health problems. Nevertheless, gaining more

* It should be noted that the immediate relief from distress or the
absence of negative outcomes that often follows from avoidance
behaviour may also be interpreted as immediate reward, i.e., as imme-
diate negative reinforcer.

insight into the role of outcome-specificity would be highly
relevant for understanding the mental health implications of
the intertemporal Pavlovian bias.

Finally, research suggests that cognitive tasks that consist
of a large number of repeated trials with predictable struc-
ture, may induce a shift from the use of target decision pro-
cesses (i.e., reinforcement learning) to task-specific decision
processes, such as a process-of-elimination strategy (i.e.,
learning what response to make for a subset of stimuli and
deducing from that what response to make for the remain-
ing stimuli). The use of such task-specific strategies has
been proposed to reduce external task validity by creating
a mismatch between the decision processes that are used
in the task versus in real-world situations (Li et al., 2022).
Moreover, the use of task-specific strategies has been argued
to reduce task reliability by reducing between-participant
variability in performance (i.e., inducing ceiling effects),
thereby limiting associations with other variables (e.g.,
mental health; Zorowitz et al., 2023). As detailed in S16,
however, the intertemporal Pavlovian response bias, as well
as the RL model parameters, showed excellent reliability.
Moreover, exclusively examining the association between
the intertemporal Pavlovian bias and mental health in the
first go/no-go task block, during which the reliance on task-
specific processes can be assumed to be minimal, resulted
in the same conclusions (i.e., the intertemporal Pavlovian
biases and their associations with mental health) as for the
full task. Thus, we consider it unlikely that this explained the
absence of associations between the intertemporal Pavlovian
response bias and mental health.

RT bias effects and mental health

In contrast to the absence of an association between the
intertemporal Pavlovian response bias and mental health, we
did observe the intertemporal Pavlovian RT bias to be associ-
ated with several mental health variables. We note here that
we did not have preregistered hypotheses on the RT bias and
its mental health associations, following the absence of an
RT bias in Burghoorn et al. (2024). Therefore, we encourage
future research to replicate these findings through prereg-
istered studies. In the present study, ADHD hyperactivity/
impulsivity symptoms and non-planning impulsivity were
associated with a stronger RT bias in go trials, i.e., more
vigorous correct go responses in anticipation of immedi-
ate rewards. The specificity of the association between the
RT bias and ADHD symptoms to hyperactivity/impulsivity
symptoms (instead of inattention symptoms or total ADHD
symptoms) is consistent with the increased behavioural acti-
vation that is central to both the intertemporal Pavlovian bias
and the hyperactivity symptoms, and with the conceptual
and previously reported empirical links between impulsiv-
ity and intertemporal impatience (Baumann & Odum, 2012;
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Jauregi et al., 2018; Keidel et al., 2024; Malesza & Kalinow-
ski, 2021; Malesza & Ostaszewski, 2016; Zhou et al., 2021).
It also aligns with previous research showing hyperactivity/
impulsivity symptoms to be more strongly characterized by
impatient choices than inattention symptoms (Scheres et al.,
2008). Scheres et al. attributed this to a possibly increased
aversion towards delays; the present study suggests that a
stronger Pavlovian approach response elicited by imme-
diate rewards may form an alternative or complementary
mechanism.

The association between non-planning impulsivity and
the intertemporal Pavlovian bias also supports the above-
described link between impulsivity and intertemporal
impatience. Although we had hypothesized to see a more
prominent association between the intertemporal Pavlovian
bias and motor impulsivity (following the Pavlovian bias
as conditioned motor response), the association between
the intertemporal Pavlovian bias in RTs with nonplanning
impulsivity supports the definition of non-planning impul-
sivity as a “lack of futuring” or a strong present orientation
(Patton et al., 1995). For both ADHD hyperactivity/impul-
sivity and nonplanning impulsivity, it should be noted that
the enhanced response invigoration in anticipation of imme-
diate rewards only occurred for correct go responses and was
thus adaptive. This finding aligns with a recent shift from a
deficit-focused view of ADHD symptoms to a view that also
incorporates possible strengths (Schippers et al., 2024), as
well as with studies showing that intertemporal impatience
may be adaptive in some situations (Fenneman et al., 2022).

Unexpectedly, in no-go trials, motor impulsivity and total
impulsivity were associated with a reversed intertemporal
Pavlovian RT bias. The more vigorous false alarms in antici-
pation of delayed instead of immediate rewards contrast with
the conceptual and empirical links between intertemporal
impatience and impulsivity discussed above, which would
suggest more vigorous false alarms in anticipation of imme-
diate rewards. Somewhat less unexpected was the observa-
tion of a reversed RT bias for individuals with increased
eating disorder symptoms. Eating disorder symptoms,
particularly those of the restrictive type, have been associ-
ated with a preference for delayed over immediate rewards
(Amlung et al., 2019), and with increased instrumental
approach responding towards low-calorie versus high-calorie
rewards (Vogel et al., 2020). This aligns with the more vig-
orous go responses in anticipation of delayed versus imme-
diate rewards observed in the present study, although we
cannot readily explain why this occurred only for incorrect
go responses. The results could also be interpreted as more
careful or deliberate responding in anticipation of imme-
diate rewards when active responses are instrumentally
maladaptive, which would point towards more hesitative
decision-making towards immediate rewards (e.g., more
hesitative responses towards immediate snack consumption).

A similar explanation was proposed by Scholz et al. (2020),
who observed mood-anxiety symptoms to be associated with
improved performance on no-go trials. However, a visual
inspection of the association between the RT bias and eat-
ing disorder symptoms suggests that the difference between
individuals with low, average, and high symptoms is most
apparent in their response towards delayed rewards, support-
ing the former explanation. Future research attempting to
replicate these findings could include baseline trials without
rewards, allowing one to further disentangle whether any
effects are driven by the anticipation of immediate rewards,
delayed rewards, or both.

We did not hypothesize the subset of symptoms reflecting
a lack-of-control overeating to show a reversed Pavlovian
bias, because eating disorders characterized by such symp-
toms (i.e., bulimia nervosa and binge-eating disorder) have
been associated with an increased preference for immediate
rewards (Amlung et al., 2019). Although a reversed Pav-
lovian bias in no-go trials may be shared among all eating
disorder symptoms (as suggested by our data), the assess-
ment of the different eating disorder symptoms with the
same instrument, and the limited number of items assessing
a lack of control (2/12 items) may have also contributed to a
correlation between the two subscales and to a difficulty in
detecting differential associations.

Finally, we note that the reliability of the intertemporal
Pavlovian RT bias was relatively low, particularly in the
no-go trials (see S16 for details). The discrepancy in reli-
ability between the intertemporal Pavlovian response and
RT bias may result from the reduced number of trials on
which the RT bias was based, and/or from a generally noisier
measurement of RTs compared to responses—particularly
for no-go trials, which were exclusively based on incorrect
go responses. The reduced reliability warrants a careful
interpretation of the results and calls for replication of the
RT effects.

Strengths, limitations, and future directions

The present study carries several strengths. First, our study
goals, hypotheses, design, analyses, and sample size were
preregistered, and all study materials, data, and analysis
scripts are openly available. Second, we used a sample size
with adequate statistical power to replicate the intertempo-
ral Pavlovian bias effect. Moreover, our sample was consid-
erably larger than most existing studies on the association
between Pavlovian biases and mental health symptoms, with
the exception of Moutoussis et al., (2018; N=785; no sta-
tistically significant associations), Montagnese et al., (2020;
same dataset as Moutoussis et al., 2018; no statistically sig-
nificant associations), and Scholz et al., (2020, N=500;
reduced Pavlovian bias associated with mood-anxiety). The
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frequent occurrence of null or unexpected findings in these
large-sample studies raises the question whether previously
reported associations from small-sample studies would be
replicated with larger samples (but also see Sebold et al.,
2021 showing increased Pavlovian biases in alcohol use dis-
order patients compared to healthy controls with N=452).
We encourage future studies on the association between Pav-
lovian biases and mental health to use large samples, thereby
reducing the chance of Type-I and Type-II errors. The pre-
sent study shows that the magnitude of interactions between
intertemporal Pavlovian biases and mental health symptoms
may be small (i.e., we observed a maximum absolute effect
size of 0.14), indicating that future studies aiming to detect
such small interaction effects would benefit from using even
larger samples than ours.

Third, by not only including total mental health scores in
our analyses, but additionally examining subsets of symp-
toms (e.g., different ADHD symptom clusters), we were
able to test for possible differential associations with the
intertemporal Pavlovian bias. This is consistent with a het-
erogeneity in symptoms within mental health categories, and
with the possibility that different symptom (clusters) may
be driven by different underlying mechanisms (Cuthbert &
Insel, 2013). Fourth, we assessed the reliability of the inter-
temporal Pavlovian bias effects, the RL model parameters,
and mental health measures, and validated our RL models
using parameter recovery, model recovery, and posterior
predictive checks. Finally, we examined the valuation of the
study rewards using three different measures (i.e., choices,
ratings, and rankings), allowing us to consider the role of
preference elicitation methods in our discussion.

At the same time, our study also carries limitations,
which provide possible directions for future research. A
first limitation was discussed before and involves the rela-
tively restricted variation in mental health symptoms in our
general population sample. Second, although we examined
the computational mechanisms that may underlie the inter-
temporal Pavlovian response bias, we did not do this for the
intertemporal Pavlovian RT bias. Response times of deci-
sion tasks have traditionally been modelled using sequential
sampling models, such as drift-diffusion models (DDMs).
Such models typically do not include the learning compo-
nent that is essential for reinforcement learning data. More
recently, however, RL and DDMs models have been inte-
grated into a new type of model that uses a joint distribu-
tion of responses and RTs (i.e., RLDDMs; Fontanesi et al.,
2019; Millner et al., 2018). While applying such models was
beyond the scope of the present study, we encourage future
research to examine which computational mechanisms might
underlie the reported associations between the intertemporal
Pavlovian bias on RTs and mental health. A relevant priority
might be to first increase the reliability of the intertemporal
Pavlovian RT bias. Future research could consider increasing

the number of trials to increase the reliability, although, as
described earlier, an overly long task may also adversely
influence reliability and external validity. Adverse side-
effects of increasing the number of trials might be avoided
by increasing the task difficulty (which would also have the
advantage of resulting in more observations for incorrect
go responses) or by taking other measures to avoid practice
effects (see Zorowitz et al., 2023 for an example).

Third and finally, the cross-sectional nature of the present
study prevents us from drawing conclusions regarding the
causal direction of the associations tested here, i.e., whether
an increased or decreased intertemporal Pavlovian bias
forms a psychological mechanism contributing to mental
health problems, as we theorized, or whether such mental
health problems result in increased or reduced intertempo-
ral Pavlovian bias effects, or both. For instance, while an
enhanced response invigoration in anticipation of delayed
versus immediate rewards may contribute to disordered eat-
ing patterns, it may also be a consequence of these disor-
dered eating patterns (in line with research suggesting that a
decreased intertemporal impatience in individuals with ano-
rexia nervosa may be a consequence of the disorder; Decker
et al., 2015). We encourage future research to examine these
causal directions by adopting longitudinal study designs,
which allow one to study whether individual differences in
intertemporal Pavlovian biases predict changes in mental
health symptoms (see Garbusow et al., 2016; Geurts, Van
den Heuvel et al., 2022; Huys et al., 2016 for examples on
valence-based Pavlovian biases), and/or intervention stud-
ies, which allow one to study whether experimentally alter-
ing intertemporal Pavlovian biases influences mental health
Ssymptoms.

Conclusions

In the present study, we replicated the intertemporal Pav-
lovian bias on instrumental actions reported in Burghoorn
et al. (2024), showing that the anticipation of immediate
rewards enhanced instrumental approach but impaired
instrumental inhibition. Our RL models again point towards
the role of a Pavlovian cue-response bias a computational
mechanism underlying this effect. Moreover, we provided
evidence of an additional intertemporal Pavlovian bias
effect on the speed or vigour of approach responses, with
faster correct go responses in anticipation of immediate than
delayed rewards. The intertemporal Pavlovian response bias
was not associated with mental health symptoms, suggest-
ing that it may not be implicated in individual differences
in these mental health symptoms. However, an increased
intertemporal Pavlovian RT bias on go trials, reflecting more
vigorous correct go responses in anticipation of immediate
rewards, was associated with ADHD hyperactivity/impul-
sivity and non-planning impulsivity symptoms. A reversed
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intertemporal Pavlovian RT bias on no-go trials, reflect-
ing more vigorous false alarms in anticipation of delayed
rewards, was associated with eating disorder symptoms,
total impulsivity, and motor impulsivity. These results point
towards the relevance of the intertemporal Pavlovian RT bias
for these mental health symptoms.
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