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Abstract
Purpose—Using fMRI, we examined whether or not adolescents with low levels of nicotine
exposure (light smokers) display neural activation in areas shown to be involved with addiction in
response to smoking-related stimuli.

Design/Setting/Participants—Twelve adolescent light smokers (aged 13 to17, smoked 1 to 5
cigarettes per day) and 12 non-smokers (ages 13 to 17, never smoked a cigarette) from the San
Francisco Bay Area underwent fMRI scanning. During scanning they viewed blocks of
photographic smoking and control cues. Smoking cues consisted of pictures of people smoking
cigarettes and smoking-related objects such as lighters and ashtrays. Neutral cues consisted of
everyday objects and people engaged in everyday activities.

Findings—For smokers, smoking cues elicited greater activation than neutral cues in the
mesolimbic reward circuit (left anterior cingulate (T=7.88, p<.001), right hippocampus (T=6.62,
p<.001) and right parahippocampal gyrus (T=4.70, p<.001)). We found activation from smoking
cues versus neutral cues within both the left and right frontal medial orbital regions (T=5.09, p<.
001 and T=3.94, p=.001 respectively), which may be unique to adolescents. Non-smokers showed
no significant difference in activation between smoking-related cues and neutral cues.

Conclusions—Our finding that smoking cues produced activation in adolescent light smokers in
brain regions seen in adult and heavy teen smokers suggests that even at low levels of smoking,
adolescents exhibit heightened reactivity to smoking cues. This paper adds to the existing
literature suggesting that nicotine dependence may begin with exposure to low levels of nicotine,
underscoring the need for early intervention among adolescent smokers.
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INTRODUCTION
People who start smoking as teens are more likely to become life-long smokers than those
who start smoking in their 20′s or later [1]. Evidence suggests that adolescents may be more
susceptible to nicotine addiction than adults, experiencing addiction at significantly lower
nicotine levels [2-4]. Despite the fact that most adult smokers began smoking as adolescents,
we have relatively little understanding of the neurophysiological processes underlying
adolescent nicotine addiction. Underscoring this issue, pharmacotherapy for adolescent
smoking cessation has been largely ineffective [5]. Understanding the neurobiology of
adolescent nicotine addiction may help the development of new treatment strategies for
adolescent smoking cessation.

Recently, functional magnetic resonance imaging (fMRI) has been used in studies of adult
smokers to study the neural pathways involved with nicotine craving and addiction [6-14].

Several of these studies have reported brain activation in specific areas within the
mesolimbic dopamine system following smoking cues. Although these studies have
identified brain regions that are associated with smoking cue reactivity in nicotine-addicted
adults, there has been limited use of fMRI to study adolescent smokers [15-17]. One study
by Lee and colleagues that used heavy, established adolescents smokers observed similar
findings to those seen in adult smokers (e.g., activation of the anterior cingulate cortex) [17].
Investigating areas of brain activation in adolescents who are light smokers and have not
established strong smoking habits may provide additional insight as to the brain regions
affected early in the process of addiction.

This study focused on adolescent light smokers to identify brain regions important during
the developing stages of addiction. Using fMRI, we examined whether or not adolescents
with low levels of nicotine exposure (light smokers) display neural activation following
exposure to smoking cues. In addition, we looked for activation within regions shown to be
activated in adult smokers.

METHODS
Fourteen adolescent light smokers (aged 13 to17, smoked 1 to 5 cigarettes per day), and 12
adolescent non-smokers (ages 13 to 17, never smoked a cigarette) were recruited from San
Francisco Bay area high schools and pediatric clinics using fliers and online advertising.
Participants were screened to exclude those who were currently or previously reported using
nicotine replacement, Zyban® (bupropion HCL), or psychiatric medication (e.g., dopamine
antagonists) in the prior month. Participants were also excluded if they were pregnant.
Finally, given the effects on concentration and dopamine activation, participants were
excluded if they reported using substances such as marijuana, cocaine or methamphetamine
in the prior 72 hours.

Informed Consent
The research design and procedures were reviewed and approved by the University of
California Institutional Review Board. Informed, written assent from the adolescent subject
and consent from one parent were obtained for each subject before data collection.

Experimental Procedures
Participants were instructed to smoke ad libitum prior to scanning and were told that they
could resume smoking following the scanning procedure. To verify and quantify
participants’ smoking status, we measured exhaled carbon monoxide (CO) using the

Rubinstein et al. Page 2

J Adolesc Health. Author manuscript; available in PMC 2012 January 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Vitalograph Breath CO monitor (Vitalograph, Inc, Lenexa, KS), and collected saliva for
cotinine measurement. Cotinine was measured using liquid chromatography-tandem mass
spectrometry with a lower limit of detection of 10 ng/ml. Participants completed confidential
questionnaires that assessed their smoking behavior, addiction and other behavioral and
demographic indices (see behavioral measures below). After the questionnaire, females
gave a urine sample to verify a negative pregnancy status before the fMRI. All participants
received a monetary payment of $100 for their participation.

Imaging Parameters
A Siemens 3 Tesla MAGNETOM Trio Tim scanner was used for fast echo-planar imaging.
Following a localizer series, high-resolution T1-weighted structural images were obtained
(TR/TE/TI= 10/4/300 ms, 15° flip angle, 1.0 × 1.0mm2 in plane resolution and 1 mm slab
thickness). Next, functional imaging was obtained using an echo-planar pulse sequence with
T2-weighted images sensitive to blood-oxygenation-level-dependent contrast (TR=2 s;
TE=40 ms; flip angle=90, matrix = 64 × 64, FOV = 40 × 40 cm, 33 slices, 3 mm thickness).

Cue reactivity paradigm during fMRI scans
Cues consisted of photographs of smoking-related and neutral images. The smoking and
neutral cue images were comprised from two standardized slide sets (see below). Images
were an assortment of right and left orientation, and were selected for “teen friendliness”,
such as younger-looking faces. The use of smoking-related visual cues has been
behaviorally validated in samples of adolescent smokers [18] and allowed us to trigger
measurable smoking-related neural activation without providing actual nicotine to our young
participants. Smoking cues consisted of pictures of people smoking cigarettes and smoking-
related objects such as lighters and ashtrays. The 36 smoking stimuli pictures were obtained
from the International Smoking Image Series (ISIS)[19]. Neutral cues consisted of everyday
objects (such as staplers and lamps) and people engaged in everyday activities (such as
reading or writing). Sixteen Neutral cues were obtained from ISIS, and 20 neutral images
were obtained from the International Affective Picture System [20]. Neutral cues were
chosen to match the smoking cues in terms of size, color, and orientation.

All visual stimuli were presented onto an LCD screen behind the participant’s head, which
the participant viewed through a mirror mounted on the head coil. Each functional MRI
acquisition began with the presentation of a fixation cross for 18 seconds. Stimuli were
presented in blocks lasting 18 seconds. Each block consisted of three images from the same
condition (smoking or neutral), for a duration of 6 seconds per image. Between each block,
the fixation cross was presented again for 18 seconds. Each fMRI acquisition run consisted
of 3 blocks of each of the two conditions (smoking and neutral). The order in which blocks
were presented as well as the order in which individual images appeared was randomized for
each participant. There were a total of 3 runs. Stimuli were presented using E-prime 2.0
(Psychology Software Tools, Inc.).

Behavioral Measures
Craving—Before and after each fMRI acquisition run, participants were asked to rank their
craving. The craving question “How much do you crave a cigarette right now?” was
presented on the screen and participants responded by using a handheld controller which
moved a cursor on the screen to select a score on a scale of 1 (“not at all”) to 10 (“extreme”).

Smoking Behavior—Prior to the fMRI session, smoking participants were asked about
their frequency and quantity of cigarette smoking, at what age they had their first cigarette
(puff and first whole cigarette), and at what age they began to smoke daily. Participants were
also asked when they smoked their last cigarette prior to presenting for the study. The mean
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number of cigarettes participants reported smoking per day was calculated by averaging the
number of cigarettes smoked for each day of the last week during which they smoked.

Nicotine Dependence—Prior to the fMRI session, nicotine dependence was assessed
using the modified Fagerström Tolerance Questionnaire (mFTQ) [21]. Participants were also
asked to rate how addicted to nicotine they felt using a scale from 0 (“not at all addicted”) to
100 (“extremely addicted”).

fMRI Data Analysis
Whole-Brain Analysis—Statistical analysis of fMRI data was performed using
MATLAB (Mathworks Inc.) and SPM5 software (www.fil.ion.ucl.ac.uk/spm). Prior to
analysis, the functional images were converted to 3-D Analyze format volumes. Images
were corrected for motion artifacts using a 6-parameter rigid body affine transformation and
corrected for differences in slice acquisition timing. The resulting images were normalized
to a standard stereotaxic space (Montreal Neurological Institute (MNI) Template) using a
12-parameter affine/non-linear transformation and then spatially smoothed with a 8 mm full-
width, half-maximum isotropic Gaussian kernel. For each subject, the fMRI data was
analyzed using a general linear model in which blocks of each condition (Smoking and
Neutral) were modeled by a separate regressor, consisting of the block onset and duration
convolved with SPM’s canonical hemodynamic response function. Additional regressors
were included to model motion correction parameters as covariates. Contrasts of interest
were performed to compare smoking and neutral cue conditions. Second level random-
effects analyses were performed to examine this contrast within and between the two
groups. Each of these analyses was performed on the data from the whole brain. For the
whole brain analyses, activations were considered significant at p <0.001 (uncorrected) with
a minimum cluster size of 20 contiguous voxels.

Analyses were next performed to determine if activity within each significantly active voxel
cluster in the whole brain analysis was correlated with specific behavioral measures known
to be associated with level of addiction. First, percent signal change for each significantly
active voxel cluster in the whole brain analysis was calculated. We then used the percent
signal change to calculate Pearson correlation coefficients to see if activity within each of
these clusters increased with increased nicotine exposure (i.e., number of cigarettes per day),
level of addiction (measured by score on the mFTQ and self reported level of addiction), and
level of craving (pre and post scan). Finally, we looked to see if activity increased with
increased duration of time since last cigarette smoked.

A-priori ROI analysis—After a thorough review of the literature, we selected 10 brain
regions of interest (ROIs) which have been shown to be activated by either nicotine or
smoking cues in imaging studies of adult smokers [6,8,9,13,22-24]. The 10 ROIs included
regions associated with the mesocorticolimbic reward circuits (orbitofrontal cortex, insula,
anterior cingulate, posterior cingulate, hippocampus, thalamus, ventral striatum, amygdala,
inferior temporal, and fusiform gyrus). Although the ventral tegmental area is also
implicated in nicotine addiction, it is too small (~ 2 voxels) [25] to detect activation at the
level of resolution we employed without incorporating surrounding tissues.

ROIs were defined using the MarsBar AAL ROI package, version 0.1 [26]. Planned
comparisons were performed on each of these ROIs to test for significantly greater
activation in Smoking versus Neutral cue blocks within the smokers using GLM analyses in
the SPM5 MarsBar toolbox. For the analyses of the 10 ROIs in each hemisphere (10 right
sided and 10 left sided), associations were regarded as significant if the probability of a
Type I error was <0.05 after correcting for repeated analyses using the Benjamini and
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Hochberg False Discovery Rate (FDR). We then compared activation within these same
ROIs between smokers and non-smokers.

RESULTS
Participant Characteristics

Two smokers were excluded from analysis: one subject was withdrawn from the study after
he reported drinking alcohol in the prior 24 hours and reported falling asleep in the scanner.
Another subject was excluded due to signal interference from glue in her hair extensions.
Thus, the final sample consisted of 12 smokers and 12 non-smokers.

Characteristics of the 12 adolescent smokers and non-smokers are described in Table 1. The
smoking sample was 42% female with a mean age of 16.3 years-old, reported smoking an
average of 3.6 cigarettes per day (SD=1.3) and reported a mean duration of daily smoking of
1.9 years (SD=1.1). Mean score on the mFTQ addiction scale was 2.8 (SD=1.1, range= 2-5)
reflective of a range of “no dependence” (1-2) to “moderate dependence (3-4).” The non-
smokers were also 42% female with a mean age of 15.7 years (SD=1.6).

The median time smokers reported smoking their last cigarette was 1.9 hours prior to the
scan (SD= 7.9 hours) but there was a wide range of 1-24.2 hours reflective of the ad libitum
smoking by many of these adolescent light smokers. Pre-scan craving was highly correlated
with baseline cotinine levels (r=.59, p=.004).

Whole brain fMRI Analyses
For smokers, smoking cues elicited greater activation than neutral cues in several brain
regions in the mesocorticolimbic system including the left anterior cingulate (t=7.88, p<.
001), right hippocampus (t=6.62, p<.001) and right parahippocampal gyrus (t=4.70, p<.001;
see Figure 1 and Table 2). Other regions of activation to smoking cues versus neutral cues
included the right middle occipital gyrus (t=6.62, p<.001) and the left middle occipital gyrus
(t=6.03, p<.001).

The percent signal change (e.g., percent change in brain activation from baseline after
viewing smoking cues) was not associated with the duration in time since last cigarette
smoked (p values ranged from .23 - .78). Both pre and post scan craving were highly
correlated with percent signal change in the right (r=.65, p=.02 pre-scan; r=.72, p=.01 post-
scan) and left middle occipital gyrus (r=.74, p=.01 pre-scan; and r=.82, p<.01 post-scan).
Additionally, the mean number of cigarettes smoked per day was highly correlated with
percent signal change in the left anterior cingulate (r=.68, p=.02). Self-reported addiction
(0-100% scale) was highly correlated with the percent signal change in left anterior
cingulate (r=.61, p=.04). Mean score on the mFTQ was not correlated with percent signal
change in any of the significantly active regions. Self-reported use of substances such as
alcohol and marijuana by the participants was not correlated with percent signal change in
any of the significantly active regions.

Non-smokers showed no significant activation difference between smoking-related cues and
neutral cues. In the between group analyses, there were no regions with greater relative
activation in response to smoking cues in smokers compared to non-smokers (see Table 2).

A-priori ROI analysis
In smokers, we found significant activation from smoking versus neutral cues within both
the left and right frontal medial orbital regions (T=5.09, p<.01 and T=3.94, p=.01
respectively; see Table 3, non-significant ROIs not listed). We also found significant
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activation in the left amygdala (t=2.26, p=.05), left anterior cingulate (t=2.47, p=.04), left
and right posterior cingulate (t=3.27, p=.03 and t=2.75, p=.03, respectively), right
hippocampus (t=2.61, p=.03 respectively) and right inferior and middle temporal (t=2.80,
p=.03 and t=3.01, p=.03). There were no significant activations in the non-smoker control
group. In the between group analyses (e.g., smokers versus non-smokers), differences did
not reach statistical significance.

DISCUSSION
Our findings show that adolescent light smokers exhibit brain activation in response to
smoking cues and these areas of brain activation are similar to those observed in adult
smokers. More specifically, the increased BOLD activations observed in the left anterior
cingulate, bilateral middle occipital gyri and right hippocampus in the whole brain analysis
of our light smokers have all been reported in adult and heavy teen smokers [7-9,17]. Based
on both animal and human studies, [27,28] all of these regions are thought to play a
significant role in nicotine addiction [29-32].

Activation of the hippocampus is thought to be involved with drug reward, drug-related
memories and conditioned responses [33] whereas activation of the anterior cingulate gyrus
is thought to be involved in compulsive drug use and poor inhibitory control [34]. In our
study, activation within this region was highly correlated with both number of cigarettes
smoked per day and self-reported addiction on a 0-100% scale. Interestingly, there was no
association between activation in the anterior cingulate and score on the mFTQ. This finding
is consistent with prior findings by our team [35] that the mFTQ may a less sensitive
measure of early signs of addiction in adolescent light smokers than self-reported level of
addiction. We also found a high correlation between craving and activation within the
middle occipital gyri, again similar to studies in heavy smoking addicted adults. The middle
occipital region is modulated by visual attention, and activation in response to smoking cues
within this region has been correlated with both nicotine craving and addiction [6,7,9].

A significant number of our participants reported histories of other substance use in addition
to smoking cigarettes. Although alcohol and marijuana act on similar substrates within the
mesocorticolimic regions of the brain as nicotine, neither self-reported alcohol nor
marijuana use was associated with increased activation to smoking cues. However, it is
possible that marijuana smoking may affect cigarette-cue responsivity in ways which are
beyond the scope of this study. Further research needs to be undertaken to tease apart these
effects.

In our a priori ROI analyses we found significant activation to smoking cues in several key
areas within the mesocorticolimic system including the amygdala, anterior cingulate,
hippocampus and the medial orbital frontal region. All of these regions have been associated
with responses to drug-related stimuli in adults [6,8,9,13,24,36,37] and are thought to play a
role in reward-related learning [38], impulse control, salience attribution [34], and
compulsive drug use [29,34,39]. However, we did not find significant activity in some other
areas reported in adult smoking studies (e.g., insula, fusiform, thalamus, and temporal
regions). Perhaps we found no significant associations with these additional areas because
these other areas become activated at a later “stage” of addiction and thus are not activated
in light smokers. Clearly, more research needs to be done in this area, including the direct
comparison of adolescent light smokers to adult light and heavy smokers.

Importantly, non-smokers did not show activation in response to smoking cues in any areas
in the whole brain analyses or in the ROIs selected as part of the a priori analyses. In the
between group analyses, whole brain and a priori ROI, the contrasts between smokers and
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non-smokers did not reach statistical significance. We suspect that this lack of significance
may stem from an increased variability of neural responsivity to smoking cues within the
non-smoking group which may be teased out with a small larger size. Another limitation to
this study was the necessity of allowing the smokers to smoke during the day prior to the
scan, which may have blunted their cue reactivity. However, we found no correlation
between activation and time since last cigarette. In addition, using a similar fMRI paradigm,
McClernon et al. [6] found that abstinence did not result in larger responses to smoking
cues.

CONCLUSIONS
Our finding that smoking cues produced activation in adolescent light smokers in brain
regions seen in adult and heavy teen smokers suggests that even at low levels of smoking,
some adolescents exhibit heightened reactivity to smoking cues. Clearly there is a need to
directly compare adolescent light smokers with adolescent heavy smokers and adult light
smokers to help understand the role of experience on activation in these areas. This paper
adds to the existing base of literature which finds that nicotine dependence may begin with
exposure to low levels of nicotine in some adolescents, underscoring the need for early
intervention among adolescent smokers.
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FIGURE 1. Areas of greater activation after exposure to smoking cues than after neutral image
exposure in adolescent light smokers.*
*Whole brain analysis, P<0.001, minimum cluster size ≥ 20 voxels. ACG= left anterior
cingulate gyrus, MOG= right and left medial occipital gyrus, HC= right hippocampus.
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TABLE 1

participant Characteristics

Participant Characteristics Smokers
(n=12)

Non-smokers
(n=12)

p value

Age 16.3 ± .98 15.7 ± 1.6 .235

Duration of daily smoking (years) 1.9 ± 1.1

Mean cigarettes smoked per day 3.6 ± 1.3

Cotinine (ng/ml) 63.2 ± 46.7 0 <.001

mFTQ1 score 2.8 ± 1.1

Self-reported addiction2 62.5% ± 19.7

Craving score3 at baseline 6.5 ± 2.0 1.0 ± 0 <.001

Craving score3 post scan 7.0 ± 1.8 1.1 ± 0.3 <.001

% Female 42% 42%

% White 75% 50%

% Hispanic 8% 25%

Alcohol use in past 3 months 100% 33% .001

Marijuana use in past 3 months 83% 33% .005

1
mFTQ= modified Fagerström Tolerance Test (0-2= no dependence, 3-5= moderate dependence, 6-9= substantial dependence)

2
Baseline self-reported level of addiction on scale 0-100%

3
Craving score on scale 1-10
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