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Measuring attentional bias in 
smokers during and after 
psychosocial stress induction with 
a Trier Social Stress Test in virtual 
reality via eye tracking
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Introduction: Attentional bias (AB) is considered an important factor not only in 
the etiology of addiction, but also with respect to relapse. However, evidence for 
the predictive ability of AB for relapse is not robust. One reason for this might 
be  fluctuations of AB due to stress. Therefore, the current study investigated 
whether AB was present during and after stress induction and whether AB was 
enhanced by stress induction.

Methods: A Virtual Reality (VR) adaptation of the Trier Social Stress Test (VR-TSST) 
was used to induce psychosocial stress in smokers (n = 34) and non-smokers 
(n = 37) followed by a novel free-viewing task in VR. Eye tracking data was recorded 
to examine gaze behavior to smoking-related and neutral stimuli presented in the 
VR-TSST and the free-viewing task.

Results: Stress ratings increased significantly from baseline to post VR-TSST in 
smokers and non-smokers. During the VR-TSST we  observed, more frequent, 
longer, and earlier fixations on smoke-related compared with neutral stimuli 
without significant group differences. However, in the free-viewing task following 
the stress induction, a specific AB of smokers in terms of earlier and longer 
fixations on smoke stimuli was found.

Conclusion: Results indicate that AB is not a persistent trait in smokers, but is 
context dependent. It is suggested that emotional learning processes such as 
smoking in the context of relief after stress may contribute to changes of AB both 
in terms of increased initial attention and deeper stimulus processing. Additionally, 
the potential of the VR-TSST to induce psychosocial stress could be replicated.
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1. Introduction

Attention bias (AB) is a phenomenon in which substance users perceive substance-related 
cues in a prioritized manner, which is reflected by a rapid directing of attention towards, and/
or a prolonged attention on these cues (Field and Cox, 2008; Field et al., 2016). The incentive-
sensitization theory (IST) of addiction (Robinson and Berridge, 1993; Berridge and Robinson, 
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2016) provides an explanatory framework for the development of AB 
(Field et al., 2016). According to IST, the higher salience of drugs and 
other drug-related stimuli originates from repeated previous substance 
use, causing increased dopamine neurotransmission in reward-related 
brain regions. As a consequence, substance-related cues obtain strong 
incentive motivational properties that contribute to continued use or, 
in the attempt to quit, to relapse (Robinson and Berridge, 1993; 
Berridge and Robinson, 2016).

Several meta-analyses confirmed the presence of AB among users 
of numerous substances including alcohol, cannabis, cigarettes, 
cocaine, heroin, and opioids (Cox et al., 2006; Rooke et al., 2008; 
Zhang et  al., 2018). In addition, AB was observed in behavioral 
addiction disorders such as internet-gaming disorder (Kim et  al., 
2019) and internet-pornography-use disorder (Pekal et  al., 2018). 
Although various theoretical models of AB including IST predict that 
the strength of AB is indicative of the likelihood of relapse, empirical 
studies show that the ability of AB to predict future substance use or 
relapse is not robust (Field et  al., 2016). It is suggested that this 
phenomenon may be explained by conceptualizing AB not as a stable 
trait but as fluctuating with the motivational state of substance users 
and by considering methodological issues (i.e., insufficient reliability 
of traditional methods to measure AB). Given that AB may 
be dependent on situational or motivational factors, congruence of the 
situations which are linked to continued use or relapse, and the 
measurement situation in the laboratory is important to enhance 
ecological validity (Field et al., 2014, 2016). Indeed, the fluctuating 
nature of AB is supported by a meta-analysis reporting a significant 
association between AB and subjective craving (Field et al., 2009). 
Regarding smoking, previous research additionally showed that AB 
can be increased by nicotine deprivation (Field et al., 2004; Freeman 
et al., 2012; Hindocha et al., 2018), alcohol intake (Field et al., 2005), 
smoking cue exposure (Field et al., 2007), and the anticipation of a 
smoking opportunity (Wertz and Sayette, 2001). Field et al. (2014, 
p. 228) conclude in their review that “attentional bias may peak during 
“high-risk” situations for relapse alongside increases in 
subjective craving.”

Obvious risk situations are situations associated with stress. Stress 
is known to play a central role in substance abuse and relapse (Sinha, 
2001, 2007; for a recent review see Ruisoto and Contador, 2019). 
Smokers typically report that stress relief is their primary motive for 
smoking (e.g., McEwen et al., 2008), that they smoke more when 
feeling stressed (Kassel et al., 2003), and that stress often triggers the 
habit of smoking (Taylor et  al., 2021). In addition, it was also 
experimentally shown that smokers smoke more intensely as a result 
of stress (McKee et al., 2011). Accordingly, smokers commonly believe 
that smoking is able to reduce stress and negative affect, although 
research provides very contradictory results as to whether this is 
actually the case (Kassel et al., 2003; Baker et al., 2004; Hajek et al., 
2010). The belief in stress reduction through smoking constitutes one 
of the most important barriers to smoking cessation (Twyman et al., 
2014). In addition, it was found that stress increases cigarette craving, 
and that relapse often occurs as a result of stressful situations (Baker 
et al., 2004; Schultz et al., 2022). Despite this important influence of 
stress on smoking, evidence regarding the influence of stress on AB is 
scarce. To our knowledge, only one study has examined the influence 
of stress on AB in smokers. McCarthy et al. (2009) measured AB in 
smokers and non-smokers with an Addiction-Stroop task and 
conceptualized stress induction as administration of electric shocks. 

While the authors found no effect of stress on AB, there are some 
methodological issues that need to be taken into account. First, the 
Stroop task provides only an indirect measure of AB (see below for a 
detailed discussion). Second, and more importantly, the experimental 
stress induction might have been too dissimilar to real stress situations 
to which smokers are commonly exposed. Thus, in the present study, 
we aimed to induce psychosocial stress. The Trier Social Stress Test 
(TSST), originally developed by Kirschbaum et  al. (1993), is 
considered the gold standard in the induction of acute psychosocial 
stress (Allen et al., 2017). A stress response indicated by increased 
cortisol levels is caused in particular by the factors uncontrollability 
and social-evaluative threat (Dickerson and Kemeny, 2004), and these 
are realized in the TSST by a previously unannounced arithmetic task 
and a job interview in front of a committee. Despite numerous 
deviations and adaptations from the original protocol used over time 
(Goodman et  al., 2017; Narvaez Linares et  al., 2020), the TSST 
generates a consistent physiological and psychological stress response 
(Allen et al., 2017). The TSST has also been successful in inducing 
psychosocial stress when implemented in virtual reality (VR), thereby 
allowing for higher experimental control and standardization. 
Considering the present study, another advantage of VR is that it 
allows to place relevant stimuli in the virtual environment while 
simultaneously measuring gaze via an eye tracking device integrated 
into the head-mounted display (HMD). Consequently, one can 
measure AB during stress induction. In order to additionally enable a 
pre-post comparison of the AB within the VR-TSST, we adapted the 
procedure of the TSST by adding an identically designed 1-min 
waiting period in which smoking-related and neutral stimuli were 
visible before receiving the instructions and after conducting the 
job interview.

The direct measurement of AB via eye tracking is considered 
advantageous in terms of reliability and construct validity over the 
two paradigms most commonly used in previous research on AB 
(Field et al., 2014; Drobes et al., 2019), namely the aforementioned 
Addiction-Stroop task (Cox et al., 2006) and the Visual Probe task 
(originally designed in the research of depression and anxiety 
disorders by MacLeod et al., 1986). In both tasks, AB is not measured 
directly but inferred from reaction times to pictures or words 
(substance related or neutral) presented on a computer screen (for a 
detailed description of the tasks procedure, see, e.g., Field and Cox, 
2008). Due to this indirect measurement, difficulties often arise in 
the interpretation of results of both tasks because alternative 
explanations besides a specific AB remain unresolved (Field and 
Cox, 2008). Direct measurement of overt attention by means of eye 
tracking eliminates this ambiguity and makes it possible to examine 
both components of AB (i.e., faster engagement and delayed 
disengagement of attention) separately. In addition, the Addiction-
Stroop task and the Visual Probe task showed low internal reliability 
(Ataya et al., 2012; van Bockstaele et al., 2014). Results of traditional 
measures of AB relying on the presentation of two-dimensional 
images or words in a laboratory setting may also generalize less to 
real-life situations. Therefore, as in a previous study (Schröder and 
Mühlberger, 2022), we  used VR to present more realistic three-
dimensional stimuli in a naturalistic setting to increase ecological 
validity while maintaining experimental control. Additionally, VR 
increases the relevance of the stimuli for participants as immersion 
in VR is usually accompanied by the experience of presence (Diemer 
et al., 2015).
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The goal of the present study was to investigate the influence of 
psychosocial stress on AB towards smoking-related stimuli among 
smokers relative to non-smokers using an ecological valid VR 
paradigm. We implemented an adapted version of the VR-TSST that 
measured participants’ overt attention via eye gaze both during the 
VR-TSST as well as in a free-viewing task following the stress 
induction. We hypothesized that smokers relative to non-smokers 
show an AB towards smoking related stimuli during the VR-TSST and 
the free-viewing task both in terms of initial and maintained attention, 
and that this effect is more pronounced in the experimental parts 
following the psychosocial stress induction. Finally, we  aimed to 
address an issue raised by Yaxley and Zwaan (2005), who investigated 
whether participants’ prior knowledge of the smoking-related focus 
of their study had an impact on AB. In fact, they found that 
non-smokers had the same AB towards smoking-related pictures as 
smokers when the smoking focus of the study was known, but only 
smokers exhibited AB when the focus was unknown. Similar results 
were reported by Yan et  al. (2009) and Knight et  al. (2016) who 
demonstrated that instruction about the study focus induced an 
AB. Yet, existing awareness for the study focus among participants of 
AB studies is often not taken into account in the study design but is 
mentioned merely as a limitation (e.g., Bonitz and Gordon, 2008; 
Eastwood et al., 2010; Huang et al., 2020). Therefore, we designed our 
study in a way that all participants were uninformed about its 
smoking focus.

2. Materials and methods

2.1. Participants

A total of 82 participants were recruited at the University of 
Regensburg. Exclusion criteria were age below 18 or above 40 years, 
pregnancy, neurological disorders, current or former affective or 
psychotic disorder, psychopharmacological medication, and 
dependence of substances other than nicotine. All participants had 
normal or corrected-to-normal vision (as assessed via a vision test in 
VR). Following these criteria, five participants were excluded as there 
were indications for a mental disorder in the diagnostic brief interview 
Mini-DIPS Open Access (Margraf and Cwik, 2017). Due to technical 
problems that led to no eye tracking data being recorded, two further 
participants had to be excluded. One participant asked to abort the 
experimental session because the job interview appeared too 
frightening to her after receiving the instructions and was subsequently 
excluded, as were two participants for whom an operating error led to 
a shorter duration of the experiment. Finally, one participant originally 
assigned to the non-smoking group was excluded because the 
questionnaires indicated repeated smoking during the last 2 days 
before the experiment and the last smoked cigarette 1 h before the 
experiment. This resulted in a final sample of 71 participants (40 
female) consisting of 34 smokers (15 female) and 37 non-smokers (25 
female) between the age of 18 and 37 years (M = 22.56, SD = 3.67). 
Psychology students received course credit as compensation. The 
study was approved by the Ethics Committee of the University of 
Regensburg (no. 19-1,576-101).

Smokers reported to smoke M = 9.03 cigarettes per day (SD = 4.71, 
overall range between 2–20 cigarettes per day with 79% being within a 
range of 5–15). Non-smokers reported currently not to smoke on a 

regular basis. Among non-smokers 54% (n = 20) reported never having 
smoked a cigarette in their lifetime, further 97% (n = 36) reported 
never having smoked regularly in the past, and 3% (n = 1) reported 
having regularly smoked in the past, but not currently. Mean time since 
last cigarette of those who did smoke cigarettes in their lifetime was 
22.27 months (SD = 23.98, range = 2 days to 6 years with 88% being 
within a range of 2 months to 6 years). Note that after completion of the 
experimental tasks within the non-smoking group one participant 
reported smoking one cigarette 2 days prior to the study and one other 
participant reported smoking one cigarette 14 days prior to the study. 
However, since the participant smoking 2 days prior reported never 
having smoked regularly and not currently smoking regularly, and the 
participant smoking 14 days prior reported not currently smoking 
regularly, we did not exclude the relating datasets. Smokers rated the 
statement “Smoking helps me get over stressful periods” between 0 (do 
not agree) and 100 (strongly agree) with M = 65.29 (SD = 25.01), and 
the statement “I smoke more during stressful periods” with M = 75.59 
(SD = 23.89). Exhalation carbon monoxide (CO) level among smokers 
was 5.62 ppm (SD = 2.93) and, M = 1.54 ppm (SD = 0.90) among 
non-smokers. In the Fagerström Test for Nicotine Dependence (FTND, 
Heatherton et al., 1991) smokers scored between 0 and 6 (M = 1.82, 
SD = 2.01). Smokers started smoking at ages between 13 and 21 years 
(M = 17.35, SD = 2.10) and reported having smoked the last cigarette 
between 45 min and 24 h prior to experiment start (M = 3.64 h, 
SD = 5.43). There were no significant group differences regarding 
gender, χ2(1, 71) = 3.96, p = 0.058. Regarding age, a t-test indicated that 
the group of smokers (M = 23.53, SD = 3.39) had a higher mean age 
compared with the group of non-smokers (M = 21.68, SD = 3.74), 
t(69) = 2.18, p = 0.032. Accordingly, age was entered as a covariate in the 
analysis of the eye tracking data.

The lack of prior data regarding the influence of psychosocial 
stress on attentional bias in smokers prevents an empirically based 
estimate of the effect size to calculate a power analysis. As suggested 
by Brysbaert (2019), we therefore used a medium effect size according 
to Cohen (1988) as a useful effect size of interest. We consequently 
calculated our power analysis based on a Cohen’s f of 0.25. Using 
G*Power 3.1.9.2 with the input of 0 as correlation between repeated 
measures led to a minimum required sample size of N = 66 to reach 
power greater than 0.80 (0.808) for the Stimulus × Group interaction 
regarding eye tracking data. As a precaution to compensate for 
possible data loss, we recruited 82 participants, of whom 71 ended up 
being included in the analyses. By inserting 0 as correlation between 
repeated measures, we addressed an issue raised by Aberson et al. 
(2020), who argue that G*Power default settings underestimate the 
required sample size due to an erroneous doubling of the correlation 
between repeated measures.

2.2. Apparatus and stimuli

The VR was generated using the Steam Source engine (Valve 
Corporation, Bellevue, WA, United States) and was presented with the 
HTC VIVE head mounted display (HTC Corporation, Taoyuan, 
Taiwan). The HMD has headphones attached and an eye tracking 
device (SensoMotoric Instruments, Teltow, Germany) integrated. Eye 
tracking was continuously recorded binocular at a sampling rate of 
250 Hz with a trackable field of view of 110° and a typical spatial 
accuracy of 0.2° (SensoMotoric Instruments, 2016). CyberSession 
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Research 5.8 (VTplus GmbH, Würzburg, Germany) provided the eye 
tracking data in logfiles and controlled the VR environment. 
Participants’ view and audio were duplicated for the investigator on a 
separate computer screen and speaker, respectively.

The VR-TSST consisted of two rooms (see screenshots in Figure 1). 
In the preparation room, there was a table with chairs at which a 
competitor was already sitting and taking notes. On one side of the 
table was a red Marlboro cigarette pack next to a blue lighter. On the 
opposite side of the table was a red stapler and a blue highlighter. The 
door to the room where the job interview took place was visible, but 
yet closed. Next to this door on the wall were two very similar black 
and white pictures of the same size, each showing a woman wearing 
sunglasses, one of whom was smoking. Additionally, two female and 
two male computer characters could be seen through windows with 
one female talking to each male. One of the two pairs was smoking. In 
the room of the job interview, a committee consisting of three people 
(a woman and two men with the woman being in the middle) sat at a 
table. To the left of the table was a video camera on a tripod. On the 
table, on one side was a blue Gauloises cigarette pack next to a white 
ashtray, and on the other side was a blue pack of tissues and a white 
cup. Thus, there were a total of four smoking-associated regions of 

interest (ROI) for the analysis of the eye tracking data consisting of 
ashtray and blue cigarette pack, lighter and red cigarette pack, picture 
of woman smoking, and window through which the smoking persons 
were visible. The four corresponding neutral ROIs consisted of cup and 
tissues, highlighter and stapler, picture of a non-smoking woman, and 
window through which the non-smoking persons were visible. All 
stimuli of the ROIs were matched as closely as possible in terms of size, 
shape, arrangement, and color, and all were counterbalanced in terms 
of their placement left or right across participants.

In the free-viewing task that followed the VR-TSST, six smoking-
associated and six neutral three-dimensional stimuli appeared. The 
smoke stimuli consisted of an ashtray, a lighter, a Marlboro cigarette 
pack, a Gauloises cigarette pack, loose cigarettes, and a pack of hand 
rolling tobacco of the brand Pueblo. The neutral stimuli consisted of a 
bowl, a highlighter, a stapler, a pack of tissues, pens, and a smartphone.

2.3. Procedure

Before arrival, group assignment was performed covertly based 
on information participants provided in an online prescreening when 

A

B C

FIGURE 1

Virtual environment of VR-TSST. (A) Preparation room. (B) Pictures in the preparation room. (C) Job interview committee. Image modified to omit brands.
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making an appointment for the experiment. The prescreening 
contained three questions about smoking status which were embedded 
alongside five other questions that served as a distraction (alcohol 
consumption, fear of heights, acting rashly, and two questions about 
social anxiety). Recruitment took place via bulletin boards and social 
media. In addition, people who smoked were addressed directly on 
the university campus without disclosing the fact that they were being 
approached due to their smoking.

Upon arrival at a laboratory of the Department for Psychology at 
the University of Regensburg, participants were briefed and provided 
informed consent in written form. Participants were informed that 
they would be taking part in a virtual job interview, and that the level 
of stress would be assessed. The actual subject of the study regarding 
gaze behavior to smoking-related and neutral stimuli was not openly 
communicated until the debriefing at the end of the experiment (in 
addition, all questionnaires were administered at the end of the 
experiment). Likewise, it was not openly communicated until the 
debriefing that participants were assigned to different groups based on 
their smoking status. The study took place in a closed laboratory with 
one investigator per participant who assisted in putting on the HMD, 
noted the participants’ answers to rating questions, and controlled the 
VR. After providing informed consent, baseline stress was assessed. 
Next, the inclusion interview took place. General exclusion and 
inclusion criteria (neurological disorders, intake of 
psychopharmacological medication, pregnancy, age between 18 and 
40 years) were assessed by the investigators. Additionally, the presence 
of mental disorders was excluded by conducting the diagnostic brief 
interview Mini-DIPS Open Access (Margraf and Cwik, 2017). 
Participants then put on the head mounted display (HMD) and the 
eye tracker was calibrated. Subsequently, to confirm normal or 
corrected-to-normal vision, participants were subjected an eye test in 
which they were asked to read aloud a series of unrelated letters and 
numbers displayed on the HMD. Participants were then placed in a 
training room in order to get accustomed to the virtual environment. 
To reduce the likelihood of cybersickness (Christou and Aristidou, 
2017), the participants did not personally navigate, but were teleported 
to the relevant locations in the VR. Teleporting was first explained and 
experienced in the training room. Then, participants completed the 
VR-TSST followed by a free-viewing task.

2.3.1. VR-TSST
Participants started sitting at the table in the VR preparation room 

and were instructed to wait briefly until they receive further 
instructions (1 min waiting time). During this time, the participants 
could look around the preparation room while a competitor, also 
sitting at the table, made notes on a piece of paper. Afterwards, 
standardized instructions on the VR-TSST were played over 
headphones. The procedure of the VR-TSST used in the present study 
is largely oriented on the standard protocol for conducting the in vivo 
TSST (Kudielka et  al., 2007) and is similar to a previous 
implementation of the VR-TSST (Shiban et al., 2016). Participants 
were informed that they should imagine an interview for their dream 
job and should now prepare a 5-min presentation about their own 
strengths and their particular suitability for the job, which they will 
later be asked to present to an application committee. The participants 
were told that they now have a brief moment to prepare for the 
presentation. This preparation time lasted 3 min. Next, a female 
character entered the preparation room and announced that the 

preparation time is over and the presentation is about to begin. As the 
presentation took place in a standing position, the participants were 
assisted by the investigator to stand up from their chair. Then, 
participants were teleported to a position 2 m in front of the 
committee, from which the participants were asked to start their 
presentation. If participants did not fully use the 5-min presentation 
time, they were informed by the committee (triggered by the 
investigator) that they still had time and were asked to continue their 
presentation. The presentation was followed by a previously 
unannounced arithmetic task introduced by the committee, which 
required to continuously subtract 17 from 2023. The arithmetic task 
lasted 5 min and participants were instructed to calculate as quickly 
and correctly as possible and were prompted by the committee to start 
again at 2023 if they made a mistake. After that, a teleport back to the 
table of the preparation room took place (participants were assisted 
by the investigator to sit down) and the participants received the 
instruction “Please wait a moment, it will continue shortly” (again 
1 min waiting time). After the waiting period, the free-viewing task 
was announced as the next task.

2.3.2. Free-viewing task
After 1 min of getting accustomed to the new VR environment 

consisting of a room without furnishings with a wooden floor and 
gray walls to ensure sufficient contrast also for white stimuli, 
participants were instructed to look at the objects which were about 
to appear and to rate their presence between each trial. These ratings 
aim to mask the intention of the measurement. In each of six trials, 
a total of 12 objects (6 smoking-related, 6 neutral) were presented 
simultaneously in a 4 × 3 pattern (see Figure 2) for a duration of 30 s. 
The same smoking-associated and neutral stimuli as in the VR-TSST 
part were used (see Stimuli section). To ensure that the outer stimuli 
were at the same distance from the participants as the inner stimuli, 
they were placed in a semicircle around the participants’ point of 
view. Before the start of each trial by the investigator, a blue cube was 
displayed centrally, which the participants were asked to fixate as a 
standardized starting point. The locations of the subsequent 
appearance of the stimuli were pseudorandomized across trials 
(with, in each row, two smoking-associated and two neutral stimuli; 
each stimulus appearing only once per position; three smoking-
associated and three neutral stimuli in each of the left and right 
halves of all objects, respectively; in the two central positions, a 
smoke-associated stimulus with its matched neutral stimulus in the 
neighboring position) and counterbalanced across participants (all 
appearance locations of smoking-associated and neutral stimuli were 
exactly the opposite for one half of the participants as for the 
other half).

Finally, participants removed the HMD and filled in the 
questionnaires described below. After completing the experimental 
procedure, the CO measurement took place, and subsequently, the 
participants were fully debriefed. The total duration of the experiment 
was approx. 60 min.

2.4. Measures

2.4.1. Questionnaires
Following the free-viewing task, presence was measured with the 

Igroup Presence Questionnaire (IPQ; Schubert et  al., 2001). The 
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occurrence of cybersickness was assessed with the Virtual Reality 
Sickness Questionnaire (VRSQ; Kim et al., 2018). Additional self-
report measures included a demographic questionnaire, a smoking 
questionnaire documenting smoking history and current smoking 
behavior, the brief Questionnaire of Smoking Urges (QSU-b; Cox 
et  al., 2001), and the Fagerström Test for Nicotine Dependence 
(FTND, Heatherton et al., 1991). QSU-b and FTND were administered 
to smokers only.

2.4.2. Ratings
The perceived stress level was verbally rated five times (baseline 

before inclusion interview, after receiving VR-TSST instructions, after 
performing VR-TSST, prior to first trial of free-viewing task, and after 
completing free-viewing task). At this, participants rated the statement 
“On a scale of 0 to 100, how stressed do you feel right now? 0 means not 
stressed at all and 100 means very stressed.” One item of the IPQ 
(Schubert et al., 2001) is used as verbal presence rating between trials 
of the free-viewing task (“Between 0 and 100, how strongly do you agree 
with the following statement: In the computer-generated world, I had the 
impression of being there. 0 means not at all, and 100 means very 
strongly.”). Cigarette craving for the present moment was rated 
between 0 and 100 after the free-viewing task, and in order not to 
reveal the relevance of smoking in advance, in retrospect for the 
beginning of the experiment and for the time directly after the 
VR-TSST.

2.4.3. Physiological measures
Binocular eye movement data was recorded continuously 

beginning after a 5-point calibration of the integrated eye tracker 
once participants put on the HMD. To objectify the smoking status, 
breath CO measurement (CO Check Pro, MD Diagnostics Ltd., 
Kent, UK) took place at the end of the experiment for 
all participants.

2.5. Data reduction and statistical analysis

CyberSession Research 5.8 (VTplus GmbH, Würzburg, Germany) 
provided a single log file for each participant containing eye tracking 
data (timestamps, gaze angles, ROI in focus, markers of the VR-TSST 
phases and the stimulus onsets of the free-viewing task). To classify 
fixations, we used the event detection algorithm REMoDNaV (Dar 
et al., 2021). This algorithm is an adaptive velocity based algorithm 
based on an earlier algorithm by Nyström and Holmqvist (2010), 
which was found to be among the best in an evaluation of several 
event-detection algorithms (Andersson et al., 2017). Dar et al. (2021) 
further developed this existing algorithm to be  compatible with 
prolonged recordings of dynamic stimulation. Since this algorithm 
requires coordinates as input, we converted the gaze angles in our data 
into coordinates using an in house written script in Python (version 
3.8; Python Software Foundation, Delaware, US). The resulting file 
was analyzed with REMoDNaV and the classified events were then 
combined with the timestamps, ROI information and markers from 
the original log files. These combined files were then processed with 
an additional in house written Python script which determined the 
number of fixations for each ROI (fixation count), the mean time of 
one fixation, the time until the first fixation of a ROI (initial fixation 
time), and the dwell time (i.e., overall time spent on a ROI). This 
output was subsequently imported in SPSS 26.0 (IBM Corp., Armonk, 
NY, United  States). For the free-viewing task, we  additionally 
determined whether the first fixation of a trial was smoke-related or 
neutral and calculated the proportion of trials in which participants 
fixated smoking-related stimuli first. Eye tracking data was 
subsequently analyzed using 2 × 2 mixed design ANCOVAs (covariate 
age) with group (smokers, non-smokers) as the between-subjects 
variable and stimulus (smoking-related, neutral) as the within-
subjects variables. ANOVAs were used to examine the main effects of 
stimulus alone. Potential changes between the initial 1-min waiting 

FIGURE 2

Presentation of smoking-associated and neutral stimuli in the free-viewing task. Image modified to omit brands.
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period and the 1-min waiting period at the end of the VR-TSST were 
analyzed with a 2 × 2 × 2 ANCOVA with the additional within-subjects 
factor time (pre, post). When examining the main effects of the within 
factors time and stimulus without the factor group, ANOVA results 
are reported as the covariate age is, at that point, not required. The 
proportion of smoking-first fixations across trials of the free-viewing 
task was analyzed by calculating a univariate ANCOVA with the 
covariate age. For a manipulation check of the stress induction, 
we calculated a Group × Time ANOVA over the five time points of the 
stress ratings. Greenhouse–Geisser correction was used if necessary. 
Partial η2 (η p

2 ) scores are reported as effect sizes. Alpha level was 5% 
for all statistical analyses. As an increasing number of researchers 
suggest (e.g., Aczel et  al., 2018; Wagenmakers et  al., 2018), 
we calculated Bayes factors (BF01) to quantify support of the null-
hypotheses (H0) for non-significant results including age as covariate. 
Bayesian analysis was conducted in JASP (Version 0.16.4; JASP Team, 
2022). Resulting Bayes factors were interpreted according to the 
categories of Jeffreys (1961).

3. Results

3.1. Stress, craving and VR characteristics

Regarding stress ratings (see Figure 3), a Group × Time ANOVA 
revealed a significant main effect Time [F(4, 276) = 63.15, p < 0.001, 
η p

2  = 0.478]. Post hoc ANOVAs indicate a significant increase in stress 
from baseline to post VR-TSST instructions [F(1, 69) = 65.39, 
p < 0.001, η p

2  = 0.487], a further significant increase from post 
VR-TSST instructions to post VR-TSST [F(1, 69) = 22.02, p < 0.001, 
η p

2  = 0.242], a significant decrease from post VR-TSST to pre free-
viewing task [F(1, 69) = 114.74, p < 0.001, η p

2  = 0.624], and another 
significant decrease from pre to post free-viewing task [F(1, 

69) = 11.45, p = 0.001, η p
2  = 0.142]. Exploratory analyses of the 

different measurement time points with univariate ANCOVAs 
(covariate age) revealed significantly higher stress levels in smokers 
compared to non-smokers at the beginning of the experiment [F(1, 
68) = 4.63, p = 0.035, η p

2  = 0.064] as well as immediately after the 
VR-TSST [F(1, 68) = 4.22, p = 0.044, η p

2  = 0.058].
ANCOVA results for the course of craving yielded a significant 

Group × Time interaction [F(1.49, 101.47) = 7.71, p = 0.002, 
η p

2  = 0.102], indicating significant changes of craving over time for 
smokers only (see Figure 4). Subsequent t-tests showed within smokers 
a significant increase of craving from baseline to post VR-TSST, 
t(33) = −3.58, p < 0.001, a significant decrease from post VR-TSST to 
post free-viewing task, t(33) = 2.64, p = 0.012, and a significant increase 
from pre experiment to post free-viewing task, t(33) = −2.69, p = 0.011. 
Additionally, smokers reported significantly higher craving than 
non-smokers [F(1, 69) = 122.63, p < 0.001, η p

2  = 0.640]. Exploratively, 
we examined whether there was an association in smokers between the 
peak craving and the peak stress, each following the VR-TSST. A 
Pearson correlation coefficient was computed and yielded a significant 
positive correlation between the two variables in smokers, r(32) = 0.48, 
p = 0.002, but not in non-smokers, r(35) = 0.08, p = 0.319.

Low levels of VR sickness (the possible maximum score of VRSQ 
is 27) were reported (M = 6.28, SD = 4.26) without significant 
differences between groups (p = 0.647). Medium presence (the feeling 
of being there; possible IPQ scores ranging from −42 to 42) with 
M = 1.13 (SD = 13.23) was reported without significant group 
differences (p = 0.883).

3.2. Gaze during the VR-TSST

Gaze data during the VR-TSST revealed generally more 
frequent, longer, and earlier fixations on smoke stimuli compared 

FIGURE 3

Stress ratings during the course of the experiment for smokers (n = 34) and non-smokers (n = 37). Asterisks indicate significant differences. Error bars 
show standard errors.
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with neutral stimuli (see Table  1 for summary statistics). 
Accordingly, there were main effects of Stimulus for fixation count 
[F(1, 69) = 15.26, p < 0.001, η p

2  = 0.181], mean fixation time [F(1, 
69) = 14.65, p < 0.001, η p

2  = 0.175], initial fixation time [F(1, 
69) = 4.21, p = 0.044, η p

2  = 0.058], and dwell time [F(1, 69) = 14.09, 
p < 0.001, η p

2  = 0.170].
However, contrary to our expectation, the Group × Stimulus 

ANCOVAs did not yield significant Group × Stimulus interactions for 
any of the eye movement variables (fixation count: p = 0.846; mean 
fixation time: p = 0.522; initial fixation time: p = 0.281; dwell time: 
p = 0.787). The subsequent Bayesian analyses stated moderate evidence 
for H0 regarding fixation count (BF01 = 4.04), mean fixation time 
(BF01 = 3.87) and dwell time (BF01 = 4.08), and anecdotal evidence for 
H0 regarding initial fixation time (BF01 = 2.87).

With regard to the comparison of the 1-min waiting time before 
and after the VR-TSST, the Group × Stimulus × Time ANCOVA for 
fixation count did not show the expected three-way interaction 
(p = 0.172; BF01 = 3.27 indicating moderate evidence for H0). 
Furthermore, there were no significant Group × Stimulus × Time 
interactions for mean fixation time (p = 0.524; BF01 = 4.33, indicating 
moderate evidence for H0), initial fixation time (p = 0.285; 
BF10 = 1.32, indicating anecdotal evidence for H1), and dwell time 
(p = 0.227; BF01 = 3.47, indicating moderate evidence for H0). 
Instead, the main effects of Stimulus (more frequent, longer, and 
earlier fixations on smoke stimuli) were again evident (fixation 
count: F(1, 69) = 13.10, p = 0.001, η p

2  = 0.160; mean fixation time: 
F(1, 69) = 24.06, p < 0.001, η p

2  = 0.259; initial fixation time: F(1, 
60) = 10.72, p = 0.002, η p

2  = 0.152; dwell time: F(1, 69) = 13.63, 
p < 0.001, η p

2  = 0.165). Additionally, there was a main effect Time 
for mean fixation time [F(1, 69) = 6.39, p = 0.014, η p

2  = 0.085], 
indicating a general reduction in mean fixation times from pre to 
post VR-TSST (pre: M = 175 ms, SD = 83 ms; post: M = 144 ms, 
SD = 77 ms).

3.3. Gaze in the free-viewing task

Although smokers showed descriptively more fixations than 
non-smokers to smoke-related stimuli and at the same time slightly 
fewer fixations to neutral stimuli (see Table 2), the corresponding 
ANCOVA for fixation counts yielded no significant Group × Stimulus 
interaction (p = 0.087; BF01 = 1.50, indicating anecdotal evidence for 
H0). Instead, smoke stimuli were generally fixated more often than 
neutral stimuli [F(1, 69) = 33.81, p < 0.001, η p

2  = 0.329].
There was a significant Group × Stimulus interaction for mean 

fixation time [F(1, 68) = 5.35, p = 0.024, η p
2  = 0.073] indicating that the 

fixation time of smokers to smoke stimuli was higher relative to 
non-smokers, while the fixation time of non-smokers to neutral 
stimuli was higher (see Figure 5). Additionally, it showed a significant 

FIGURE 4

Craving ratings during the course of the experiment for smokers (n = 34) and non-smokers (n = 37). Ratings at baseline and post VR-TSST were given 
retrospectively. Asterisks indicate significant differences. Error bars show standard errors.

TABLE 1 Descriptive results of eye tracking during the VR-TSST.

Stimuli

Smokers  
(n = 34)

Non-smokers 
(n = 37)

M SD M SD

Fixation 

count

Smoke 155.09 104.72 144.89 87.98

Neutral 91.38 71.21 86.73 55.01

Mean fixation 

time (ms)

Smoke 152 48 159 57

Neutral 122 39 124 65

Initial fixation 

time (s)

Smoke 28.32 18.85 20.78 16.32

Neutral 32.45 21.27 30.29 19.22

Dwell time (s)
Smoke 83.51 50.90 81.56 47.34

Neutral 52.16 31.16 53.07 29.60

Means (M) and standard deviations (SD) as well as number of participants (n) are given for 
smokers and non-smokers. Fixation counts are unitless absolute numbers, milliseconds are 
indicated for mean fixation time, and seconds are indicated for the remaining time variables.
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main effect Stimulus, indicating that mean fixation times of smoke 
stimuli were higher relative to neutral stimuli [F(1, 69) = 12.56, 
p < 0.001, η p

2  = 0.154].
Regarding initial fixation time, a further ANCOVA revealed a 

significant Group × Stimulus interaction [F(1, 68) = 5.86, p = 0.018, 
η p

2  = 0.079] consisting of earlier fixations of smokers on smoke 
stimuli relative to non-smokers, with minimal later fixations of 
smokers on neutral stimuli (see Figure 6). Additionally, a univariate 
ANCOVA indicated that the proportion of trials in which participants 
fixated smoking-related stimuli relative to neutral stimuli first, was 
significantly higher for smokers than for non-smokers [F(1, 68) = 5.62, 
p = 0.021, η p

2  = 0.076].
For dwell time, there was no significant Group × Stimulus 

interaction (p = 0.448; BF01 = 3.15, indicating moderate evidence for 
H0), but a significant main effect Stimulus [F(1, 69) = 50.29, p < 0.001, 

η p
2  = 0.422] indicating generally longer dwell times on smoke stimuli 

compared with neutral stimuli.
The current results cannot be explained by effects related to a 

single stimulus but rather reflect effects across all stimuli in each 
category. The contribution of unique smoke stimuli to total fixations 
across all participants ranged from 6.15 to 12.82% and the 
corresponding dwell times ranged from 10.13 to 16.98 s [lighter: 
fixations: M = 6.15% (SD = 4.15), dwell time: M = 10.13 s (SD = 3.22); 
loose cigarettes: M = 6.40% (SD = 3.28), M = 10.33 s (SD = 2.84); 
ashtray: M = 8.64% (SD = 4.69), M = 11.44 s (SD = 3.80); Marlboro 
cigarette pack: M = 9.36% (SD = 5.49), M = 14.00 s (SD = 4.29); hand 
rolling tobacco pack: M = 11.92% (SD = 7.00), M = 14.37 s (SD = 4.23); 
Gauloises cigarette pack: M = 12.82% (SD = 5.46), M = 16.98 s 
(SD = 4.61)]. The contribution of unique neutral stimuli to total 
fixations across all participants ranged from 5.14 to 10.38% and the 
corresponding dwell times ranged from 8.69 to 14.50 s [bowl: fixations: 
M = 5.14% (SD = 3.24), dwell time: M = 8.69 s (SD = 2.83); highlighter: 
M = 5.73% (SD = 4.15), M = 8.85 s (SD = 3.14); stapler: M = 5.90% 
(SD = 3.13), M = 9.93 s (SD = 2.94); pens: M = 8.74% (SD = 4.28), 
M = 12.66 s (SD = 3.44); pack of tissues: M = 8.82% (SD = 4.31), 
M = 13.30 s (SD = 3.79); smartphone: M = 10.38% (SD = 5.18), 
M = 14.50 s (SD = 4.75)].

4. Discussion

To the best of our knowledge, the present study was the first to 
investigate AB in smokers relative to non-smokers during and after a 
psychosocial stress induction in VR.

In the following we summarize the main findings. With regard to 
stress ratings, there was a significant increase in stress level for both 
groups within the VR-TSST, replicating earlier results and indicating 
successful stress induction. This was followed by a generally significant 
reduction of stress between the end of the VR-TSST and the start of 
the free-viewing task. In addition, slightly higher stress levels were 
reported by smokers relative to non-smokers at baseline as well as after 
the VR-TSST. Further, smokers reported higher levels of craving than 

TABLE 2 Descriptive results of eye tracking during the free-viewing task.

Stimuli Smokers 
(n = 34)

Non-smokers 
(n = 37)

M SD M SD

Fixation count
Smoke 116.21 44.96 108.19 39.04

Neutral 89.79 35.88 93.00 37.95

Mean fixation 

time (ms)

Smoke 130 41 113 42

Neutral 107 34 110 36

Initial fixation 

time (s)

Smoke 4.36 2.70 5.48 3.10

Neutral 5.41 2.17 5.31 2.98

Proportion 

smoke-related 

first fixation (%)

59.31 17.98 46.40 23.94

Dwell time (s)
Smoke 78.15 12.70 76.43 15.31

Neutral 67.62 12.16 68.21 12.38

Means (M) and standard deviations (SD) as well as number of participants (n) are given for 
smokers and non-smokers. Fixation counts are unitless absolute numbers, milliseconds are 
indicated for mean fixation time, seconds are indicated for the remaining time variables, and 
percentages are given for the proportion of trials in which first fixations were smoke-related.

FIGURE 5

Mean fixation times for smokers (n = 34) and non-smokers (n = 37) in 
the free-viewing task. The asterisk indicates the significant 
interaction. Error bars show standard errors.

FIGURE 6

Initial fixation times for smokers (n = 34) and non-smokers (n = 37) in 
the free-viewing task. The asterisk indicates the significant 
interaction. Error bars show standard errors.
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non-smokers. Craving among smokers increased significantly until 
after the VR-TSST, and decreased significantly until after the free-
viewing task. Note, however, that craving was higher at the end than 
at the beginning of the experiment. Additionally, craving and stress 
ratings were associated in the smoking group for the time point after 
completion of the VR-TSST.

Analysis of gaze behavior during the VR-TSST showed more 
frequent, longer, and earlier fixations on smoking-related stimuli 
relative to neutral stimuli for all participants (smokers and 
non-smokers). Thus, during psychosocial stress induction no specific 
AB was observed exclusively from smokers to smoking-related 
stimuli, leading us to reject the corresponding hypothesis. Regarding 
the waiting periods inserted in the VR-TSST before and after stress 
induction, similar results were observed in terms of generally more 
frequent, longer, as well as earlier fixations on smoking-related stimuli. 
The only significant change from pre to post VR-TSST waiting times 
consisted of a reduction in mean fixation times independent of 
stimulus class or group. Hence, the eye tracking data of the waiting 
periods did not show a specific AB, and contrary to our hypothesis, 
also no increase in AB in the waiting period after the job interview. 
However, in the free-viewing task applied after the VR-TSST, a specific 
AB was found with respect to fixation duration, initial fixation time, 
and the proportion of trials in which smoke-related stimuli were 
fixated first. No group differences, however, were found with regard to 
the total duration of fixations (i.e., dwell time), instead smoke stimuli 
were generally fixated longer than neutral stimuli. There was also no 
significant difference in number of fixations, although the descriptive 
results pointed in the direction of an AB in smokers.

Interpreting our results, smoking-related stimuli were generally 
more salient compared to neutral stimuli to all participants during 
VR-TSST. This can probably be  explained by specific stimulus 
characteristics. Smoking stimuli might seem more interesting, their 
presence might be more surprising, and/or they might generally have 
higher emotional valence. This idea is supported by previous research 
by Nummenmaa et al. (2006), who showed that participants were 
more likely to view emotional than neutral images, even when 
instructed to view the neutral images. An additional factor that may 
have contributed to the observed main effect of stimulus could be that 
the presentation of multiple smoking stimuli increased participants’ 
awareness of the smoking focus of the study and resulted in an AB in 
non-smokers, even though participants were not given explicit 
information about the focus of the study (Yaxley and Zwaan, 2005; 
Yan et al., 2009). Interpreting the non-significant Group × Stimulus 
interaction as the absence of AB during the VR-TSST involves the 
possibility of a type II error. However, Bayesian analyses provide some 
evidence for H0. If the specific AB is indeed absent here, a possible 
explanation might be that performance situations like these may not 
be  associated with smoking during the performance, as smokers 
would possibly not smoke while preparing a presentation, and would 
almost certainly not smoke during the job interview. Thus, the absence 
of this association would not trigger any substance-seeking behavior 
in smokers that goes beyond the normal attention of non-smokers. 
This possibility could also explain why no AB appeared at the time of 
the waiting period after the job interview (please note again the 
possibility of a type II error). During this waiting period, the VR-TSST 
was not yet declared over for the participants (i.e., participants likely 
maintained focus on the task ahead and still felt pressure to perform), 
but the instruction was to wait for a short time and that the experiment 

would be continued in a moment (including the possibility of being 
immediately contacted again, which is unlikely to be  a smoking-
associated situation). The overall lower mean fixation time in the 
waiting period after stress induction is probably due to familiarity with 
the situation and stimuli, resulting in a less intensive visual inspection 
after recognition.

Interestingly, in contrast to during the VR-TSST, smokers showed 
a specific AB to smoking-related stimuli in the free-viewing task after 
completion of the VR-TSST. AB was evident within the free-viewing 
task in terms of faster engagement and less consistently in terms of 
maintained attention. The faster engagement component is reflected 
by shorter initial fixation times and a higher proportion of smoking-
first fixations among smokers (note however, that due to the lack of a 
trial structure, we  cannot compare the free-viewing task to the 
VR-TSST). Maintained attention is partially reflected in our data by 
longer mean fixation times of smokers to smoking-related stimuli 
relative to non-smokers and neutral stimuli. This may imply increased 
attention of smokers to smoke-related stimuli due to the relevance of 
the stimuli. However, for other measures of maintained attention (i.e., 
dwell time and fixation count), our data do not provide evidence for 
sustained attention regarding smoking stimuli. This suggests that AB 
may be more pronounced in smokers with respect to initial attention 
than to maintained attention or that initial attention may be more 
affected by stress. Two previous studies using visual probe tasks to 
investigate AB in smokers found biases in initial as well as maintained 
attention (Bradley et al., 2004; Field et al., 2004), whereas Mogg et al. 
(2003) found a significant AB only regarding maintained attention. As 
visual probe tasks are not optimal to differentiate between initial and 
maintained attention (Field and Cox, 2008), further research using eye 
tracking as a direct measure is needed to clarify these 
inconclusive results.

Importantly, the fact that within the same participants initially no 
AB was observed during the first part of the experiment, but was 
evident when stress induction was finished, basically supports the 
notion that AB is not stable but variable. Different explanations can 
account for this variability within our study. One consideration 
consists of methodological differences between the VR-TSST and the 
free-viewing task. Whereas stimuli in the free-viewing task are 
presented in a mixed way, they are presented clearly separated (e.g., 
on different sides of a table) in the VR-TSST. If this difference was 
responsible for the occurrence of AB only in the free-viewing task, this 
would imply that AB only occurs when smoke stimuli must 
be detected among several other stimuli. However, this explanation 
does seem unlikely as AB has so far been shown mostly within visual 
probe and Stroop tasks (Field et al., 2014), i.e., paradigms presenting 
stimuli separately.

In contrast, it seems more plausible that the most obvious 
differences, namely that the VR-TSST but not the free-viewing task 
induced psychosocial stress and that the free-viewing task was 
conducted after experiencing psychosocial stress, was related to the 
observed outcomes. Experiencing psychosocial stress does not seem 
to directly lead to the amplification of AB as stress levels (and also 
craving) were already high in smokers within the 
VR-TSST. Importantly, stress levels had already decreased significantly 
before the free-viewing task. Thus, we suggest that the mechanism 
behind the AB in our study is related to the experience of stress relief. 
Stress relief may act as an internal stimulus for substance seeking 
behavior as a result of conditioning. Smokers are likely to have 
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previous experiences of smoking after completing a stressful task and 
the relief that comes with it. Indeed, clinical observations of smoking 
cessation courses at our department anecdotally point to this 
association, insofar as smokers regularly report smoking automatically 
or deliberately as a reward after completing a task. This observation is 
in line with Fagerström (2012), who argues that the rewarding 
property of cigarettes after completion of a task is an important 
function of smoking. The association of finishing a task and smoking 
is further supported by a study among college students, which reports 
that taking off one’s mind and taking a break after a stressful event as 
well as reward after an exam or study session were essential functions 
of smoking (Nichter et al., 2007).

Successful induction of psychosocial stress is in line with previous 
studies (e.g., Kotlyar et al., 2008; Shiban et al., 2016; Zimmer et al., 
2019) and further highlights the usefulness of the VR-TSST. The fact 
that smokers reported higher stress levels than non-smokers 
immediately after the VR-TSST, however, cannot be interpreted as a 
direct effect of the VR-TSST because stress levels were already elevated 
among smokers compared with non-smokers at baseline. This finding 
further supports the existing evidence that active smokers generally 
report more stress than non-smokers (Hajek et al., 2010).

An important limitation of our study is that its design does not 
include a no-stress control group. Thus, the influence of stress relief 
on AB can only be seen as an indication, but not as a proof. Future 
research could aim to clarify this influence by replicating our approach 
while additionally introducing a placebo (Het et al., 2009) or friendly 
TSST version (Wiemers et al., 2013). To further clarify the influence 
of stress on AB, follow-up work could include the free-viewing task 
before and after stress induction. This would also enable a comparison 
of the proportion of smoking-first fixations. Another limitation of our 
study is that the group of smokers consists of relatively slight smokers 
(previous studies define this as less than 20 cigarettes daily, which 
corresponds to our sample; Hogarth et al., 2003; Vollstädt-Klein et al., 
2011). It is conceivable that a sample of more severe smokers would 
have already shown AB during the VR-TSST, which would 
be consistent with an IST (Robinson and Berridge, 1993) prediction 
that heavier substance use should be  associated with heavier 
AB. However, this prediction in the context of smoking has not been 
conclusively clarified as some studies found positive associations 
between the severity of smoking and the strength of AB, but others 
found negative or no associations (see review by Field and Cox, 2008). 
In this regard, a replication of our approach with more severe smokers 
would be  beneficial. Finally, there is a limitation regarding 
retrospective craving ratings. Retrospectively collected data often have 
low accuracy and are subject to systematic bias (Ebner-Priemer and 
Trull, 2009). In order not to disclose the topic of the study in advance, 
this was, from our point of view, the only possibility to obtain an 
impression of the craving process nevertheless. Yet, due to the 
uncertainty involved in retrospective measures, we refrained from 
putting too much emphasis on craving in our interpretation. Despite 
the lack of prior information regarding the study’s focus on smoking, 
we cannot completely exclude awareness of this focus, as it might have 
arisen due to the large number of smoking-related stimuli. It is 
important to note, that even though such an effect may explain general 
effects of AB, we still observed a group-specific AB in the free-viewing 
task, suggesting differential attentional processing in substance users.

In conclusion, our results indicate that AB is not a persistent trait 
in smokers, but is context dependent. We suggest that particularly 

relief after stress promotes substance seeking in smokers and thus 
contributes to changes of AB both in terms of increased initial 
attention and deeper stimulus processing. Additionally, the free-
viewing task in VR proved valuable as a novel paradigm for measuring 
AB and the VR-TSST confirmed its previously demonstrated abilities 
to induce psychosocial stress.
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