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A central question in Pavlovian conditioning concerns the critical conditions that drive the acquisition and
maintenance of the stimulus-outcome association. The spatial relationship between the conditioned (CS) and
unconditioned (US) stimuli is considered to exert strong effects on learning. However, how spatial information
modulates Pavlovian learning remains mostly unexplored in humans. Here, we test how the compatibility be-
tween the CS and the US location influences the acquisition, extinction, and recovery (following reinstatement)
of Pavlovian conditioned threat. Participants (N = 20) completed a differential threat conditioning task in which
visual CSs appeared on the same (compatible) or opposite (incompatible) hemispace as the US delivery (aversive
shock to one hand), while their skin conductance response served as an index of learning. Results show that
initial threat expectations were biased in favor of compatible CSs before conditioning. Nevertheless, this bias was
revised during acquisition to reflect current stimulus-outcome contingencies. Computational modeling suggested
that this effect occurred through a higher reliance on positive aversive prediction errors for incompatible CSs,
thereby facilitating learning of their association with the US. Additionally, the conditioned response to incom-
patible CSs was associated with initially slower extinction and a greater recovery after threat reinstatement.
These findings suggest that spatial information conveyed by stimuli and outcomes can be flexibly used to enact
defensive responses to the current source of danger, highlighting the adaptive nature of Pavlovian learning.

Pavlovian threat (“fear”) conditioning is an adaptive form of learning
that enables organisms to anticipate and avoid potential threat. During
threat conditioning, conditioned stimuli (CSs) gain (or update their)
motivational significance through pairing with an aversive outcome (i.
e., unconditioned stimulus, US), thereby becoming warning cues for
impending threat and eliciting changes in physiological response, sub-
jective experience, and behavior, referred to as the conditioned
response. A central question in Pavlovian conditioning concerns the
critical conditions that drive the acquisition and maintenance of the
stimulus-outcome association (e.g., Delamater, 2012; Li and McNally,
2014; Nasser and Delamater, 2016; Rescorla, 1988). For example, the

temporal relationship between CS presentation and US delivery is
known to influence how efficiently organisms learn CS-US associations,
such that the closer in time the CS and the US occur, the more likely they
will become associated (e.g., Mackintosh, 1974). Indeed, Pavlovian
conditioning tasks in which the CS and the US overlap in time (e.g.,
delay conditioning) lead to greater conditioning than tasks wherein the
CS and the US are separated by a time interval (e.g., trace conditioning;
see, e.g., Bouton, 2007; Kirkpatrick and Balsam, 2016). In a similar vein,
the spatial relationship between the CS and the US has been suggested to
influence Pavlovian conditioning, such that learning may be facilitated
the closer in space the CS and the US are (see Nasser and Delamater,
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2016; see also Christie, 1996; Rescorla and Cunningham, 1979).
Nevertheless, while the effects of changes in CS-US temporal relation-
ship on learning have been extensively studied (see Kirkpatrick and
Balsam, 2016), how variations in CS-US spatial relationship affect
Pavlovian threat conditioning remains mostly unexplored (Nasser and
Delamater, 2016).

In humans, a few studies have investigated the role of CS-US spatial
relationship on Pavlovian threat conditioning by manipulating CS
proximity to participants’ body, where the US was delivered (Ahs et al.,
2015; Faul et al., 2020; Rosén et al., 2017, 2019), leading to mixed re-
sults overall. In fact, the acquisition of threat conditioning was found to
be facilitated either for proximal CSs (i.e., closer to the US) (Faul et al.,
2020) or for distal CSs (i.e., farther away from the US) (Rosén et al.,
2017, 2019). Similarly, proximal CSs have shown enhanced resistance to
extinction in some studies (Ahs et al., 2015; Faul et al., 2020), but not in
others (Rosén et al., 2017, 2019). Additionally, Zhang et al. (2016)
tested whether the laterality of the US delivery on the body would affect
the acquisition of threat conditioning, thus presenting different CSs that
predicted a US either to the left or right arm (e.g., red circle/right arm
US, blue circle/left arm US). They found that while skin conductance
response and facial electromyography during CSs presentation were not
affected by the laterality of impending US, electromyographic response
was greater in the arm in which the US was predicted relative to the
contralateral arm. Although these findings suggest that spatial infor-
mation can modulate threat conditioning, the role of the spatial rela-
tionship between the CS and the US remains open for investigation.

Here, we aim to further examine how spatial information influences
Pavlovian learning. To do so, we extend the research on threat condi-
tioning and spatial information by keeping CSs’ proximity to the body
constant and investigating spatial information in terms of CS-US
compatibility. Specifically, we test whether threat conditioning is sen-
sitive to the compatibility between the location of stimulus appearance
and that of outcome delivery (e.g., left side CS/left hand US vs. right side
CS/left hand US). Spatial compatibility effects are well established in the
sensory-motor domain. For example, participants respond faster when
stimulus and response are compatible rather than incompatible (e.g., left
side stimulus/left hand response vs. left side stimulus/right hand
response), even when the stimulus position is irrelevant to the task (e.g.,
Cespoén et al., 2020; Hommel, 2011; Simon and Small, 1969). This is
thought to occur because when stimulus and response are both spatially
defined (by being lateralized), response processing may prime the pro-
cessing of stimulus location, thus facilitating response in compatible
trials and interfering with it in incompatible trials (Hommel, 2009,
2019). A similar dynamic may be hypothesized to occur during
Pavlovian conditioning, where the CS is mapped onto its somatosensory
consequences (i.e., US delivery to a specific area of the body). For
example, a scenario where an aversive shock is delivered onto one hand
only may bias threat expectations in favor of compatible as compared to
incompatible CSs. Simply put, a shock to the right hand is more likely to
be caused by a visual stimulus appearing close to the right hand, than
one appearing close to the left hand. Consequently, compatible CSs may
be more readily associable with the US, facilitating conditioning
acquisition and/or hindering its extinction.

However, a different learning dynamic may also be at play than the
one just described. In fact, conditioning acts to update prior expectations
to reflect current environmental contingencies (Courville et al., 2006;
Mackintosh, 1975; Pearce and Hall, 1980; Rescorla and Wagner, 1972),
in order to maximize survival in an ever-changing environment. In line
with this, the associability of a CS to its outcome has been shown to be
determined not only by the initial CS-related US expectations, but also
by the actual CS’ predictive power (Le Pelley, 2004). Thus, when real-
izing that ‘surprisingly’, incompatible CSs likewise represent a threat to
body integrity by predicting US occurrence, prior expectations may be
revised in light of current contingencies. In fact, ‘surprising’ events are
known to produce faster learning than well predicted events (Courville
et al., 2006; Le Pelley, 2004; Mackintosh, 1975; Pearce and Hall, 1980).
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Following this reasoning, acquisition and/or extinction of threat con-
ditioning may be facilitated for incompatible CSs compared to
compatible ones.

On this basis, the present study investigated whether and how CS-US
spatial compatibility modulates threat conditioning. We assessed
whether initial expectations of threat are biased in favor of CSs
appearing in a location compatible with that of the US delivery. We then
tested whether and how such bias affected learning, by assessing dif-
ferences in the acquisition, extinction, and recovery (following rein-
statement) of threat conditioning between spatially compatible and
incompatible CSs. To this end, participants completed a Pavlovian threat
conditioning task while resting both hands on a computer screen hori-
zontally placed on a table. The US was a mild aversive shock delivered to
one of the participant’s hands. The CSs consisted of four geometrical
shapes. Crucially, two CSs always appeared in the same hemispace as the
shocked hand (i.e., compatible condition), and two CSs always in the
opposite hemispace (i.e., incompatible condition; Fig. 2). In addition,
only one of the compatible CSs and one of the incompatible CSs was
paired with the US (i.e., CS+), while the other CS from each compati-
bility condition was never paired with the US (i.e., CS-). To assess
conditioning, skin conductance response (SCR) was recorded and used
to analyze changes in mean SCR during each task phase. Additionally,
we used computational modeling to characterize participants’ initial
expectations of CS-US associations and the rate at which these expec-
tations are updated on a trial-by-trial basis (Atlas and Phelps, 2018; Li
et al., 2011; Stussi et al., 2021). Before learning which CSs predict US
occurrence, we expected an initial bias in threat expectations in favor of
compatible CSs. With respect to threat conditioning, we compared the
two following competing predictions. On one hand, the initial bias in
threat expectations may be expected to facilitate conditioning and/or
hinder extinction and/or facilitate recovery for the compatible CS+. On
the other hand, as participants learn that both the incompatible and
compatible CSs—+ predict the US delivery at the same rate, the initial bias
may be overcome or offset, with facilitated acquisition and/or extinction
and recovery of threat response for the incompatible than the compat-
ible CS+.

1. Methods
1.1. Participants

Twenty-four healthy participants were recruited from the young
adult population of the town of Cesena (Italy). One participant was
removed from the analysis due to computer malfunctioning, one for
failing to show SCR, and two participants for failing to report the correct
stimulus-outcome (i.e., CS-US) contingencies (as previously done in
Starita et al., 2016). These exclusion criteria were established prior to
data collection. This left a total of 20 participants in the analysis (10
males; age M = 22.50 years, SD = 3.65 years).

A sensitivity power analysis was performed with MorePower 6.0
(Campbell and Thompson, 2012) using the following parameters (based
on the planned statistical analyses, see below): repeated measures
ANOVA; sample size = 20; numerator df = 1, denominator df = 19;
alpha = 0.05. This was used to produce a sensitivity curve (Fig. 1),
which shows the power of detecting a significant effect by our statistical
analyses given an a-priori range of plausible effect sizes for our para-
digm (Lakens, 2022).

The study followed the American Psychological Association Ethical
Principles of Psychologists and Code of Conduct and the Declaration of
Helsinki, and was approved by the Bioethics Committee of the Univer-
sity of Bologna (Prot. 71559). All participants provided written
informed consent to participation. The study was not preregistered.

1.2. Pavlovian threat conditioning task

Fig. 2 shows an illustration of the task. The conditioned stimuli (CSs)
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Fig. 1. Sensitivity curve. The plot shows the power of our statistical analyses for a range of a-priori plausible effect sizes, given a sample size of 20 participants, an

alpha level of 0.05 and a RM ANOVA with (1,19) degrees of freedom.

45s

Fig. 2. Pavlovian threat conditioning task. The figure shows shock electrodes placed on the right hand and SCR electrodes on the left hand. Thus, the left screen
represents an example of a compatible CS trial, while the right screen represents an example of an incompatible CS trial and the middle screen an example of the
inter-trial interval. Only the light gray section of the screen was visible to participants, as vision of the hands was occluded by a piece of cardboard, here represented

by the dark gray rectangle.

were images of four different white geometrical shapes (i.e., triangle,
square, pentagon, octagon), which appeared on a gray background. Two
of the CSs always appeared 32.5 cm to the left of the center of the screen
and the two others always appeared 32.5 cm to the right. Additionally,
on each side, one CS was the threat conditioned stimulus (CS+) and the
other the within-participant control stimulus (CS-). Shape assignment to
each CS role was counterbalanced between participants. The uncondi-
tioned stimulus (US) consisted of a 0.2-ms aversive electrical shock
generated by a Digitimer Stimulator (Model DS7A, Digitimer Ltd., UK)
and delivered to the participants’ dorsal side of the left or right hand
(counterbalanced between participants) through pre-gelled Ag/AgCl
snapped electrodes (Friendship Medical, SEAg-S-15000/15x20). The US
intensity (M = 22.95 mA, SD = 15.03) was calibrated for each partici-
pant to a level deemed “highly unpleasant, but not painful” using an
ascending staircase procedure. Participants rated the unpleasantness of
the shock (M = 7.26, SD = 0.80) on a scale ranging from 0 (no sensation)
to 10 (painful).

The stimuli appeared on a 43-in. computer screen (resolution: 1920
x 1080; refresh rate: 60 Hz), at a viewing distance of ~60 cm. A PC
running MATLAB controlled stimulus presentation and shock delivery.
The screen on which the stimuli appeared was placed horizontally on a
table and participants’ hands rested on the lower portion of the screen to
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the left and right of the center, right below the location of CSs appear-
ance. Vision of the hands was occluded by a piece of cardboard, to limit
the possibility that a difference in response to compatible versus
incompatible CSs could be explained by a difference in visual attention
posited to the shocked hand (Di Pellegrino and Frassinetti, 2000). Thus,
participants saw only the portion of the screen where the stimuli
appeared. These manipulations resulted in the presentation of each CS
being either incompatible or compatible relative to the shocked hand
(though equidistant from the participant’s trunk), thus creating four
within-participant experimental conditions: CS+ine, CS+com, CS-inc,
CS-com- On each trial, one CS was presented for 4.5 s followed by a jit-
tered 8-10-s intertrial interval (ITI), during which a fixation cross was
presented in the center of the screen.

The task began with a habituation phase, which included 8 trials (2
trials per CS). The following acquisition phase included 64 trials (16
trials per CS). In this phase, presentation of the CS+,. and the CS+com
co-terminated with the delivery of the US in 9 out of 16 trials (56 %
reinforcement rate). Presentation of the CS-p,. and the CS-¢o, Was never
paired with the US. The subsequent extinction phase included 64 trials
(16 trials per CS), during which the US was no longer delivered.
Extinction was immediately followed by reinstatement, which consisted
of the delivery of three consecutive unsignaled shocks between two ITIs.



F. Starita et al.

The final recovery phase then occurred and included 16 unreinforced
trials (4 trials per CS). Except for the first four acquisition trials that
started with two CS- trials and two reinforced CS+ trials (one for each
compatibility condition), in random order, trials proceeded in pseudo-
random order, such that no more than two consecutive stimuli of the
same type occurred in a row.

1.3. Procedure

Participants were comfortably seated in a silent and dimly lit room,
and their position was centered relative to the computer screen. Elec-
trodes for SCR recording and for shock delivery were attached to them.
Next, their hands were placed on the screen and, after verifying correct
recording of SCR, the shock intensity was calibrated. Participants were
then instructed that four different shapes would appear one at the time
on the screen and that two of them would always appear on the right,
whereas the two others would always appear on the left. Also, they were
told that some shapes might be associated with the shock, and that their
task was to pay attention to the screen and try to predict which shape/s
would give them the shock. Note that no information was provided
regarding which stimulus would be associated with the shock, and
participants had to learn the CSs-US relationship from experience. At the
end of the conditioning task, participants completed subjective ratings
of CS valence and arousal, and their awareness of the CS-US contin-
gencies was tested (see dependent variables).

1.4. Dependent variables

1.4.1. Skin conductance response (SCR)

Galvanic skin conductance was recorded at 1250 Hz, with a 10 Hz
low-pass filter, from pre-gelled snap electrodes (BIOPAC EL501) placed
on the hypothenar eminence of the palmar surface of the non-shocked
hand, connected to a BIOPAC MP-150 System (Goleta, CA). The digi-
talized signal was down-sampled at 200 Hz and processed using
Autonomate 2.8 (Green et al., 2014) to obtain trough-to-peak SCR
values. This scoring method was chosen based on previous work from
our laboratories (e.g., Starita et al., 2019, 2022, 2023; Stussi et al., 2018,
2021) and because (a) trough-to-peak SCR scoring is one of the most
prevailing and validated non model-based SCR quantification approach
in Pavlovian threat conditioning (e.g., Kuhn et al., 2022; Privratsky
et al., 2020); and (b) the Autonomate software has been validated under
similar experimental conditions to those of this study, namely 4-s CS
duration and ~ 9-s average ITI duration (see Green et al., 2014, for
details). Critically, results based on SCRs scored with Autonomate have
been found to be comparable to those obtained with model-based
scoring methods, such as implemented with SCRalyze (now called
PsPM) and Ledalab (Green et al., 2014). Additionally, both non-model-
based and model-based SCR quantification approaches have been shown
to discriminate between CS+ and CS- without any statistically signifi-
cant difference in precision and that no single approach has been
demonstrated to yield consistently higher effect sizes relative to the
others (Kuhn et al., 2022). A SCR was considered valid if the trough-to-
peak deflection started between 0.5 and 4.5 s following the CS onset,
lasted for maximum 5 s, and was >0.02 pS. Trials that did not meet these
criteria were scored as zero and remained in the analyses (Starita et al.,
2019). To standardize the data, within-participant z-scores were calcu-
lated using the mean and standard deviation of all non-reinforced trials.
Reinforced trials were excluded from the z-score calculation because
SCR on those trials was disrupted by the shock delivery (see Society for
Psychophysiological Research Ad Hoc Committee on Electrodermal
Measures, 2012).

1.4.2. Subjective ratings of CSs valence and arousal

To have an explicit measure of subjective experience, participants
rated how they had felt during the presentation of each CS in terms of
arousal and valence on the 9-point Self-Assessment Manikin (Bradley
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and Lang, 1994) presented on the PC screen, at the end of the task. Data
of one participant were not collected due to software malfunctioning.

1.4.3. Side of CS presentation awareness and CS-US contingency awareness

To evaluate explicit awareness of the side of presentation of each CS
and explicit learning of the CS-US associations, each CS appeared on the
PC screen and participants had to make a forced-choice response about
the side of stimulus presentation (left/right) and whether or not (yes/
no) this had been associated with the shock during the task. Data from
participants who failed to answer correctly were not analyzed (n = 2).
Thus, all participants included in the analysis reported the correct
associations.

1.5. Data analysis

1.5.1. Mean SCR

Following standard practice in the human conditioning literature
(see, e.g., Lonsdorf et al., 2017), each experimental phase was analyzed
separately to test whether and how the CS compatibility (i.e., Compat-
ible vs. Incompatible) from the shocked hand affected threat condi-
tioning. The habituation phase included only the second CS trial of each
condition, to minimize the effects of initial orienting responses. The
acquisition phase included only unreinforced CS+ trials and all CS-
trials. This phase was split into an early (i.e., mean of the first eight CS-
trials, mean of the first three CS+ trials) and a late (i.e., mean of the
remaining eight CS- trials, mean of the remaining four CS+ trials) block,
to test for differences in the speed and/or magnitude of acquisition be-
tween the compatible and incompatible stimuli (see Stussi et al., 2018,
2021). The extinction phase included all CS trials, and was likewise split
into an early (i.e., mean of the first eight CS trials for each CS) and a late
(i.e., mean of the following eight CS trials for each CS) block. Finally, the
recovery phase also included all CS trials, but this time, given the
transient effects of reinstatement (Haaker et al., 2014), trials were not
averaged but kept separate in the analysis.

1.5.2. Computational modeling

We used computational modeling (see e.g. Li et al., 2011; Pearce and
Hall, 1980; Rescorla and Wagner, 1972) to examine at a mechanistic
level how the CS spatial compatibility affects threat conditioning. We
fitted different standard reinforcement learning models to the trial-by-
trial z-scored skin conductance response (SCR) data to estimate the
models’ free parameters and identify the best-fitting model. The candi-
date models included (1) the Rescorla-Wagner model (Rescorla and
Wagner, 1972), (2) a modified version of the Rescorla-Wagner model
with dual learning rates for excitatory and inhibitory learning (e.g., Niv
et al., 2012; Stussi et al., 2018, 2021), (3) the hybrid model combining
the Pearce-Hall associability mechanism with the Rescorla-Wagner
model (e.g., Homan et al.,, 2019; Li et al., 2011; Pearce and Hall,
1980; Zhang et al., 2016) and (4) a modified version of the hybrid model
incorporating dual (static) learning rates for excitatory and inhibitory
learning (see Stussi et al., 2018, 2021, for a similar modeling approach).
A model comparison procedure (see supplementary materials) using the
Bayesian information criterion (BIC) indicated that the Rescorla-Wagner
model with dual learning rates provided the best fit to the SCR data
compared to the alternative models. Accordingly, we report this model
in detail below as well as the results based on the learning parameters
extracted from this model (for a detailed description of the alternative
models considered, see supplemental materials). The dual-learning-rate
Rescorla-Wagner model consists of an adaptation of the standard version
of the Rescorla-Wagner model (Rescorla and Wagner, 1972) by imple-
menting distinct learning rates for positive (i.e., when the outcome is
unexpectedly delivered or more than predicted; excitatory learning) and
negative (i.e., when the outcome is unexpectedly omitted or less than
predicted; inhibitory learning) prediction errors (see Niv et al., 2012;
Stussi et al., 2018, 2021). This model assumes that skin conductance
correlates with the expected value of a CS, and that learning occurs
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when there is a discrepancy between expectations and actual outcomes
(i.e., a prediction error; Atlas et al., 2016; Atlas and Phelps, 2018).
Excitatory and inhibitory learning rates, in turn, determine the extent to
which positive and negative prediction errors are integrated in the
computation of the updated CS expected value, respectively (see Niv and
Schoenbaum, 2008). Formally, in the dual-learning-rate Rescorla-Wag-
ner model, the expected value V of a given CS j is updated based on the
sum of the current expected value V; and the prediction error at trial ¢ (i.
e., the difference between V; and the outcome R at that trial), weighted
by different learning rates for positive and negative prediction errors, as
follows:

Vi(i+1) = { Vi(t) + "+ (R(1) = V(1) ) if R(1) = V(1) >0
Vi()+a-(R() = V() if R(t)—V;(1) <0
where the learning rate for positive prediction errors o' and the learning
rate for negative prediction errors @~ are free parameters within the
range [0, 1]. If the US was delivered on the current trial ¢, R(t) = 1, else R
() = 0. To account for the fact that the various CSs may lead to differ-
ential SCR as a function of their compatibility with the threatened hand
prior to conditioning, we additionally modeled the CS initial expected
value (Vp) as a free parameter ranging within [0, 1]. This model enables
to capture and test how incompatible and compatible CSs can differ-
entially modulate (a) initial responding (through the CS initial values),
(b) excitatory learning (through the learning rate for positive prediction
errors; e.g., during acquisition), and (c) inhibitory learning (through the
learning rate for negative prediction errors; e.g., during extinction).
We modeled and extracted separate free parameters for each CS
compatibility. The free parameters were estimated by fitting the model
to the individual z-scored SCR data, and the trial-by-trial CS values were
calculated using the best-fitting parameters for each participant.
Because the model is not able to adequately produce or capture recovery
effects following reinstatement, as is the case for most of the classical
formal models of associative learning (see, e.g., Dunsmoor et al., 2015;
Gershman et al., 2017), we omitted trials of the recovery phase from the
fitting procedure. A parameter and a model recovery analysis confirmed
that parameters from this model can be recovered and that the model
shows virtually perfect identifiability (see supplemental materials). To
test whether and how the CS compatibility with the shocked hand affects
Pavlovian threat conditioning, we then proceeded by comparing the
estimated initial expected values, as well as the estimated excitatory and
inhibitory learning rates between the incompatible and compatible
conditions.

1.5.3. Statistical analyses

Analyses were performed with JASP 0.14.1.0 (JASP Team, 2020) and
included frequentist and Bayesian inference. Repeated-measures ana-
lyses of variance (RM ANOVA) were used to investigate differences
between conditions followed by planned contrast analyses using two-
tailed paired t-tests, wherever appropriate. Regarding frequentist
ANOVAs, a statistical significance threshold of p < .05 was adopted.
Degrees-of-freedom were Greenhouse-Geisser corrected, whenever a
violation of the sphericity assumption occurred. Bonferroni correction
was applied to planned contrasts to correct for multiple comparisons.
Partial eta-squared (ng) and 90 % confidence intervals (CI) were
computed as estimates of effect sizes for the ANOVAs’ main effects and
interactions, while Cohen’s d, and 95 % CI were computed for the
planned contrasts (Lakens, 2013). Regarding Bayesian ANOVAs, the
Bayes Factors (BF) were generated as BF inclusion values (BFinc)
quantifying the likelihood of the data under all models with a particular
effect, compared to likelihood of the data under all models without that
particular effect (i.e., effects across matched models), or BF exclusion
values (BFexc1), when BFjnq < 1, reflecting the likelihood of the data
under all models without a particular effect, compared to all models
with that particular effect. Thus, BFs of main effects compared the model
with (or without) the main effect in question to the null (or alternative)
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model, while BFs of interaction effects compared the model including
(or excluding) the interaction term to the model including all the other
terms except for (or including also) the interaction. For reproducibility,
the sampling seed was set to 1. Finally, estimation plots were produced
to illustrate the data (Cumming and Calin-Jageman, 2016; Ho et al.,
2019).

Data and code are publicly available on https://osf.io/cds4k/

2. Results
2.1. Mean SCR

2.1.1. Habituation

We conducted a 2 (stimulus: CS+, CS-) x 2 (compatibility: incom-
patible, compatible) RM ANOVA to assess differences in SCR to the CSs
before any US was delivered. We observed a main effect of compatibility
(Fa, 199 = 10.59, p = .004, n% = 0.36, 90 % CI [0.08, 0.55]; BFjyq =
122.038), showing higher SCR to compatible than incompatible CSs
(Compatible: M = 0.81, SD = 0.92; Incompatible: M = 0.15, SD = 0.59).
No other effects emerged (all ps > 0.201, all ngs < 0.08; all BFsexq >
1.786). Thus, during habituation participants respond more to
compatible than incompatible CSs (Fig. 3).

2.1.2. Acquisition

We conducted a 2 (block: early, late) x 2 (stimulus: CS+, CS-) x 2
(compatibility: incompatible, compatible) RM ANOVA to test whether
SCR was modulated by CSs compatibility with the shocked hand and CSs
association (or absence thereof) with the US, as a function of block. We
observed a main effect of block (F1, 19) = 16.85, p < .001, ng =0.47,90
% CI [0.17, 0.63]; BFj, = 13,386.960), indicating higher SCR in early
than in late acquisition (Early: M = 0.35, SD = 0.45; Late: M = -0.80, SD
= 0.27). The frequentist ANOVA additionally showed a main effect of
compatibility (F1, 19) = 4.84, p = .040, ng = 0.20, 90 % CI [0.005,
0.42]), reflecting higher SCR to the compatible than the incompatible
CSs (Compatible: M = 0.20, SD = 0.32; Incompatible: M = 0.07, SD =
0.32), but this main effect was not supported by Bayesian analysis
(BFexcl = 1.791). Crucially, there was also a main effect of stimulus (F(,
19) = 13.93,p =.001, ng = 0.42, 90 % CI [0.13, 0.60]; BFjpq = 1.076 x
106), indicating higher SCR to the CSs + than the CSs- (CSs+: M = 0.39,
SD = 0.58; CSs-: M = —0.12, SD = 0.14). No interaction effect was found
(allp >.097, all ngs < 0.14; all BFexc) > 2.479). In particular, the CS by
compatibility interaction was not statistically significant (F(1, 19) =
0.15, p = .700, ng = 0.01, 90 % CI [0.00, 0.15]). A Bayesian ANOVA
indicated that the data was about four times more likely under a model
excluding this interaction than under a model including it (BFeyxq =
4.350). Similarly, the block by stimulus by compatibility interaction was
not statistically significant (F(1, 19) = 0.68, p = .420, ng =0.04, 90 % CI
[0.00, 0.21]) and the data was about twice more likely under the model
excluding this term than under the model including it (BF ey = 2.619).
Thus, during acquisition, SCR appeared to decrease from early to late
trials, an effect not uncommon for such measure (Lonsdorf et al., 2017;
see also e.g., Battaglia et al., 2018; Starita et al., 2016). Crucially, par-
ticipants showed successful threat conditioning, responding more to the
CSs+ than the CSs-, to a comparable degree between compatible and
incompatible CSs. Converging evidence for this is also found in esti-
mation statistics shown in the lower plot of Fig. 4. As can be observed,
the 95 % confidence intervals of the differential SCRs represented in the
lower plot are greater than zero and of comparable magnitude (due to
the overlap of confidence intervals) across compatibility conditions and
blocks.

2.1.3. Extinction

We conducted a 2 (block: early, late) x 2 (stimulus: CS+, CS-) x 2
(compatibility: incompatible, compatible) RM ANOVA to test whether
SCR to the CSs was modulated by CSs compatibility with the shocked
hand and CS previous association (or lack thereof) with the US, as a
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Fig. 3. Habituation. The upper plot shows individual participants’ data (gray
dots), group means (black dots) and 95 % confidence intervals (vertical black
lines) of z-scored SCR to CS+ and CS- as a function of compatibility. Each
paired set of observations is connected by a gray line, confidence intervals were
corrected for within-subjects design (Cousineau, 2005). The lower plot shows
individual participants’ paired difference (white dots), group paired mean
differences (black dots) and 95 % confidence intervals (vertical black lines)
between z-scored SCR to incompatible and compatible trials, and CS+ and CS-.
Confidence intervals of paired mean differences were calculated with the ESCI
module for Jamovi (Cumming and Calin-Jageman, 2016).

35

International Journal of Psychophysiology 190 (2023) 30-41

function of block. We observed a main effect of stimulus (F(1, 19) = 9.87,
p = .005, nlz, = 0.34, 90 % CI [0.07, 0.54]; BFjpq = 2.262 x 10%), and a
block-by-stimulus interaction (F(;, 19y = 7.90, p = .011, ng =0.29,90 %
CI [0.08, 0.55]; BFj,; = 6.701). Crucially, these effects were qualified by
the block-by-stimulus-by-compatibility interaction (F, 19y = 7.68, p =
.012, ng = 0.29, 90 % CI [0.04, 0.50]; BFj, = 2.310). Follow-up two-
tailed paired t-tests (Bonferroni corrected critical p value = .0125)
showed greater SCR to the incompatible CS+ than CS- in early trials, but
not in late trials (Early: CS+: M = 0.27, SD = 0.64; CS-: M = —0.43,SD =
0.20; t(19) = 4.23, p < .001, Cohen’s d, = 0.95, 95 % CI [0.41, 1.47];
BFy9 = 73.05; Late: CS+: M = —0.21, SD = 0.34 CS-: M = —0.29, SD =
0.36; t(19) = 0.66, p = .52, Cohen’s d, = 0.15, 95 % CI [—0.29, 0.59];
BF; = 0.28). In contrast, for compatible stimuli, SCR was also greater to
CS+ than CS- in early trials, although this difference did not survive
correction for multiple comparisons and Bayesian analyses showed only
weak evidence for it (CS+: M = 0.01, SD = 0.54; CS-: M = —0.32, SD =
0.2030; t(19) = 2.17, p = .043, Cohen’s d, = 0.48, 95 % CI [0.01, 0.94];
BF;9 = 1.56). Additionally, in late trials, the frequentist t-test showed no
statistically significant difference in SCR between the compatible CS+
and the CS-, while the Bayesian t-test showed only weak evidence for
such difference (CS+: M = —0.11, SD = 0.36 CS-: M = —0.35, SD = 0.31;
t(19) = 1.99, p = .06, Cohen’s d, = 0.44, 95 % CI [—0.02, 0.90]; BF1o =
1.18). Finally, two-tailed paired t-tests showed greater conditioned
response (i.e., CS+ — CS-) to incompatible than compatible stimuli in
early but not late extinction (Early: Incompatible: M = 0.70, SD = 0.74,
Compatible: M = 0.33, SD = 0.68; t(19) = 2.54, p = .020, Cohen’s d, =
0.57, 95 % CI [0.09, 1.04]; BF;( = 2.91; Late: Incompatible: M = 0.08,
SD = 0.51, Compatible: M = 0.25, SD = 0.55; t(19) = —1.50, p = .149,
Cohen’s d, = —0.34, 95 % CI [—0.78, 0.12]; BF;o = 0.61). Thus, at the
beginning of extinction, the conditioned response was greater to
incompatible than compatible CSs, but it was extinguished for both
incompatible and compatible CSs by the end of extinction (Fig. 5).

2.1.4. Recovery following reinstatement

We conducted a 2 (stimulus: CS+, CS-) x 2 (compatibility: incom-
patible, compatible) x 4 (trials: 1-4) RM ANOVA to examine differences
in SCR to the CSs as a function of their compatibility with the shocked
hand and their previous association (or lack thereof) with the US after
threat reinstatement. We observed a main effect of trial (F;.47, 27.91) =
15.47, p < .001, 13 = 0.45, 90 % CI [0.26, 0.55]; BFipe = 2.183 x 10'1)
and a compatibility-by-stimulus interaction (F(1, s7) = 5.09, p = .036, ng
= 0.21, 90 % CI [0.01, 0.24]; BFjnq = 1.781). However, these effects
were qualified by a compatibility-by-stimulus-by-trial interaction (F(; g2,
43.59) = 5.13,p =.013, 0% = 0.21, 90 % CI [0.051, 0.33]; BFipq = 2.421).
In the incompatible condition, follow-up two-tailed paired t-tests
(Bonferroni corrected critical p value = .0062) indicated greater SCR to
the CS+ than the CS- in the first trial (CS + ne: M = 2.00, SD = 2.07;
CS-me: M = 0.70, SD = 1.66; t(19) = 3.10, p = .006, Cohen’s d, = 0.69,
95 % CI [0.19,1.17]; BF19 = 7.919), but not in other trials (all ps >
0.189, all BFsp < 0. 525). In contrast, in the compatible condition, there
was no difference in SCR between the CS+ and the CS- in any of the
recovery trials (all ps > 0.010; all BFs;o < 0.383). Thus, in the first trial
of recovery following reinstatement, the conditioned response was
recovered to incompatible but not compatible CSs (Fig. 6).

2.2. Computational modeling

2.2.1. Estimated initial expected values

We conducted a two-tailed paired t-test to assess differences in
estimated CS initial expected values as a function of CS compatibility
with the shocked hand. Results showed greater initial expected value for
compatible than incompatible CSs, although this difference did not
reach statistical significance (Incompatible: M = 0.44, SD = 0.23;
Compatible: M = 0.57, SD = 0.25; t;9y = 1.75, p = .095, Cohen’s d, =
0.39, 95 % CI [-0.07, 0.48,]; BF19 = 0.847; Fig. 7).
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Fig. 4. Acquisition. The upper plot shows individual
participants’ data (gray dots), group means (black
dots) and 95 % confidence intervals (vertical black
lines) of z-scored SCR to CS+ and CS- as a function of
compatibility and block. Each paired set of observa-
tions is connected by a gray line, confidence intervals
were corrected for within-subjects design (Cousineau,
2005). The lower plot shows individual participants’
paired difference (white dots), group paired mean
differences (black dots) and 95 % confidence intervals
(vertical black lines) between z-scored SCR to CS+
and CS- as a function of compatibility and block.
Confidence intervals of paired mean differences were
calculated with the ESCI module for Jamovi (Cum-
ming and Calin-Jageman, 2016).
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2.2.2. Estimated learning rates

We conducted two separate two-tailed paired t-test to assess differ-
ences in learning-rates estimates as a function of CS compatibility with
the shocked hand, separately for excitatory and inhibitory learning
rates. The results on excitatory learning rate showed a higher learning
rate for the incompatible than the compatible CSs (Incompatible: M =
0.10, SD = 0.10; Compatible: M = 0.07, SD = 0.08; t109) = 2.56, p = .019,
Cohen’s d, = 0.57, 95 % CI [0.09, 1.04]; BF1¢ = 3.025). In contrast, the
results on inhibitory learning rates showed no statistically significant
difference between the compatible and incompatible CSs (Incompatible:
M = 0.40, SD = 0.34; Compatible: M = 0.35, SD = 0.26; t(19) = 0.87,p =
.40, Cohen’s d, = 0.19, 95 % CI [—0.25, 0.63]; BF;o = 0.324; Fig. 8).

2.3. Subjective ratings

2.3.1. Valence

We conducted a 2 (stimulus: CS+, CS-) x 2 (compatibility: incom-
patible, compatible) RM ANOVA on valence ratings to assess differences
in subjective ratings among CSs. Results showed only a main effect of
stimulus (F(1, 18) = 75.35, p < .001, Th% = 0.81, 90 % CI [0.62, 0.87];
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BFinc = 4.920 x 10'7). Participants reported lower pleasantness to the
CS+- than the CS- (CS+: M = 2.58, SD = 1.24; CS-: M = 6.45, SD = 1.38).
No other effect was found (all ps > 0.207; all BFs;g < 0.265).

2.3.2. Arousal

We conducted a 2 (stimulus: CS+, CS-) x 2 (compatibility: incom-
patible, compatible) RM ANOVA on arousal ratings to assess differences
in subjective ratings among CSs. Results showed only a main effect of
stimulus (F(1, 18) = 146.09, p < .001, ng =0.89, 90 % CI [0.77, 0.92];
BF ina = 6.343 x 102%). Participants reported greater arousal to the CS+
than the CS- (CS+: M = 7.10, SD = 0.91; CS-: M = 2.79, SD = 1.44). No
other effect was found (all ps > 0.725; all BFs;g < 0.229).

3. Discussion

We investigated whether and how CS-US spatial compatibility
modulated the acquisition, extinction and recovery (following rein-
statement) of Pavlovian threat conditioning. Participants completed a
threat conditioning task in which visual CSs appeared on the same (i.e.,
compatible) or opposite (i.e., incompatible) hemispace as that of US
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delivery, consisting of an aversive shock to one hand. Results showed
that, before learning which CSs predicted the shock, compatible CSs
elicited greater mean skin conductance response (SCR) than incompat-
ible ones. In contrast, during threat acquisition, when participants
learned that incompatible as well as compatible CSs predicted shock
delivery, SCR increased to CSs+ as compared to CSs-, indicating that the
conditioned response was successfully acquired regardless of CS
compatibility. Additionally, at the beginning of extinction, the condi-
tioned response was greater to incompatible than compatible CSs (i.e.,
differential SCR incompatible > compatible), but it was extinguished for
both incompatible and compatible CSs by the end of extinction. Simi-
larly, following reinstatement, the conditioned response was recovered
for incompatible stimuli, but rapidly re-extinguished. Finally, compu-
tational modeling analyses showed that higher SCR to compatible CSs
during habituation were mirrored by a greater initial expected value in
comparison to incompatible stimuli, although we note that this differ-
ence was not statistically significant. Conversely, incompatible stimuli
were associated with a higher excitatory learning rate relative to
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compatible stimuli, indicating that incompatible CSs induced height-
ened excitatory learning contributing to threat acquisition. These results
suggest that stimulus-outcome spatial compatibility influences the
acquisition, extinction and recovery (following reinstatement) of
Pavlovian threat conditioning.

Before learning the actual source of threat (during habituation),
higher mean SCR to compatible CSs suggested that threat expectations
were biased in favor of stimuli whose location was compatible with the
aversive outcome. Indeed, in everyday life, correspondence in spatial
compatibility between a somatosensory sensation and the stimulus that
caused it occurs the majority of times. Thus, at the beginning of the task,
participants came into the experiment with a set of expectations, likely
shaped by their long-term past experience, expecting compatible stimuli
to be the source of danger. However, their initial bias was then revised
during threat acquisition.

When learning that also the incompatible CS+ was a threat to body
integrity during acquisition, prior expectations were revised to reflect
current environmental contingencies. Thus, learning was actively
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shaped by the current CS-US contingencies and not a passive reflection
of initial expectations, since threat acquisition was not facilitated for
compatible CS+. Although we did not observe any difference in skin
conductance between compatible and incompatible stimuli during
acquisition using conventional summary statistics, the higher excitatory
learning rate for incompatible stimuli observed at the computational
level indicated that these stimuli were associated with an enhanced
update in threat expectations. Indeed, such increased excitatory learning
rate resulted in weighting prediction errors following unexpected shock
delivery (i.e., positive prediction errors) more for incompatible than
compatible stimuli, thus having a greater impact on the update of their
expected values. In other words, participants weighed more heavily the
‘surprisingness’ of the US for incompatible than compatible stimuli. This
contributed to enhancing excitatory learning for incompatible stimuli
enabling them to enter more efficiently into association with the US
during acquisition. This increased excitatory learning rate may repre-
sent a mechanism whereby the initial threat expectancy bias toward
compatible stimuli was offset by the facilitation of conditioned threat
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acquisition for incompatible stimuli. Such mechanism enabled them to
enter into association with the aversive outcome, in order to protect the
body also from such less expected source of threat.

During early extinction, the higher conditioned response to incom-
patible stimuli relative to compatible ones suggests that extinction
learning may have been slower in the first trials in response to incom-
patible stimuli. However, the difference in response between compatible
and incompatible stimuli was no longer evident during late extinction,
possibly suggesting a steeper decay in conditioned response for incom-
patible stimuli as extinction progressed. Nevertheless, this extinction
dynamic was not reflected at the level of the inhibitory learning rates,
which did not statistically differ between compatible and incompatible
stimuli. A potential explanation for this discrepancy may be that
inhibitory learning encompasses all trials where a negative prediction
error is generated (i.e., CS+ extinction trials, but also CS+ non-
reinforced acquisition trials, and all CS- trials), and therefore does not
exclusively reflect extinction learning. Alternatively, it is also possible
that the difference in conditioned response between incompatible and
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Fig. 7. Estimated initial expected values (Vy). The upper plot shows individual
participants’ data (gray dots), group means (black dots) and 95 % confidence
intervals (vertical black lines) of estimated initial expected values (VO) to
compatible and incompatible trials. Each paired set of observations is connected
by a gray line, confidence intervals were corrected for within-subjects design
(Cousineau, 2005). The lower plot shows individual participants’ paired dif-
ference (white dots), group paired mean differences (black dots) and 95 %
confidence intervals (vertical black lines) between estimated initial expected
values (V0) to compatible and incompatible trials. Confidence intervals of
paired mean differences were calculated with the ESCI module for Jamovi
(Cumming and Calin-Jageman, 2016).
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Fig. 8. Estimated learning rates («). The upper plot shows individual partici-
pants’ data (gray dots), group means (black dots) and 95 % confidence intervals
(vertical black lines) of estimated excitatory and inhibitory learning rates () to
compatible and incompatible trials. Each paired set of observations is connected
by a gray line, confidence intervals were corrected for within-subjects design
(Cousineau, 2005). The lower plot shows individual participants’ paired dif-
ference (white dots), group mean differences (black dots) and 95 % confidence
intervals (vertical black lines) between estimated excitatory and inhibitory
learning rates (o) to compatible and incompatible trials. Confidence intervals of
paired mean differences were calculated with the ESCI module for Jamovi
(Cumming and Calin-Jageman, 2016).
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compatible stimuli during early extinction may reflect “residual” effects
of the heightened excitatory learning associated with incompatible
stimuli, rather than — or in addition to — differences in extinction
learning per se.

Finally, during the recovery phase following reinstatement, the re-
covery of the conditioned response for incompatible but not compatible
stimuli corroborates the idea that learning acted to revise initial threat
expectations. Speculatively, such results may have been driven by the
heightened excitatory learning rate to incompatible stimuli relative to
compatible ones. Indeed, reinstatement likely contributed to reactivat-
ing the threat acquisition memory, which may have led to a greater
return of threat to incompatible stimuli as they were associated with a
higher excitatory learning rate and tentatively a putative stronger threat
memory acquisition.

When related back to the literature on threat conditioning and
spatial information, our results do not provide evidence that the CS that
was closer to the aversive outcome (i.e., compatible) — as manipulated
through spatial compatibility under our experimental conditions, with
all CSs at the same distance from and in close proximity with the body —
facilitate learning. Conversely, we observed a higher excitatory learning
rate associated with the CS that was farther away from the US (i.e.,
incompatible) as well as a higher conditioned response to this stimulus
during the first part of extinction and recovery. These findings appear at
odds with the notion that CSs closer to the US should facilitate learning
(Nasser and Delamater, 2016) and contrast with the evidence that CSs
closer to the US — in terms of proximity to the body — are associated with
enhanced threat acquisition and resistance to extinction (Faul et al.,
2020). However, our study partially aligns with the findings of a facil-
itated acquisition of threat conditioning in response to CSs that are
farther away from the US - by being farther away from the body (Rosén
etal., 2017, 2019). In fact, if there is no difference in the threat posed by
closer and farther CSs+, given the equal reinforcement rate, an adaptive
strategy may be to update threat expectations more strongly to farther
stimuli (initially associated with lower threat expectations), in order to
appropriately defend the body from both sources of threat. Altogether,
these considerations suggest that a closer CS-US spatial relationship does
not always facilitate Pavlovian threat conditioning as is typically the
case with the temporal relationship (e.g., Mackintosh, 1974), but that
these effects might be more flexible and depend on the specific relative
location of the threat cue and its associated aversive outcome.

Importantly, at variance with previous studies on spatial information
(e.g., Ahs et al., 2015; Faul et al., 2020; Rosén et al., 2017, 2019), we
kept all CSs at the same distance from — and in close proximity with — the
body, within the so-called boundaries of peripersonal space represen-
tation (Serino et al., 2015). In such scenario, our results may suggest that
the spatial relationship between the stimuli and the threatened body
part appears to drive the initial arousal response (as measured with skin
conductance) to those stimuli, rather than the relationship between the
stimuli and the whole body. Thus, when the threat-signaling cues are in
close proximity to the body, stimulus-outcome spatial relationship may
be coded in a body-part frame of reference, rather than in a whole-body
frame of reference. Indeed, during habituation, under maximal uncer-
tainty regarding the actual source of threat, SCR was modulated by the
CS distance from the threatened body part, with closer (i.e. compatible)
stimuli eliciting greater response than farther (i.e. incompatible) ones.
Importantly, the spatial relationship with the threatened body part also
modulated the acquisition, extinction, and recovery of conditioned
response. Thus, threat conditioning itself appears sensitive not only to
the relationship between threat signaling cues and the body, as previ-
ously shown (e.g., Ahs et al., 2015; Faul et al., 2020; Rosén et al., 2017,
2019), but also to their relationship with the threatened body part.
Whether the body-part reference frame is maintained even when the
location of compatible and incompatible CSs is close to the body but at
different distances from the US location should be evaluated in future
studies (as done in the sensory-motor domain by Aglioti and Tomaiuolo,
2000, for instance), to further clarify the role of CS-US spatial distance
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beyond compatibility.

The current findings should nonetheless be put into perspective to
some extent, given the relatively small sample size, which is a limitation
of the study. Although we performed a sensitivity power analysis to
illustrate the effect sizes that could be detected with varying degrees of
power given the current sample size, larger samples may be necessary to
estimate more precisely the effects of stimulus-outcome compatibility on
threat conditioning. Further studies with large samples might thus be
warranted to provide more conclusive and robust evidence regarding
the role of spatial compatibility in human Pavlovian learning.

In conclusion, the present study shows that stimulus-outcome spatial
relationship influences initial threat expectations, as well as the acqui-
sition, extinction, and recovery (following reinstatement) of Pavlovian
threat conditioning. Specifically, although initial threat expectations
were biased in favor of compatible stimuli, a higher excitatory learning
rate was found for incompatible stimuli, indicating enhanced updating
in threat expectations for the latter during the task. Additionally, we
observed higher conditioned response to incompatible stimuli during
early extinction and its recovery following reinstatement. These results
suggest that learning may not be a passive reflection of initial expecta-
tions, but, rather, it may act to revise initial threat expectations to reflect
current environmental contingencies and maximize survival. Overall,
our findings contribute to the understanding of the role of spatial in-
formation in Pavlovian learning and highlight its flexible and adaptive
nature.

Data availability

Data and code related to the manuscript are publicly available on
https://osf.io/cds4k/
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