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Abstract

The experience of pain is strongly influenced by contextual and socio-affective factors, including 

learning from previous experiences. Pain is typically perceived as more intense when preceded by 

a conditioned cue (CSHIGH) that has previously been associated with higher pain intensities, 

compared to cues associated with lower intensities (CSLOW). In three studies (total N=134), we 

tested whether this learned pain modulation generalizes to perceptually similar cues (Studies 1 and 

2) and conceptually similar cues (Study 3). The results showed that participants report higher pain 

when heat stimulation was preceded by novel stimuli that were either perceptually (Studies 1 and 

2) or conceptually (Study 3) similar to the previously conditioned CSHIGH. Across all three 

studies, the strength of this generalization effect was strongly correlated with individual 

differences in explicitly learned expectations. Together, these findings suggest an important role of 

conscious expectations and higher-order conceptual inference during generalization of learned 

pain modulation. We discuss implications for the understanding of placebo and nocebo effects as 

well as for chronic pain and anxiety.
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Introduction

How we experience a painful event is strongly influenced by our prior learning history. In 

line with this idea, previous research has shown that classical conditioning not only alters the 

fear response to learned stimuli previously paired with painful shocks, but also changes the 

experience of the pain itself (Atlas, Bolger, Lindquist, & Wager, 2010; Atlas et al., 2012; 

Koban & Wager, 2016; Voudouris, Peck, & Coleman, 1990). In such learned pain 
modulation paradigms, one stimulus (the CSHIGH) is first consistently followed by high pain 
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and another stimulus (CSLOW) by low pain. In a subsequent test phase, identical noxious 

stimulation is perceived as more painful, when preceded by the CSHIGH compared to the 

CSLOW (Atlas et al., 2010; for reviews, see Atlas & Wager, 2012; Colloca & Miller, 2011; 

Colloca, Sigaudo, & Benedetti, 2008; Voudouris et al., 1990). Classical conditioning has 

further been shown to be a powerful factor in generating placebo and nocebo responses, i.e. 

beneficial or harmful effects based on patients’ expectations when receiving an inert 

treatment (Amanzio & Benedetti, 1999; Colloca & Grillon, 2014; Kirsch, 2004; 

Montgomery & Kirsch, 1997). Despite the growing evidence supporting the importance of 

learning in pain modulation, much less is known about whether learned pain modulation 

may also generalize to novel but perceptually or conceptually similar stimuli.

Generalization can be defined as transfer of previously learned information to novel stimuli 

and situations, often as a function of similarity between the original and a novel situation. 

For example, having a painful experience with a tooth removal may result in fear and 

avoidance of other dental procedures, too. Generalization of learned appetitive and aversive 

responses has been demonstrated across numerous species. For instance, pigeons can be 

trained to peck a key in order to receive food based on color, and this behavior generalizes to 

perceptually similar key colors along a similarity gradient (Guttman & Kalish, 1956). 

Human studies have demonstrated generalization gradients in physiological and behavioral 

threat responses in conditioned shock paradigms (reviewed by Dunsmoor & Paz, 2015; 

Lissek et al., 2008; Meulders & Vlaeyen, 2013; Onat & Büchel, 2015) and following reward 

learning (Kahnt, Park, Burke, & Tobler, 2012). Generalization of conditioned threat can also 

be based on conceptual relationships among cues (Bennett, Hermans, Dymond, Vervoort, & 

Baeyens, 2015; Bennett, Vervoort, Boddez, Hermans, & Baeyens, 2015; Boddez, Bennett, 

Esch, & Beckers, 2016; Dunsmoor & LaBar, 2012; Dunsmoor & Murphy, 2014; Maltzman, 

1977; Meulders, Vandael, & Vlaeyen, 2017). For example, fear of tooth removal may 

generalize to conceptually related stimuli, such as dentist chairs or tools, and even to reading 

or hearing the word “dentist”. Thus, instead of just being similar in terms of physical 

features, different concepts can also be similar in terms of their meaning, even if there is a 

lack of perceptual similarity. The aim of the present study was to investigate whether 

perceptual and conceptual generalization can also modify the response to pain (as the UCS) 

itself.

Another important question we addressed concerns the role of conscious expectations and 

conceptual processing in classical conditioning (Kirsch, 2004; Rescorla, 1988) and in 

learned pain modulation (Jensen et al., 2012; Jepma & Wager, 2015; Koban & Wager, 2016). 

Several studies have shown that learned pain modulation is mediated by changes in explicit 

expectations (Jepma & Wager, 2015; Koban & Wager, 2016; Rosén et al., 2016) and 

dependent on contingency awareness (Harvie et al., 2016). Others have shown that 

subliminal stimuli can be sufficient to activate pain-modulatory cue representations and 

possibly even induce learned pain modulation (Jensen et al., 2014; Jensen et al., 2012). 

Although there is a growing consensus that conditioning and pain modulation typically 

involve conscious awareness as well as unconscious systems (Amanzio & Benedetti, 1999; 

Benedetti et al., 2003; Hofmann, De Houwer, Perugini, Baeyens, & Crombez, 2010; 

Lovibond & Shanks, 2002), generalization has been theorized to be an active cognitive 

process seen only after explicit learning occurs (Dunsmoor & Murphy, 2015; Guttman & 

Koban et al. Page 2

Acta Psychol (Amst). Author manuscript; available in PMC 2019 March 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Kalish, 1956; Pearce, 1987). If so, generalization might require conscious expectation during 

learning as well. Currently, it is unknown whether explicit learning and expectations are 

important for generalization of learned pain modulation.

In three experiments, we therefore tested the following research questions. First, does 

learned pain modulation generalize to perceptually similar cues, such as Gabor patches (i.e., 

sinusoidal gratings of lines at different orientations) with similar spatial orientations (Studies 

1 & 2)? Second, does generalization also extend to conceptually similar cues, such as from 

one animal drawing to other visual presentations (e.g. photos, words) of this animal, and 

even to other animals (Study 3)? And third, does generalization of learned pain modulation 

depend on explicit awareness of the cue-pain relationship during conditioning (Studies 1–3)? 

Each experiment consisted of a learning phase, in which healthy volunteers learned the 

relationship between two cues (CSHIGH and CSLOW) and varying levels of subsequent 

painful thermal stimulation. This learning phase was followed by a generalization phase, in 

which perceptually (Studies 1 and 2) or conceptually (Study 3) similar stimuli to the CSHIGH 

and CSLOW preceded the thermal stimulation. In all three experiments, we measured 

expectations, pain ratings, and skin conductance responses to the painful heat stimuli as 

dependent measures. We predicted that a) people would generalize learned pain modulation 

to novel stimuli as a function of perceptual or conceptual similarity to the CS, and b) that 

generalization would depend on explicit expectations during the learning phase.

Overview: Study 1

The first experiment tested the generalization of learned visual cue effects on pain along a 

perceptual similarity gradient. In a first, learning phase, participants were conditioned to 

associate one of two Gabor patches (the CSLOW) with lower, and the other Gabor patch cue 

with higher pain (CSHIGH). During generalization they received pain preceded by novel 

Gabor patches with orientations between and beyond the original learning cues (see Figure 1 

for an overview).

Methods: Study 1

Participants—Thirty-eight healthy volunteers completed the experiment (16 female, mean 

age = 26.6). All participants were free of psychiatric, neurological, and pain conditions. One 

additional participant did not complete the task due to high pain sensitivity, and another 

additional participant was excluded due to a clinical diagnosis. All participants gave written 

informed consent form and were paid at the conclusion of the experiment. The University of 

Colorado Institutional Review Board approved the study.

Stimuli—During learning, pain was preceded by one of two Gabor patches with different 

orientation angles (35° and 55°, see Figure 1A). One of those cues was always followed by 

low to medium temperature stimulation (CSLOW, 47 or 48°C, 50% each), the other cue by 

medium or high thermal stimulation heat (CSHIGH, 48 or 49°C, 50% each). Assignment of 

the orientation angle to CS condition was counterbalanced across participants. Note that the 

medium temperature trials in both CS conditions allowed us to test the effects of learning on 

pain independent of nociceptive stimulus input. These temperatures (47–49°C) have been 

shown to be painful but tolerable for most people and to activate pain-specific brain 
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responses in an increasing linear fashion (Clark, 2003; Coghill, Sang, Maisog, & Iadarola, 

1999; Krishnan et al., 2016; Wager et al., 2013). A calibration procedure that preceded the 

experimental tasks further ensured that all participants rated the temperatures as painful but 

tolerable.

A second set of Gabor patches with angles of 25°, 29°, 33°, 37°, 41°, 45°, 49°, 53°, 57°, 61°, 

and 65° served as stimuli for the generalization task. The generalization cues had 

orientations between and beyond CSLOW and CSHIGH, but did not include the original CS 

from the learning phase. The original CSLOW and CSHIGH were not repeated in the 

generalization phase in order to test for generalization to purely novel stimuli, as function of 

the distance to the CShigh and CSlow, in line with a previous study that has tested 

generalization of learned associations using similar stimuli (Kahnt, et al., 2012). Heat pain 

stimuli during the generalization task were always at a medium level of heat intensity 

(48°C), and thus the same for all generalization cues.

Thermal stimuli were applied to five different skin sites on the left volar forearm using a 

CHEPS thermode (27mm diameter) and controlled by a Pathway system and software 

(Medoc Advanced Medical Systems, Israel). One out of five different skin sites was selected 

at random before each run and used for the thermal pain stimulation in all trials of that run 

(for both learning and generalization task). Baseline temperature was set to 32°C. Heat pain 

stimulation was delivered in short epochs with 40°C/s ramp rate and 1s plateau duration at 

target temperatures.

Procedures—Participants first underwent five blocks of the learning task (16 trials each), 

before performing five blocks of the generalization task, which included 11 trials each (see 

Fig. 1B). All of the 80 trials in the learning phase started with the presentation (4s) of one of 

the learning cues (CSLOW or CSHIGH). Cues were immediately followed by an expectation 

rating (“How much pain do you expect?”, no time limit to respond), which allowed us to 

assess explicit pain expectations and learning about the cues over time. Immediately after 

their rating, participants received a short (1s plateau) heat pain stimulation to the left volar 

forearm. After a jittered waiting period (3–5s), they rated how much pain they actually felt. 

Inter-trial fixation cross duration was jittered between 6.5–9s.

All of the 55 generalization trials started with the presentation (4s) of one of eleven 

generalization cues, followed by medium temperature heat pain stimulation (48°C, 1s 

plateau duration). Following a brief jittered waiting screen (3.5–6.5s), participants rated the 

experienced pain on a visual analog scale. Inter-trial duration was jittered between 5.5–8s.

Skin Conductance—Electrodermal activity was measured at the index and middle fingers 

of the left hand and recorded using a BIOPAC MP150 system and Acknowledge software at 

500Hz sampling rate. Single trial-wise skin conductance response (SCR) was analyzed using 

the SCRalyze toolbox (Bach, Flandin, Friston, & Dolan, 2009). SCRalyze uses a general 

linear model approach to reliably estimate SCR to rapidly presented stimulus events (Bach, 

Flandin, Friston, & Dolan, 2010). The filtered (1Hz low pass) skin conductance time series 

data was normalized for each subject. Then, regressors for pain onsets in each trial in the 

generalization task were convolved with a canonical skin conductance response function 
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(Bach et al., 2010) and fitted to the skin conductance time series, yielding estimates (in the 

form of beta weights) for the amplitude of pain-evoked skin conductance responses for each 

trial. For visual display, filtered SCR time courses were segmented into epochs starting two 

seconds before until eight seconds after the thermal stimulation was initiated and baseline 

corrected by subtracting the average value within the two seconds preceding the thermal 

stimulus onset.

Statistical Analysis—Expectancy and pain ratings were acquired on visual analog scales 

(VAS) ranging from ‘absolutely no pain’ to ‘worst pain imaginable’ (in the context of the 

experiment), ranging from 0 to 100 (where 100 indicating highest pain or pain expectancy 

ratings). We used a multi-level robust general linear model (GLM) to test how CS (in the 

learning phase) and Gabor angle (during the generalization phase, coded as a linear predictor 

from −5 to 5) affected expectation ratings, pain ratings, and single trial beta estimates for 

SCR to pain. The code for the multi-level GLM is available at https://github.com/canlab. A 

significance level of p < 0.05 was applied to all analyses unless indicated otherwise.

Results: Study 1

Learning Task—During learning, expectation ratings (illustrated in Fig. 2A) were 

significantly higher in CSHIGH (M=54.0, STD=23.1) than CSLOW trials (M=47.6, 

STD=22.9), t(37) = 4.54, p < 0.001, Cohen’s d = 0.74. Pain ratings showed a strong effect of 

stimulation temperature, (see Fig. 2B), t(37) = 12.51, p < 0.001, Cohen’s d = 2.03. Further, 

pain ratings for the medium heat stimulation (48°C) were significantly higher when 

preceded by the CSHIGH (M=53.2, STD=24.4) than when preceded by the CSLOW (M=49.8, 

STD=24.7), t(37) = 3.83, p < 0.001, Cohen’s d = 0.62 (see Fig. 2B), thus replicating 

previous findings of learned pain modulation (Atlas et al., 2010; Colloca, Tinazzi, et al., 

2008; Koban & Wager, 2016). A similar trend, albeit less strong, was observed for SCR to 

pain (CSLOW M=1.08, STD=0.79 vs. CSHIGH M=1.21, STD=0.87), t(37) = 1.82, p = 0.077, 

Cohen’s d = 0.30. This suggests that people learned to associate the two different cues with 

higher and lower pain expectations, which in turn influenced their experiences of the pain 

itself (see Koban and Wager, 2016).

Generalization Task—In contrast to our hypothesis, we did not observe a significant 

main effect of Gabor angle on pain ratings during the generalization, t(37) = 1.16, p = 0.25 

(see Figure 2C and Suppl. Table S2). However, there was substantial variability in how much 

people learned about the CS during the initial learning phase. Thus, we tested whether 

generalization depended on how much participants learned about the CS in the learning 

phase, by using the individual beta estimates from the cue (CSHIGH versus CSLOW) effects 

on expectations (in the learning task) as a 2nd level moderator. In line with the hypothesis 

that generalization depends on explicit learning, we found a significant positive modulation 

of generalization by individual differences in learning, t(36) = 2.50, p = 0.017, Cohen’s d =. 
41 (see Figure 2D, scatter plot). We then performed a median split based on learned cue 

effects on expectations, resulting in two subgroups of participants, labeled as Learners and 

Non-learners. Whereas the Learners showed a significant effect of Gabor angle on medium 

pain ratings during the generalization task, t(18) = 2.74, p = 0.014, Cohen’s d = 0.63, this 

effect was not present for the Non-learners, t(18) = −0.97, p = 0.344 (see Suppl. Figure S1). 
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In contrast to the pain ratings, SCR (see Fig. 2E) were not significantly modulated by Gabor 

angle, nor was such a relationship modulated significantly by individual differences in cue-

learning (all p’s > 0.20), potentially due to lack of power, habituation of SCR across time, or 

extinction. In sum, these findings suggests that the degree to which people explicitly learned 

about the cue-pain relationship in the learning task, was critical for determining whether 

they would generalize this learnt pain modulation to perceptually similar but novel cues.

Overview: Study 2

The second study aimed at replicating the generalization of learned pain modulation in an 

independent and larger sample. The learning phase of this second study, which also included 

an independent social influence manipulation, has been reported previously (Koban & 

Wager, 2016). As in Study 1, participants learned to associate one of two Gabor patches (the 

CSLOW) with lower, and the other Gabor patch cue with higher pain (CSHIGH). During 

generalization they again received pain preceded by novel Gabor patches with orientations 

between and beyond the original learning cues.

Methods: Study 2

Participants—As reported in Koban and Wager (2016), 60 healthy volunteers completed 

the experiment (33 female, mean age = 23.0). All participants were free of psychiatric, 

neurological, and pain conditions. Each participant signed a written consent form and was 

paid at the conclusion of the experiment. The University of Colorado Institutional Review 

Board approved the study.

Stimuli—Learning and generalization stimuli for this task were identical to those in 

Experiment 1 (see Fig. 1). In addition, social information, i.e. pain ratings of ten other, 

fictive participants, were presented as vertical bars on a visual analog scale. These social 

ratings were either low or high on average and were presented at the same time with the 

learning cues, either above or below the learning cues (randomized across trials). 

Importantly, this social information was not predictive of actual stimulus intensity and 

completely orthogonal (independent) of the learning cues (CSLOW and CSHIGH). Please see 

Koban and Wager (2016) for more details. Yet, as this social information might have 

potentially altered the strength of cue learning, this design also allowed to us to test the 

generalization effect in a slightly modified experimental context.

Procedures—Procedures in Experiment 2 were mostly identical to Experiment 1. 

However, instead of five blocks of learning and generalization task, the learning task 

consisted of six blocks (corresponding to six skin sites chosen in random order and 96 trials 

in total), whereas the generalization task consisted of only four blocks (corresponding to 

four different skin sites and a total of 44 trials). All other procedures and analyses of SCR 

and behavioral data were identical to those in Experiment 1.

Results: Study 2

Learning Task—Pain rating and psychophysiological results for the learning phase have 

been reported elsewhere (Koban & Wager, 2016). In brief, pain ratings increased as a 
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function of temperature,, t(37) = 20.46, p < 0.001, Cohen’s d = 2.64. Further, participants 

learned to expect more pain for the CSHIGH (M=55.2, STD=11.6) compared to the CSLOW 

(M=50.4, STD=11.3), t(59) = 4.9, p < 0.001, Cohen’s d = 0.63 (Fig 3A), and rated pain as 

higher when preceded by the CSHIGH (M=55.7, STD=13.6) compared to the CSLOW 

(M=53.1, STD=13.6), t(59) = 3.7, p < 0.001, Cohen’s d = 0.48 (see Fig. 3B). SCR to pain 

stimuli preceded by the CSHIGH (M=1.02, STD=0.78) were only numerically higher than the 

CSLOW (M=0.97, STD=0.78), t(59) = 1.2, p = 0.24 (see Koban and Wager, 2016, for more 

information and mediation analyses showing that expectations fully mediated the effects of 

CS on pain reports and SCR).

Generalization Task—In line with our hypothesis, during the generalization phase, we 

observed a significant linear main effect of Gabor angle on pain ratings, t(59) = 2.27, p = 

0.027, Cohen’s d = 0.29 (Fig. 3C and Supp. Table S2), indicating that participants 

generalized the learning cue association with pain to novel, but perceptually similar cues. 

Replicating the finding in Study 1, this generalization effect was again positively modulated 

by individual differences in cue effects on expectancy during the learning task, t(59) = 5.87, 

p < 0.001, Cohen’s d = 0.76 (illustrated in Fig. 3D). To characterize this effect, we again 

performed a median split based on cue effects on expectations during learning. Separate 

contrasts in the two subgroups indicated that Learners showed a generalization effect, t(29) 

= 2.90, p = 0.007, Cohen’s d = 0.53, whereas Non-learners did not, t(29) = −0.31, p = 0.756 

(see Suppl. Fig. S1). In sum, these findings show a clear generalization effect on pain 

ratings, with higher pain ratings when the novel stimuli were more similar to the previously 

learnt CSHIGH compared to the CSLOW. This effect was only seen in participants who 

explicitly learnt the relationship between cues and pain.

In parallel to the behavioral generalization effects, SCR in the generalization phase of Study 

2 were significantly modulated by Gabor angle, t(59) = 2.45, p = 0.017, Cohen’s d = 0.32 

(see Fig. 3D and Supp. Table S3), yet this effect was not significantly modulated by 

individual differences in learning, t(58) = 1.12, p = 0.27. This demonstrates that 

physiological responses to the same medium pain stimulus were increased when the 

orientation of the preceding Gabor pattern cue was more similar to the previously learnt 

CSHIGH compared to the CSLOW.

Overview: Study 3

The third study tested learning effects on pain and their later conceptual generalization. In 

contrast to Studies 1 and 2, drawings of an animal and of a vehicle served as CS during the 

learning phase and we tested their generalization to other conceptually related stimuli, i.e., 

novel drawings, photos, and words of animals and vehicles (see Figure 4).

Methods: Study 3

Participants—36 volunteers with no psychiatric, neurological, and pain conditions took 

part in the experiment (12 female, mean age = 26.9). All participants provided written 

informed consent form and were paid at the conclusion of the experiment. The University of 

Colorado Institutional Review Board approved the study.
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Stimuli—One of the three animal drawings (a dog, cow, or horse) and one of the three 

vehicle drawings (a car, truck, or train) served as CSLOW and CSHIGH, respectively. Thus, 

during learning, each participant was only exposed to one animal and one vehicle drawing. 

Assignment of images to CS condition during learning was fully counterbalanced across 

subjects. As in Studies 1 and 2, during learning, the CSLOW was always followed by low to 

medium intensity thermal stimulation (47 or 48 °C, 50% each) and the CSHIGH by medium 

or high intensity thermal stimulation (48 or 49°C, 50% each, Figure 4A).

The generalization task used a completely different, previously not presented set of animal 

and vehicle drawings, as well as photos, and words (see Figure 4B). Irrespective of the 

counterbalancing condition during learning, each participant saw all of the 18 generalization 

stimuli during the generalization phase. This allowed us to test generalization to other 

exemplars of the same category (e.g., from dog to cow and horse) and to different modalities 

of visual presentation (e.g., from the conditioned drawing of a dog to another dog drawing, 

photo, and the word ‘DOG’). Throughout the generalization task, participants received 

medium temperature heat stimulation (48 °C), identical to those used in the previous two 

studies.

Procedures—Procedures in Study 3 were parallel to Studies 1 and 2. First, participants 

underwent five blocks of the learning task (corresponding to five randomly ordered skin sites 

on their left volar forearm) with sixteen trials per block. Trial structure and timing was 

identical to Study 1 and 2. The generalization task consisted of five blocks with 18 trials 

each, corresponding to one presentation of each of the 18 different generalization stimuli per 

block. Trial structure and timing was again identical to Studies 1 and 2.

Analysis—The recording and analysis of behavioral and psychophysiological data were 

parallel to Studies 1 and 2.

Results: Study 3

Learning Task—Replicating the findings of the two previous studies, we again found a 

strong effect of cue on expectation ratings during learning (CSHIGH M=51.8, STD=28.4, 

CSLOW M=32.0, STD=19.8), t(35) = 6.55, p < 0.001, Cohen’s d = 1.09 (see Fig. 5A). Pain 

ratings again showed a strong effect of stimulation temperature (see Fig. 5B), t(35) = 7.91, p 
< 0.001, Cohen’s d = 1.32. For medium temperature trials, pain ratings were again higher for 

the CSHIGH (M=46.9, STD=26.3) than the CSLOW (M=37.0, STD=23.0), t(35) = 5.12, p < 

0.001, Cohen’s d = 0.85 (Fig. 5B). In contrast to the behavioral findings, no significant main 

effect of cues on pain-evoked SCR was found during the learning phase, t(35) < 1.

Generalization Task—Consistent with our hypothesis of conceptual generalization, pain 

modulation generalized to novel, previously unseen cues from the same conceptual category 

(i.e., vehicles versus animals). That is, we found a main effect of CS-category (i.e., category 

of CSHIGH versus category CSLOW) on pain ratings during generalization, t(35) = 2.16, p = 

0.038, Cohen’s d = 0.36 (see Fig. 5C and Suppl. Table S4). As in Studies 1 and 2, this effect 

was again strongly and positively modulated by the strength of the cue effects on 

expectations during learning, t(34) = 4.58, p < 0.001, Cohen’s d = 0.77 (relationship shown 
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in Fig. 5D). A median split based on these individual differences in cue-learning 

demonstrated that again Learners showed a significant effect of CS-category on pain during 

the generalization task, t(17) = 2.61, p = 0.018, Cohen’s d = 0.62, which was not present in 

Non-learners, t(17) = 0.49, p = 0.63 (see Suppl. Fig S1). Thus, in line with the findings of 

the two previous studies, conceptual generalization depended on explicit learning during the 

conditioning phase. The relationship between learning and generalization effect is displayed 

in Figure 5C for all subjects. Paralleling to some degree the behavioral findings, SCR 

showed a trend towards higher responses to CSHIGH–category stimuli, t(35) = 1.79, p = 

0.082, Cohen’s d = 0.30 and a trend towards modulation by prior explicit learning (cue 

effects on expectation ratings during learning), t(34) = 1.73, p = 0.094, Cohen’s d = 0.29.

To investigate in more detail how generalization depended on the visual modality or the 

similarity to the learned cues, we analyzed pain ratings in the three generalization modalities 

(drawings, photos, and words) and for learnt versus novel animal and vehicle concepts 

separately (see Figure 6). For instance, if a participant was presented with a dog and a car 

during learning, the generalization dog and car reflected the learnt concept (albeit depicted 

in a novel different drawing, photo, or as a word), whereas the depictions of cows, horses, 

trucks, or trains, would present the novel concepts. Across the whole sample of participants, 

there were no significant interactions between CS-category and modality, or between CS-

category and learned-vs-novel (all p’s > 0.20). However, when adding individual differences 

in explicit learning (cue-effects on expectation ratings during learning) as a covariate, there 

was a significant three-way interaction between individual differences in learning, learnt 

versus novel concepts, and CS-category, F(2,33) = 6.92, p = 0.013, Cohen’s d = 0.90. In 

other words, Learners (again based on median-split) showed steeper slopes (CS-category 

effects) for the learnt concepts than for the novel concepts (see Figure 6), indicating 

somewhat stronger generalization to other presentations of the learned concept compared to 

other concepts of the same category. However, when followed-up with a direct comparison 

among Learners, the difference between high and low CS-category was trending towards 

significance for both learnt concepts, t(35) = 1.73, p = 0.092, Cohen’s d = 0.29, and new 

concepts, t(35) = 1.80, p = 0.080, Cohen’s d = 0.30. Thus, conceptual generalization worked 

across different presentation modalities and also extended to other concepts of the same 

category, but potentially as a function of the conceptual similarity to the original CS.

Discussion

Whereas a growing literature suggests that pain is experienced as more intense, when 

preceded by conditioned stimuli that have previously been associated with high pain, no 

previous study has investigated how such learned pain modulation generalizes to novel 

stimuli. In three experiments, we tested generalization of pain modulation as a function of 

perceptual and conceptual similarity. Our findings are overall very consistent across the 

three different studies and suggest several novel insights into this process. First, they 

demonstrate that generalization modulates pain reports and—although somewhat less 

consistently across studies—SCR to pain. This extends previous findings that have shown 

generalization of threat responses (Dunsmoor, Prince, Murty, Kragel, & LaBar; Lissek et al., 

2008; Vervliet, Iberico, Vervoort, & Baeyens, 2011), fear of movement-related pain (e.g., 

Meulders & Vlaeyen, 2013), and reward learning (Guttman & Kalish, 1956; Kahnt et al., 

Koban et al. Page 9

Acta Psychol (Amst). Author manuscript; available in PMC 2019 March 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



2012). Second, generalization was observed for both perceptually and conceptually similar 

stimuli, suggesting that it cannot be explained purely on the basis of a lack of discrimination 

between CS and generalization stimuli, but that generalization is an active and conceptual 

process (Dunsmoor & Paz, 2015). Third, our results very consistently show that 

generalization depends on explicit learning of the CS-contingency during the learning 

(conditioning) phase. Only participants who learnt to expect more pain for the CSHIGH 

compared to the CSLOW during the conditioning phase showed generalization of the pain-

modulatory effect later on. This again suggests that generalization—at least in this context—

is an active process based on explicit learning and expectations. In the following, we will 

discuss these findings in further detail.

Previous work has demonstrated generalization of fear learning along perceptual similarity 

gradients (e.g. Armony, Servan-Schreiber, Romanski, Cohen, & LeDoux, 1997; Dunsmoor 

et al., 2011; Greenberg, Carlson, Cha, Hajcak, & Mujica-Parodi, 2013a; Lissek et al., 2008; 

Vervliet, Kindt, Vansteenwegen, & Hermans, 2010), including in the context of fear of pain 

(Meulders et al., 2017; Meulders, Vandebroek, Vervliet, & Vlaeyen, 2013; Meulders & 

Vlaeyen, 2013). For instance, people show higher fear of and startle responses to movements 

that are similar to those previously associated with the delivery of a painful shock (Meulders 

et al., 2013). Hence, on the one hand, the present findings might not be surprising. Yet, on 

the other hand, the present results are the first ones to show that not only pain-related fear 

generalizes, but also its modulatory influence on the experience of the pain itself. Thus, they 

provide a potential mechanism of how learning effects on pain and altered pain experience 

may transfer to novel but related events and situations.

Interestingly, in Studies 1 and 2, generalization followed a linear gradient—in other words, 

pain ratings were not highest for the generalization stimuli closest to the CSHIGH, but for 

those who were at the extreme end of the spectrum of tested stimuli. This is similar to what 

has previously been described as a ‘peak shift’ in generalization (e.g., Hanson, 1959; Honig 

& Urcuioli, 1981; Kahnt et al., 2012; Struyf, Iberico, & Vervliet, 2014). Two potential 

mechanisms could explain this linear generalization effect: first, generalization might be 

dependent not only to the similarity of the CSHIGH, but also on the dissimilarity to the 

CSLOW. Alternatively, participants might learn to associate a specific dimension (e.g. 

steepness of the gradient) with higher pain and thus extrapolate from the learnt stimuli. Note 

that in contrast to typical fear conditioning experiments, in which the CS+ is paired with 

shock, whereas the CS− is never paired with shock, in learned pain modulation paradigms 

such as the present studies, both CSHIGH and CSLOW are paired with heat pain stimulation, 

albeit of different intensity. Thus, the shape of generalization effects might be slightly 

different.

The findings of Study 3 further corroborate the notion of generalization as an active and 

conceptual process, by which people actively ‘extrapolate’ learnt associations to novel 

objects that are conceptually related to the learnt CS. They are in line with the idea that 

people do not only mechanically associate specific sensory features with painful or pleasant 

experiences, but they actively infer higher-order patterns and meaning in such associations 

(e.g., Mitchell, De Houwer, & Lovibond, 2009). Participants, who explicitly learnt the 

contingency between CS and pain intensity, showed higher pain ratings for other 
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presentation modalities of the CSHIGH, such as novel drawings, photos, and words, and—to 

a slightly smaller extent—to novel exemplars of the same category (e.g., other animals or 

vehicles). Future research could explore in more detail how pain generalization depends on 

additional features such as stimulus typicality or conceptual distance, which have been 

shown to play a role in generalization of fear conditioning (Dunsmoor & Murphy, 2014). 

Further, specific instructions prior to conditioning, such as describing stimuli either in terms 

of specific exemplars or in terms of broader categories may lead to different expectations 

and different types of generalization effects.

The present findings are informative for the understanding of placebo and nocebo effects—

i.e. changes in symptoms (such as pain) based on an inert ‘fake’ treatment and the 

sociomedical context in which treatment takes place (Benedetti, 2014; Büchel, Geuter, 

Sprenger, & Eippert, 2014; Colloca, Klinger, Flor, & Bingel, 2013; Enck, Bingel, 

Schedlowski, & Rief, 2013; Wager & Atlas, 2015). Placebo effects are thought to be driven, 

at least in large part, by learning from previous experiences (e.g., Colloca & Benedetti, 

2006; Colloca & Miller, 2011; Colloca, Petrovic, Wager, Ingvar, & Benedetti, 2010) and the 

present work suggests that generalization could explain placebo and nocebo effects also in 

unconditioned, but perceptually and conceptually similar situations (such as a previously 

unfamiliar doctor, who also wears a white coat and a stethoscope). Future research could 

build on the present work by further investigating how instructions, conceptual associations, 

and generalization interact to form placebo or nocebo responses.

How people learn about pain and generalize those learning experiences also has clinical 

implications. Research on generalization of fear conditioning suggests that more anxious 

individuals generalize to a larger degree, i.e. they show broader generalization curves (e.g., 

Dunsmoor & Paz, 2015; El-Bar, Laufer, Yoran-Hegesh, & Paz, 2016; Greenberg, Carlson, 

Cha, Hajcak, & Mujica-Parodi, 2013b; Laufer, Israeli, & Paz, 2016; Lissek et al., 2014; 

Lissek et al., 2010; Schechtman, Laufer, & Paz, 2010). Thus, overgeneralization has been 

proposed as a maintaining factor in anxiety disorders such as panic disorder, generalized 

anxiety disorder, and related conditions (Dymond, Dunsmoor, Vervliet, Roche, & Hermans, 

2015; Lissek et al., 2010). Alterations in perceptual discrimination, learning, and 

generalization may also be important for the development or maintenance of chronic pain 

(Zaman, Vlaeyen, Van Oudenhove, Wiech, & Van Diest, 2015). A recent study (Meulders, 

Jans, & Vlaeyen, 2015) investigated generalization of movement-related fear of pain in 

patients with fibromyalgia—a chronic widespread pain condition—and showed 

overgeneralization of pain-related fear compared to healthy controls. An interesting 

possibility for future studies would be to test whether this overgeneralization of fear and 

avoidance in chronic pain and anxiety conditions also translates to overgeneralization of pain 

itself, i.e., to a broadening of learned pain responses, which may explain the spreading of 

chronic pain across different movements or body sites.

A few limitations of the present study should be noted. First, the SCR responses to pain were 

less consistent across studies than the behavioral effects, i.e. they did not show 

generalization effects or their modulation by learning across all three studies. The absence of 

strong effects could be due to a lack of power, as SCR to pain are noisier and habituate much 

faster than self-report ratings. Habituation in SCR might be especially important, since the 
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generalization phase only happened after several blocks of learning, in which heat pain 

stimulation was already administered to the same skin sites. Alternatively, skin conductance 

responses to pain may follow a slightly different pattern during learning and generalization 

than self-report pain ratings, for instance by reflecting more implicit aspects of learning (but 

see Koban & Wager, 2016, for high correlations between self-report and SCR during 

learning). Further, we did not assess how stimulus representations changed during learning 

and generalization, and how well participants were able to discriminate the different Gabor 

patches (Studies 1 and 2). The ability to discriminate different stimuli is a prerequisite for 

learning and failure to discriminate between different stimuli may also lead to generalization 

(Struyf, Zaman, Vervliet, & Van Diest, 2015; Zaman et al., 2015). Moreover, previous work 

has shown sharpening or blurring of tuning curves during fear generalization (e.g., Onat & 

Büchel, 2015; Resnik, Sobel, & Paz, 2011), which could be relevant in the context of pain as 

well. Finally, given time constraints and a limited number of trials per condition in Study 3, 

we did not have sufficient power to address effects of modality and subcategory in more 

detail. Future studies could extend the present findings in larger samples and use 

neuroimaging to investigate the neurophysiological mechanisms underlying generalization 

of learned pain modulation.

Conclusions

In conclusion, our findings across three experimental studies showed that conditioned pain 

responses generalize to novel, perceptually or conceptually similar cues. Only participants, 

who were aware of the CS contingency showed this effect. Thus, generalization—at least in 

the paradigm employed here—seems to depend on the formation of explicit expectations 

during pain learning and on conceptual processes more broadly. Future studies should 

investigate how pain generalization is altered in clinical anxiety and in chronic pain 

conditions.
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Highlights

• Placebo effects on pain are influenced by learning (conditioning) and 

instructions

• Here we investigate generalization of learned pain modulation to novel stimuli

• Our results show generalization based on perceptual and conceptual similarity

• Generalization effects on pain depend on the strength of learned expectations
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Figure 1. Stimuli and experimental design in Studies 1 and 2
A) During learning, participants learned to associate one Gabor patch (CSLOW) with low to 

medium heat pain stimulation, and the other patch (CSHIGH) with medium to high heat pain 

stimulation. Assignment of angle to CS condition was counterbalanced across participants. 

B) In the generalization phase, participants were presented with novel Gabor patches, which 

had angles between and beyond the original learning cues. After the generalization cue, 

participants received a short heat pain stimulation to the left volar forearm, and then rated 

how much pain they felt after a short jittered waiting period.
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Figure 2. Results of Study 1 (N=38)
A) Pain expectation ratings during the learning task were greater for CSHIGH and CSLOW. B) 

Pain ratings during the learning task showed a significant modulation by temperature and a 

significant difference between CSHIGH and CSLOW for the medium intensity stimulation 

(48°C). C) Pain ratings during the generalization phase. Note that the angles of the original 

CS (35° and 55°) were not presented during the generalization phase. D) Scatter plot 

illustrating individual differences in explicit learning and generalization. The stronger 

participants learned to associate the CS during learning with higher expectations of pain, the 

steeper was their generalization effect of the learned pain modulation (higher beta) during 

the generalization phase, i.e. they reported higher pain when the generalization cues were 

more similar to the CSHIGH than to the CSLOW. E) Skin conductance responses during the 

generalization phase for different bins of generalization conditions (angles of Gabor 

patches).
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Figure 3. Results of Study 2 (N=60)
A) As in Study 1, pain expectation ratings during learning were higher in CSHIGH than in 

CSLOW trials. B) Pain ratings during the learning task showed a significant effect of 

temperature and a significant difference between CSHIGH and CSLOW for the medium 

intensity stimulation (48°C). C) Significant modulation of pain ratings by similarity to the 

CS’s during the generalization phase. Note that the angles of the original CS (35° and 55°) 

were not presented during the generalization phase. D) Scatter plot illustrating individual 

differences in explicit learning and generalization. E) Significant modulation of skin 

conductance responses during the generalization phase for different bins of generalization 

conditions (angles of Gabor patches).
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Figure 4. Stimuli and experimental design in Study 3 (N=36)
A) During learning, participants were presented with two drawings, depicting one animal 

(i.e., a dog, a cow, or a horse) and one vehicle (a car, a truck, or a train), that were associated 

with low to medium (CSLOW) or medium to high heat pain stimulation (CSHIGH), 

respectively. Assignment of the two drawings was fully counter-balanced across participants. 

B) In the subsequent generalization phase, we tested conceptual generalization, by 

presenting 18 novel stimuli, that were again depicting animals or vehicles in three different 

visual form of presentations: novel drawings, headshot photographs, and words. Note that 
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each participant only saw one animal and one vehicle during learning, thus the other two 

types of animal or vehicle were novel, but conceptually related (as members of the same 

broader categories). In parallel to the procedure in Studies 1 and 2, each trial started with the 

presentation of a cue, followed by a short heat pain stimulation. After a short jittered waiting 

period, participants rated how much pain they felt.
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Figure 5. Results of Study 3 (N=36)
A) As in the first two studies, pain expectation ratings during learning were higher in 

CSHIGH than in CSLOW trials. B) Pain ratings during the learning task showed again 

significant effects of temperature and of CSHIGH versus CSLOW (for the medium intensity 

stimulation, 48°C). C) Modulation of pain ratings by the category of the generalization 

stimuli (category of CSLOW versus category of CSHIGH). Vertical bars reflect SEM. D) 

Scatter plot illustrating individual differences in explicit learning and generalization, again 

showing a strong relationship between strength of explicit expectations and generalization. 

E) Skin conductance responses during the generalization phase for pain stimulation preceded 

by CSLOW versus CSHIGH category stimuli.
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Figure 6. Generalization across subcategories and presentation modalities (Study 3, N=36)
A) ‘Learners’ showed somewhat stronger generalization for the learned CS concepts (dark 

solid lines, e.g., ‘dog’ as CSLOW and ‘car’ as CSHIGH), compared to novel concepts from the 

same category as the CS (gray dashed lines, e.g., ‘cow’, ‘horse’ in the CSLOW category, 

‘truck’ and ‘train in the CSHIGH category), across the three modalities of visual presentation 

(panels from left to right show CS-category effects for drawings, photos, and words). B) 

‘Nonlearners’ did not show any differences in pain ratings for CS-category for learned or 

novel concepts, in any modality (drawings, photos, and words). Vertical bars reflect SEM.
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