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A B S T R A C T

Purpose: Adolescents initiate cigarette smoking at disproportionately high rates, despite wide-
spread knowledge of its health-compromising and long-term consequences. Psychosocial factors
clearly play a role in adolescent smoking initiation, but the role of the developing adolescent brain
in this behavior remains unclear. The goal of the present study was to determine whether greater
neural sensitivity to smoking cues in adolescents compared to adults underlies increased proclivity
toward smoking behavior and craving.
Methods: We addressed this question in a sample of adolescent (n ¼ 39) and adult (n ¼ 39)
smokers and nonsmokers by assessing craving in response to smoking videos that featured late
adolescents/young adults while participants underwent functional magnetic resonance imaging.
Results: Ventral striatal activation mediated the relationship between video-induced craving and
subsequent desires to smoke following the scan in adolescent smokers only. We also found that
functional coupling between striatal and cortical regions was associated with increased craving in
adolescent smokers.
Conclusions: These novel results demonstrate that adolescent smokers may be more neuro-
biologically responsive to smoking stimuli than adults, perhaps because of ongoing ontogenetic
changes in adolescents that normatively occur in frontostriatal circuitry.

Ó 2016 Society for Adolescent Health and Medicine. All rights reserved.

IMPLICATIONS AND
CONTRIBUTION

Neurobiological responses
to cigarette cues underlie
individual differences in
subsequent smoking
urges, with ventral striatal
activity mediating the
relationship between cue-
induced and postscan
craving in adolescent
smokers only. Compared
to adult smokers, adoles-
cent smokersmay bemore
sensitive to photographs
or videos that depict ciga-
rette smoking behavior
due to ongoing ontoge-
netic changes in the brain.

The health-compromising risks of cigarette smoking are well
known [1,2]. Although the number of new cigarette smokers in
the United States declined in recent years, those who do start
using are younger than in previous generations, and use of other
tobacco products has increased [3,4]. Social influence clearly
plays a role in this increase [5,6], but it alone does not explain
high rates of initiation in adolescents. Evidence from rodent
studies suggests that normative developmental changes that
occur in the adolescent brain in regions associated with

addiction (and which are homologous in humans) may also
render it particularly susceptible to nicotine’s addictive proper-
ties [7e9]. Whether this phenomenon applies to human ado-
lescents has been surprisingly understudied. Evidence suggests
that smoking cues elicit a desire to smoke in adolescents [10,11]
and that this may be driven by increased activation in addiction-
related regions to smoking cues [12]. Research examining neural
responses to drug and alcohol cues have demonstrated similar
findings [13,14]. However, no previous study has asked the
developmental question: is the adolescent brain more respon-
sive to smoking cues than adults? Relatedly, does cue-induced
craving explain individual differences in the desire to smoke
among adolescents? Addressing these questions may help
elucidate why adolescents are at greater risk of smoking initia-
tion than adults.
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Adolescents undergo significant brain development in fron-
tostriatal circuitry [15,16]. Regions in this circuitry, including the
ventral striatum (VS) and dorsolateral prefrontal cortex (DLPFC),
are particularly relevant to the current investigation as they are
implicated in cigarette cue reactivity in adults [17e19]. During
adolescence, the VS exhibits hypersensitivity to both the antici-
pation and receipt of rewards [20e22]. The DLPFC, implicated in
cognitive regulation of cigarette craving [23], undergoes pro-
tracted development through adolescence [24]. This neuro-
developmental tempo may render adolescents especially
susceptible to the allure of appetitive smoking cues via increased
craving relative to adults. In this study, we used mediation ana-
lyses to test the hypothesis that greater neural responses to
smoking videos in adolescent versus adult smokers would be
predictive of greater craving in the adolescent smokers. In
addition, because neural regions typically work in concert with
other neural regions, we applied functional connectivity tools to
test the hypothesis that the relationship between activation of
regions that have previously been implicated in craving predicts
greater craving in adolescents.

Methods

Participants

Using community and Internet advertising, 78 right-handed,
English-speaking (n ¼ 39 postpubertal adolescents,
13e18 years; n ¼ 39 adults, 25e30 years) smokers and non-
smokers participated (Table 1; Appendix for demographic
details). Participants aged 18 years provided written consent,
whereas participants <18 years provided assent and parents
provided written consent as approved by the University of Cali-
fornia Los Angeles Institutional Review Board. All participants
self-reported that they were free of developmental, neurologic,
or psychiatric disorders.

Smoking behavior

Participants completed two visits. At the intake session, par-
ticipants provided self-reports on cigarettes smoked per day,
smoking duration, and nicotine dependence via the Fagerstrom
Test for Nicotine Dependence (FTND) [25]. A revised FTND score
excluding statements less applicable to adolescents1 was calcu-
lated to control for smokingexperienceacrossage categories. There
were no significant differences in nicotine dependence scores be-
tween the revised FTND and original measure for adolescents and
adults; therefore, the revised FTND scores were used in analyses.
Demographic and smoking variables that differed between groups
(Table 1) were controlled in analyses, and implications for these
significant differences are provided in the Discussion.

Smoking status was measured by daily cigarette consumption
and verified by exhaled carbon monoxide (CO) levels (Smoker-
lyzer; Bedfront Scientific, Kent, UK) and urinary cotinine (NicA-
lert test strips; Nymox Pharmaceutical Corp., Hasbrouck Heights,
NJ) at both sessions (Table 1). Nonsmokers reported less than five
cigarettes in their lifetime and tested negative on tests. Smokers
reported five or more cigarettes daily for 6 months and met

qualification thresholds for exhaled CO (6 ppm) and urinary
cotinine (200 ng/mL) measurements. To capture naturalistic
smoking habits, smokers were not instructed to abstain before
the visit; self-reported time since last cigarette was controlled in
analyses. Participants with other tobacco use (e.g., e-cigarettes)
and comorbid substance use (except marijuana) were excluded
during telephone screening. Participants who reported regular
marijuana use were instructed to abstain for a minimum of
24 hours before test days; visits were rescheduled if the urine
drug screen tested positive for marijuana use (Instant-View
Multi-Panel 12-Test Drug Screen; ALFA Scientific Designs Inc.,
Poway, CA).

Functional magnetic resonance imaging procedure

The functional magnetic resonance imaging (fMRI) occurred
w1 week after the intake visit. Before the scan, participants re-
ported hours since last cigarette, alcohol, and marijuana con-
sumption (Table 1). To assess baseline craving before the scan,
participants completed the ShiffmaneJarvik Withdrawal (SJ)
Scale, which asked about desire to smoke if freely permitted,
extent of missing a cigarette, the current urge to smoke, and
likability of smoking (1e7: 1¼ definitely not, 7¼ definitely) [26].
To assess post-task craving, participants rated the same items on
the Urge To Smoke (UTS) Scale (1e7: 1 ¼ definitely not; 7 ¼

definitely) following the scan [27]. Because cigarette craving was
assessed using two different measures, we focused on the four
items that were the same on the SJ and UTS scales; for each
measure of cigarette craving, the items were averaged, and the
composite was used for all analyses. The internal consistency of
these four items was high (abaseline ¼ .93 and apost-task ¼ .96).
Although adolescent and adult smokers differed in number of
hours since last cigarette (Madolescents ¼ 26.93, standard deviation
[SD] ¼ 59.01; Madults ¼ 6.96, SD ¼ 1.93; Table 1), there were no
differences in nicotine withdrawal levels (as measured by the SJ
Scale; Madolescents ¼ 3.01, SD ¼ .74; Madults ¼ 3.29, SD ¼ .58).
However, there was a significant difference in CO level between
adolescent and adult smokers (Table 1), which may be attributed
to age differences in hours since last cigarette.

Following the scan, participants listed the top five cues that
elicited the greatest craving and attributed a primary reason for
why that specific cue made them feel like smoking
(Supplementary Table 1). The same set of smoking cues featuring
late adolescents/young adults elicited similar craving ratings and
reasons for craving from both adolescent and adult smokers
(Appendix; Supplementary Table 1).

Cigarette cue reactivity functional magnetic resonance imaging
task

During the scan, participants completed a cigarette cue
reactivity task. So as not to rely on static smoking cues (e.g.,
photographs), this task consisted of sixteen 20-second videos
created by a local filmmaker that were developmentally appro-
priate, meaning that all the actors were young adults/late ado-
lescents; this is a novel contribution to this area of research.
Ecologic validity is difficult to approximate in a scanner, and
dynamic videos of real people smoking in realistic situations
presumably elicit a more salient response. Furthermore, youth
are more likely to attend to videos that feature individuals in the
same age group. The videos were classified as either neutral or
smoking cues (Figure 1A). Neutral cue videos depicted late

1 For example, “How soon after you wake up do you smoke your first ciga-
rette?” may not be indicative of adolescent dependence because parental
presence may preclude smoking first thing in the morning.
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Table 1
Characteristics of research participants

Adolescent smokers
(n ¼ 19)

Adolescent nonsmokers
(n ¼ 20)

Adult smokers
(n ¼ 20)

Adult nonsmokers
(n ¼ 19)

p Stat

Sex (M/F) 15/4*, z 8/12z 10/10 7/12* *.04
z.07

Age 17.53 (.70)*, z, x

(range: 13e18)
16.05 (1.28)*, k, #

(range: 13e18)
27.05 (1.57)z, #

(range: 25e30)
27.63 (1.64)x, k

(range: 25e30)

*.01
z<.0001
x<.0001
k<.0001
#<.0001

Ethnicity
Caucasian 5.26% (n ¼ 1)*, z 25% (n ¼ 5)z 35% (n ¼ 7)* 15.79% (n ¼ 3) *.04
African-American 15.79% (n ¼ 3)*, z 0% (n ¼ 0)z 35% (n ¼ 7)* 15.79% (n ¼ 3) z.01
Hispanic/Latino 15.79% (n ¼ 3)z 50% (n ¼ 10)z 20% (n ¼ 4) 21.05% (n ¼ 4)
Asian American 47.37% (n ¼ 9)*, z 10% (n ¼ 2)z 0% (n ¼ 0)* 10.53% (n ¼ 2)
Other/multiethnic 15.79% (n ¼ 3) 15% (n ¼ 3) 10% (n ¼ 2)* 36.84% (n ¼ 7)

Intelligent Quotient 105.21 (11.46)z 108 (13.45)x 105 (14.3)* 118.63 (14.2)*, z, x *.01
z.02
x.07

Maternal Education
Did not finish high school 5.26% (n ¼ 1) 5% (n ¼ 1) 5% (n ¼ 1) 5.26% (n ¼ 1)
High school diploma 57.89% (n ¼ 11) 20% (n ¼ 4) 45% (n ¼ 9) 26.32% (n ¼ 5)
GED 0% (n ¼ 0) 10% (n ¼ 2) 0% (n ¼ 0) 0% (n ¼ 0)
AA Degree 21.05% (n ¼ 4) 15% (n ¼ 3) 15% (n ¼ 3) 15.79% (n ¼ 3)
BA Degree 0% (n ¼ 0) 15% (n ¼ 3) 5% (n ¼ 1) 15.79% (n ¼ 3)
Master’s Degree 10.53% (n ¼ 2) 20% (n ¼ 4) 25% (n ¼ 5) 21.05% (n ¼ 4)
Other 5.26% (n ¼ 1) 15% (n ¼ 3) 5% (n ¼ 1) 15.79% (n ¼ 3)

Cigarettes/day 5.55 (4.63)*, z, x 0* 10.2 (5.59)z, k .05 (.23)x, k *<.001
z<.0001
x<.001
k<.001

Fagerstrom Score 1.89 (1.76)*, x, k

(range: 0e8)
0* 3.2 (2.14)z, x

(range: 0e8)
0z, k *.004

z<.0001
x.04
k.005

Fagerstrom Score (revised
scale)

1.21 (1.08)*, x

(range: 0e6)
0*, k 1.52 (1.25)z, k

(range: 0e6)
0z, x *<.0001

z<.0001
x<.0001
k<.0001

Smoking duration (months) 17.63 (14.82)*

(range: 6 mo to 5 yr 4 mo)
N/A 70.85 (50.76)*

(range: 1 yr to 15 yr)
N/A *<.0001

Last smoked cigarette (in
hours) before scan

26.93 (59.01)* N/A 6.96 (1.93)* N/A *.02

Last reported alcohol
consumption (in hours)

97.5 (82.25)
(42.11% reported any use)

246 (317.41)
(20% reported any use)

39.2 (21.98)
(25% reported any use)

93 (80.31)
(42.11% reported any use)

Last reported marijuana
consumption (in hours)

163.2 (212.23)
(26.32% reported any use)

48 (33.94)
(20% reported any use)

624 (868.82)
(25% reported any use)

57 (18)
(21.05% reported any use)

Smokerlyzer breath CO
level; intake session
(range: 1e6)a

1.58 (.84)*, x

6e7 ppm
.94 (.24)*, k

0e6 ppm
2.95 (1.23)z, x, k

10e11 ppm
1.06 (.24)z

0e6 ppm

*.07
z<.0001
x<.001
k<.001

Smokerlyzer breath CO
level; scan session
(range: 1e6)a

1.82 (1.07)*, x

6e7 ppm
1 (0)*, k, #

0e6 ppm
2.95 (1.19)z, x, k, #

10e11 ppm
1.06 (.24)z

0e6 ppm

*.03
z<.0001
x<.001
k<.001
#.05

NicAlert urinary cotinine
level; intake session
(range: 0e6)b

2.75 (2.49)*, x, k

w82e200 ng/mL
.71 (.77)*, #

w0e30 ng/mL
4.37 (1.64)z, x, #

w500e1,000 ng/mL
.65 (.61)z, k

w0e30 ng/mL

*.01
z<.0001
x.03
k<.004
#<.0001

NicAlert urinary cotinine
level; scan session
(range: 0e6)b

3.67 (2.6)*, x

w300e500 ng/mL
.56 (.51)*, k

w0e30 ng/mL
4.61 (1.65)z, k

w500e1,000 ng/mL
.63 (.62)z, x

w0e30 ng/mL

*<.0001
z<.0001
x<.0001
k<.0001

F ¼ female; M ¼ male.
Superscripts *, z, x, k, and # indicate significant differences between groups, with statistics specified in the far-right column.

a The Smokerlyzer measures carbon monoxide in the breath as parts per million (ppm), with seven levels of reading that each represents a range of ppm (level 1 ¼

0e6 ppm [nonsmoker]; level 7 ¼ >51 ppm [heavy smoker]).
b The NicAlert Test measures urinary cotinine concentration (in ng/mL), with seven levels of reading that each represents a range of ng/mL (level 0 ¼ 0e10 ng/mL

[nonsmoker]; level 6 ¼ >1,000 ng/mL [heavy smoker]).
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adolescents in naturalistic settings (e.g., waiting at a bus stop),
whereas smoking cue videos matched neutral cue videos for
setting but also included the same actors smoking a cigarette
(e.g., waiting at a bus stop while smoking a cigarette). Both age
groups viewed the same set of videos, which were presented
randomly. Following presentation of each video cue, participants
provided a rating of cigarette craving on a Likert scale of 1e4
(Figure 1A). Craving ratings were averaged by cue type for group
comparisons. Response times of craving ratings to the cues were
also recorded.

Behavioral data analysis

A series of repeated-measures analyses of variance (ANOVAs)
with age group and smoking group as between-subject factors
were conducted in IBM Statistical Package of the Social Science
(IBM Corp. Released 2013. IBM SPSS Statistics for Macintosh,
version 22.0., IBM Corp, Armonk, NY). Socioeconomic status
(measured by maternal education), gender, hours since last
cigarette, smoking duration, cigarettes per day, and revised
Fagerstrom dependence scores were controlled in behavioral
analyses. Outliers (beyond two SDs of the mean) were excluded
from statistical analyses (n ¼ 2).

Magnetic resonance imaging data acquisition, processing, and
analysis

Scanning was performed on a 3T Siemens Trio MRI scanner.
Imaging data were preprocessed and analyzed using FMRIB

Software Library (www.fmrib.ox.ac.uk/fsl). We analyzed our data
to focuson theBloodOxygenation LevelDependent (BOLD) signal,
which primarily corresponds to the concentration of blood flow.
The BOLD effect is based on the fact thatwhen neuronal activity is
increased in one brain region, there is also an increased amount of
cerebral blood flow to that area. Specifically, fMRI analyses
commonly focus on “contrasts” which refers to the contrast in
BOLD signal in one condition versus BOLD signal in another con-
dition (or a baseline condition). Four contrasts of interest were
modeled: smoking > baseline, neutral > baseline, smoking >

neutral, and neutral > smoking. In the present study, we focused
on activation observed in the smoking > neutral contrast.

Our primary aim in this study was to examine the effects of
smoking versus neutral cues on key nodes in the mesolimbic
system in the adolescent brain. First, we performed a voxelwise
analysis across all participants with the expectation that two a
priori regions of interest (ROIs), the nucleus accumbens (NAcc)
component of the VS and DLPFC, would show activation to the
smoking > neutral contrast. Next, we extracted the peak signals
fromtheVS andDLPFC for subsequentROI analyses. SeeAppendix
for details on MRI parameters, processing, and modeling.

Psychophysiological interaction analysis

A psychophysiological interaction (PPI) analysis [28] was con-
ducted to determine whether craving during the fMRI task related
to functional coupling (strong correlation of activation patterns
between two regions) between regions involved in craving regu-
lationand theVS.Wedefined the seed region, defined as the region

Figure 1. Cues eliciting craving in smokers. (A) Examples of a smoking cue trial and neutral cue trial. Participants viewed a 20-second video clip before reporting their
acute craving on a Likert scale. [Note that the actual scale participants viewed during the scan contained the following: (1) It did not make me feel like smoking; (2) It
kind of made me feel like smoking; (3) It really made me feel like smoking; (4) It really made me feel like smoking right now.] (B) Smokers reported greater craving to
smoking versus neutral cues and nonsmokers reported no craving differences to either cue. (C) Cue-induced craving was significantly associated with urge to smoke
following the scan in adolescent smokers. Error bars represent standard error. ISI ¼ Interstimulus interval; ITI ¼ Intertrial interval; UTS ¼ Urge to Smoke.
*p<.05; **p<.01; ***p<.001.
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of most interest, for the PPI analysis as the bilateral NAcc
(8, 12, 6; 8, 12, 6) using a 4-mm anatomical sphere from the
HarvardeOxford probabilistic atlas in FMRIB Software Library. See
Appendix for additional details on PPI modeling.

Results

Behavioral results

Therewas a significant main effect of cue type [F(1, 29)¼ 4.21,
p ¼ .05] and a significant cue type  smoking group interaction
on craving [F(1, 29) ¼ 50.19, p < .0001]. Participants reported
more craving during smoking (M¼ 1.75, SD¼ .88) versus neutral
cues (M¼ 1.26, SD¼ .44), with higher craving reports by smokers
(M ¼ 2.42, SD ¼ .80) compared to nonsmokers (M ¼ 1.10, SD ¼

.21) during smoking cues compared to neutral cues (Figure 1B).
There were no main effects of age group or significant in-
teractions with age group.

Therewasa significantmain effect of smoking grouponbaseline
craving, where smokers (M ¼ 4.13, SD ¼ 1.53) versus nonsmokers
(M ¼ 1.08, SD ¼ .28) reported higher baseline craving [F(1, 30) ¼
15.57, p< .0001]. Post hoc tests showedno significant differences in
prescan cravingbetweenadolescent (M¼3.80, SD¼1.52)andadult
(M ¼ 4.44, SD ¼ 1.52) smokers. There was also a significant main
effect of smoking group on postscan craving, such that smokers
(M ¼ 4.05, SD ¼ 1.94) reported significantly higher craving ratings
relative to nonsmokers (M ¼ 1.02, SD ¼ .06) [F(1, 30) ¼ 27.00, p <
.0001]. Craving ratings to smoking cues were correlated with
postscan ratings for smokers (r ¼ .52, p¼ .001), an effect driven by
the adolescent smokers (r ¼ .66, p ¼ .002; adult smokers, r ¼ .36,

p ¼ .13; Figure 1C). Ratings to neutral cues were correlated with
postscan ratings for adolescent smokers only (r ¼ .56, p ¼ .01).
Change in craving rating was a difference score calculated by sub-
tracting the mean average of prescan craving from the mean
average craving following the fMRI task. There were no significant
differences between adolescent (M ¼ .07, SD ¼ 1.64) and adult
(M¼ .41, SD¼ 1.31) smokers in overall change in craving levels.

Functional magnetic resonance imaging results

Our first analysis examined the main effects of smoking and
neutral videos. Whole-brain analyses show that both smoking
and neutral videos activated several frontolimbic regions
(Supplementary Table 2 lists significant regions). Because the
present study focused on the effects of smoking cues on regions
that are implicated in craving and which undergo the most
adolescent neurodevelopment, the remaining analyses were
conducted within a priori ROIs.

Based on the whole-brain analyses for the smoking > neutral
contrast, we used an ROI approach to extract the parameter es-
timates with the highest z-statistic from two a priori regions: the
NAcc (10, 20, 4; z ¼ 2.89) and DLPFC (30, 46, 32; z ¼ 3.75).
There was a significant main effect of smoking group on NAcc
activation, with less NAcc activation exhibited by smokers
(M ¼ .003, SD ¼ .03) compared to nonsmokers (M ¼ .01, SD ¼

.02) to the smoking versus neutral cues contrast [F(1, 30) ¼ 7.29,
p¼ .01]. There was no significant main effect of age group. An age
group  smoking group interaction revealed greater NAcc acti-
vation in adolescent smokers (M¼ .007, SD¼ .04) relative to adult
smokers (M¼.01, SD¼ .02) [F(1, 37)¼ 3.84, p¼ .05; Figure 2A].

Figure 2. Neural activation in response to smoking versus neutral cues. (A) Adolescent smokers exhibited significantly greater nucleus accumbens (NAcc) activation
than adult smokers (10, 20, 4; z ¼ 3.89). (B) Greater NAcc activation was associated with subsequent urges to smoke. (C) Nonsmokers exhibited significantly greater
activation than smokers in dorsolateral prefrontal cortex (DLPFC; 30, 46, 32; z ¼ 3.57). Error bars represent standard error.
*p<.05; **p<.01.
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NAcc activationwas not correlated with hours since last cigarette
or prescan craving.

A significant main effect of smoking group on activation in the
DLPFC revealed that smokers (M ¼ .015, SD ¼ .04) showed less
DLPFC activation than nonsmokers (M ¼ .0098, SD ¼ .03) to
smoking versus neutral cues [F(1, 30)¼ 8.88, p¼ .004; Figure 2C].
There was no main effect of age group or interactions on DLPFC
activation. Greater DLPFC activation was correlated with lower
baseline craving and lower craving to the smoking cues and were
driven by the nonsmokers (baseline craving: r ¼ .38, p < .001;
craving to smoking cues: r ¼ .44, p ¼ .01), which means non-
smokers showed a stronger correlation between DLPFC and
craving than smokers. In smokers, greater DLPFC activation was
also significantly correlated with higher changes in craving
scores (r ¼ .36, p ¼ .02), an effect driven by the adolescent
smokers (adolescent smokers: r¼ .24, p¼ .04; adult smokers: r¼
.19, p ¼ .42). DLPFC activation was not related to prescan or
postscan craving, daily cigarette use, hours since last cigarette, or
Fagerstrom scores.

To further investigate whether greater cue sensitivity in
adolescent smokerswasalsopredictiveof cue-relatedandpostscan
craving, NAcc activation was regressed onto cue-induced craving
and postscan ratings. For adolescent smokers only, greater NAcc
activation significantly correlated with higher postscan ratings
following the scan (r¼ .53, p¼ .02) (Figure 2B) and a trend toward
greater acute craving to smoking cues (r ¼ .44, p ¼ .06).

We next conducted mediation analyses using a series of re-
gressions to determine whether NAcc activation mediated the
relationship between self-rated craving to the smoking videos and
greater change in craving scores (from prescan to postscan). For
adolescent smokers, the relationship between smoking cue-
induced craving reports and change in craving scores was
mediated by NAcc activation (Figure 3A). NAcc activation showed
significant relationshipswithboth cue-induced craving (b¼ .71,p¼
.001) and change in craving scores (b ¼ .57, p ¼ .05). The stan-
dardized b coefficient between acute craving to the smoking cues
and change in craving scores (b ¼ .36, p ¼ .01) significantly

decreased when controlling for NAcc activation in adolescent
smokers (b ¼ .20, p ¼ .46). A Sobel test [29] confirmed that NAcc
activation mediated the relationship between reported craving
during the scan to smokingcues andchanges inpre-to-post urges to
smoke among adolescent smokers (Z ¼ 1.85, p ¼ .05). These medi-
ation effects were not observed among adult smokers (Figure 3B),
nor were they significant for neutral cues in either group.

To further probe a possible mechanism for the relationship
between NAcc activation and postscan craving, we conducted a
post hoc PPI analysis using the NAcc as a seed region (Figure 4A).
Because NAcc activation only mediated the relationship between
acute craving to smoking cues and change in pre-to-post craving
for adolescent smokers, we restricted the analyses to this group.
Craving ratings to the smoking > neutral cues was associated
with increased functional coupling between the NAcc and mul-
tiple cortical regions (Figure 4B; see Appendix for a complete list
of regions), which included the superior parietal lobule (24, 52,
48, z¼ 3.90) and paracingulate cortex (2,12, 38, z¼ 2.95). Next,
we investigated how functional coupling between the NAcc and
these cortical regions related to craving ratings from adolescent
smokers but only observed the following effects: increased
functional coupling between the NAcc and superior parietal
lobule was marginally associated with cue-induced craving to
smoking cues (r ¼ .40, p ¼ .09; Figure 4C) and increased func-
tional coupling between the NAcc and paracingulate cortex was
related to slower reaction times in response to smoking (r¼.51,
p ¼ .03) and neutral cues (r ¼ .43, p ¼ .07).

Discussion

The goal of this study was to characterize neural correlates of
cigarette craving in adolescent smokers and to determine if the
adolescent brain is more responsive to cigarette cues than
adults. The findings reveal four novel advancements to this
understudied question: (1) adolescent smokers report the same
level of craving in response to cigarette cues as adult smokers,
despite having a significantly shorter history of smoking; (2)
exposure to smoking cues predicts changes in subsequent
smoking urges in adolescents; (3) VS activation mediates the
relationship between acute craving during the cues and change
in craving levels from pre-to-post cue exposure in adolescent
smokers only; and (4) functional coupling between striatal and
cortical regions is associated with increased craving in adoles-
cent smokers.

In the present study, smoking cue-induced craving was par-
alleled with greater activation of the VS in adolescent versus
adult smokers and reduced activation of the DLPFC in smokers
versus nonsmokers. The data also highlight individual differ-
ences in smoking behaviors that may arise from an imbalance
between reward-related and cognitive control systems in
adolescence, such that adolescent smokers’ VS activation medi-
ates the relationship between acute craving to smoking cues and
the change in subsequent urges to smoke and was predictive of
increased functional coupling between the VS and frontal re-
gions. Thus, the developing brain may render adolescents, rela-
tive to adults, especially responsive to smoking stimuli.

Compared to nonsmokers, adolescent and adult smokers re-
ported greater craving in response to smoking cues. The similarity
in smoking cue-induced craving supports a recent finding which
found little discrimination between occasional and daily adoles-
cent smokers in cue-induced craving [11], suggesting that
adolescent and adult smokers may endorse similar craving

Figure 3. (A) Nucleus accumbens (NAcc) activation mediated the relationship
between acute craving to smoking cues and pre-to-post scan craving levels in
adolescent smokers. (B) This association was not observed in adult smokers.
*p<.05; **p<.01; ***p<.001.
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patterns regardless of nicotine dependence severity. Under-
standing this relationship is important as increased craving levels
in response to smoking cues can lead to difficulty with cessation
attempts and relapse in smokers [30,31]. Thus, these findings
highlight adolescence as a critical period to target cessation
efforts.

Cue exposure has consistently been associated with increases
in craving and VS activity [12,32,33]. Our findings further sug-
gest that the relationship between acute craving to smoking cues
and subsequent changes in craving levels is mediated by acti-
vation of the VS in response to smoking cues in adolescent
smokers only; these effects may not be observed in adult
smokers because the smoking cues (featuring young smokers)
were not as engaging for them. This relationship highlights how
impactful exposure to smoking stimuli can be on eliciting neural
activity during adolescence relative to adulthood, which may

increase reward sensitivity and influence youth toward initiating
tobacco use.

In response to smoking versus neutral cues, smokers exhibi-
ted diminished DLPFC activation compared to nonsmokers; this
neural activation was positively correlated with higher changes
in pre-to-post craving scores, an effect driven by adolescent
smokers. These findings are intriguing in light of two previous
findings. First, a previous study reported that the DLPFC helped
cigarette smokers regulate their self-reported cigarette craving,
which was based on the observation that those who exhibited
decreased VS activation and increased DLPFC activation evinced
greater decreases in craving [23]. Other studies have also found
that the prefrontalestriatal pathway is involved in the control of
craving and habitual use of drugs [17,34]. Second, the DLPFC
shows a protracted neurodevelopmental trajectory that persists
through adolescence and into early adulthood [35], a

Figure 4. Parietalestriatal functional connectivity to cues is associated with craving in adolescent smokers. (A) The seed regionwas defined as a 4-mm sphere centered
in the nucleus accumbens (NAcc) based on an anatomical sphere from the HarvardeOxford probabilistic atlas in FMRIB Software Library. (B) Psychophysiological
interaction analyses reveal increased functional coupling between the NAcc and multiple cortical regions, including the parietal lobule shown here, for adolescent
smokers following smoking vs. neutral cues. (C) Increased coupling between the NAcc and parietal lobe was positively correlated with greater acute craving to smoking
cues in adolescent smokers. Note: Right ¼ left.
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phenomenon that renders adolescents less adept than adults at
regulating limbic-based urges [36]. These two findings suggest
that the region individuals need most for successful inhibition of
craving (the DLPFC) is not yet fully engaged during adolescence,
which may preclude effective craving regulation in adolescent
smokers. Indeed, our findings underscore the meaningful rela-
tionship between frontostriatal circuitry and craving that
together predict subsequent smoking urges.

Acute craving to smoking cues was also associated with
increased functional coupling between the VS and cortical cir-
cuitry (i.e., strong correlation between activation in the VS and
activation in the cortex), which included the DLPFC, superior
parietal lobule, and motor cortices. Previous research delineating
this frontoparietal network reveals that the automaticity of
smoking behaviors is attributed to subconscious imitation trig-
gered by smoking stimuli [37]. Wagner et al. found greater cue-
related activity in frontal regions implicated in planning
manual actions. Similarly, increased functional coupling between
the VS and superior parietal lobe predicted greater craving
following smoking cues in the present study [38], suggesting that
action representation acquired while viewing others’ smoking
inspired later feelings of “wanting a cigarette.”

A major strength of this study is its examination of individual
differences in cigarette craving and neural sensitivity to smok-
ing cues and ontogenetic differences between adolescent and
adult smokers. However, a few limitations are noted. One lim-
itation is that participants were not instructed to refrain from
smoking beforehand, which may lead to variability in the last
cigarette smoked and initial craving levels. However, both time
since last cigarette and prescan craving were not related to
neural activity to the cues for adolescent or adult smokers. In
addition, there were ethnic and sex differences in our sample;
yet, these were consonant with the demographic makeup of our
target recruitment sites (i.e., greater Los Angeles). Because it is
challenging to recruit a large sample of smokers for an fMRI
study who do not present with comorbid substance use, we did
not have exclusion criteria for ethnicity or sex. However, these
group differences are consistent with the literature, such that
higher smoking prevalence is typically found in males [4,39]
and ethnic minority groups [40], with greater daily cigarette
consumption and smoking dependence found in adult smokers
[39]. Additionally, the statistically significant differences in
craving between neutral and smoking cues were admittedly
modest so the clinical application warrants a replication study
and further investigation. Finally, one alternative explanation of
the results is that they reflect neural desensitization in adults
(as long-time and heavier users) rather than hypersensitivity in
youth.

In conclusion, our data offer further evidence that neurobio-
logical responses to cigarette cues underlie individual and
developmental differences in subsequent smoking urges be-
tween adolescent and adult smokers. The finding that VS activity
mediated the effect of smoking cue-induced craving and changes
in pre-to-post craving was restricted to adolescent smokers,
which underlines the importance of targeting efforts toward
reducing smoking initiation during this highly sensitive devel-
opmental window.

Acknowledgments

The authors thank the participants and helpful comments
from members of the Galván Lab.

Supplementary Data

Supplementary data related to this article can be found at
http://dx.doi.org/10.1016/j.jadohealth.2015.10.004.

Funding Sources

This work was supported by a grant from the California
Tobacco-Related Disease Research Program (#19KT-0026) to AG.

References

[1] U.S. Department of Health and Human Services. The health consequences
of smoking: A report of the surgeon general. Atlanta: U.S. Department of
Health and Human Services, Centers for Disease Control and Prevention,
National Center for Chronic Disease Prevention and Health Promotion,
Office on Smoking and Health; 2004.

[2] U.S. Department of Health and Human Services. How tobacco smoke causes
disease: What it means to you. Atlanta: U.S. Department of Health and
Human Services, Centers for Disease Control and Prevention, National
Center for Chronic Disease Prevention and Health Promotion, Office on
Smoking and Health; 2010.

[3] Ng M, Freeman MK, Fleming TD, et al. Smoking prevalence and cigarette
consumption in 187 countries, 1980-2012. JAMA 2014;311:183e92.

[4] King BA, Dube SR, Tynan MA. Current tobacco use among adults in the
United States: Findings from the National Adult Tobacco Survey. Am J
Public Health 2012;102:e93e100.

[5] Kelly AB, O’Flaherty M, Connor JP, et al. The influence of parents, siblings,
and peers on pre- and early-teen smoking: A multilevel model. Drug
Alcohol Rev 2011;30:381e7.

[6] Mercken L, Sieddens EF, de Vries H, Steglich CE. Choosing adolescent
smokers as friends: The role of parenting and parental smoking. J Adolesc
2013;36:383e92.

[7] Counotte DS, Goriounova NA, Moretti M, et al. Adolescent nicotine expo-
sure transiently increases high-affinity nicotinic receptors and modulates
inhibitory synaptic transmission in rat medial prefrontal cortex. FASEB J
2012;26:1810e20.

[8] Shram MJ, Funk D, Li Z, Lê AD. Periadolescent and adult rats respond
differently in tests measuring the rewarding and aversive effects of nico-
tine. Psychopharmacology 2006;186:201e8.

[9] Torres OV, Tejeda HA, Natividad LA, O’Dell LE. Enhanced vulnerability to
the rewarding effects of nicotine during the adolescent period of devel-
opment. Pharmacol Biochem Behav 2008;90:658e63.

[10] Upadhyaya HP, Drobes DJ, Wang W. Reactivity to in vivo smoking cues in
older adolescent cigarette smokers. Nicotine Tob Res 2006;8:135e40.

[11] Carpenter MJ, Saladin ME, Larowe SD, et al. Craving, cue reactivity, and
stimulus control among early-stage young smokers: Effects of smoking
intensity and gender. Nicotine Tob Res 2014;16:208e15.

[12] Rubinstein ML, Luks TL, Moscicki AB, et al. Smoking-related cue-induced
brain activation in adolescent light smokers. J Adolesc Health 2011;48:
7e12.

[13] Pulido C, Mok A, Brown SA, Tapert SF. Heavy drinking relates to positive
valence ratings of alcohol cues. Addict Biol 2009;14:65e72.

[14] Tapert SF, Cheung EH, Brown GG, et al. Neural response to alcohol stimuli
in adolescents with alcohol use disorder. Arch Gen Psychiatry 2003;60:
727e35.

[15] Sowell E, Peterson BS, Thompson PM, et al. Mapping cortical change across
the human life span. Nat Neurosci 2003;6:309e15.

[16] Galván A, McGlennen K. Enhanced striatal sensitivity to aversive rein-
forcement in adolescents versus adults. J Cogn Neurosci 2013;25:284e96.

[17] Everitt BJ, Robbins TW. Neural systems of reinforcement for drug addic-
tion: From actions to habits to compulsion. Nat Neurosci 2005;8:1481e9.

[18] Lee JH, Lim Y, Wiederhold BK, Graham SJ. A functional magnetic resonance
imaging (FMRI) study of cue-induced smoking in virtual environments.
Appl Psychophysiol Biofeedback 2005;30:195e204.

[19] Engelmann JM, Versace F, Robinson JD, et al. Neural substrates of smoking
cue reactivity: A meta-analysis of fMRI studies. Neuroimage 2012;60:
252e62.

[20] Luna B, Thulborn KR, Munoz DP, et al. Maturation of widely distributed
brain function subserves cognitive development. Neuroimage 2001;13:
786e93.

[21] Galván A, Hare TA, Parra CE, et al. Earlier development of the accumbens
relative to orbitofrontal cortex might underlie risk-taking behavior in ad-
olescents. J Neurosci 2006;26:6885e92.

[22] Van Leijenhorst L, Zanolie K, Van Meel CS, et al. What motivates the
adolescent? Brain regions mediating reward sensitivity across adolescence.
Cereb Cortex 2010;20:61e9.

K.T. Do and A. Galván / Journal of Adolescent Health 58 (2016) 186e194 193



[23] Kober H, Mende-Siedlecki P, Kross EF, et al. Prefrontal-striatal pathway
underlies cognitive regulation of craving. Proc Natl Acad Sci U S A 2010;
107:14811e6.

[24] Gogtay N, Giedd JN, Lusk L, et al. Dynamic mapping of human cortical
development during childhood through early adulthood. Proc Natl Acad Sci
U S A 2004;101:8174e9.

[25] Fagerstrom KO, Schneider NG. Measuring nicotine dependence: A review
of the Fagerstrom Tolerance Questionnaire. J Behav Med 1989;12:
159e82.

[26] Shiffman S, Jarvik M. Trends in withdrawal symptoms in abstinence from
cigarette smoking. Psychopharmacologia 1976;50:35e9.

[27] Jarvik M, Madsen D, Olmstead R, et al. Nicotine blood levels and subjective
craving for cigarettes. Pharmacol Biochem Behav 2000;66:553e8.

[28] Friston KJ, Buechel C, Fink GR, et al. Psychophysiological and modulatory
interactions in neuroimaging. Neuroimage 1997;6:218e29.

[29] Sobel ME. Asymptotic confidence intervals for indirect effects in structural
equation models. Sociol Methodol 1982;13:290e312.

[30] Waters AJ, Shiffman S, Sayette MA, et al. Cue-provoked craving and nico-
tine replacement therapy in smoking cessation. J Consult Clin Psychol
2004;72:1136e43.

[31] Schlam TR, Piper ME, Cook JW, et al. Life 1 year after a quit attempt: Real-
time reports of quitters and continuing smokers. Ann Behav Med 2012;44:
309e19.

[32] Due DL, Huettel SA, Hall WG, Rubin DC. Activation in mesolimbic and
visuospatial neural circuits elicited by smoking cues: Evidence from

functional magnetic resonance imaging. Am J Psychiatry 2002;159:
954e60.

[33] David SP, Munafo MR, Johansen-Berg H, et al. Ventral striatum/nucleus
accumbens activation to smoking-related pictorial cues in smokers and
nonsmokers: A functional magnetic resonance imaging study. Biol Psy-
chiatry 2005;58:488e94.

[34] Volkow ND, Fowler JS, Wang GJ. The addicted human brain: Insights from
imaging studies. J Clin Invest 2003;111:1444e51.

[35] Giedd JN, Blumenthal J, Jeffries NO, et al. Brain development during
childhood and adolescence: A longitudinal MRI study. Nat Neurosci 1999;
2:861e3.

[36] Casey BJ, Caudle K. The teenage brain: Self-control. Curr Dir Psychol Sci
2013;22:82e7.

[37] Field M, Mogg K, Bradley BP. Automaticity of smoking behaviour: The
relationship between dual-task performance, daily cigarette intake and
subjective nicotine effects. J Psychopharmacol 2006;20:799e805.

[38] Wagner DD, Dal Cin S, Sargent JD, et al. Spontaneous action representation
in smokers when watching movie characters smoke. J Neurosci 2011;31:
894e8.

[39] Hu MC, Davies M, Kandel DB. Epidemiology and correlates of daily smoking
and nicotine dependence among young adults in the United States. Am J
Public Health 2006;96:299e308.

[40] Caraballo RS, Yee SL, Gfroerer J, Mirza SA. Adult tobacco use among racial
and ethnic groups living in the United States, 2002-2005. Prev Chronic Dis
2008;5:A78.

K.T. Do and A. Galván / Journal of Adolescent Health 58 (2016) 186e194194




