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A B S T R A C T   

Emotional experiences often contain a multitude of details that may be represented in memory as individual 
elements or integrated into a single representation. How details associated with a negative emotional event are 
represented in memory can have important implications for extinction strategies designed to reduce emotional 
responses. For example, is extinguishing one cue associated with an aversive outcome sufficient to reduce learned 
behavior to other cues present at the time of learning that were not directly extinguished? Here, we used a 
between-subjects multi-day threat conditioning and extinction task to assess whether participants generalize 
extinction from one cue to unextinguished cues. On Day 1, one group of participants learned that a compound 
conditioned stimulus, composed of a tone and colored square, predicted an uncomfortable shock to the wrist 
(Compound group). A second group learned that the tone and square separately predicted shock (Separate 
group). On Day 2, participants in both groups were exposed to the tone in the absence of shocks (cue extinction). 
On Day 3, we tested whether extinction generalized from the extinguished to the unextinguished cue, as well as 
to a compound composed of both cues. Results showed that configural and elemental learning had unique and 
opposite effects on extinction generalization. Subjects who initially learned that a compound cue predicted shock 
successfully generalized extinction learning from the tone to the square, but exhibited threat relapse to the 
compound cue. In contrast, subjects who initially learned that each cue individually predicted shock did not 
generalize extinction learning from the tone to the square, but threat responses to the compound were low. These 
results highlight the importance of whether details of an aversive event are represented as integrated or sepa
rated memories, as these representations affect the success or limits of extinction generalization.   

1. Introduction 

Aversive experiences are complex, containing many cues that can be 
remembered in different ways (Brewin, 2014; Rudy, Huff, & Matus- 
Amat, 2004). How these events are remembered may have important 
consequences for the spreading, or generalization, of later threat re
sponses (Maren, Phan, & Liberzon, 2013). However, the effects of these 
different threat memories on the generalization of later extinction 
learning – a crucial aspect of exposure therapy (Kredlow, de Voogd, & 
Phelps, 2020) – is not yet clear. 

Complex aversive events can be learned as configural representa
tions, in which multiple cues are integrated into a coherent context, or 
elemental representations, in which separate associations are formed 
between each cue and the aversive outcome (Rudy et al., 2004; Stout 
et al., 2018). An imbalance between these representations, with an 

overreliance on elemental rather than configural learning, may 
contribute to the etiology and maintenance of posttraumatic stress dis
order (Acheson, Gresack, & Risbrough, 2012; Bisby, Burgess, & Brewin, 
2020; Gilbertson et al., 2007). For example, after elemental learning (in 
which each individual feature is separately associated with the aversive 
outcome), any individual feature – regardless of the context in which it 
occurs – could evoke a threat response, leading threat responses to 
generalize to inappropriate contexts. In contrast, configural learning (in 
which the conjunction of all present features is encoded as a unified 
whole) would require the environment to fully match the encoded 
representation in order to evoke a threat response (Acheson et al., 2012; 
Maren et al., 2013). 

These different threat representations may also have implications for 
later extinction learning. During extinction, a previously threatening 
stimulus is repeatedly presented without reinforcement, enabling 
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individuals to learn that this stimulus is now “safe” and attenuate their 
threat responses. Extinction learning can spread, changing responses to 
other stimuli in a process known as extinction generalization (Dubin & 
Levis, 1973; Vervliet, Vansteenwegen, & Eelen, 2004). This process is 
clinically relevant, as exposure therapy relies on extinction of individual 
items with the goal that this new learning will generalize to complex 
real-world scenarios (Kredlow et al., 2020; Rowe & Craske, 1998). This 
clinical importance has motivated laboratory investigations of strategies 
to promote extinction generalization (Dunsmoor, Niv, Daw, & Phelps, 
2015; Fitzgerald, Seemann, & Maren, 2014; Hennings, Bibb, Lewis- 
Peacock, & Dunsmoor, 2020). A recent report showed that threat 
learning (inferred belief that linear vs similarity rules explained the 
occurrence of mild shocks) shaped later extinction generalization in 
humans (Wong, Glück, Boschet, & Engelke, 2020). However, the influ
ence of elemental and configural threat learning on extinction general
ization in humans remains unclear. Here we asked whether initial threat 
associations for multi-cue aversive experiences modulate extinction 
generalization from one component cue to the rest of the aversive event. 

1.1. Generalizing extinction between cues 

To date, most research examining the influence of threat represen
tations on extinction generalization has been conducted in rodents, and 
has focused on generalization between individual cues. In these studies, 
animals are first conditioned to associate cues A and X with an electric 
shock. Next, cue A is presented without shock reinforcement (extinction) 
and responses to cue X are measured. These studies show that, if the 
initial threat learning was elemental (shock separately associated with 
cues A and X), extinguishing A did not generalize to X (Kasprow, 
Schachtman, Cacheiro, & Miller, 1984). In contrast, if the shock was 
paired with an AX compound, extinguishing component cue A did 
generalize and attenuate responses to X (Debiec, Diaz-Mataix, Bush, 
Doyere, & LeDoux, 2013; Durlach & Rescorla, 1980; Nakajima & Kawai, 
1997; Pineno, 2007; Schnelker & Batsell, 2006). Notably, a recent study 
in humans differed from this pattern, providing evidence that forming 
separate cue/threat associations did enable extinction generalization 
between cues when considering explicit expectations of shock delivery; 
however, compound threat conditioning was not examined (Mertens 
et al., 2019; see also Vurbic & Bouton, 2011). These findings largely 
support the hypothesis that human participants who form separate 
threat representations will show impaired extinction generalization 
between cues relative to those who form compound representations. 

This hypothesis is also supported by theoretical learning models. 
Several models posit that associations are formed during configural 
learning that are not present during elemental learning (see Harris, 2006 
for review). For example, configural learning may involve the formation 
of links between component cues A and X (Durlach & Rescorla, 1980; 
Rescorla & Cunningham, 1978). These links would enable changes in the 
value of one cue during extinction (A) to update the value of the other 
unseen cue (X), enabling extinction to generalize between cues 
following configural learning. However, as these links between cues are 
not formed during elemental threat learning, the value of the unseen cue 
would not change during extinction, thus preventing extinction 
generalization. 

1.2. Generalizing extinction from cues to compounds 

Fewer studies have examined extinction generalization from 
component cues to the combination of cues that were part of the initial 
aversive event. That is, after learning to associate an AX compound with 
the delivery of shock, would extinction of cue A generalize and attenuate 
responses to the AX compound? These limited studies have yielded 
mixed results. Although some work has shown that some cue extinction 
procedures do generalize to the compound (Jones, Ringuet, & Monfils, 
2013), other studies suggest weak generalization (Shanks, Darby, & 
Charles, 1998; Troisi, Dooley, & Craig, 2013) or indicate a potential for 

increased responding to the compound (Bouton, Doyle-Burr, & Vurbic, 
2012). Furthermore, it is not yet clear whether extinction generalization 
from cues to a compound is modulated by whether the threat association 
was initially formed with separate cues or a full compound. 

Here too, learning models provide clues regarding how different 
types of threat learning may influence extinction generalization. These 
models posit that, with configural learning, the full AX compound is 
represented as an indivisible unit (Melchers, Shanks, & Lachnit, 2008; 
Pearce, 2002), as a unique new cue that represents the AX combination 
(“added elements” model), and even as altering the representation of 
components A and X because they are presented together (“replaced 
elements” model, both discussed in Brandon, Vogel, & Wagner, 2000). 
Because extinction of individual component cues would not alter these 
configural threat associations, the AX compound could still elicit a threat 
response. In contrast, if threat learning was elemental, extinction of all 
component cues would fully address learned threat associations, and the 
AX compound would not trigger a threat response (Soto, Gershman, & 
Niv, 2014). This indicates a hypothesis that is distinct from generaliza
tion between cues. That is, associating a threat with a compound may 
limit extinction generalization from cues to a compound, whereas 
elemental learning would enable extinction to generalize. 

1.3. Current study 

In this study, we assessed whether the type of representation formed 
for a multi-cue aversive event would modulate how broadly human 
participants generalize extinction of component cues. After training 
participants to associate cues individually (Separate group) or in com
bination (Compound group) with an aversive outcome, we extinguished 
the aversive association with one cue. We then tested whether extinction 
learning generalized to the unseen cue. Next, we extinguished aversive 
associations with both cues individually, then tested whether extinction 
learning about both component cues would generalized to the combined 
presentation of both cues. Each phase of the experiment was separated 
by a 24-hour break to allow for the consolidation of acquisition and 
extinction memories (consistent with Debiec et al., 2013). 

2. Material and methods 

2.1. Participants 

A total of 115 participants were enrolled in the experiments (Com
pound: N = 56, Separate: N = 59). Of these, 16 failed to complete all 
three days, 1 violated the protocol (had recently completed another 
shock study), and 2 had technical issues that made their data unusable. 
The final sample included 96 participants with 48 participants in each 
group. The groups did not differ in age or sex, or measures of anxiety 
(Spielberger, 1983), intolerance of uncertainty (Buhr & Dugas, 2002), or 
stress (Cohen, Kamarck, & Mermelstein, 1983) measured on the first day 
of the experiment (Table 1). All participants provided written informed 
consent before participation. Procedures were approved by the New 
York University Committee on Activities Involving Human Subjects. 

Table 1 
Participant demographics.   

Compound Group 
(N = 48) 

Separate Group 
(N = 48) 

Different? 

Sex (% female) 54.1% 62.5% p > .25 
Age 23 [4.01] 22.25 [4.14] p > .25 
State anxiety (STAI-S) 33.35 [8.9] 34.23 [7.96] p > .25 
Trait anxiety (STAI-T) 41.6 [9.59] 41.94 [8.01] p > .25 
Intolerance of 

uncertainty (IUS) 
63.77 [16.60] 63.04 [14.75] p > .25 

Perceived stress (PSS) 16.21 [6.91] 17.69 [7.30] p > .25  
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2.2. Task design 

All participants completed a 3-session threat conditioning and 
extinction paradigm (Fig. 1). Each session was separated by ~24 h. 
Stimuli were presented using Eprime 2.0. Trial sequences were pseu
dorandomized such that participants could not experience three of any 
trial type in a row, with participants randomly assigned to complete one 
of two pre-defined trial sequences. 

Day 1: Acquisition. Participants viewed colored squares (blue or 
green) and listened to tones delivered through headphones (500 or 800 
Hz). Each trial lasted 6 s followed by a jittered 8–10 s inter-trial interval 
(ITI) during which participants viewed a fixation cross on a blank 
screen. A subset of trials co-terminated with a mild electric shock to the 
wrist. These shocks were calibrated prior to the start of the conditioning 
session to a level that the participants considered “highly annoying but 
not painful” using a visual analogue scale. The shock was administered 
through pregelled snap electrodes (BIOPAC EL508) attached to the wrist 
of the participant’s dominant hand and connected to a Grass Medical 
Instruments stimulator (Model SD9; West Warwick, RI). 

In the Compound group, tones and squares were presented concur
rently on each trial. Participants completed 22 trials (11 per tone/square 
pair), with one tone/square pair sometimes co-terminating with a mild 
shock (compound CS+) on 8 trials (73% reinforcement) and the other 
tone/square pair never co-terminating with shock (compound CS-). 

In the Separate group, tones and squares were presented on separate 
trials. Participants completed 44 trials (11 per cue), with one tone (tone 
CS+) and one square (square CS+) each co-terminating with a mild 
shock at the same reinforcement rate (73%, 16 trials total reinforced) 
and the other tone (tone CS-) and square (square CS-) never co- 
terminating with shock. 

Day 2: Extinction. Both Compound and Separate groups completed 
the same protocol. As on Day 1, pre-gelled snap electrodes were attached 
to the participant’s dominant wrist and to the stimulator, which was 
switched on. However, no shocks were delivered during this session. 
Participants were presented with 24 trials (interleaved tone CS+ and 
tone CS-) on every trial and did not view any squares during this session. 

Day 3: Test/Re-Extinction. Both Compound and Separate groups 
completed the same protocol. As on the previous days, pre-gelled snap 
electrodes were attached to the participant’s dominant wrist and the 
stimulator. No shocks were delivered during this session. The first trial 
was always a tone CS- trial used to capture the initial orienting response 
and discarded from analysis (de Voogd & Phelps, 2020; Keller & Dun
smoor, 2020). 

First, participants were exposed to each cue 5x with no reinforce
ment (interleaved tone CS+, tone CS-, square CS+, square CS-). This 
enabled us to assess extinction generalization between the tone and the 
square cues, and then extinguish associations with both cues. 

Next, participants were exposed to each tone/square compound 5x 
with no reinforcement (interleaved compound CS+, compound CS-). 
This enabled us to assess extinction generalization from component cues 
(both of which were now extinguished) to the compound. 

2.3. Measures of learning 

Skin conductance responses (SCR). Anticipatory physiological re
sponses were measured using skin conductance (SCR). Levels were 
assessed using two Ag/AgCL electrodes with NaCL gel attached to the 
left palm. 

Shock expectancy. Throughout the experiment, participants rated 
how much they expected a shock on every trial using a three-alternative 
forced choice response (+= shock anticipated, ? = not sure, - = no shock 
anticipated). 

2.4. Analyses 

Analyses were conducted in R (3.6.2). As participants could complete 
the experiments in one of two pre-defined trial sequences, we included 
trial order as a covariate in all models. 

SCR. Response magnitude (de Voogd & Phelps, 2020) was scored 
automatically using Autonomate (Green, Kragel, Fecteau, & LaBar, 
2014) with Matlab 2019b (MathWorks). Responses were considered 
valid if the trough-to-peak response occurred between 0.5 and 6 s after 
stimulus onset with a minimum amplitude of 0.02 microsiemens and a 
maximum duration of 5 s. The largest response during this window was 
counted. Trials that did not meet these criteria were scored as zero. We 
then computed the square root of the response magnitude on each trial. 

Responses were analyzed using linear mixed effects models (nlme 
package) with participant as a random effect. Effect sizes were estimated 
using sjstats. Significant interactions were followed by pairwise com
parisons of estimated marginal means (emmeans package). 

Shock expectancy. To facilitate interpretation, responses that shock 
was anticipated (+) were coded as “Yes”, and not sure (?) and no (-) were 
coded as “Other”. Ratings were analyzed per trial using binomial general 
linear mixed effects models with participant as a random effect, fol
lowed by pairwise comparisons of estimated marginal means. 

3. Results 

3.1. Threat acquisition and cue extinction 

To determine whether extinction would generalize, we first needed 
to ascertain that threat responses were successfully acquired and 
extinguished. 

3.1.1. Threat acquisition 
Trial-by-trial SCR responses throughout the experiment are shown in 

Fig. 2A. To test whether participants successfully learned to associate 
cues with shock, we averaged SCR during the first and second half of 
acquisition, separately for shock-paired (CS+) and unpaired (CS-) trials. 
The difference between responses to CS+ and CS- trials will hereafter be 
referred to as the conditioned response. One participant had an error 
with SCR data collection during acquisition and was not included in 
these analyses. 

Across groups, we observed a significant conditioned response (main 
effect Shock Reinforcement: F(1,279) = 126.38, p < .001, ηp

2 = 0.31), 
which did not differ between Separate and Compound groups (Group ×
Shock Reinforcement: p > .25). There was also a significant main effect 
of time (F(1,279) = 75.41, p < .001, ηp

2 = 0.21), and an interaction 
between time and shock reinforcement (F(1,279) = 11.83, p < .001, ηp

2 

= 0.04), with a stronger conditioned response during the second half of 
acquisition (CS+ vs CS-: b = 0.27 [0.03], p < .001) compared to the first 
half of acquisition (b = 0.14 [0.03], p < .001). Within the Separate 
group, we separated responses by cue modality (tone vs. square). We 

Fig. 1. Experimental procedure. All participants completed a three-day threat 
conditioning and extinction protocol. During acquisition, participants in the 
Compound group learned to associate a tone/colored square compound with 
shock. Participants in the Separate group learned that a colored square and a 
tone were each separately associated with shock. Following acquisition, all 
participants in both groups completed the same extinction (tones with no 
shock) and test/re-extinction (all stimuli presented with no shock) procedures. 
During the test/re-extinction period, participants were first exposed to indi
vidual cues (tones and squares), followed by compound stimuli. 
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confirmed that, although participants were overall more reactive to tone 
than square cues (F(1,329) = 15.18, p < .001, ηp

2 = 0.044), conditioned 
responses did not significantly differ between modalities, indicative of 
comparable conditioning across cues (Cue Type × Shock Reinforcement: 
p > .25). 

Trial-by-trial ratings of shock expectancy (Fig. 2B) also provided 
evidence for successful acquisition of threat associations. In the second 
half of acquisition, there was a significant main effect of shock rein
forcement across groups (b = 6.88 [SD = 0.58], p < .001), with higher 
expectation of shock from the CS+ than the CS-. Unlike SCR, these 
ratings differed between Separate and Compound groups (Group ×
Shock Reinforcement: b = 1.84 [0.62], p = .003). Although both groups 
learned to expect shock on CS+ trials (CS+ v CS-, Separate: b = 5.04 
[0.28], p < .001; Compound: b = 6.88 [0.58], p < .001), the Separate 
group were more likely than the Compound group to expect shock from 
the CS- (b = 1.43 [0.57], p = .012; CS+: b = -0.41 [0.31], p = .18), 
perhaps because the Separate group had more cues to learn. Finally, 
consistent with SCR responses, participants in the Separate group were 
more likely to expect shock from tone than square cues (b = 0.58 [2.8], p 
= .035), but conditioned responses did not differ significantly between 
cue modalities (Cue Type × Shock Reinforcement: p > .25). Together, 
these analyses confirm that both the Compound and Separate groups 
successfully acquired threat associations. 

3.1.2. Threat extinction: Single cue 
As with acquisition, we averaged SCR during the first and second half 

of extinction, separately for tone cues that had been previously associ
ated (CS+) or not associated (CS-) with shock. One participant had an 
error with SCR data collection and was not included in these analyses. 
We did not observe a significant conditioned response during extinction 
(main effect Shock Reinforcement: p > .25) or a difference in condi
tioned responses between groups (F(1,279) = 1.5, p = .22). As there was 

a trend-level change in conditioned responses over time (Time × Shock 
Reinforcement: F(1,279) = 2.96, p = .086, ηp

2 = 0.01) we ran an addi
tional analysis on the last trial of extinction, confirming that there was 
no significant difference in responses to the tone CS+ and CS- at the end 
of the extinction session (p > .25), indicative of successful extinction of 
the tone/shock association. 

We note that the lack of conditioned response in SCR at the begin
ning of the extinction session is unusual. However, we did observe sig
nificant differences in ratings of shock expectancy. Participants were 
more likely to expect shock from the tone CS+ vs. CS- during the first 
half of extinction (b = 1.23 [0.28], p < .001) and this did not differ 
between groups (Group × Shock Reinforcement: p > .25). By the second 
half of extinction, this differential response was no longer evident (main 
effect Shock Reinforcement: b = 0.57 [0.46], p = .22) and did not 
significantly differ between groups (Group × Shock Reinforcement: p >
.25). Thus, both SCR and expectancy metrics indicate that participants 
in both groups successfully extinguished the threat association with the 
tone. 

3.2. Extinction generalization between component cues 

We first tested whether extinction of the threat association with one 
cue (tone) would generalize and attenuate responses to the other cue 
(square). We hypothesized that extinction generalization would differ 
based on how the initial threat association was formed. Specifically, 
participants in the Separate group would not generalize extinction be
tween cues, but participants in the Compound group would. We tested 
this hypothesis by analyzing responses at the beginning of the test phase 
and, in the Separate group, probing the change in response from the end 
of acquisition (pre-extinction) to the test phase (post-extinction). 

Fig. 2. Time course of trial-by-trial responses for Compound and Separate groups. (A) Skin conductance response (SCR; processed as the square root of trough-to- 
peak responses) per trial and cue. CS+ = stimulus associated with shock during acquisition; CS- = stimulus not associated with shock during acquisition. Error bars =
± 1 SE. (B) Proportion of participants rating that they expected a shock to occur on that trial. 
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3.2.1. Cue responses at the beginning of the test phase 
We examined responses to individual cues at the beginning (first two 

trials) of the test phase, separating trials by group (Compound vs. 
Separate), cue type (tone vs. square) and whether they had previously 
been paired with shock (or, in the case of the Compound group, whether 
they had been part of a compound paired with shock). Confirming that 
threat associations from acquisition were remembered, we found a 
persistent conditioned response (main effect of past shock reinforce
ment: F(1,282) = 7.2, p = .008, ηp

2 = 0.024). This did not differ between 
Compound and Separate groups (Group × Shock Reinforcement: p >
.25). No other main effects were observed. 

Our main hypothesis concerned group differences in responses to the 
extinguished tone and the non-extinguished square. Specifically, we 
hypothesized that the Separate group would not generalize extinction 
(leading to greater reactivity to the non-extinguished square than the 
extinguished tone), whereas the Compound group would generalize 
extinction (leading to comparable responses to the tone and the square). 

Consistent with this hypothesis, we found that Compound and 
Separate groups had significantly different SCR to the tone and square 
cues (Group × Cue Type: F(1,282) = 4.22, p = .04, ηp

2 = 0.014; Fig. 3A). 
Crucially, participants in the Separate group were significantly more 
reactive to the square than the tone (b = 0.08 [0.04], p = .022), indi
cating that extinction did not generalize. In fact, the Separate group was 
significantly more reactive to the square than the Compound group (b =
0.2 [0.096], p = .039). In contrast, the Compound group did not 
significantly differ in their responses to the tone and square (p > .25), 
indicating extinction generalization. 

It is worth noting that the Separate group was more reactive to both 
square cues (CS+ and CS-), rather than specifically reactive to the square 
previously paired with shock (Group × Cue Type × Shock Reinforce
ment: p > .25). This broad reactivity is especially striking because these 
participants had shown the opposite pattern during acquisition, with 
stronger responses to the tone cues than the square cues (3.1.1). 

Rather than limited extinction generalization, it was possible that 
higher reactivity to square cues in the Separate group was instead 
associated with failure to extinguish the tone/shock association. If this 
were the case, we would expect that participants who had less successful 
tone extinction would also be most reactive to the square cues during 
test. Accordingly, we examined SCR to the CS+ cues at the start of the 
Day 3 test phase as a function of cue type (tone vs square) and tone 
extinction success (tone CS+ vs tone CS- at the end of the Day 2 
extinction phase). In the Separate group, we found a significant Cue 
Type × Extinction Success interaction (F(1,46) = 9.4, p = .004, ηp

2 =

0.15). Follow-up correlations showed that, while participants who had 

less successful tone extinction also had stronger responses to the tone 
CS+ at test (r(46) = 0.36, p = .01), there was no such correlation be
tween tone extinction and responses to the square CS+ (p > .25). Thus, 
persistent responses to the non-extinguished cue were not driven by 
poor cue extinction. Indeed, a median split showed that participants 
who had better cue extinction actually showed stronger evidence for 
impaired extinction generalization (better extinction, square vs tone: b 
= 0.17 [0.06], p = .014; worse extinction: p > .25). These analyses 
demonstrate that failure to generalize extinction between cues in the 
Separate group was not the result of poor cue extinction. 

In addition to SCR, the Compound and Separate groups also differed 
in their explicit ratings of how much they expected to receive shock at 
the beginning of the test phase (Fig. 3B). However, unlike SCR (in which 
the groups broadly differed in their response to square and tone cues 
regardless of reinforcement history), expectancy ratings were different 
for CS+ cues (Group × Cue Type: b = 1.94 [0.86], p = .025) but not CS- 
cues (p > .25). Consistent with SCR, the Separate group was more likely 
to expect shock from the non-extinguished square than the extinguished 
tone (b = 1.81 [0.65], p = .004), whereas the Compound group did not 
show this distinction (p > .25). Together, these analyses provide evi
dence that extinction generalized between cues following compound but 
not separate threat learning. 

3.2.2. Change in cue responses from acquisition to test (Separate group) 
In addition to differential responses to tone and square cues during 

test, limited extinction generalization in the Separate group can also be 
observed through the change in responses to CS+ trials from the end of 
acquisition (pre-extinction of the tone cue) to test (post-extinction; 
Rashid et al., 2016). If extinction did not generalize, responses to the 
tone CS+ would decrease (as a result of extinction), but responses to the 
square CS+ would not be attenuated. To test this, we modeled SCR at the 
end of acquisition and beginning of test as a function of phase and cue 
type (tone CS+ vs square CS+). 

Consistent with our hypotheses, we found that SCR changed signif
icantly from acquisition to test within the Separate group, and these 
effects differed for the tone CS+ and square CS+ (Phase × Cue Type: F 
(1,141) = 4.59, p = .034, ηp

2 = 0.029; Fig. 4A). Although these partici
pants showed a trend-level decrease in responses to the tone following 
extinction (b = -0.14 [0.08], p = .08), responses to the square did not 
significantly change (b = 0.1 [0.08], p = .2). 

We observed a similar pattern in ratings of shock expectancy 
(Fig. 4B). Although there was an overall decrease in explicit ratings 

Fig. 3. Extinction generalization between cues varies as a function of separate 
vs compound threat learning. The Separate group showed higher skin 
conductance response (SCR, panel A) and expectation of receiving shock (panel 
B) to the non-extinguished square cues than the extinguished tone cues at the 
beginning of the test phase. In contrast, the Compound group had comparable 
responses across cues. *p < .05; **p < .01. 

Fig. 4. Learning threat associations with separate cues limits extinction 
generalization between cues. Between the end of acquisition (pre-extinction) 
and the beginning of the test phase (post-tone extinction), the Separate group 
showed a decrease in skin conductance response (SCR; A) and shock expecta
tion (B) to the extinguished tone cue. However, this pattern was not observed 
for the non-extinguished square cue. 
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(likely because participants did not receive any shocks during the 
extinction session; main effect Phase: b = − 2.86 [0.85], p < .001), this 
drop was larger for the extinguished tone than the non-extinguished 
square (Phase × Cue Type: b = 2.83 [1.38], p = .04). Combined with 
the between-group analyses described above, these results provide 
further support for impaired extinction generalization between cues 
following separate threat learning. 

3.3. Extinction generalization from component cues to compound 

After testing extinction generalization between cues, we next 
examined whether extinguishing both cues would generalize to the 
compound as follows. On Day 3, participants were presented with in
dividual tone and square cues with no reinforcement (analyzed above). 
Then, participants were repeatedly presented with the tone and square 
cues, constituting “re-extinction” for the tone (as these had been pre
sented without reinforcement during the Day 2 extinction session), and 
extinction for the square. Finally, participants were presented with the 
tone/square compounds without reinforcement (tone CS+ and square 
CS+ together; tone CS- and square CS- together). These were the same 
compounds that the Compound group experienced during threat 
acquisition. 

We first confirmed that conditioned responses to individual cues 
were successfully extinguished. To test this, we again separated trials by 
cue type (tone vs. square) and reinforcement history (CS+ vs CS-), but 
instead focused on the last trial of Day 3 cue extinction. Unlike the 
beginning of Day 3 (see 3.2.1), there was no longer a significant main 
effect of prior shock reinforcement (p > .25). However, this conditioned 
response significantly differed between groups (Group × Shock 

Reinforcement: F(1,282) = 6.995, p = .009, ηp
2 = 0.023). This was driven 

by differences in responses to the CS-: the Separate group had signifi
cantly stronger responses to the CS- cues relative to the Compound 
group (b = 0.17 [0.08], p = .046), and had marginally higher responses 
to CS- than CS+ cues (b = -0.09 [0.048], p = .057). In contrast, the 
Compound group had marginally higher responses to the CS+ than CS- 
cues (b = 0.09 [0.048], p = .068). Follow-up analyses examining tone 
and square cues separately showed that, within the Compound group, 
responses to CS+ and CS- cues were not significantly different (square 
CS+ vs CS-: b = 0.1 [0.06], p = .11; tone CS+ vs CS-: p > .25), indicating 
that the individual cue associations were successfully extinguished. 
Nevertheless, we ran tests to determine whether extinction generaliza
tion from component cues to compounds was influenced by variability 
in cue extinction (see 3.3.1 below). 

3.3.1. Responses to compounds during test phase 
As with the analysis of individual cues, we examined responses to the 

first two compound presentations on Day 3, separating trials by group 
and whether they had been paired with shock (or, in the case of the 
Separate group, whether they contained cues that had been paired with 
shock). Due to a technical error, one participant was not exposed to 
compound cues and is not included in these analyses. 

We hypothesized that extinction generalization from individual cues 
to a compound would show a different pattern to that observed for 
extinction generalization between cues. Drawing on learning models 
positing that compound learning involves additional associations 
beyond those between individual cues and the aversive outcome, we 
hypothesized that extinction generalization from cues to compound 
would be attenuated following compound threat learning. In contrast, 

Fig. 5. Extinction generalization from cues to compound varies as a function of separate or compound threat learning. (A) Skin conductance responses (SCR) to the 
compound previously associated with shock (CS+) and the compound never associated with shock (CS-). Even after extinction of both component cues, the Com
pound group showed a higher response to the compound CS+ than the compound CS- that persisted over repeated exposures. (B) On the first presentation of the 
compound CS+, the Compound group was more likely to expect shock than the Separate group. (C) For participants in the Compound group, responses to the 
previously reinforced compound did not decrease between the end of acquisition (pre-extinction) and the test phase (post-extinction of both component cues; 
compare to Fig. 4A). *p < .05, ***p < .001. 
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we hypothesized that extinction would successfully generalize from cues 
to compound following separate threat learning. 

Consistent with our hypothesis, we found that participants in the 
Separate and Compound groups showed significantly different responses 
to the previously reinforced and nonreinforced compound (Group ×
Shock Reinforcement: F(1,93) = 4.24, p = .042, ηp

2 = 0.035; Fig. 5A). 
Participants in the Compound group reacted significantly more strongly 
to the compound CS+ vs. CS- (b = 0.35 [0.07], p < .001), whereas this 
was attenuated in the Separate group (b = 0.13 [0.07], p = .08). 
Compared to the Separate group, the Compound group was also more 
likely to expect shock on the first presentation of the previously rein
forced compound (b = 1.6 [0.79], p = .043; Fig. 5B). 

The difference in SCR between the Separate and Compound groups 
persisted throughout extinction of the compound (Group × Shock 
Reinforcement: F(1,849) = 13.43, p < .001, ηp

2 = 0.015; Fig. 5A). Indeed, 
the Compound group appeared not to successfully extinguish the com
pound, continuing to show an elevated response to the compound pre
viously paired with shock throughout repeated presentations (b = 0.24 
[0.04], p < .001) whereas the Separate group did not show this (b = 0.05 
[0.04], p = .16). Even in the last two trials of compound presentation, 
the difference between groups persisted (Group × Shock Reinforcement: 
F(1,93) = 4.62, p = .034, ηp

2 = 0.039), with the Compound group 
showing a persistently higher response to the compound that had been 
paired with shock (b = 0.13 [0.05], p = .005). These results show that, 
following compound threat learning, extinction of component cues did 
not generalize to the compound. 

Follow-up analyses demonstrated that limitations in extinction 
generalization in the Compound group were not driven by impairments 
in extinction of the two component cues (average of conditioned re
sponses to tone and square at end of Day 3 extinction). One participant 
was an outlier for cue extinction (>3SD outside mean for tone and > 2SD 
outside mean for square) and was not included in these analyses. 
Extinction success did not explain levels of response to the compound 
previously paired with shock (Shock Reinforcement × Extinction Suc
cess: p > .25; including outlier: p = .12). A median split showed that, 
regardless of extinction success, participants in the Compound group 
showed significantly higher responses to the compound CS+ relative to 
the compound CS- (better cue extinction: b = 0.27 [0.11], p = .02; worse 
cue extinction: b = 0.4 [0.16], p = .02). 

3.3.2. Changes in compound responses from acquisition to test (Compound 
group) 

We next examined whether responses to the compound changed 
from acquisition (prior to extinction of component cues) to test (post- 
extinction) within the Compound group. We found no significant change 
in response to the shock-paired compound, even following extinction of 
both elements (Fig. 5C; F(1,45) = 2.34, p = .13). In fact, the majority of 
participants (69.6%) showed either no change or an increase in their 
response. These data further support the interpretation that extinction of 
component cues did not generalize to the compound following com
pound threat learning. 

3.4. Comparing responses to cues and compounds across learning groups 

The above analyses separately examined extinction generalization 
between cues and from component cues to a full compound. They 
revealed impaired extinction generalization between cues following 
separate learning, and impaired extinction generalization from cues to 
compound following compound learning. Another way to ask whether 
threat learning had opposite effects on these two forms of extinction 
generalization would be to directly compare generalization to the non- 
extinguished cue (square) and the non-extinguished compound. To 
conduct this confirmatory analysis, we examined SCR to the first pre
sentations of the square CS+ and the first presentations of the compound 
CS+ during Day 3 for the Separate and Compound groups. 

Consistent with prior analyses, this model revealed a significant Cue 

Type by Group interaction (F(1,93) = 13.87, p < .001, ηp
2 = 0.11, Fig. 6). 

There was a marginal difference in responses between groups, with 
higher reactivity to the compound in the Compound than Separate 
groups (b = 0.22 [0.12], p = .075). In the Separate group, responses to 
the compound were significantly lower than the square, consistent with 
better extinction generalization from cues to compound than from cue to 
cue (b = − 0.17 [0.07], p = .02). In contrast, for the Compound group, 
responses to the compound were significantly higher than the square (b 
= 0.2 [0.07], p = .005), consistent with worse extinction generalization 
from cues to compound than from cue to cue. 

4. Discussion 

In this study, we demonstrated that learning to associate threat with 
a compound or with individual cues had opposite effects on the success 
of later extinction generalization. We assessed extinction generalization 
in two ways. First, we tested whether extinguishing threat associations 
with one cue (tone) would generalize and attenuate responses to another 
cue (square). This phenomena of extinction generalization between cues 
has been shown to vary in rodent models based on whether threats were 
initially paired with a compound or separate cues (Debiec et al., 2013). 
Next, we tested whether extinguishing associations with both cues 
separately would generalize to a combination of these cues (tone +
square compound). We found that participants who formed a compound 
threat association showed evidence of successful extinction generaliza
tion between component cues, but not between component cues and the 
full compound. In contrast, participants who formed separate threat 
associations did not show extinction generalization between cues, but 
did generalize from component cues to the compound. These patterns 
were consistent across conditioned responses (measured using skin 
conductance) and explicit ratings of whether shocks were expected on 
each trial. 

4.1. Compound, but not separate, threat learning enabled extinction 
generalization between component cues 

Consistent with past work in nonhuman animals, we found that 
elemental threat learning blocked extinction generalization between 
cues, with persistently higher responses to the non-extinguished cue. 
Participants who associated threat with a compound showed a signifi
cantly different pattern, with comparable responses across both non- 
extinguished and extinguished cues (Debiec et al., 2013; Durlach & 
Rescorla, 1980; Nakajima & Kawai, 1997; Pineno, 2007; Schnelker & 
Batsell, 2006). 

Compared to the Compound group, participants in the Separate 

Fig. 6. Comparing magnitude of extinction generalization from one cue to 
another cue (square CS+) and from two component cues to a combination of 
cues (compound CS+). *p < .05, **p < .01. 
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group showed significantly higher responses to the non-extinguished 
(square) cue. However, this was not limited to the square cue that had 
previously been paired with shock, perhaps indicative of sensitization. 
While this non-associative process is often associated with fear-relevant 
stimuli (Dunsmoor, Mitroff, & LaBar, 2009; Ohman & Mineka, 2001), as 
opposed to the fear-irrelevant stimuli of squares and tones in the current 
study, it is possible that the Separate group became sensitized as a result 
of receiving more shock (US) exposure than the Compound group. This 
process would result in broadly elevated SCR to any threat or safety 
stimulus (discussed in Haddad, Pritchett, Lissek, & Lau, 2012). How
ever, participants in the Separate group were not indiscriminately 
reactive – instead, although they responded to both the square CS+ and 
CS-, these were significantly higher than their own responses to tone or 
compound cues (CS+ or CS-), arguing against sensitization. Further
more, analyses of the change in responses from acquisition to test in the 
Separate group demonstrated a decrease in responding to the (extin
guished) tone CS+ but no change in response to the square CS+, which 
also indicates specific associative learning changes. Previous studies 
using similar levels of shock exposure also provide evidence that this 
level of shock exposure is unlikely to result in sensitization. For example, 
Willems and Vervliet found that, far from broadly elevated reactivity, 
participants showed distinct responses based on expectation of shock 
(Willems & Vervliet, 2021). Nevertheless, the difference in US exposure 
between groups (designed to create equivalent learning of cue/shock 
associations in the Separate group and compound/shock associations in 
the Compound group) is a limitation of this design and the precedent in 
rodents (Debiec et al., 2013). Further work is needed to determine 
whether this distinct US history has an impact on the observed between- 
group differences in responses to the non-extinguished cues at test. 

It is worth noting that the success of extinction generalization be
tween cues in the Compound group was limited, as these participants 
still showed significant conditioned responses (i.e., responded more 
strongly to the CS+ than CS-) after extinction of the tone cue. Such 
spontaneous recovery is commonly observed in traditional extinction 
procedures (Dunsmoor et al., 2015) and demonstrates that compound 
learners did acquire some threat association with the tone and square 
cues individually (Jones et al., 2013), rather than only associating a 
unique tone/square compound with shock (Pearce, 2002). However, it 
also highlights limitations in extinction. Thus, it is possible that 
improved cue extinction procedures could enhance extinction general
ization between cues following compound threat learning, in line with 
rodent studies showing complete attenuation of conditioned responses 
to both extinguished and non-extinguished cues (e.g., Debiec et al., 
2013). 

Our findings of impaired extinction generalization following 
elemental threat learning are inconsistent with some recent reports. 
These studies demonstrated that, when separate threat associations were 
learned close in time, they were integrated into a combined represen
tation (Cai et al., 2016; Rashid et al., 2016). Accordingly, extinction 
generalized between cues (Rashid et al., 2016). Although participants in 
our study also learned separate associations close in time, one important 
difference is that we used cues from different modalities, auditory and 
visual. The studies demonstrating integration across associations lever
aged cues from the same modality (two contexts or two tones). In 
contrast, intermixing auditory and visual modalities blocked extinction 
generalization (Debiec et al., 2013), although interactions with tempo
ral context are complex (Vurbic & Bouton, 2011). Thus, it is possible 
that, in our study, participants may have shown greater extinction 
generalization if they had been conditioned to two tones rather than a 
tone and a square. Using stimuli from different modalities also raises the 
possibility of differing salience between the cues, which can influence 
the extent of extinction generalization (Jones et al., 2013). Further work 
is needed to determine whether extinguishing the square would gener
alize differently compared to extinguishing the tone (Mertens et al., 
2019; Trost & Batsell, 2004). 

4.2. Separate, but not compound, threat learning enables extinction 
generalization from cues to compound 

Among participants who formed threat associations with a com
pound, there was a striking deficit in generalization of extinction from 
cues to the full compound. Although this has been studied less than 
extinction generalization between cues, this finding is consistent with 
prior reports in rodents showing weak extinction generalization from 
cues to compounds (Jones et al., 2013; Shanks et al., 1998; Troisi et al., 
2013). 

It is possible that the fear relapse to the compound observed in the 
Compound, but not Separate group, is simply due to the fact that the 
Compound group had a history of reinforcement with this combined 
stimulus whereas the Separate group did not – that is, the difference was 
driven by conditioning rather than extinction generalization. This lim
itation has been noted in other recent work examining the influences of 
different types of threat learning on extinction generalization: further 
studies are needed to determine whether group-level differences in 
extinction generalization are purely the result of generalization of 
extinction, differences in threat learning, or both (Wong et al., 2020). 
Notably, findings within the Compound group provide evidence sup
porting limited extinction generalization. As all participants in this 
group underwent the same threat learning procedure, this suggests that 
the observed effects are not solely attributable to differences in threat 
learning. Even after extinguishing all component elements (one of which 
was extinguished twice), participants in the Compound group showed a 
persistently elevated response to the compound previously paired with 
shock. In fact, responses to the compound changed relatively little be
tween the end of acquisition (when the compound was actively being 
reinforced with shock) and test, showing that the intervening extinction 
phase did not significantly alter responses. Furthermore, by examining 
how successfully participants extinguished individual cues, we found 
that even strong extinction of individual cues was inadequate to atten
uate responses to the compound. Finally, far from showing attenuated 
responses that would be consistent with extinction generalization, re
sponses to the compound remained significantly elevated even after 
repeated nonreinforced presentations. 

This failure to generalize from cues to compound after learning 
compound/shock associations is consistent with learning models 
postulating that unique associations are formed between the compound 
and the outcome which are not addressed by extinction of individual 
cues. Some models suggest further that extinction of an individual cue 
engages a new configural unit, leaving the association attached to the 
full compound intact (Bouton et al., 2012). However, this explanation 
was used to account for limited generalization of extinction from one cue 
to a compound; it is not clear why extinction of both component cues 
would seemingly fail to generalize. Indeed, both configural (Pearce, 
2002) and latent cause models (Gershman, Norman, & Niv, 2015) sug
gest that the similarity between the extinguished cues and the condi
tioned compound should facilitate some generalization. That is, as the 
tone and the square are each a 50% match to the tone/square com
pound, some of the extinction learning should spread to the compound. 
Further work is needed to replicate the current empirical findings 
demonstrating poor cue/compound extinction generalization and 
incorporate them into a learning framework. 

As noted above for generalization between cues, it is possible that 
enhanced extinction procedures (e.g., sequential extinction) or using 
stimuli of equivalent salience may improve extinction generalization 
from cues to compounds after learning to associate threat with a com
pound (Jones et al., 2013). Interestingly, Jones et al. (2013) found that 
an enhanced extinction procedure (retrieval + extinction) generalized 
more strongly from tone to compound than from light to compound in 
rodents. Based on this finding, it is noteworthy that the current study, 
leveraging two rounds of tone extinction (Days 2 and 3), did not 
generalize to the compound. Furthermore, creating a compound 
composed of stimuli from different modalities may have led to inference 
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of different latent causes (Gershman et al., 2015) and facilitated retro
spective revaluation (Liljeholm & Balleine, 2009; Miller & Witnauer, 
2016). Further work is needed to test whether extinction generalization 
within the Compound group would be facilitated if the compound was 
composed of two stimuli from the same modality. 

Despite deficits in extinction generalization between cues, these 
findings highlight a novel advantage for elemental threat learning in 
later extinction generalization to combinations of cues. Representing 
complex aversive events as amygdala-dependent elemental threat as
sociations is often considered to be maladaptive, enabling threat re
sponses to occur in contexts that are not actually dangerous (Acheson 
et al., 2012). Here we show that, after extinction of all component cues, 
participants who formed separate threat associations actually showed 
more adaptive responses to a multi-cue event than participants who 
formed compound threat associations. As elemental threat learning has 
been proposed as a potential contributor to PTSD symptomatology, 
these findings support the efficacy of clinical approaches that expose 
patients to many components of aversive experiences. 

5. Conclusion 

The results presented here demonstrate the significant – and opposite 
– effects of separate and compound threat representations on later 
extinction generalization. These findings provide further evidence of 
distinct properties for learning about individual cues and compounds 
(Urushihara, Stout, & Miller, 2004), and suggest that patterns of 
extinction generalization may provide a useful tool to gain insight into 
what threat associations were formed. Behavioral dissociations of 
elemental and configural learning in nonhuman animals have enabled 
important neurobiological insights into the mechanisms underlying 
these processes (Honey, Iordanova, & Good, 2014). Thus, examining 
extinction generalization may delineate the contributions of factors, 
such as attentional scope (Byrom & Murphy, 2016) and stress (Simon- 
Kutscher, Wanke, Hiller, & Schwabe, 2019), to the relative formation of 
configural and elemental memories in humans. More broadly, these 
results highlight limits of extinction generalization that raise important 
questions for therapeutic interventions targeting complex aversive 
experiences. 
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