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Rationale: Social factors are considered important for the initiation and maintenance of drug abuse. Virtual reality (VR) research on cue reactivity and exposure frequently incorporates social stimuli as part of complex drug-intake scenarios. Attempts are rarely made to dissect the impact of the different components and their interactive effects. The present study critically extends this line of research by investigating the modulatory effects of social context on the reactivity evoked by proximal smoking cues.
Methods: Thirty-two smokers and 33 never-smokers were presented in VR with proximal cues and neutral stimuli, embedded in a social context or a neutral context. A virtual hand model was used to translate real hand movements into VR. Each trial started with the presentation of the different stimulus–context combinations. Discrete stimuli were presented on the table in front of the participants, and contextual stimuli were presented at the end of the table. Afterward, participants were instructed to grasp the target stimulus (a cigarette vs. a pencil) in front of them. After successful contact, the stimulus appeared in the virtual hand. Modulation of cue reactivity by social context was assessed by self-report, physiological measures, and overt approach behavior.
Results: The results revealed modulatory effects of social context on the responses to proximal smoking cues in smokers. In contrast to never-smokers, smoking cues evoked craving in smokers, which was attenuated in a social context. Furthermore, social context increased the latency to approach and contact the cigarette in the group of smokers but did not affect behavioral approach responses in never-smokers. Other data provided indications for interactive, but also main effects of cues and contexts. Interestingly, cue-evoked craving was increased after contact with the virtual cigarette.
Conclusion: The present study critically extends previous research by providing evidence for the modulation of cue reactivity by social context. The results are particularly important given the well-established role of drug-associated environmental contexts in the stimulus control of addictive behaviors. Our results emphasize the need to address social context effects on cue reactivity in basic research and treatment and further suggest that changes in the perceived availability of smoking might enhance or inhibit cue-evoked reactivity.
Keywords: cue reactivity, social context, cue exposure therapy, cue availability, smoking, substance use disorders, addiction, virtual reality
1 INTRODUCTION
Regular cigarette smoking is commonly considered a major risk for the development of severe health problems and premature death (Doll et al., 2004; US Department of Health and Human Services, 2014; Reitsma et al., 2017). Smoking cessation has a positive impact on health (Jha et al., 2013), and a significant number of smokers report an intention to quit (Babb et al., 2017). Unfortunately, nicotine dependence (Schnoll et al., 2013) often undermines efforts to stop smoking, and even with effective behavioral or pharmacological interventions, success rates are not as high as one would hope for (Prochaska and Benowitz, 2019). Accordingly, there is a strong need to refine our understanding of the biopsychosocial mechanisms (Skewes and Gonzalez, 2013) involved in the initiation, maintenance, and relapse of smoking to improve prevention and treatment.
Core criteria of substance use disorders, such as an intense desire to take the drug (i.e., craving) and compulsive drug-seeking and consumption, are often precipitated by exposure to drug-associated stimuli (Siegel et al., 2000; Wise and Koob, 2014; Berridge and Robinson, 2016; Koob and Volkow, 2016). Most human research targets the effects of discrete, naturalistic drug stimuli proximal to consumption, e.g., pictures of drug paraphernalia like a newly lit cigarette (Conklin et al., 2008; Mucha et al., 2008; Stippekohl et al., 2010). Accordingly, there is rich evidence that proximal smoking cues evoke craving in smokers (Betts et al., 2021), which appears to be modulated by the perceived opportunity to use the drug (Mucha et al., 2008; Bailey et al., 2010). Cue-evoked increases in skin conductance and heart rate have been reported as general indices of physiological arousal, related to attentional processing and preparation for action (Bradley, 2009; Betts et al., 2021). Furthermore, there is evidence that exposure to smoking-related stimuli may promote approach (Bailey et al., 2010; Wiers et al., 2013; Boecker and Pauli, 2019) and consummatory responses (Hogarth et al., 2010; Winkler et al., 2011), which may be determined by the nature of the stimulus (Mucha et al., 2008) and the context (Conklin et al., 2019; Vollstädt-Klein et al., 2022).
Drug-taking frequently takes place in specific environmental contexts (Conklin and Tiffany, 2002; LeCocq et al., 2020), e.g., a bar, a café, a place at home, and in the presence of other people (Dimoff and Sayette, 2017; de Wit and Sayette, 2018). In this paragraph, we will highlight results from animal and human research on the role of physical contexts in the control of drug-seeking and cue reactivity, as they may be relevant to our understanding of social context effects in addictive behaviors. First, the animal literature shows that drug-associated contexts evoke reactivity by themselves, for instance, in the form of a conditioned place preference (Le Foll and Goldberg, 2005; Napier et al., 2013; Wu et al., 2014). Second, there is evidence that drug-related environments invigorate the reactivity evoked by discrete drug-associated cues (Sciascia et al., 2015; LeCocq et al., 2020; Valyear et al., 2020). Third, drug-associated contexts may renew the effects of cues extinguished in a new context different from the context where drug intake previously took place (Kearns and Weiss, 2007; Crombag et al., 2008; Chesworth and Corbit, 2017). This modulatory context effect in the renewal paradigm is also interesting from a clinical perspective, as it may partly mirror the high-risk situation when abstinent drug users return to their natural drug-taking environment after cue exposure-based treatment in a therapeutic context (LeCocq et al., 2020). Accordingly, contextual stimuli received heightened attention in human research as they may promote drug-taking by themselves or in interaction with discrete drug-associated cues. For instance, evidence for the renewal effect in smokers was shown by the return of cue-evoked craving that had been extinguished in a new context unrelated to drug-taking, when the participants were brought back to the original context where the cues were previously predictive for smoking (Thewissen et al., 2006). Seminal work in smokers realized with picture stimuli demonstrated that smoking contexts, completely devoid of proximal smoking cues, may act as distal smoking stimuli promoting craving (Conklin, 2006; Conklin et al., 2008) and smoking (Stevenson et al., 2017). Moreover, individualized smoking contexts may even have stronger effects on craving, positive affect and heart rate responses (Conklin et al., 2010), neuronal activity, and cigarette consumption (McClernon et al., 2016). Importantly, recent research has started to investigate the interactive effects of combining (personalized) smoking vs. non-smoking contexts with proximal smoking cues vs. neutral stimuli (Conklin et al., 2019). The combination of proximal smoking cues and smoking contexts resulted in increased craving compared to the other stimulus combinations and a decreased latency to initiate smoking.
Human drug use often occurs in social settings, and social factors are generally considered important for our understanding of the initiation, maintenance, and relapse of drug-taking (Baker et al., 2004; Heilig et al., 2016; Dimoff and Sayette, 2017). There is evidence from both animal and human studies that social stimuli affect drug-seeking and the responses to drug-associated stimuli (Bardo et al., 2013; Venniro et al., 2020). Particularly interesting are observations from animal research suggesting that social stimuli can function as discriminative stimuli, setting the occasion for the availability and non-availability of drug-intake (Strickland and Smith, 2014; Smith et al., 2016). In human research, experimental manipulations of the predictive relationship between social stimuli and the drug are rather rare. However, there is rich evidence that the presence or absence of smoking peers is a major predictor for adolescent smoking (Baker et al., 2004). Studies based on ecological momentary assessments of the situational factors related to smoking revealed considerable evidence that socializing or the presence of other people smoking increases the probability to smoke (Dimoff and Sayette, 2017). Social smoking may be present in varying degrees in both intermittent and daily smokers (Shiffman et al., 2014; Shiffman et al., 2015) and thus may represent an important determinant of smoking. Interestingly, smoking behavior might be even suppressed below a baseline rate defined by solitary smoking in a social context involving the presence of other people not smoking (Shiffman and Rathbun, 2011). Although this research provided considerable evidence for the impact of social context on smoking, experimental studies systematically dissecting the effects of different facets of social context on drug-directed and cue-evoked responding are scarce (Dimoff and Sayette, 2017). Social context may affect craving and drug consumption by multiple mechanisms (e.g., by setting the occasion for the availability of drug-intake, by behavioral modeling, social norms, peer pressure, or support), one of them being the mere exposure to proximal cues related to smoking, e.g., the sight of a cigarette. For instance, the presence of an experimental confederate smoking cigarettes increases smoking compared to a non-smoking one, an effect that does not necessarily need to be dependent on social pressure to smoke or not to smoke (Harakeh and Vollebergh, 2011; Harakeh and Vollebergh, 2012). However, there is also evidence that presenting participants with pictures devoid of proximal smoking cues depicting people with whom they regularly smoke or do not smoke increases and decreases craving compared to a baseline provided by pictures of strangers (Conklin et al., 2013). Accordingly, social stimuli related to smoking may affect craving independent of the presence of smoking cues. Overall, this line of research provided considerable evidence for the importance of social factors in the control of drug-motivated behavior. However, it provides no answer to the question of how social contexts interact with the effects of proximal smoking cues. This is important for both our understanding of the precise mechanisms of stimulus control in addictive behaviors and the development of efficient approaches for treatment.
In this regard, the progress of virtual reality (VR) technology during the last decades boosted interest in therapeutic applications for smoking cessation (Hone-Blanchet et al., 2014; Segawa et al., 2019; Trahan et al., 2019; Langener et al., 2021). A particular benefit of VR as a research and therapeutic method is its ability to simulate highly immersive, three-dimensional drug-intake situations with both high experimental control and ecological validity. A high amount of VR-based research investigates the motivational effects of complex drug-related scenarios, which involve various combinations of drug-associated environments, proximal drug stimuli, and the presence of other people taking drugs or offering drugs to the participant, e.g., in a party scene (Segawa et al., 2019). Rarely have attempts been made to separate the individual contributions and interactive effects of the different components, which may be important for the identification of individual triggers to smoke, the development of exposure hierarchies, and unraveling the mechanisms of cue exposure-based treatments (Pericot-Valverde et al., 2014). Pioneering work conducted by Paris et al. (2011) revealed preliminary evidence that a smoking-associated context (a convenience store including an employee) devoid of proximal smoking cues increases craving in smokers. Importantly, craving to smoke was further enhanced when the same environment was presented afterward in combination with discrete smoking cues (a person smoking outside, cigarettes, and cigarette packs in the shop; see also, e.g., Gamito et al., 2011). Regarding the effects of social contexts, there are preliminary suggestions that in participants with a low degree of alcohol dependence, social pressure might increase craving for alcohol in presence of both alcohol and control stimuli, while alcohol cue effects were only reported in the condition without social pressure (Cho et al., 2008). Interestingly, there are indications that in abstinent alcohol-dependent individuals, social pressure might not further increase alcohol craving in situations directly associated with alcohol intake, although strong cue effects were reported (Lee et al., 2008). In contrast, in social drinkers, the effect of social pressure appeared to be more pronounced than the effects of the drug-related environment, which may suggest that social factors could affect drug-related behavior by different mechanisms in different populations (Lee et al., 2008).
Overall, previous studies provided considerable evidence for the importance of social context in the control of drug-directed responses. However, systematic research on the impact of social context on the reactivity evoked by proximal smoking cues is lacking. Accordingly, the present study aims to close this gap by investigating the interactive effects of social context and discrete smoking cues and the dependency of the effects on the perceived proximity to smoke intake. A second objective of the study was to test which smoking-related scenario—one with or without social context–might be better suited for exposure treatment. In the experiment, smokers and never-smokers were immersed in virtual reality and presented with discrete smoking vs. neutral stimuli in a social or neutral context. Modulation of cue reactivity was assessed by multiple measures, including self-report (craving, pleasure, and arousal), physiological indices of arousal (heart rate and skin conductance), motivational valence (affect-modulation of the startle response), and overt behavior (latency of behavioral approach). Given the role of incentive proximity in the functional organization of behavior systems (Timberlake, 1994; Mucha et al., 2008; Perusini and Fanselow, 2015) and previous reports that smoking a virtual cigarette increases craving (Garcia-Rodriguez et al., 2013), craving to smoke was registered twice before and after completion of the approach response, when the target stimulus (a cigarette vs. a pencil) appeared in the virtual hand. We hypothesized that social context would specifically enhance the reactivity to smoking cues.
2 MATERIALS AND METHODS
2.1 Participants
Sixty-nine participants were recruited for the study. General inclusion criteria comprised an age between 18 and 40 years, the absence of any self-reported major physical or mental problems, and right-handedness (as the virtual hand used in this study has only been available as a right-handed version). Smokers were included if they smoked an average of at least 10 cigarettes per day for at least one year. Never-smokers were included if they reported having smoked less than a pack of cigarettes in their lifetime. Smokers and never-smokers were matched according to age and sex. Participants were mainly recruited from the student population of the university and received either course credit or a monetary compensation of 12 euros for their participation. Four recruited participants had to be excluded from the analyses due to technical problems or a high number of artifacts in the psychophysiological recordings. Accordingly, the final sample comprised 32 smokers (sex: 16 males, 16 females; age: M = 24.19 years, SD = 3.16) and 33 never-smokers (sex: 15 males, 16 females; age: M = 24.09 years, SD = 3.45). As intended, both groups did not differ with regard to age, t(63) = 0.12, p = 0.907, and sex ratio, χ2(1) = 0.14, p = 0.714. Smokers reported regular smoking for 8.32 (SD = 3.13) years with a current average of 14.06 (SD = 4.36) cigarettes per day and scored 3.19 (SD = 1.82) on the Fagerström Test for Nicotine Dependence (FTND). Last cigarette consumption was 2.16 (SD = 4.19) hours before the start of the experiment. Never-smokers reported having smoked an average of 5.06 (SD = 5.47) cigarettes in their lifetime.
2.2 Questionnaires
2.2.1 Group characteristics
The Fagerström Test for Nicotine Dependence (Heatherton et al., 1991) was used to assess the degree of nicotine dependence in smokers. Smokers’ self-reported motives to smoke were assessed by the Smoking Motives Questionnaire (SMQ; Russell et al., 1974). Dispositional tendencies related to the activation of two hypothesized motivational systems (Gray, 1990), a behavioral inhibition system (BIS) and a behavioral activation system (BAS), were assessed by the German version (Strobel et al., 2001) of the BIS/BAS scales (BIS/BAS; Carver and White, 1994). The iGroup Presence Questionnaire (IPQ; Schubert, 2003) was used to measure the degree of presence experienced in the virtual environments, i.e., the sense of “actually being there.” Self-reported symptoms of simulator sickness, such as fatigue, nausea, and dizziness, which could sometimes occur from immersion in virtual environments, were assessed by the Simulator Sickness Questionnaire (SSQ; Kennedy et al., 1993). Finally, the German version (Sosic et al., 2008) of the Social Phobia Inventory (SPIN; Connor et al., 2000) was used as a measure of the individual degree of social phobia.
2.2.2 Changes in motivational state during the study
Changes in baseline craving during the study were assessed by the German version (QSU-G; Müller et al., 2001) of the Questionnaire on Smoking Urges (QSU; Tiffany and Drobes, 1991). Self-reported pleasure, arousal, and craving for cigarettes, alcohol, food, and water were monitored by Self-Assessment Manikins (SAM; Lang, 1980) and nine-point scales (Mucha et al., 1999), respectively.
2.3 Virtual environments
2.3.1 General environment
The basic virtual environment consisted of an immersive 3D model of the real laboratory in which the experiment took place. The model was created in vrml97 (Web3DConsortium) by our working group (see Peperkorn et al., 2016) and comprised a chair with armrests and a table, where the participants were seated in both the real and virtual world (see Figure 1).
[image: Figure 1]FIGURE 1 | Laboratory setup and corresponding VR scenario. (A) Laboratory setup, including head-mounted display (HMD) and hand tracking. (B) VR scenarios including VR hands. Pictures are adapted from our previous study (Peperkorn et al., 2016).
2.3.2 Embodiment features
Sex-specific virtual legs and a virtual model of a right hand and arm were exported from Poser 6 (Curious Labs, Inc., Santa Cruz, United States of America). The virtual legs were depicted in a bent position resting at the virtual chair and were visible from the seating position of the participants.
The hand-arm model was available in three versions: before the initiation and after the completion of the approach response to the target stimulus (cigarette vs. pencil). After successful contact, the cigarette vs. the pencil appeared in the virtual hand (see Figure 2). Hand movements of the participants in the real world were tracked using a sensor placed on top of the right hand. Physical movements of the sensor were rendered in terms of rotation and location data of the complete hand-arm model (see Peperkorn et al., 2016). This approach allowed us to measure the latency to approach and contact virtual target stimuli with varying motivational content (cigarette vs. pencil) and provided the participants an opportunity for interaction, which affected the perceived proximity of the incentive stimuli.
[image: Figure 2]FIGURE 2 | Virtual hand used in the experiment in three versions. (A) Before the initiation of the approach response without object. (B) After completion of the approach response, holding a cigarette. (C) After completion of the approach response, holding a pencil.
2.3.3 Smoking and neutral stimuli
The 3D stimulus material was created with Autodesk Maya 2009 (Autodesk, Inc., San Rafael, CA, United States of America) or downloaded from internet archives and partially implemented with modifications.
Smoking stimuli comprised an unlit cigarette in an ashtray, a pack of cigarettes, and a lighter. Smokers were allowed to choose the cigarette box used in the experiment from three frequently consumed brands (Marlboro, Lucky Strike, or Gauloises) according to their personal preference. Never-smokers were matched according to the brand preferences of the smokers. Smoking stimuli were presented as sets created by varying the color of the ashtray (black or metal), the position of the cigarette box (right or left to the ashtray), the color (green or lavender), and position (right or left to the ashtray) of the lighter.
Neutral stimuli comprised a pencil on a notepad, a pencil box, and a sharpener. Stimulus sets were created by varying the texture of the notebook (lined or checkered with a red or green upper border), the position of the pencil case (right or left to the notebook), the color (green or blue), and the position (left or right to the notebook) of the sharpener. The stimuli were presented on the virtual table in front of the participants, within their reach. A white cross on the table marked the starting position of the virtual (and real) hand of the participants.
2.3.4 Social and neutral contexts
The social context was manipulated by presenting agents of the same sex as the participants with a seat at the table vis-à-vis the participants. The virtual agents looked in the direction of the participants. Four different agents with neutral facial expressions were used, which varied in physiognomic characteristics, hair color, hairstyles, and clothing. Indoor plants were used as a neutral context placed at the table vis-à-vis the participant. Four different foliage plants, varying in size and shape were used. Larger plants were located on the floor, smaller plants were placed in a plant pot on top of a stele.
2.4 Experimental conditions
Four experimental conditions were realized by combining the two (smoking vs. neutral) stimulus types and the two (social vs. neutral) contexts. Thus, the participants were presented with proximal smoking stimuli in a social context, proximal smoking stimuli in a neutral context, neutral stimuli in a social context, and neutral stimuli in a neutral context, respectively (see Figure 3 for examples). The sets were realized as a unique combination of stimuli, varying in appearance, color, position, and the corresponding contexts. Each experimental condition consisted of eight sets of stimulus-context combinations.
[image: Figure 3]FIGURE 3 | Examples of the four stimulus conditions used in the study (male and female versions). (A) Neutral stimuli in a neutral context. (B) Smoking stimuli in a neutral context. (C) Neutral stimuli in a social context (male version). (D) Smoking stimuli in a smoking context (male version). (E) Neutral stimuli in a social context (female version). (F) Smoking stimuli in a social context (female version).
2.5 Trial structure
Each trial started with an inter-trial interval with an average duration of 21 s (16.5–25.5 s). During the inter-trial interval, only the virtual room, including the virtual arm and legs, and the blank table, without any stimuli, were presented. Then, the smoking or neutral stimuli appeared on the table together with the social or neutral contextual stimuli at the end of the table. A startle probe was presented during 75 percent of the trials of each experimental condition, at 2.5, 4.0, or 5.5 s after stimulus onset. After an average of 7.5 s (7–8 s) of stimulus presentation, participants were automatically prompted via headphones to rate their momentary state of pleasure, arousal, and craving to smoke (T1). Afterward, participants were asked to grasp the cigarette and the pencil lying in front of them on the table, respectively. Successful contact with the target was signaled by a tone, and the corresponding object (cigarette vs. pencil) appeared in the hand of the participant. Then, the craving to smoke was rated again (T2). Each trial ended after 10 s with the instruction to resume the starting position, i.e., to put their (virtual) hand on the white cross on the table, to sit up straight, and to look straight ahead. The trials were presented in four pseudo-randomized sequences (matched for smokers and never-smokers) with the following restrictions: no more than two times, the same experimental condition; no more than four times, a trial with a startle probe; and no more than two times, the same startle time in a row. During the experiment, each participant completed a total of 32 trials (eight trials for each of the four conditions), divided into two blocks of 16 trials.
2.6 Apparatus
The three-dimensional virtual environments were shown via a head-mounted display (HMD; Z800 3DVisor, eMagin, Bellevue, Washington, US). Headphones (HD 215; Sennheiser; Wedemark–Wennebostel) were used for presenting instructions and startle stimuli. Tracking sensors were placed on top of the headphones and on the right hand of the participants. An electromagnetic position tracking system (3space Fastrak; Polhemus, Colchester, VT, United States) was used to register head and hand positions and to transfer them into the virtual environments (see Peperkorn et al., 2016). Rendering was realized by Cortona VRML Client (ParallelGraphics, Dublin, Ireland). Experimental control and data recording was established using the in-house written VR-software CyberSession (Version 5.3.38, VTplus GmbH, Würzburg, Germany; see www.cybersession.info for detailed information).
2.7 Physiological recordings
A Varioport-B system (Becker Meditec, Karlsruhe, Germany) was used for psychophysiological recordings. Acoustic startle responses were evoked by 50 ms, 96 dB, white noise with an almost instantaneous rise time, presented binaurally via headphones. Startle responses were measured by recording electromyographic activity (EMG) via two Ag/AgCl miniature electrodes (Ø = 5 mm) placed above the M. orbicularis oculi of the left eye (Blumenthal et al., 2005). The signal was sampled at a frequency of 1,024 Hz. An electrocardiogram (ECG) was recorded from two pre-filled, disposable electrodes attached to the sternum and the left lower costal arch. A ground electrode was placed below the chest. ECG data were recorded at a sampling rate of 512 Hz. Electrode impedance was kept below 10 kΩ. Electrodermal activity (EDA) was recorded with two Ag/AgCl electrodes (Ø 8 mm) placed at the middle phalanges of the fore and middle finger of the left hand. The electrodes were filled with a 0.05 M sodium chloride electrolyte paste. The Varioport system constantly delivered 0.5 V across the two electrodes. Skin conductance was sampled at a rate of 128 Hz. Alveolar carbon monoxide (CO) samples were taken by a Bedfont Micro Smokerlyzer.
2.8 Procedure
Participants arrived in the lab, which was arranged to resemble its virtual counterpart as much as possible. A notebook and an ashtray stood on the table. After providing informed consent, the first alveolar carbon monoxide (CO) sample was taken, and the participants filled out a short sociodemographic questionnaire, the FTND (smokers only), the SAM plus additional rating scales, and the QSU-G. The participants were familiarized with the oral rating procedure used in VR and trained on the standard position of their hand on the table. Next, the electrodes for physiological recordings, the tracking sensors, the HMD, and headphones were attached to the participants. The participants were seated comfortably in the chair at the table and were immersed in the virtual environment, where they received further instructions on the procedure. Two startle probes were presented before the participants completed one practice trial, including one startle probe, of each of the four experimental conditions. Then, the experiment started. During the break after the first block, the HMD was removed, a CO sample was taken, and the participants filled in the following questionnaires: the SAM plus additional rating scales, the QSU-G, and the BIS/BAS scales. At the end of the second block, technical equipment was removed, a last CO sample was obtained, and the participants filled out the final questionnaires: the SAM plus additional rating scales, the QSU-G, the SSQ, the IPQ, the SPIN, and the SMQ (smokers only). Overall, the study lasted about 2 h.
2.9 Data reduction and statistical analysis
Psychophysiological recordings were processed with the software Vision Analyzer Version 1.05 (BrainProducts, Munich, Germany). The raw EMG was filtered with a high cutoff filter of 500 Hz (24 dB/oct) and a low cutoff filter of 28 Hz (24 dB/oct). The data were rectified and smoothed (50 ms moving average window). The peak amplitude of the startle response was identified within a time window between 50 ms and 180 ms after startle probe onset. Artifacts and null responses were detected manually. Null responses were set to zero, and artifact-contaminated trials were excluded from further analyses. The magnitude of the startle response was calculated as the difference between the peak and the mean of 50 ms baseline activity before probe onset. Individual startle magnitudes were standardized (T-values) to normalize the distribution.
The raw ECG was filtered with a high cutoff filter of 70 Hz (24 dB/oct) and a low cutoff filter of 0.48 Hz (24 dB/Oct). R-waves were detected by an algorithm implemented in Vision Analyzer software. Next, interbeat intervals were computed and interpolated into a continuous heart rate (bpm). The data were baseline corrected by subtracting the average activity during a 1-s period before stimulus onset. Heart rate responses for each trial were calculated as the peak within a time window between 3 and 7 s after stimulus onset.
Skin conductance data were filtered with a low-pass filter with a cutoff of 1 Hz. Skin conductance responses (SCRs) were calculated as the largest increase between 1 and 7 s after stimulus onset, relative to 1 s mean activity before stimulus onset. Responses smaller than 0.01 µS were scored as zero (null responses). Trials with activity larger than 0.01 µS within a time window of 0.1 s before and after stimulus onset were scored as artifacts and rejected from further analyses. The data were logarithmized (ln (SCR+1)) to normalize the distribution (Venables and Christie, 1980).
Latencies to contact the target stimulus on the table (cigarette vs. pencil) were calculated by subtracting the time at the end of the instruction to grasp from the time the virtual object was contacted.
Scores for statistical analyses were derived by averaging all trials for each experimental condition. We tested our hypotheses (SPSS Statistics 25.0, IBM Corp. United States) using mixed analyses of variance (ANOVAs) with group (smokers vs. never-smokers) as between factor and stimulus (smoking vs. neutral) and context (social vs. neutral) as within factors. As stimulus-evoked craving to smoke was assessed two times, before and after completion of the approach response, when the virtual cigarette vs. the pencil appeared in the virtual hand, the within factor of time was additionally included in the analysis of self-reported craving. Follow-up analyses were conducted by ANOVAs and paired t-tests (uncorrected). The alpha level was set to 0.05 (two-tailed) for all analyses. Effect sizes are stated as partial eta2 (ηp2).
3 RESULTS
3.1 Group characteristics
Smokers and never-smokers did not differ with regard to their scores on the BIS/BAS scales; BIS: t(63) = 0.92, p < 0.361; BAS: t(63) = 1.06, p < 0.295; the SSQ, t(63) = 0.16, p < 0.871; and the SPIN, t(63) = 1.49; p < 0.141 (see Table 1). Both groups marginally differed in their IPQ scores, t(63) = 1.75, p = 0.085. Never-smokers reported a slightly higher feeling of being present in VR than smokers. It might be relevant that all participants who scored above the German cutoff score for social phobia (25) were never-smokers (see Discussion). A descriptive analysis of the SMQ showed that smokers scored highest for sedative smoking and lowest for automatic and psychosocial smoking (see Supplementary Table S1).
TABLE 1 | Means (SD) of the scores of never-smokers and smokers on the Behavioral Inhibition System/Behavioral Approach System scales (BIS/BAS scales), the Simulator Sickness Questionnaire (SSQ), the iGroup Presence Questionnaire (IPQ), and the Social Phobia Inventory (SPIN).
[image: Table 1]3.2 Changes in motivational state during the study
Changes in motivational state during the study are depicted in Table 2. The analysis of the alveolar carbon monoxide levels revealed significant effects of group, F(1,63) = 88.06, p < 0.001, ηp2 = 0.58, time, F(2,126) = 47.68, p < 0.001, ηp2 = 0.43, and group x time, F(2,126) = 42.19, p < 0.001, ηp2 = 0.40. Compared to never-smokers, CO levels were higher in smokers and showed a reliable decrease during the experiment, F(2,62) = 45.82, p < 0.001, ηp2 = 0.60, which was evident as a decline from the first to the second time point, t(31) = 6.87, p < 0.001, and from the second to the third time point, t(31) = 4.77, p < 0.001. The CO levels of never-smokers did not change during the study, F(2,64) = 8.63, p = 0.410, ηp2s = 0.03.
TABLE 2 | Mean (SD) of alveolar carbon monoxide levels CO (ppm) and scores on the Questionnaire of Smoking Urges (QSU-G) in never-smokers and smokers before the start of the experiment (pre), during the break after the first block of the experiment (mid) and at the end of the experiment (post).
[image: Table 2]The analysis of urges to smoke as assessed by the QSU-G revealed significant effects of group, F(1,63) = 245.50, p < 0.001, ηp2 = 0.80, time, F(2,126) = 39.48, p < 0.001, ηp2 = 0.39, and group x time, F(2,126) = 36.64, p < 0.001, ηp2 = 0.37. Compared to never-smokers, urges to smoke were higher in smokers and showed a reliable increase during the experiment, F(2,62) = 39.70, p < 0.001, ηp2 = 0.56, which was evident as an increase from the first to the second time point, t(31) = 6.87, p < 0.001, and from the second to the third time point, t(31) = 3.32, p = 0.002. QSU-G levels of never-smokers did not change during the study; F(2,64) = 1.35, p = 0.265, ηp2 = 0.04. The analyses of the self-reported desire to smoke, pleasure, arousal, desire to eat, desire to drink water, and desire to drink alcohol are reported in the (see Supplementary Table S2).
3.3 Self-reported data
3.3.1 Craving
In the present study, craving to smoke was rated twice: before (T1) and after (T2) completion of the approach response, when the cigarette or pencil appeared in the virtual hand of the participant (see Figure 4). We first conducted a group x stimulus x context ANOVA for craving at T1 (before approaching the target stimulus) to allow for direct comparisons with the pleasure and arousal ratings. Then, we further analyzed the effect of time on craving by conducting a group x stimulus x context x time ANOVA and restricted follow-up analyses to significant effects involving the factor of time.
[image: Figure 4]FIGURE 4 | Craving in response to smoking and neutral stimuli presented in a social or neutral context in smokers and never-smokers. (A) Craving at T1, before initiation of the approach response to the target stimulus (cigarette vs. pencil). (B) After completion of the approach response, holding the target stimulus (cigarette vs. pencil) in the virtual hand. Error bars represent standard errors of the mean.
The ANOVA for craving at T1 returned significant main effects of group, F(1,63) = 114.63, p < 0.001, ηp2 = 0.65, stimulus, F(1,63) = 37.58, p < 0.001, ηp2 = 0.37, context, F(1,63) = 5.48, p = 0.022, ηp2 = 0.08; significant two-way interactions of group x stimulus, F(1,63) = 27.80, p < 0.001, ηp2 = 0.31, group x context, F(1,63) = 8.11, p = 0.006, ηp2 = 0.11; and stimulus x context, F(1,63) = 6.05, p = 0.017, ηp2 = 0.09. Importantly, these results were qualified by a reliable three-way interaction of group x stimulus x context, F(1,63) = 8.33, p = 0.005, ηp2 = 0.117.
A 2 × 2 follow-up ANOVA in the group of smokers revealed significant effects of stimulus, F(1,31) = 34.17, p < 0.001, ηp2 = 0.52, context, F(1,31) = 6.74, p = 0.014, ηp2 = 0.18, and stimulus x context, F(1,31) = 7.21, p = 0.012, ηp2 = 0.19. Smoking stimuli evoked greater craving than neutral stimuli. Importantly, social context reduced the craving response to smoking stimuli, t(31) = 3.29, p = 0.003, but not to neutral stimuli, t(31) = 0.640, p = 0.527. In other words, smoking cue reactivity was stronger in the neutral than in the social context (see Figure 4A). The corresponding follow-up analysis in the group of never-smokers returned no significant effects: all Fs(1,32) < 2.43, all ps > 0.129, all ηp2s < 0.07.
The ANOVA of the effect of time on craving revealed significant effects of group, F(1,63) = 124.81, p < 0.001, ηp2 = 0.67, stimulus, F(1,63) = 42.57, p < 0.001, ηp2 = 0.40, and time, F(1,63) = 23.94, p < 0.001, ηp2 = 0.28, and a marginally significant effect of context, F(1,63) = 3.51, p = 0.065, ηp2 = 0.05. All two-way interactions were significant: group x time, F(1,63) = 17.22, p < 0.001, ηp2 = 0.22; group x stimulus, F(1,63) = 29.57, p < 0.001, ηp2 = 0.32; group x context, F(1,63) = 5.10, p = 0.027, ηp2 = 0.08; stimulus x time, F(1,63) = 25.65, p < 0.001, ηp2 = 0.29; context x time, F(1,63) = 5.82, p = 0.019, ηp2 = 0.09, and stimulus × context, F(1,63) = 5.38, p = 0.024, ηp2 = 0.08. Also, the three-way interactions between group x stimulus x time, F(1,63) = 15.97, p < 0.001, ηp2 = 0.20; group x context x time, F(1,63) = 9.12, p = 0.004, ηp2 = 0.13; and group x stimulus x context, F(1,63) = 6.86, p = 0.011, ηp2 = 0.10, were significant. The four-way interaction between group x stimulus x context x time missed significance, F(1,63) = 2.76, p = 0.102, ηp2 = 0.04.
To follow-up on the significant three-way interactions involving the factor time, separate analyses in the groups of smokers and never-smokers were conducted. A stimulus x time ANOVA in the group of smokers revealed significant effects of stimulus, F(1,31) = 37.31, p < 0.001, ηp2 = 0.55, time, F(1,31) = 20.67, p < 0.001, ηp2 = 0.40, and stimulus x time, F(1,31) = 21.61, p < 0.001, ηp2 = 0.41. Smoking stimuli evoked stronger craving than neutral stimuli at both T1, t(31) = 5.85, p < 0.001, and T2, t(31) = 5.99, p < 0.001. However, craving to smoke increased from T1 to T2 only in case of smoking stimuli, t(31) = 4.74, p < 0.001, but not in case of neutral stimuli, t(31) = 1.55, p = 0.131. In never-smokers, the corresponding ANOVA returned a significant effect of stimulus, F(1,32) = 4.38, p = 0.044, ηp2 = 0.12, and marginally significant effects of time, F(1,32) = 3.43, p = 0.073, ηp2 = 0.10, and stimulus x time, F(1,32) = 3.71, p = 0.063, ηp2 = 0.10. Overall, smoking stimuli evoked slightly more craving than neutral stimuli, which was only evident as a minimal deviation from the endpoint of the scale (no craving). Interestingly, the stimulus effect in never-smokers appeared to be mainly driven by the virtual contact with the cigarette. Smoking stimuli appeared to elicit slightly stronger craving than neutral stimuli at T2, t(32) = 2.26, p = 0.031, but not at T1, t(32) = 1.56, p = 0.129. Similarly, craving to smoke marginally increased from T1 to T2 in case of smoking stimuli, t(32) = 1.92, p = 0.062, but not in case of neutral stimuli, t(32) = 1.00, p = 0.325. Given the selection criteria of the present study, it might be possible that this effect reflects previous, but rare, experiences with smoking. Regarding the interaction of group x context x time, the follow-up ANOVA for context x time in the group of smokers returned significant effects of context, F(1,31) = 4.22, p = 0.049, ηp2 = 0.12; time F(1,31) = 20.67, p < 0.001, ηp2 = 0.40; and context x time, F(1,31) = 7.95, p = 0.008, ηp2 = 0.20. The social context evoked lower craving than the neutral context only at T1, t(31) = 2.60, p = 0.014, but had no reliable effect at T2, t(31) = 1.33, p = 0.192. In never-smokers, the corresponding ANOVA revealed only a trend for an effect of time, F(1,32) = 3.43, p = 0.073, ηp2 = 0.10, evident as higher craving at T2. The other effects did not reach significance, all Fs(1,32) < 2.10, all ps > 0.160, all ηp2s < 0.06.
3.3.2 Pleasure
The ANOVA of the pleasure ratings revealed significant main effects of stimulus, F(1,63) = 11.23, p = 0.001, ηp2 = 0.15, and context, F(1,63) = 19.76, p < 0.001, ηp2 = 0.24. In addition, the ANOVA returned a significant interaction of group x stimulus, F(1,63) = 13.55, p < 0.001, ηp2 = 0.18, and a trend for a group × context interaction, F(1,63) = 3.56, p = 0.064, ηp2 = 0.05. Other effects did not reach significance, all Fs(1,63) < 2.47, all ps > 0.121, all ηp2s < 0.04. Never-smokers rated the smoking stimuli as less pleasant than the neutral stimuli, t(32) = 4.41, p < 0.001. In contrast, smokers did not discriminate between smoking and neutral stimuli, t(31) = 0.28, p = 0.783. Furthermore, both groups rated the social context as less pleasant than the neutral context, although this effect appeared to be slightly less pronounced in smokers, t(31) = 2.78, p = 0.009, than in never-smokers, t(32) = 3.61, p = 0.001 (see Figure 5A).
[image: Figure 5]FIGURE 5 | Pleasure (A) and arousal (B) in response to smoking and neutral stimuli presented in a social or neutral context in smokers and never-smokers. Error bars represent standard errors of the mean.
3.3.3 Arousal
Regarding the arousal data, the ANOVA returned significant effects of group, F(1,63) = 7.25, p = 0.009, ηp2 = 0.10; stimulus, F(1,63) = 10.21, p = 0.002, ηp2 = 0.14; and context; F(1,63) = 13.28, p = 0.001, ηp2 = 0.17. Other effects were not significant, all Fs(1,63) < 1.83, all ps > 0.181, all ηp2s < 0.03. Both groups rated smoking stimuli as more arousing than neutral stimuli and the social context as more arousing than the neutral context. Generally, smokers reported higher arousal than never-smokers (see Figure 5B).
3.4 Physiological and behavioral data
3.4.1 Startle response
The ANOVA of the startle data returned only a significant interaction of group x context, F(1,63) = 4.46, p = 0.039, ηp2 = 0.07. All other effects failed to reach significance (all other Fs(1,63) < 1.20, all ps > 0.278, all ηp2s < 0.02). The interaction was mainly driven by a marginally significant effect of context in the group of never-smokers, t(32) = 1.94, p = 0.061, which was evident as a potentiation of the startle response in the social context (see Figure 6A). The corresponding comparison was not significant in the group of smokers, t(31) = 0.99, p = 0.330.
[image: Figure 6]FIGURE 6 | Startle magnitude (T-scores) (A) and skin conductance responses [ln (SCR+1)] (B) during smoking and neutral stimuli presented in a social or neutral context in smokers and never-smokers. Error bars represent standard errors of the mean.
3.4.2 Skin conductance response
The ANOVA of the skin conductance data revealed a significant interaction of group x context, F(1,63) = 4.84, p = 0.031, ηp2 = 0.07, which was qualified by a reliable interaction of group x stimulus x context, F(1,63) = 6.82, p = 0.011, ηp2 = 0.01. The other effects did not reach significance, all Fs(1,63) < 0.70, all ps > 0.405, all ηp2s < 0.02. The 2 × 2 ANOVA in the group of smokers resulted only in a significant interaction of stimulus x context, F(1,31) = 12.03, p = 0.002, ηp2 = 0.28 (all other Fs(1,32) < 0.87, all other ps > 0.359, all other ηp2s < 0.03). Follow-up tests showed that compared to neutral stimuli, skin conductance responses to smoking stimuli were slightly lower in the neutral context, t(31) = 2.58, p = 0.015, but higher in the social context, t(31) = 1.99, p = 0.056. Separate comparisons of stimulus effects for each context revealed trends for an increased response to smoking stimuli, t(31) = 1.84, p = 0.075, and a decreased response to neutral stimuli in the social context, t(31) = 1.73, p = 0.093, respectively. Thus, social context affected the responses to smoking and neutral stimuli in opposite ways (see Figure 6B). The corresponding analysis in the group of never-smokers yielded no reliable effects, all Fs(1,32) < 0.87, all ps > 0.359, all ηp2s < 0.03.
3.4.3 Heart rate response
The analysis of the heart rate data revealed a main effect of group, F(1,63) = 2.96, p = 0.090, ηp2 = 0.05, and a group × stimulus interaction, F(1,63) = 3.75, p = 0.057, ηp2 = 0.06, of marginal significance. All other effects did not reach significance, all Fs(1,31) < 1.27, all ps > 0.264, all ηp2s < 0.02. The main effect of the group was evident as a generally increased heart rate response in smokers compared to never-smokers. The group × stimulus interaction was mainly driven by a trend for higher heart rate responses to smoking stimuli compared to neutral stimuli in the group of smokers, t(31) = 2.00, p = 0.055, which was not seen in the group of never-smokers, t(32) = 0.85, p = 0.404 (see Figure 7A).
[image: Figure 7]FIGURE 7 | Heart rate responses (bpm) (A) and behavioral approach responses (time to target contact in seconds) (B) to smoking and neutral stimuli presented in a social or neutral context in smokers and never-smokers. Error bars represent standard errors of the mean.
3.4.4 Behavioral approach
The ANOVA of latency to approach the target stimulus revealed significant effects of stimulus, F(1,63) = 8.94, p = 0.004, ηp2 = 0.12, and context, F(1,63) = 7.18, p = 0.009, ηp2 = 0.10, which were qualified by a three-way interaction of group x stimulus x context, F(1,63) = 7.58, p = 0.008, ηp2 = 0.11. All other effects were not reliable, all Fs(1,31) < 1.39, all ps > 0.243, all ηp2s < 0.02. A 2 × 2 ANOVA in the group of smokers yielded a marginally significant main effect of stimulus, F(1,31) = 3.40, p = 0.075, ηp2 = 0.10, a significant effect of context, F(1,31) = 4.64, p = 0.039, ηp2 = 0.13, and a significant context × stimulus interaction, F(1,31) = 5.02, p = 0.032, ηp2 = 0.14. In the social context, smokers showed a delayed response to approaching smoking stimuli compared to neutral stimuli, t(31) = 2.61, p = 0.014, which was not evident in the neutral context, t(31) = 0.56, p = 0.579. The corresponding analysis in never-smokers only returned a significant effect of stimulus, F(1,32) = 7.59, p = 0.010, ηp2 = 0.19. The other effects were not reliable, all Fs(1,31) < 2.61, all ps > 0.116, all ηp2s < 0.08. Independent of the context, never-smokers were slower to approach smoking stimuli compared to neutral stimuli (see Figure 7B).
4 DISCUSSION
The present study investigated the impact of social context on smoking cue reactivity in virtual reality. Smokers and never-smokers were exposed to proximal smoking cues and neutral stimuli in a social and neutral context, respectively. To our knowledge, this study is the first to have systematically probed the modulatory effects of social context on the reactivity evoked by proximal smoking stimuli as assessed by self-reported, physiological, and behavioral measures. In line with our hypothesis, social context specifically affected cue-elicited craving to smoke and cue-directed behavioral approach in smokers. However, contrary to our assumption, the presence of a virtual agent decreased the craving response to proximal smoking cues and increased the latency to contact the cigarette on the table with the virtual hand. Moreover, cue-evoked craving was increased when holding the cigarette in the virtual hand.
Regarding cue-evoked craving, the present study met several benchmarks in the literature and extended previous research. First, our results showed that proximal smoking cues trigger robust craving in smokers, which is consistent with previous studies using virtual reality (Pericot-Valverde et al., 2016) or more traditional stimulus presentation methods (Betts et al., 2021). Second, we found an increase in cue-evoked craving when the participants held the virtual cigarette in their virtual hand. These results may partly mirror previous observations that smoking a virtual cigarette increases craving in smokers (Garcia-Rodriguez et al., 2013) and may point to the dependency of cue effects on the perceived proximity to smoke intake (Mucha et al., 2008; Stippekohl et al., 2010). Third, and most importantly, we provided evidence for the modulation of cue reactivity by social context, which was evident in decreased cue-evoked craving and behavioral approach in the group of smokers. This effect was found in the absence of explicit social pressure or support applied by the virtual agent (Cho et al., 2008; Lee et al., 2008; Pfaller et al., 2021) and only in the presence of discrete smoking cues. These findings critically extend previous research with pictorial social stimuli associated with smoking and not smoking, which directly increased or decreased craving in the absence of discrete smoking cues (Conklin et al., 2013). Our results may be relevant for both basic and clinical research as they suggest that cue-evoked craving and approach may be affected by apparently “inert” (contextual) stimuli, which do not evoke intense craving by themselves (Mucha et al., 2008). The present findings further suggest that measures of overt behavioral approach and avoidance, which are less frequently implemented in virtual reality-based cue reactivity paradigms, may show promise for future research and treatment (Girard et al., 2009; Kim and Lee, 2019; Machulska et al., 2021). Previous research with speeded reaction time tasks demonstrated that pictures of discrete smoking cues may evoke a stronger approach bias in smokers than in never-smokers (Wiers et al., 2013; Machulska et al., 2015), which can be modified by training (Wittekind et al., 2019). Moreover, results from the cue availability paradigm indicate that the latency to approach a naturalistic proximal smoking cue (a real cigarette) critically depends on the probability of actual consumption. In particular, smokers were shown to be faster to approach a cigarette when the probability for smoke intake was high, whereas no differences in the control condition (Carter and Tiffany, 2001) or even opposite effects (Bailey et al., 2010) were found when smoking was unavailable. The results of the present study add to and extend these findings by showing that social context has a significant impact on cue-evoked overt behavioral approach, which may be related to a perceived reduction of the probability to consume. Finally, the skin conductance data also revealed differential effects of social context in the group of smokers only. Previous research established skin conductance as a sensitive measure of autonomic arousal and orientation in preparation for action (Bradley, 2009; Betts et al., 2021). In the present study, skin conductance responses to the proximal smoking cues were increased in the presence and decreased in the absence of a virtual agent, respectively, which may indicate higher resource mobilization in case of the former. Increases in skin conductance have also been related to the anticipation of response outcomes during risky decision-making (Dawson et al., 2011), which might point to the engagement of processes involved in the assessment of a social situation.
Regarding the putative mechanisms involved, it may be fruitful to discuss our findings in light of previous research with pictorial stimuli in smokers. Recent work by Conklin et al. (2019) demonstrated potentiation of drug-directed responding when proximal smoking stimuli were presented in combination with (personalized) smoking environments, as indicated by an increase in craving, a decrease in the latency to initiate smoking, and invigoration of smoke intake. In discussing their results, the authors address the predictive relationship of discrete and contextual stimuli to smoking and drug availability. Thus, combining two smoking-associated stimuli may have had additive effects on craving and smoking by increasing the signaled availability of the drug. Although summation of drug-directed responding is not always seen when two drug-associated stimuli are combined (Mucha et al., 2008), there are cases in the animal literature, which indicate additive effects (Panlilio et al., 1996). Furthermore, human research suggests that cue reactivity increases with the perceived availability of the drug (Wertz and Sayette, 2001; Bailey et al., 2010). Thus, a decrease in signaled smoke availability may partly account for the reduction of craving during incongruent stimulus–context combinations, with the lowest craving being reported when neutral stimuli were presented in an environment (almost) not related to smoking (Conklin et al., 2019). Interestingly, there are reports in the animal literature, which suggest that stimuli explicitly associated with the absence of drug reinforcement may not simply function as “neutral” stimuli but may acquire inhibitory properties and suppress drug-seeking (Kearns et al., 2005). The results from the present study extend this line of research on the combined effects of smoking-associated environments and stimuli by showing that social context moderates the reactivity to proximal smoking cues. Although the mechanisms involved in the attenuation of cue-evoked craving and approach in the present study are hypothetical, the presence of an unfamiliar virtual agent may have resulted in a reduction of the perceived opportunity to engage in smoking. Previous research suggests that personalized pictures of individuals a smoker regularly associates with smoking can function as cues for smoking and evoke robust cravings in comparison to pictures of strangers with an unknown relationship to smoking (Conklin et al., 2013). Interestingly, in this study, smokers reported the lowest craving in response to pictures of people they regularly associate with not smoking. Extending this line of research, the present study suggests that social stimuli not only affect craving per se but also modulate the reactivity evoked by proximal smoking cues, perhaps by reducing the perceived availability of smoking. Partly related are results provided by ecological momentary assessments, which showed that cigarette use falls below a baseline rate of smoking alone in the presence of others not smoking (Shiffman and Rathbun, 2011). The authors suggest that the effect may be mediated by the local creation of a non-smoking norm that results in compliant behavior. Thus, the presence of a non-smoking virtual agent in our study may have activated self-regulatory processes, which affected not only overt behavior but also the self-reported motivation for drug intake. Accordingly, the smokers in our study may have relied on several strategies (McRae and Gross, 2020) to downregulate cue reactivity, for instance, by actively controlling attentional resources (Yang et al., 2021), intentionally inhibiting craving (Brody et al., 2007), or (re-)interpreting the situation (Wu et al., 2015). However, animal studies also provide rich evidence for the impact of social stimuli on drug-seeking and intake, which may not necessarily be mediated by higher-order cognitive processes (Strickland and Smith, 2014).
Regarding clinical implications, the present paradigm may be informative for the enhancement of cue exposure-based therapies in virtual reality (Segawa et al., 2019). Cue exposure treatments commonly follow the rationale of extinguishing cue reactivity by repeatedly exposing patients to drug-associated cues without the delivery of the drug. There is considerable evidence that extinction learning does not simply erase the association between the drug and associated stimuli, but involves a new form of learning, which is highly context dependent (Conklin and Tiffany, 2002). Thus, individuals with substance use disorders might frequently relapse after having conducted cue exposure therapy in a new (social) environment, e.g., in the presence of a therapist in a therapist’s office unrelated to smoking, when reentering a (social) context previously associated with the drug (Crombag et al., 2008). The results of the present experiment suggest that it may be important to carefully consider the effects of social context in cue exposure situations. Following the rationale of the study, we expected to find increased cue reactivity when proximate smoking cues were embedded in a social context, which could be a promising approach to creating strong cravings in smokers undergoing cue exposure treatment. In contrast to our hypotheses, the social context specifically decreased cue-evoked craving and behavioral approach. These findings suggest that it might be fruitful to extend the therapeutic focus to stimuli that do not directly trigger (strong) craving by themselves, although they can nevertheless modulate the effects of proximate drug cues. Furthermore, it might be important to carefully consider the effects of social context when it comes to the development of graded exposure hierarchies. In this regard, it might be useful to use people individually associated with smoking in virtual exposure paradigms to boost the reactivity to proximal smoking cues (Conklin et al., 2013). Alternatively, it might be important to further investigate the putative protective functions of individuals explicitly associated with not smoking or functioning as attachment figures for smokers (Le et al., 2020). Furthermore, the present study showed an increase in cue-evoked craving when participants were holding the cigarette in their virtual hand. Thus, manipulating the perceived proximity to smoking might have a significant effect on cue reactivity in smokers (Mucha et al., 2008), which emphasizes the need to incorporate opportunities to interact with proximal smoking stimuli in a virtual environment. Extinguishing the association between drug-associated stimuli and behavioral approach and consumption or replacing the maladaptive behavior with a newly acquired alternative response may have a beneficial impact on treatment. For instance, seminal previous work reported that crushing virtual cigarettes had a positive effect on nicotine dependence, abstinence, and dropout rates (Girard et al., 2009). Recently, implementations of approach-avoidance trainings in virtual reality received heightened interest and showed some promising results (Kim and Lee, 2019; Mellentin et al., 2020; Machulska et al., 2021).
Interestingly, in the present study, the effects of social context on cue-evoked craving to smoke were partly decoupled from self-reported pleasure and arousal. Thus, social context decreased subjective pleasure and increased self-reported arousal in both groups. However, the context manipulation did not interact with the responses to the proximal smoking stimuli, and the impact on self-reported pleasure was less pronounced in the group of smokers. This may indicate either that these measures were less sensitive to the experimental manipulation or that the mechanisms involved in the modulation of cue-evoked craving may target different processes. For instance, although there are indications that proximal smoking cues may enhance self-reported pleasure in smokers (Stippekohl et al., 2010), in particular when smoking appears to be available (Bailey et al., 2010), this effect is not always seen (Mucha et al., 1999), and theoretical reasons may account for this (Robinson and Berridge, 1993). In interpreting the results of the physiological measures in the present study, it might be important to note that the stimulus parameters were basically derived from passive picture viewing paradigms (Lang, 1995) and translated to more complex, three-dimensional environments, including higher degrees of freedom (Müller et al., 1998; Löw et al., 2008). Nevertheless, the present study revealed a general effect of social context in the form of a trend for a potentiation of the startle response in never-smokers, indicative of negative affect (Lang, 1995), which was also seen in the rating data. In this regard, it might be informative that several never-smokers in our study reached an extreme score on the Social Phobia Inventory, which may account for these effects (Boecker and Pauli, 2019). Furthermore, the smoking group showed a trend for an increase in heart rate during exposure to proximal smoking cues, which may indicate heightened physiological arousal. Similar results were reported previously in smokers while “smoking” a virtual cigarette in a virtual pub (Garcia-Rodriguez et al., 2013), although the drug-associated environment had no influence on heart rate by itself. Another study reported an increase in heart rate in deprived smokers during specific exposure situations in complex drug-associated scenarios (Thompson-Lake et al., 2015), while Garcia-Rodriguez et al. (2012) found a partial decrease during exposure to smoking-associated environments in non-deprived smokers. Overall, these results emphasize the need to further investigate the impact of group characteristics (e.g., degree of nicotine dependence and deprivation) and the effects of specific stimulus configurations on drug-directed responding.
Areas for improvement and further research comprise the sample size of the present study, which could be increased to enhance statistical power to reliably detect more subtle effects. Also, the implementation of the social and environmental contexts could receive further attention. The virtual room used in our study was a simulation of the real laboratory where the experiment took place. In Germany, smoking is normally not allowed in public buildings, which may have diminished cue reactivity (Mucha et al., 2008; Lu et al., 2022). It is also possible that this environment affected the modulation of cue effects by social context, for instance, in a direction opposite to environments where social smoking frequently takes place. Regarding the basic mechanisms mediating the effect of social context on cue reactivity, it might be informative to probe the dynamic time course of visual attention, e.g., via eye-tracking. Drug-associated stimuli are commonly hypothesized to capture the attention of users (Field et al., 2014), which might compete with the processing of social stimuli (Cho et al., 2008; Wechsler et al., 2021), in particular when drug use appears to be imminent. Furthermore, in our study, the participants were not familiar with the virtual agent, which may represent a new social context only partially resembling the situations smokers are used to smoking or not smoking in. Thus, one could provide explicit information about the smoking status of the agent, attitudes toward smoking, or the availability of smoking to disambiguate the situation. Moreover, recent developments in VR technology may allow to present smokers with personalized models of individuals (Waltemate et al., 2018) they routinely engage in or refrain from smoking with (Conklin et al., 2013; Le et al., 2020), which could be used to probe their impact on cue reactivity and to improve strategies for treatment.
In sum, the present study crucially extends laboratory-based human research on the effects of social context on the motivation to smoke and smoking-related behavior by revealing a modulatory effect of social context on the reactivity evoked by proximal smoking cues. Previous work suggests that pictures of people individually associated with smoking or not smoking can enhance or decrease craving independently from the presence of proximal cues for smoking. The current study broadens the scope of this line of research by revealing a decrease in cue-evoked craving and behavioral approach tendencies only in the presence of a virtual agent. These findings may contribute to a better understanding of the interplay between social contexts and proximate drug cues in the stimulus control of addictive behaviors. In unraveling the underlying mechanisms, it might be fruitful for future research to address social context-dependent changes in the perceived availability of drug intake, which may provide a link to inhibitory processes.
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