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Abstract
Introduction: Despite its well-established negative effects, 
environmental tobacco smoke (ETS) exposure remains high-
ly prevalent worldwide. ETS exposure is associated with a 
wide range of physical and mental health-related problems 
among youth, including an increased likelihood to develop 
nicotine dependence. Up till now, neurocognitive effects of 
ETS exposure are largely unknown, while such effects could 
explain the role of ETS exposure in the development of nico-
tine dependence. Therefore, this preregistered study inves-
tigated the role of current ETS exposure in brain functioning 
associated with smoking cue-reactivity and inhibitory con-
trol. Method: Concurrent with functional magnetic reso-
nance imaging, nonsmoking adolescents aged 14–18 years 
(N = 51) performed a smoking cue-reactivity task, assessing 
brain functioning to smoking cues, and a Go/NoGo task mea-
suring inhibitory control. ETS exposure was measured using 
a self-report questionnaire and biochemically verified. Re-

sults: No significant associations were observed between 
current ETS exposure and brain functioning associated with 
smoking cue-reactivity and inhibitory control. Conclusion: 
These findings suggest that low-to-moderate levels of cur-
rent ETS exposure are not associated with increased salience 
of smoking cues or deficits in inhibitory control in nonsmok-
ing adolescents. Longitudinal research is needed to further 
clarify the exact effect of lifetime ETS exposure on brain func-
tioning, as well as research focusing on the effects of higher 
levels of ETS exposure. © 2021 The Author(s)

Published by S. Karger AG, Basel

Introduction

Despite the existent knowledge about the toxic con-
tents of tobacco smoke, children and adolescents are still 
frequently exposed to environmental tobacco smoke 
(ETS) worldwide [1]. In 2015, 21% of Dutch adolescents 
between 13–18 years old were exposed to ETS in their 
homes [2]. ETS exposure is associated with a range of ad-
verse health and behavioral effects [3–5]. Young people 
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are particularly vulnerable to the effects of ETS, as they 
display higher cotinine and nicotine levels during and af-
ter exposure of ETS than adults, indicating that youth 
might absorb more nicotine [6, 7]. In addition, ongoing 
brain maturation [8] may render adolescents vulnerable 
to effects of ETS exposure on brain functioning [9, 10]. 
Studies have shown that prenatal cigarette exposure causes 
neurocognitive changes in youth [11, 12]. However, it is 
unknown whether ETS exposure during adolescence re-
sults in similar functional brain changes. Therefore, this 
study investigated the relation between ETS exposure and 
brain functioning among nonsmoking adolescents using 
functional magnetic resonance imaging (fMRI).

In addition to the poor health outcomes associated 
with ETS exposure, nicotine uptake caused by ETS expo-
sure might prompt increased sensitivity to nicotine, 
which in turn may increase the likelihood for smoking 
initiation, continuation, and nicotine dependence [13, 
14]. Specifically, one study in 9–12-year-old nonsmokers 
showed that 6% reported experience of craving for ciga-
rettes and 8% reported cue-triggered wanting to smoke in 
response to ETS [15]. Moreover, there is evidence that 
ETS could cause plasma nicotine concentrations equiva-
lent to levels produced by tobacco smoking [16, 17]. To 
test whether nicotine inhaled from ETS exposure crosses 
the blood-brain barrier, Brody et al. [18] used positron 
emission tomography scanning after ETS exposure and 
showed that nicotinic acetylcholine receptors were occu-
pied as a result of ETS exposure in adult smokers and 
nonsmokers. Together this growing body of evidence 
points to increased susceptibility to smoking caused by 
ETS exposure, although underlying mechanisms are un-
known. Understanding these mechanisms could provide 
information on how ETS exposure renders adolescents 
vulnerable for smoking initiation and dependence.

While the effects of ETS exposure on neurocognitive 
functioning are unknown, neurocognitive mechanisms 
related to active smoking have been examined extensive-
ly. Studies indicated differential brain activation patterns 
between smokers and nonsmokers when exposed to 
smoking pictures (i.e., smoking cue-reactivity) [19–21] 
and when implementing inhibitory control [22, 23]. Both 
cue-reactivity and inhibitory control are incorporated in 
addiction models and are relevant for the development 
and continuation of addiction [24, 25]. Overall, addiction 
is characterized by an overactive motivational and reward 
network during confrontation with substance-related 
cues [21, 26]. After repeated drug use, substance-related 
cues become conditioned cues and activate the mesolim-
bic dopamine system [27]. A cue-reactivity meta-analysis 

[20] indicated that smoking cues evoke larger neural re-
sponses than neutral cues within anterior cingulate cortex 
(ACC), dorsal prefrontal cortex, medial prefrontal cortex, 
insula, dorsal striatum, the visual system, precuneus, and 
posterior cingulate gyrus. Another meta-analysis found 
reactivity in the bilateral ventral striatum, ACC, left 
amygdala, and left temporoparietal junction in response 
to smoking cues [21]. These studies indicate that nicotine 
dependence is associated with increased activity in the 
motivational network.

Besides the overactive motivational network, addic-
tion is characterized by impaired cognitive control [24, 
28]. Previous research demonstrated that smoking is as-
sociated with behavioral deficits in inhibitory control [23, 
29, 30]. In line with these behavioral impairments, re-
duced inhibitory control is also reflected in decreased 
brain activation in the inhibitory control network. Spe-
cifically, reduced activation in the dorsal ACC [30, 31], 
the right superior frontal gyrus, left middle frontal gyrus, 
bilateral inferior parietal lobule, and middle temporal gy-
rus has been found in smokers compared to nonsmokers 
[30]. Moreover, lower activation during inhibitory con-
trol in the supplementary motor area (SMA) was associ-
ated with higher levels of nicotine dependence [32]. Fi-
nally, the involvement of putamen-insula interactions 
was highlighted in smokers relative to nonsmokers dur-
ing inhibitory control [33]. Effects of prenatal tobacco ex-
posure on inhibitory control have also been observed 
showing altered neurocognitive functioning in areas re-
lated to response inhibition [11, 12, 34]. Overall, nicotine 
dependence is linked to behavioral deficits and reduced 
brain activity in brain regions implicated in the inhibi-
tory control network.

Up till now, it is unclear whether neurocognitive defi-
cits related to smoking cue-reactivity and inhibitory con-
trol in smokers could also be observed in response to ETS 
exposure. Hence, the goal of this study was to examine the 
association between current ETS exposure and brain 
functioning associated with smoking cue-reactivity and 
inhibitory control in nonsmoking adolescents using 
fMRI. We hypothesized that higher levels of ETS expo-
sure would be associated with increased brain activity to-
ward smoking-related cues in the striatum, insula, amyg-
dala, ventromedial prefrontal cortex (VMPFC), and ACC 
[20, 21]. We further expected that ETS exposure would be 
associated with reduced inhibitory control, meaning 
more difficulty to inhibit their response, and a decrease 
of brain activity in brain regions implicated in inhibitory 
control, that is, the putamen, SMA, IFG, ACC, and  
DLPFC [22, 33, 34].



Environmental Tobacco Smoke Exposure 343Eur Addict Res 2021;27:341–350
DOI: 10.1159/000512891

Methods

Participants
Fifty-one Dutch nonsmoking adolescents aged 14–18 years 

were included. Two participants were excluded, one due to incom-
plete task administration and one due to an outlying value on ETS 
exposure, resulting in a total of 49 participants (Mage = 16.47,  
SD = 1.16, 30.6% men). Participants were recruited through social 
media, secondary schools, and vocational education. Exclusion 
criteria were (a) ever smoked a complete cigarette or more, (b) use 
of psychoactive medication that cannot be stopped for 24 h, (c) 
fMRI contraindications, and (d) history of neurological disease. 
Informed consent was obtained from all participants and from 
parents for participants younger than 16 years old. The study was 
approved by the ethical committee CMO Arnhem-Nijmegen 
(project #2016-2409, 2015-2120). For more details on our study 
procedures, materials, and analyses, see our preregistration 
(https://osf.io/urhnv/).

Materials
ETS Exposure
ETS exposure was assessed using the following 2 questions: 

“Does your XXXX (e.g., [step]mother) smoke when she is around 
you?”, response options were “yes” and “no”. If the answer was yes, 
the following ETS exposure question was assessed: “How often 
does your XXXX smoke when you are around?”, response options 
ranged from (0) my XXXX smokes, but not when I am around to 
(8) more than 5 times a day. Scores of 6 potential sources of ETS 
exposure (mother, father, siblings, best friend, friends, and others) 
were summed to determine the total amount of current ETS expo-
sure. Higher scores on this questionnaire indicate more exposure 
to ETS. Self-report measures of ETS exposure are found to be a 
reliable measure in children as children are reliable reporters of the 
smoking behavior in their environment [35].

Saliva samples were collected to measure levels of cotinine, a 
metabolite of nicotine, to biochemically establish ETS exposure. 
Cotinine was analyzed using liquid chromatography coupled with 
mass spectrometry, with a quantification limit of <1.0 μg/L. Ken-
dall’s tau correlation was used to test whether cotinine in saliva was 
associated with the self-reported ETS exposure. Indeed, cotinine 
was significantly associated with the ETS exposure measure (rT = 
0.259, p = 0.027). The small effect size of this correlation may be 
explained by the fact that cotinine levels in saliva only capture ETS 
exposure in the last 72 h and due to the lack of smoking by par-
ticipants themselves [36].

Pubertal Status
To account for individual differences in ongoing hormonal de-

velopment, participants filled out the Pubertal Development Scale 
(PDS) [37].

Familial Risk
Familial risk was included to account for familial vulnerabil-

ity for nicotine dependence [38]. A composite measure was used 
in which the parent that accompanied the participant to the re-
search session filled out a series of questions. First, the Fager-
ström Test for Nicotine Dependence (FTND) [39] was filled out 
for both parents representing the period in which they smoked 
heaviest, now or in the past [39, 40]. Also, current smoking be-
havior of parents was rated in 4 categories (0) nonsmoking, (1) 

smoking <10 cigarettes per day, (2) smoking 10–19 cigarettes per 
day, and (3) smoking 20 or more cigarettes per day. Finally, 
smoking behavior of their own parents (i.e., grandparents of the 
participants) was rated. This category was rated 0 if they were 
nonsmokers, ex-smokers, or smoked <10 cigarettes a day and 
scored 1 if they currently smoke >10 cigarettes a day. For both 
parents, scores from the 3 domains were summed, resulting in 2 
total scores (father and mother), which were subsequently 
summed and averaged, resulting in 1 score representing familial 
risk on a scale from 0 to 16.

Alcohol Use
Problematic alcohol use was measured with the Alcohol Use 

Disorders Identification Test (AUDIT) [41].

Cognitive Tasks
The smoking cue-reactivity task (A) and the inhibitory control 

task (Go/NoGo) (B) are displayed and explained in Figure 1. Par-
ticipants were not exposed to ETS for at least 3 and 2.5 h before 
task performance, respectively.

fMRI Data Acquisition
fMRI data were acquired on a Siemens 3 Tesla Skyra MRI scan-

ner (Siemens Medical Systems, Erlangen, Germany) using a 
32-channel coil. Functional T2*-weighted imaging was obtained 
using multiecho echo-planar imaging to acquire 39 axial slices in 
interleaved ascending order (voxel size, 3.5 × 3.5 × 3.0 mm; matrix, 
64 × 64; repetition time (TR), 2,020 ms; echo times (TE), 7, 16.3, 
26, 35, and 44 ms; flip angle, 80°). A high-resolution weighted an-
atomical scan was also obtained (MPRAGE; 192 axial slices; voxel 
size, 1 × 1 × 1 mm; matrix, 256 × 256; TR, 2,300 ms; TE, 3.03 ms; 
flip angle, 8°).

Data Analysis
Behavioral Analyses
Behavioral analyses were performed using the Statistical Pack-

age for the Social Sciences (SPSS, version 23). Outliers (3 SD) for 
each variable from questionnaire and behavioral data were re-
moved, and missing questionnaire data were imputed with the 
mean. Kendall’s tau correlations were computed between ETS ex-
posure, pubertal status, familial risk, and NoGo accuracy to assess 
binary relationships. Subsequently, all predictors were mean-cen-
tered and a hierarchical linear regression analysis was performed 
to examine the effect of ETS exposure on NoGo accuracy with 
pubertal status and familial risk as control variables.

fMRI Data Analyses
Preprocessing steps were conducted in SPM12 (www.fil.ion.

ucl.ac.uk/spm). Preprocessing of the functional data included re-
alignment, echo combination using the PAID method [42], coreg-
istration, and normalization into MNI space and smoothing with 
a FWHM of 8 mm. After preprocessing, an independent compo-
nent analysis-based automatic removal of motion artifacts was ap-
plied using FSL (www.fmrib.ox.ac.uk/fsl; ICA-AROMA) [43, 44].

Subsequently, data were modeled using a general linear model. 
The smoking cue-reactivity task was modeled with separate regres-
sors for smoke, neutral, and romantic conditions. The Go/NoGo 
task was modeled with regressors for NoGo, Go, and IfGo trials 
separately for correct and incorrect responses. For both tasks, a 
nuisance regressor for instructions was modeled. The various 
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blocks of the smoking cue-reactivity were modeled as boxcars with 
a duration of 16 s time-locked to the onset of the first picture in 
each block. The stimuli of the Go/NoGo task were modeled with a 
boxcar function (duration of 1,000 ms) time-locked to the onset of 
the stimuli. A temporal high-pass filter of 128 s was applied to re-
move low-frequency noise.

As preregistered, we first checked whether the tasks activated 
the expected brain networks. Therefore, second-level analyses in-
cluding a whole brain one-sample t test combining the smoke and 
neutral pictures as well as a whole brain one-sample t test for the 
No_Gocorrect > Go_correct contrast were performed across all 

participants. Whole brain T-maps based on the one-sample t tests 
were thresholded with a voxel-level uncorrected p < 0.001, com-
bined with a cluster-level family-wise error (FWE) corrected p < 
0.05, accounting for multiple comparisons across the whole brain 
[45, 46].

Second, to investigate the effect of ETS exposure, brain multi-
ple linear regressions on the smoke > neutral and NoGocorrect > 
Gocorrect contrasts were performed with pubertal status and fa-
milial risk as additional covariates. All predictors were first mean-
centered. These whole brain maps were thresholded with a voxel-
level uncorrected p < 0.005, combined with a cluster-level FWE 

Smoke Fixation Neutral Fixation Romantic
Jitter 3–5 sec
per picture

Jitter 3–5 sec
per picture

Jitter 3–5 sec
per picture

Jitter 6.5–10 sec Jitter 6.5–10 sec

NoGo

Go
1 sec

1 sec IfGo

NoGo

a

b

Fig. 1. Cognitive tasks. a Smoking cue-reactivity task: participants 
were instructed to pay attention to the content of the pictures and 
press a button when a new picture appeared on the screen. Thirty-
two photographs showing smoking-related pictures, 32 nonsmok-
ing-related pictures, and 32 romantic pictures were presented. Im-
ages were presented in a block design. The task consisted of 24 
blocks, with each block including 4 pictures from the same catego-

ry. b Go/NoGo task: participants were instructed to respond to the 
Go and IfGo trials by pressing a button with the right thumb as fast 
as possible. They had to withhold their response, by not pressing 
the button, in NoGo trials. The task consisted of 383 trials, 249 
(65%) of the trials were Go trials, 67 (17.5%) were IfGo trials, and 
67 (17.5%) were NoGo trials.
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corrected p < 0.05, accounting for multiple comparisons across the 
whole brain [45, 46].

More exploratory, we also performed a whole brain one-sam-
ple t test on the smoke > neutral contrast to test whether there is 
an effect of smoking-related pictures independent of ETS exposure 
among nonsmoking adolescents. The whole brain one-sample 
sample t test T-map was thresholded with a voxel-level uncorrect-
ed p < 0.001, combined with a cluster-level FWE corrected p < 0.05. 
Three participants were excluded from the imaging analyses for 
the smoking cue-reactivity task, and 4 participants were excluded 
for the Go/NoGo task because of missing/incomplete data or ac-
quisition problems.

To further test the effect of ETS exposure on brain activation, 
small volume corrections (SVCs) were performed in predefined 
regions of interest (ROI). In order to do so, the results were first 
thresholded with a whole brain voxel-level of p < 0.005 uncorrect-
ed and then corrected using a small volume cluster-level correction 
(p < 0.05 FWE corrected) in which the search volume was defined 
by the ROI. ROIs for smoking cue-reactivity included the bilateral 
striatum, ACC, VMPFC, insula, and amygdala. ROIs for inhibi-
tory control included ACC/pre-SMA, DLPFC, IFG, and putamen. 
Except for the ventral part of the striatum for smoking cue-reac-
tivity, all ROIs are defined based on the AAL-atlas [47].

Finally, we performed Bayesian statistics with default priors in 
JASP [48] to quantify the evidence supporting the null hypothesis 
in the case of nonsignificant frequentist statistics for the SVCs 
within ROIs. Applying Bayesian analyses on small volumes is not 
yet implemented in SPM, and therefore, we extracted the beta 
weights from the ROIs and exported these values to JASP to con-
duct the Bayesian analyses. Bayesian statistics are displayed by 
means of Bayes factors. The Bayes factor referred to as BF01 ex-
presses relative evidence for the null hypothesis (H0) compared to 

the alternative hypothesis (H1). Even though the Bayes factor has 
a continuous scale, it is useful to summarize the Bayes factor in 
terms of discrete categories of evidential strength, see Wagenmak-
ers et al. [49] for the classification scheme.

Results

Descriptive Statistics
Table 1 shows participants’ characteristics and ques-

tionnaire data. Kendall’s tau correlations showed that 
ETS exposure was positively and significantly related to 
familial risk (rT = 0.240, p = 0.022; Table 2). All other vari-
ables were not significantly related to one another. Ta-
ble 3 shows accuracy and reaction times for both the cue-
reactivity task as well as the inhibitory control task.

Behavioral Results
The hierarchical linear regression analysis showed a 

nonsignificant regression equation in the first step (p = 
0.151; Table 4). ETS exposure did not explain additional 
variance for NoGo accuracy (∆R2 = 0.025, p = 0.273). This 
suggests that there is no association between ETS expo-
sure and NoGo accuracy after controlling for pubertal 
status and familial risk. For the same analysis, BF01 = 1.42 
was observed, indicating anecdotal evidence for the null 
hypothesis.

Imaging Results
All T-maps of the results discussed can be accessed at 

https://neurovault.org/collections/8086/.

Smoking Cue-Reactivity
First, we examined brain responses for the combina-

tion of smoking and neutral pictures to evaluate whether 
our task activated the expected brain regions. The results 
show that the expected brain network, consisting of both 
visual and mesolimbic and frontal regions, was activated 

Table 1. Descriptive statistics

Variable Mean SD Range

Demographics
Sex

Male, % 30.6 – –
Age 16.47 1.16 14–18
Educational level,a %

Low 51 – –
Middle 22.4 – –
High 26.5 – –

ETS exposure** 7.51 6.80 0–30
Saliva cotinineb 0.37 0.59 0–2.60
Pubertal status 3.54 0.39 2.6–4
Familial risk 2.99 2.81 0–10.5
AUDIT 5.02 5.02 0–22

n = 49. AUDIT, Alcohol Use Disorder Identification Test.  
** n = 48. a Educational level: low includes MBO (senior secondary 
vocational education)/VMBO (preparatory secondary vocational 
education), middle includes HAVO (school of higher general 
secondary education), and high includes VWO (preuniversity 
education). b µg/L.

Table 2. Correlation matrix

1 2 3 4

1. ETS exposure – 0.43 0.02 0.34
2. Pubertal status −0.08 – 0.22 0.07
3. Familial risk 0.24* −0.13 – 0.18
4. NoGo accuracy −0.10 0.19 −0.14 –

ETS, environmental tobacco smoke. *  p < 05; correlation 
coefficients (below diagonal) and their p values (above diagonal).



Boormans/Dieleman/Kleinjan/Otten/
Luijten

Eur Addict Res 2021;27:341–350346
DOI: 10.1159/000512891

during task performance; for details of the complete net-
work, see uploaded T-maps. Second, we examined 
whether there were significant associations between ETS 
exposure and brain activation associated with smoking 
cue-reactivity on the whole brain level as well as for the 
predefined ROIs using SVCs. These analyses did not re-
veal significant associations either at the whole brain lev-
el or within the ROIs. We further examined these null 
findings in the predefined ROIs by extracting the beta 
weights and applying Bayesian statistics. Bayes factors 
for ACC, striatum, VMPFC, amygdala, and insula were 
BF01 = 12.22, BF01 = 4.64, BF01 = 4.14, BF01 = 3.57, and 
BF01 = 8.43, respectively. Bayes factors indicated sub-

stantial evidence for all null hypotheses, except the ACC, 
where strong evidence was observed for the null hypoth-
esis.

Third, we exploratory examined the brain response for 
the smoke > neutral contrast to test the brain response of 
nonsmoking adolescents toward smoking pictures re-
gardless of ETS exposure. The results show more activity 
in the visual cortex, precuneus and fusiform gyrus, hip-
pocampus, insula, posterior cingulate and frontal regions 
(superior frontal gyrus, inferior frontal gyrus, and medial 
frontal gyrus) for smoking pictures compared to neutral 
pictures.

Inhibitory Control
First, we examined brain responses to No_Gocorrect 

> Go_correct to evaluate whether our task activated the 
expected brain regions. The results show activation 
within the frontal parietal cognitive control network in-
cluding subcortical regions during task performance. 
Second, we examined whether there were significant as-
sociations between ETS exposure and brain activation 
related to inhibitory control on the whole brain level as 
well as for the predefined ROIs using SVCs. These anal-
yses did not reveal significant associations either at the 
whole brain level or within the ROIs. Bayes factors for 
putamen, ACC/pre-SMA, IFG, and DLPFC were BF01 = 
4.39, BF01 = 8.65, BF01 = 5.63, and BF01 = 7.64, respec-
tively, indicating substantial evidence for all null hy-
potheses.

Table 3. Accuracy and reaction times for smoking cue-reactivity task and Go/NoGo task

Cognitive task Accuracy Reaction time

M (SD) range M (SD) range

Smoking cue-reactivitya

Neutral 99.32% (2.81) 84.38–100 564.36 (210.98) 308–1,204
Smoke 98.91% (3.11) 84.38–100 568.53 (192.70) 323–1,010
Romantic 99.25% (2.54) 84.38–100 551.55 (208.28) 319–1,115

Go/NoGob

Go 99.17% (1.62) 92.64–100 390.77 (45.88) 325–518
NoGo 78.35% (12.66) 41.27–95.52 362.69 (52.69) 282–500
IfGo 99.31% (1.69) 91.05–100 441.79 (58.87) 343–558

Reaction times are presented in milliseconds. RTs, reaction times. an = 47. bn = 48. With regard to smoking 
cue-reactivity, no main effect of condition was observed for RTs (F[2, 88] = 1.01, p = .368, η2 = 0.022). With regard 
to the Go/NoGo task, a main effect of condition was observed for accuracy (F[1.02, 44.82] = 4.89, p = 0.032 η2 = 
0.100) and RTs (F [1.63, 73.40] = 4.75, p = 0.017, η2 = 0.095). Accuracy rates for IfGo trials (p < 0.001) and Go 
trials (p < 0.001) were higher than for NoGo trials. RTs were slower on IfGo (p < 0.001) than NoGo and Go trials.

Table 4. Summary of linear regression analysis predicting NoGo 
accuracy

Predictor ∆R2 B SE β p value

Step 1 (control variables)
Constant 0.081 −0.023 1.792 0.990
Pubertal status 5.458 4.739 0.167 0.256
Familial risk −0.899 0.650 −0.201 0.173

Step 2
Constant 0.025 0.007 1.787 – 0.997
Pubertal status 4.252 4.850 0.130 0.385
Familial risk −0.615 0.697 −0.138 0.382
ETS exposure −0.326 0.294 −0.177 0.273

n = 48. ETS, environmental tobacco smoke.
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Discussion

This study investigated whether current ETS exposure 
is associated with brain functioning related to smoking 
cue-reactivity and inhibitory control in nonsmoking ado-
lescents. Frequentist statistics did not show any evidence 
for associations between current ETS exposure and brain 
activation related to smoking cue-reactivity and inhibi-
tory control. In addition, Bayesian statistics showed sub-
stantial-to-strong evidence for all null hypotheses. There-
fore, we may conclude that given the current study design 
and study population, the associations between current 
ETS exposure and brain activation related to smoking 
cue-reactivity and inhibitory control are nonexisting.

Smoking Cue-Reactivity
The absence of an association between ETS and smoking 

cue-reactivity related brain activation suggests that repeat-
ed ETS exposure (i.e., in their lives right now) in non-
smokers is not associated with incentive salience of smok-
ing cues. In general, repeated substance use causes sub-
stance-related cues to become conditioned cues. In turn, 
the motivational network becomes sensitized to substance-
related cues and causes increased activity in this system 
[27]. Our results show that there is no relation between 
these substance-related cues and current ETS exposure.

Substantial-to-strong evidence for the lack of an asso-
ciation between ETS and smoking cues might be due to 
the design of the cue-reactivity task and more specifically 
the fact that we used a standardized smoking picture set. 
Given that ETS exposure is often less frequent than smok-
ing itself, it may be that incentive salience develops way 
slower and consequently generalization to standard 
smoking cues does not occur. Therefore, a standardized 
picture might not be as effective in evoking neural re-
sponses associated with ETS than more individually tai-
lored pictures showing environments where individuals 
were exposed to nicotine inhalation. A study by Conklin 
and colleagues [50] indeed showed that individually tai-
lored pictures of the places where participants smoked 
were more likely to prompt craving than pictures display-
ing personal nonsmoking situations and nonpersonal 
proximal smoking cues (e.g., ashtray, cigarette, and a 
pack of cigarettes) [50]. This study implies that individu-
ally tailored stimuli may be more salient thereby suggest-
ing that the use of such stimuli might also increase the 
likelihood of finding an association between smoking 
cue-reactivity and ETS exposure.

Alternatively, substantial-to-strong evidence for the 
lack of an association between ETS exposure and smok-

ing cue-reactivity may be due to the fact that the majority 
of our participants were female (70%). Sex differences ex-
ist for the reinforcing and rewarding effects of nicotine. 
Research indicated that in comparison to women, men 
showed greater reward-related brain reactivity to smok-
ing-related cues in brain regions [51]. Overall, the minor-
ity of men in this sample together with the lack of salience 
in nonsmokers in response to a standardized picture set 
of smoking-related cues might explain why we found sub-
stantial-to-strong evidence for the lack of an association 
between current ETS exposure and brain activation re-
lated to smoking cue-reactivity.

Although the results show an increased likelihood for 
no association between current ETS exposure and smok-
ing cue-reactivity, neuronal cue-reactivity to smoking-
cues in all nonsmoking adolescents was observed in brain 
regions associated with attention, reward, and goal-direct-
ed behavior. More specifically, increased brain activity in 
the visual cortex, precuneus, and fusiform gyrus was ob-
served, reflecting increased allocation of visual attention to 
smoking relative to neutral cues. Moreover, neuronal cue-
reactivity activity in the insula and hippocampus reflects 
enhanced reward/emotional processing [52]. Neuronal 
cue-reactivity to smoking cues in nonsmokers has been ob-
served previously by Vollstadt-klein and colleagues [53]. 
Smokers perceive smoking cues as salient/pleasant, prob-
ably because of incentive salience through years of repeat-
ed associations with the delivery of nicotine, resulting in 
associated brain activity. Increased neuronal activity for 
smoking cues in similar brain regions, regardless of ETS 
exposure, for nonsmokers may suggest that smoking cues 
are perceived as salient in nonsmokers as well. However, 2 
recent studies indicate that never-smokers might perceive 
cigarette cues as unpleasant [54, 55] so the observed brain 
activation for smoking cues may also be interpreted as re-
flecting the aversive nature of these stimuli. Future (longi-
tudinal) research including valence and arousal ratings is 
needed to investigate participants’ attitude toward smok-
ing cues as well as related brain activity and its relation with 
ETS exposure in nonsmokers, as well as potential conse-
quences for future smoking behavior.

Inhibitory Control
Substantial evidence was found for the absence of an 

association between current ETS exposure and inhibitory 
control for both the behavioral and neural level. This 
stands in contrast with previous research showing re-
duced inhibitory control in smokers as well as individuals 
prenatally exposed to cigarette smoke [11, 12, 22, 23]. 
Generally, it remains unclear whether deficits related to 
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inhibitory control should be treated as a consequence of 
substance abuse, or whether these deficits are pre-existing 
and perhaps contributory to the development of addic-
tion. Longitudinal and family studies found evidence that 
reduced inhibitory control might serve as a predeter-
mined risk factor for addiction [56–58]. Specifically, 
Anokhin and Golosheykin [56] found that deficient fron-
tal neuronal activity, related to response inhibition at age 
14, was associated with increased risk for future nicotine 
dependence in adolescents at age 18. This suggests that 
these deficits are a cause of substance dependence rather 
than a consequence that may be (at least partially) geneti-
cally determined. If deficits in inhibitory control are main-
ly a predetermined risk factor for the development of sub-
stance use, which is partially genetically determined, rath-
er than the consequence of nicotine intake, this might 
explain why we did not find an association between in-
hibitory control and current ETS exposure. To control for 
genetic confounding, we used the familial risk question-
naire, although future studies should use a genetically in-
formative study design. It should be noted though that the 
mean familial risk score in the current study was rather 
low which might suggest that we did not include a group 
of participants with a very high genetic risk.

Another explanation could be the ongoing brain de-
velopment during adolescence. Given the continued 
brain maturation in prefrontal regions, it may be that 
variability in developmental stage may have interfered 
with potential ETS effects in the current study. To capture 
this ongoing pubertal maturation, we, however, included 
PDS scores in our analyses [37].

Strengths and Limitations
To our knowledge, this study is the first to address the 

relation between current ETS exposure and brain activa-
tion related to cue-reactivity and inhibitory control using 
fMRI. The current study restricted analyses to partici-
pants who never had smoked a complete cigarette, there-
by ruling out possible effects of early smoking on brain 
functioning. In addition, despite challenges with recruit-
ment of this group, about half of the participants were in 
a lower educational track. Given that smoking rates are 
higher in the environment of individuals with lower edu-
cational levels [59, 60], these individuals are a risk group 
not only for the development of nicotine dependence but 
also for exposure to ETS.

Nevertheless, there are some limitations that warrant 
further discussion. The null findings in this study could 
be due to the observed levels of ETS exposure within the 
current sample of participants. ETS exposure in this 

group turned out to be low to moderate, with relatively 
few participants who had moderate-to-high exposure. 
While this homogeneous distribution may be in line with 
the decreasing levels of ETS exposure in the Dutch ado-
lescent population, it may also explain the absence of the 
association between ETS exposure and brain functioning. 
A more heterogeneous sample including no, low, moder-
ate, and especially high exposure to ETS should be incor-
porated in future studies to cover the whole range of ETS 
exposure. Furthermore, selecting a participant group 
with a smaller age range reducing the effect of develop-
mental changes may increase the ability to observe asso-
ciations with ETS.

Other limitations arise from the measurement of ETS 
exposure. The current study focused on current ETS ex-
posure and therefore did not take lifetime ETS exposure 
into account. While standardized ETS exposure ques-
tionnaires are currently lacking, a similar method to ours 
was used in another study [61]. To further improve the 
ETS exposure measure, future research should include 
questions on the severity of exposure (i.e., time spent with 
various people in the environment as well as the average 
amount of cigarettes smoked when around) as well as life-
time ETS exposure (i.e., years of exposure) next to the 
frequency of ETS exposure. In order to obtain an even 
more accurate measure of actual exposure, future studies 
could include silicone wristbands measuring the nicotine 
exposure in the environment [62]. To measure lifetime 
ETS exposure and its associations with cue-reactivity and 
inhibitory control it would be most ideal to include ETS 
exposure measures in large longitudinal studies over the 
lifespan. This will result in a better measure of the accu-
mulated exposure. For example, it would allow us to test 
whether repeated exposure over the years results in 
changes in smoking cue-reactivity and associated neural 
activity.

In conclusion, our results demonstrated that with this 
design, it is likely that current low-to-moderate ETS ex-
posure is not associated with brain activation related to 
smoking cue-reactivity and inhibitory control. We rec-
ommend more research in large samples of adolescents 
with higher ETS exposure levels in longitudinal study de-
signs before strong conclusions can be formulated.
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