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Abstract

impact of sex on brain responses to smoking cues.

analyses as a covariate.

relative to non-smoking cues.

underpinnings of drug cue reactivity.

Background: Anecdotal and clinical theories purport that females are more responsive to smoking cues, yet few
objective, neurophysiological examinations of these theories have been conducted. The current study examines the

Methods: Fifty-one (31 males) cigarette-dependent sated smokers underwent pseudo-continuous arterial spin-
labeled perfusion functional magnetic resonance imaging during exposure to visual smoking cues and non-
smoking cues. Brain responses to smoking cues relative to non-smoking cues were examined within males and
females separately and then compared between males and females. Cigarettes smoked per day was included in

Results: Both males and females showed increased responses to smoking cues compared to non-smoking cues
with males exhibiting increased medial orbitofrontal cortex and ventral striatum/ventral pallidum responses, and
females showing increased medial orbitofrontal cortex responses. Direct comparisons between male and female
brain responses revealed that males showed greater bilateral hippocampal/amygdala activation to smoking cues

Conclusions: Males and females exhibit similar responses to smoking cues relative to non-smoking cues in a priori
reward-related regions; however, direct comparisons between sexes indicate that smoking cues evoke greater
bilateral hippocampal/amygdalar activation among males. Given the current literature on sex differences in smoking
cue neural activity is sparse and incomplete, these results contribute to our knowledge of the neurobiological
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Background

Smoking cessation treatments are efficacious in some
smokers, but overall treatment success is modest
(20-40%), reflecting heterogeneity in treatment response
[1]. In an attempt to improve cessation outcomes, re-
search has started to focus on individual differences that
contribute to cigarette smoking behavior and treatment
response. One factor that may influence smoking main-
tenance and treatment outcome is the smoker’s sex. Al-
though smoking rates have declined over the past
40 years, the rate of decline among women has been less
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than the rate of decline among men (20% compared to
30%, respectively; [2]). The mechanisms underlying why
women have lower rates of cessation than men remain
unknown; however, some research suggests that sex differ-
ences in responses to nicotine and non-nicotine factors
may influence smoking cessation outcomes [3,4].

Both preclinical and clinical literature indicate that once
nicotine/cigarette dependence is established, smoking be-
havior in males may be influenced more by maintaining
nicotine levels in the brain; whereas, female smoking
behavior may be influenced more by non-nicotine fac-
tors, such as smoking-related stimuli (i.e., smoking cues
(SCs)) (for a review see [5]). For example, males are
more accurate at discriminating variations in the
amount of nicotine in cigarettes and spray than females
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[6,7]. Females, however, show increased smoking rein-
forcement relative to males, as measured by cigarette
puffs, when exposed to a lit cigarette cue [8]. In a subse-
quent study, Perkins and colleagues found that females
showed decreased ad lib puff self-administration and
hedonic ratings of puff self-administration relative to
males when olfactory and gustatory SCs were blocked (i.e.,
blocking nostrils while smoking cigarettes via nose-clips)
[9]. In other work, it was shown that females received
more craving relief from smoking a denicotinized
cigarette than males [10]. Together, these findings sug-
gest that non-nicotinic aspects of smoking influence
females’ smoking behavior more than males.

The picture becomes less clear in studies examining
the impact of sex on physiological and subjective re-
sponses to SCs [11-14]. In some studies, females
reported higher SC-induced subjective craving and
showed greater changes in mean arterial pressure than
males [11,13], yet Tong and colleagues [12] found that
males had higher blood pressure and skin temperature
responses to SCs than females. Other studies, however,
reported no sex differences in physiological or subject-
ive reports of craving [14,15]. While these inconsistent
findings may be related to methodological differences
between studies, they may also be related to caveats as-
sociated with self-report and physiological assessments.
Thus, the current study uses an objective, neurobio-
logical approach to examine the impact of sex on brain
responses to SCs.

Previous neuroimaging studies examining neural re-
sponses to SCs have consistently shown robust brain
responses to SCs in reward-related mesocorticolimbic
circuitry (medial orbitofrontal cortex (mOFC), ventral
striatum/ventral pallidum (VS/VP), hippocampus, amyg-
dala, and insula) [16-19]. Although cigarette-dependent
smokers exhibit characteristic neural responses to SCs,
the impact of sex on neural responses to SCs remains
largely unexplored. One functional magnetic resonance
imaging (fMRI) study found that females exhibited SC-
induced brain responses in the cuneus and superior
temporal gyrus, while males showed brain responses in
hippocampus and orbitofrontal cortex [20]; however, sam-
ple size was small (females: # =7) and direct comparisons
of SC-induced brain responses between females and males
were not explored. In fact, no neuroimaging studies to
date have directly compared male and female brain
responses to SCs.

To this end, the current study directly investigated the
effects of sex on brain responses to SCs. Given that males
and females respond differently to nicotine and nicotine-
related factors, we hypothesized that they would also show
differences in brain responses during SC exposure. Based
on previous research suggesting greater behavioral and
physiological responses to SCs among females relative to
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males [8,9,11,13], we hypothesized that females would
show greater brain responses to SCs than males in brain
regions that we have consistently shown to be associated
with SC-reactivity (i.e, mOFC, VS/VP hippocampus,
amygdala, and insula) [16,21-23]. To test this hypothesis,
we used the technique of pseudo-continuous arterial
spin-labeled (pCASL) perfusion fMRI to acquire brain
responses during SC (versus non-SC) exposure.

Methods

Participants

Participants were recruited via radio advertisements and
local list-serves describing a study for smokers contem-
plating quitting, but not ready to quit. Telephone screens,
as well as medical and psychiatric evaluations were used
to determine participant eligibility. Ineligible participants
were those who reported other current substance depend-
ence, had current Axis I DSM IV psychiatric diagnoses,
had significant medical conditions, reported a history of
head trauma or injury causing loss of consciousness last-
ing greater than three minutes or associated with skull
fracture or intracranial bleeding, or had irremovable mag-
netically active objects on or within their body. All eligible
and interested participants provided informed consent
prior to their inclusion in the study.

Fifty-one physically healthy smokers (31 males) ranging
in age from 18 to 58 years (34.2 + 11.5) participated in the
study. The sample is comprised of 69% Caucasians, 22%
African Americans, and 9% Other/Mixed race. Perfu-
sion fMRI data from these participants were previously
reported in a study examining genetic influences on SC
responses [23]. Following consent, participants com-
pleted psychological and physical evaluations. Partici-
pants received $100.00 for completing the study. The
study adhered to the Declaration of Helsinki and was
approved by the University of Pennsylvania Institutional
Review Board.

Measures

The MINI International Neuropsychiatric Interview [24]
assessed current DSM-IV diagnosis of substance depend-
ence other than nicotine and current severe psychiatric
symptoms. The Fagerstrom Test for Nicotine Dependence
(FTND) [25] assessed severity of nicotine dependence.
The Craving and Withdrawal Questionnaire (CWQ)
measured subjective ratings of craving, withdrawal,
mood state, and interest in the video before and after
stimulus presentations during the scan session.

Imaging approach

Pseudo-continuous arterial spin-labeled (vCASL) perfu-
sion fMRI, a quantitative estimate of cerebral blood flow
(CBF) and indirect measurement of neural activity [26],
assessed brain activation in response to SC exposure.
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Before the scanning session, participants smoked ad lib
to minimize nicotine withdrawal-induced craving that
might accrue during the scanning session. Scanning oc-
curred approximately 25 minutes after smoking to allow
the acute cardiovascular effects of smoking to dissipate.
During each scanning session, participants completed, in
sequence, a five minute resting baseline scan; a 10 minute
non-SC pCASL scan; a high resolution structural scan;
and a 10 minute SC pCASL scan.

Ten-minute audio-visual clips were presented during
pPCASL scanning. The SC video included individuals dif-
fering in race, age, and sex who were smoking and using
explicit language designed to induce appetitive desire for
a cigarette. The non-SC video was similar in content;
however, the video did not portray cigarette smoking or
smoking reminders. The non-SC video was shown be-
fore the SC video to minimize interference in ‘carryover’
arousal initiated when drug cues are shown first, which
can potentially affect responses to nondrug cues [27-29].

Imaging data acquisition

Imaging data were acquired on a 3.0 Tesla Trio whole-
body scanner (Siemens AG, Erlangen, Germany) using a
Bruker volume coil (volume coils are designed to pro-
vide a homogenous receiving sensitivity and are 1 chan-
nel; Bruker Biospin, Billerica, MA) for 19 subjects and a
standard 8-channel receive-only array head coil for the
remaining 32 subjects. For co-registration of the func-
tional data, a T1-weighted three-dimensional (3D) high
resolution MPRAGE scan was acquired with field of view
(FOV) =160 mm, repetition time (TR)=1510 ms, echo
time (TE) =3 ms, 192 x 256 matrix, slice thickness 1 mm
for 19 subjects and FOV =250 mm, TR/TE = 1620/3 ms,
192 x 256 matrix, slice thickness 1 mm for the remaining
32 subjects. pCASL perfusion fMRI sequence was used for
resting baseline, SC and non-SC data acquisition. Inter-
leaved images with and without labeling were obtained
using a gradient echo echo-planar imaging sequence with
a delay of 1000 ms for 19 subjects or 700 ms for 32
subjects inserted between the end of the labeling pulse
and image acquisition (FOV =130 mm, matrix = 64 x
64 x 14, TR/TE =3000/17 ms, flip angle =90°, slice
thickness =6 mm with a 2 mm inter-slice gap for 32
subjects and a 1.2 mm inter-slice gap for 19 subjects.

Imaging data processing and statistical analyses

An SPM-based arterial spin labeling (ASL) data process-
ing toolbox [30] was used for pCASL perfusion data ana-
lyses, as described previously [21,22]. Briefly, ASL image
pairs were realigned to the mean of all control images
and spatially smoothed with a 3D isotropic Gaussian
kernel at 10 mm full width at half maximum (FWHM).
For both SC and non-SC stimuli, 100 CBF image series
were generated from the 100 label/control ASL image
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pairs using a simplified two-compartment model with
the sinc interpolation method for CBF calculations [31].
For resting baseline (RB), 48 CBF image series were gen-
erated from the 48/label/control ASL image pairs using
the same methods for CBF calculations. The mean con-
trol image of each subject’s data was co-registered to the
structural image using the mutual information based co-
registration algorithm provided by SPMS8. The same
transformation parameters were applied to co-register
the CBF maps to each subject's anatomical image. Sub-
sequently, the structural image was spatially normalized
to the Montreal Neurological Institute (MNI) standard
brain. The resulting transformation matrix was used to
align the CBF images to MNI space. A binary brain
mask was used to exclude the non-brain areas in the
CBF maps.

Contrasts between SC versus non-SC sets were defined
in the general linear model (GLM) model to assess the
voxel by voxel CBF difference for each subject. Using the
corresponding parametric maps of the contrast, random
effects analysis was employed to test for a significant main
effect of condition (SC versus non-SC) in each sex with a
statistical parametric map of the T-statistic at each voxel for
population inference within our regions of interest (ROI)
mask. Based on our previous studies on SC-reactivity
among cigarette-dependent smokers [16,21-23], the ROI
mask included the mOFC, VS/VP, hippocampus, extended
amygdala (ie., amygdala; bed nucleus of stria terminalis
(BNST)), anterior cingulate cortex (ACC), and insula. The
ROI mask was created using the Harvard—Oxford prob-
abilistic anatomical atlas provided with FMRIB Software
Library (FSL) [32] and is available for viewing at http://
franklinbrainimaging.com/. Significant voxels passed a
voxelwise statistical threshold (p < 0.005) and, to control
for multiple comparisons, were required to be part of a
cluster > 54 voxels, as determined by a Monte-Carlo
simulation and resulted in 5% probability (corrected) of
a cluster surviving due to chance. Brain and behavioral
correlates were examined using linear regression ana-
lyses for each sex using change in craving scores to SCs
and brain activity at each voxel within the ROI mask.

Post hoc analyses

Post hoc analyses examined potential sex differences in
resting baseline by extracting CBF from the significant
functional clusters within the ROI mask wherein SCs
elicited greater neural activity (i.e., mOFC, VS/VP, and
hippocampus/amygdala). The average quantitative CBF
values (ml of blood/100 g of tissue/minute) was com-
puted for females and males and then compared with in-
dependent samples t-tests. Additional post hoc analyses
examined sex differences in brain responses to non-SCs
to determine whether females and males differed in
brain responses to visual cues, in general. This analysis
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used the same GLM and random effects analysis de-
scribed above; however, the analysis used an exploratory
whole-brain approach and the non-SC versus resting
baseline contrast was used rather than the SC versus
non-SC contrast.

Covariates

Consistent with recent national survey data indicating
higher rates of cigarette use among males than females
[33], males in the current study smoked more cigarettes
per day than females. Therefore, the cigarettes smoked
per day variable was included in analyses as a covariate.

Demographic and behavioral statistical analyses
Continuous demographic variables were summarized,
by calculating means and standard error measurements
(X £ SEMs). For the CWQ data, change scores were cal-
culated as follows: post-SC video score — pre-SC video
score. Independent samples t-tests compared females and
males on continuous variables. Nominal demographic var-
iables were summarized by calculating proportions and
compared across groups using chi-square analyses. A re-
peated measures analysis of variance (ANOVA) with time
(i.e., pre- and post-SC ratings) as the within-subjects factor
and sex (i.e., male or female) as the between subject factor
was used to determine the effects of SC exposure on sub-
jective ratings of craving, feeling calm, feeling content, and
the need to smoke a cigarette for relief.

Results

Participant characteristics

Table 1 provides participant demographics and smoking
history characteristics. There were no significant sex
differences in years of education, age, race, number of
years smoking, or FTND scores (ps > 0.10). Sex differ-
ences emerged for cigarettes smoked per day, £(49) =
2.12, p=0.04) and pack years (a measure to quantify
intensity of chronic cigarette exposure since smoking
initiation), £(49) =2.11, p=0.04, with males having
higher values on these measures than females. Partici-
pants smoked 15.6 + 0.8 cigarettes per day, and FTND
scores were 4.5+0.2, indicating moderate nicotine
dependence.

Subjective ratings

A repeated measures ANOVA revealed main effects of time
(F1,49 =23.79, p<0.001, q2 =0.33) and sex (Fy49=5.89,
p=0.02, 1> =0.11) with an overall increase in subjective
reports of craving for a cigarette following exposure to
SCs and females reporting greater craving than males.
Time x Sex interaction was not significant (p = 0.94) indi-
cating similar increases in craving following SC exposure
for females and males (Table 2-item 3). There was a
significant main effect of time (F} 49 = 14.63, p < 0.001,
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Table 1 Participant characteristics

All Males Females p

N=51 n=31 n=20
Race (%)
White 35 (69) 22 (77) 13 (65) 0.60
Black 11 (22) 7 (23) 4 (20)
Other 5(9) 2 (6) 3(15)
Means + (SEMs)
Age 342 (1.6) 36.2 (2.0) 309 (2.5) 0.10
Education 144 (0.3) 143 (0.3) 14.7 (0.6) 0.52
Cigarettes per day 15.6 (0.8) 169 (1.0) 136 (1.2) 0.04*
Pack years® 125 (1.6) 152 (2.4) 84 (1.6) 0.04*
FTND scores 5(0.2) 4.7 (0.3) 43 (0.5) 044
Craving scores® 8 (0.2) 0.8 (0.3) 09 (04) 093
*p<0.05.

?Pack years calculation: Cigarettes per day (<) cigarettes in a pack (X)

years smoking.

PCraving scores calculation: Post-SC video craving score — Pre-SC video
craving score.

FTND = Fagerstrom Test for Nicotine Dependence; FTND scores ranged from 1
to 9.

n*=0.23) in subjective reports of a need to smoke for
relief following exposure to SCs with overall increases
in the need to smoke for relief following SC exposure.
The main effect of gender and the Time x Sex inter-
action were not significant. No significant main effects
or interactions emerged for the other items of the
CWQ, which assessed the extent to which the partici-
pant felt calm and content. An independent ¢-test ex-
amined sex differences in interest in the SC video and
revealed no significant differences (p = 0.97) (Table 2).

Imaging results

Smoking cue reactivity in males and females

Males and female sated-smokers exhibited similar brain
responses to SCs relative to non-SCs, with males
exhibiting greater activity in mOFC and VS/VP regions
and females showing enhanced activity in the mOFC.
Comparisons between groups revealed significant sex dif-
ferences with males exhibiting greater SC-induced brain
activity in bilateral clusters spanning hippocampal and
amygdalar regions compared with females (Figures 1, 2).
An interactive visual display of all brain data and unmasked
data at a reduced threshold can be found at http://
franklinbrainimaging.com.

Brain and craving score correlates by sex

Using a corrected voxelwise statistical threshold (p < 0.005
and cluster size > 54), analyses revealed that SC-elicited
craving scores (post-SC video — pre-SC video) did not
correlate with SC-induced brain activity for males or
females. Overall craving scores (pre- or post-SC video)
also did not correlate.
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Table 2 Craving and withdrawal questionnaire items

Females Males p

1) How calm are you right now? -0.15£0.99 000+1.32 067
2) How content do you feel right now? 0.15+0.99 -0.16+093 0.26
3) How much do you desire a cigarette right now? 100+ 181 097 +1.08 094
4) How much do you need to smoke right now for relief? 0.55+167 1.03+1.28 0.25
5) How interested were you in the video you just watched? 340+ 1.88 342+£195 097

For items 1-7, scores were generated from the difference between pre-smoking cue exposure to post-smoking cue exposure. Each item was inserted into the
phrase “On a scale from 1 to 7..... with 1 corresponding to Not at all and 7 corresponding to Extremely”.

Post hoc analyses

Given that direct comparisons between males and fe-
males revealed that males exhibited greater responses to
SCs in the hippocampus/amygdala compared with fe-
males and this finding is in opposition to our hypoth-
esis, we hypothesized that higher resting baseline CBF
in females may be interfering with the ability to capture
SC-induced signal. Thus, in post hoc analyses, CBF
values were extracted from the functional ROIs wherein
SCs elicited greater activity than non-SCs (ie., VS,
mOFC and hippocampus/amygdala). Females had signifi-
cantly greater resting baseline CBF than males in the VS
(50.59 ml of blood/100 g of tissue/minute in females versus
40.94 ml blood/100 g tissue/min in males; p = 0.01) and the
mOFC (68.50 ml blood/100 g tissue/min in females versus
53.82 ml blood/100 g tissue/min in males; p = 0.001), but

females and males did not differ in resting baseline CBF in
the hippocampus/amygdala (55.57 ml blood/100 g tissue/
min in females versus 50.40 ml blood/100 g tissue/min in
males; p =0.174). These values were then entered into the
SC vs non-SC contrast as covariates to determine whether
SC results were obscured, facilitated or independent of rest-
ing baseline CBF. Results were unchanged in all analyses
(Males: VS and mOFC; Females: mOFC; and Males vs Fe-
males: bilateral hippocampus/amygdala).

In an attempt to shed light on potential mechanisms
underlying the impact of sex on brain responses to SCs,
additional exploratory post hoc analyses examined sex
differences in brain responses to non-SCs to determine
whether females and males differed in brain responses
to visual cues in general. No differences between groups
were observed.

Females (n=20)

mOFC: 3, 45, -10
Tvalue = 4.19

~ gt
)

Males (n=31)

mOFC & VS: -4,12,-11
Tvalue = 3.21

Figure 1 Brain responses to smoking cues relative to non-smoking cues. For females crosshairs are centered on the medial orbitofrontal
cortex (MOFQ), for males crosshairs are centered on the ventral striatum (VS), and for direct comparisons between males and females crosshairs
are centered on the left hippocampus/amygdala (H-A). Representative fMRI sagittal, axial, and coronal brain slices analyzed in SPM8 and overlain
on the MNI brain. T values range from 3.10 to 4.19, corrected at p < 0.005. Images are displayed neurologically (left is left). An interactive visual
display of all brain data in all three planes can be found at http:/franklinbrainimaging.com.

Males > Females

H-A: -20, -16, -15
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Figure 2 Cerebral blood flow in the left hippocampus/amygdala during smoking cue exposure. Cerebral blood flow in the left
hippocampus/amygdala (H-A) during smoking cue exposure in male and female smokers. Cerebral blood flow = ml of blood/100 g of tissue/
minute.
Discussion response to SCs relative to non-SCs at a more liberal

To our knowledge, this is the first neuroimaging study
to directly examine sex differences in brain responses to
SCs by explicitly comparing male and female brain activity
to SCs relative to non-SCs. As expected, both male and
female sated-smokers showed greater brain activation to
SCs relative to non-SCs. Males exhibited SC-induced brain
activity in the mOFC and VS/VP, and females showed acti-
vation in the mOFC. We also hypothesized that females
would show greater brain responses to SCs than males;
however, direct comparisons revealed that males showed
greater SC-induced brain activity than females in bilateral
clusters spanning hippocampal/amygdala regions.

We observed increased brain activity to SC vs non-SCs
in the mOFC of male and female smokers and increased
neural activity to SCs in the VS/VP among males. These
findings are analogous to our earlier studies showing
mOFC and VS/VP activity in response to SCs [16,21,22].
The mOFC and VS/VP are functionally related regions
involved in the processing of the incentive salience of
rewards and reward-related cues [34]. Specifically, the
mOFC has been consistently implicated in reward pro-
cesses [35,36], and as such, it is not surprising that SCs
evoke greater mOFC responses than non-SCs among
smokers. Males also showed enhanced brain activity to
SCs in the VS/VP. Neuroimaging evidence suggests that
the VS/VP is associated with reward anticipation [37],
subsequent reward-related behavior [38], and reward
consumption [39]. Enhanced VS/VP activity during SC-
relative to non-SC exposure perhaps suggests that viewing
SCs evoked greater anticipation and reward than viewing
non-SCs. Of note, females also showed increased VS

threshold (see http://franklinbrainimaging.com), but this
increased activation did not reach significance using our
conservative analytic approach.

Although males and females showed reward-related ac-
tivation to SCs, direct comparisons between SC-induced
brain responses revealed sex-specific differences. Males
exhibited greater brain responses to SCs in bilateral clus-
ters spanning portions of the hippocampus and amygdala,
but there were no areas in which females showed greater
brain responses to SCs relative to males. The hippocam-
pus and amygdala are structures associated with emotional
and drug memories [40,41], and as such, our findings may
be explained by memory-related sex differences evoked
during the 10-minute smoking cue video. Specifically, re-
search indicates that females recall personally experienced
events (i.e., autobiographical memories) faster and bet-
ter than males, especially when those memories are
emotionally relevant [42,43]. In other words, females
appear to be more efficient at retrieving autobiograph-
ical memories, and therefore, males may require greater
memory-related, hippocampal-amygdalar brain activity
when retrieving cue-associated memories. Although this
interpretation is speculative and an abductive inference,
recent evidence reporting that males show greater hip-
pocampal activation than females when recalling auto-
biographical memory, such as smoking a cigarette,
supports this interpretation [44].

This differential finding may also be partially explained
by variations in menstrual cycle phase/circulating gonadal
hormones (e.g., estradiol and progesterone) among female
participants. Preclinical and clinical evidence indicates that
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menstrual cycle phase plays an important modulatory
role in reward-related brain and behavioral responses in
females [45,46]. Women in the luteal phase demonstrate
differential activation in brain regions involved in the
response to reward (e.g., OFC, VS, insula, hippocampus,
amygdala) during reward-related tasks as compared to
women in the follicular phase [46,47]. Further, circulat-
ing levels of estrogen and progesterone, which vary
throughout the menstrual cycle, correlate with brain ac-
tivity in these regions [47]. Consequently, cyclic changes
in neural responsiveness due to menstrual cycle phase/
circulating gonadal hormones may influence sex differ-
ences in mesocorticolimbic brain activity. Indeed, in a re-
cent neuroimaging study that examined neural activity in
response to negative visual stimuli, no significant differ-
ences in brain activity were noted between males and
females when females were scanned in the early follicular
phase; however, differences emerged in reward-related
brain regions between males and these same females when
they were scanned around the time of ovulation [48].
Collectively, these studies indicate that menstrual cycle
phase may influence the impact of sex on brain response
to visual cues.

Correlative relationships between brain response and
craving were not observed. One contributing factor may
be the stringent thresholding criteria utilized in this
study. Another contributing factor could be variations in
how participants labeled their craving. Subjective reports
of craving in drug-dependent populations are fraught
with caveats, including difficulty in labeling emotions
[49]. Indeed, several studies demonstrating correlations
between craving induced by drug cues and brain activity
are often in opposition [16,18,21,22,50] or have not been
observed [51-54]. The findings reported here and the
lack of agreement among myriad studies highlight the
limitations associated with subjective measures and en-
courage the use of objective markers.

The current findings should be interpreted in light of
the following limitations. A potential confound in our
findings could be due to differences in data acquisition.
For example, the first 19 subjects were scanned using a
Bruker coil; whereas, the remaining subjects were scanned
using an 8-channel coil. To explore whether data acquisi-
tion differences affected findings, we compared variances
between both groups using a homogeneity of variance test
and found that the variances were not significantly dif-
ferent. This study is also limited in that we focused
solely on sex differences in brain responses to SCs. We
recognize that many factors are at play, including men-
strual cycle, negative affect/mood, stress, and variance
in genes [22,55-57]. Specifically, in our lab we have
found and confirmed a robust effect of dopamine trans-
porter genotype on neural responses to SCs [21,22]. We
are confident the results reported here are unrelated to
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dopamine transporter genotype because there is equiva-
lent representation of the variants between males and
females. As noted above, we also have evidence-based
hypotheses regarding the role of menstrual cycle phase/
gonadal hormones on female response to SCs. To date,
however, our sample sizes are insufficient to assess the
influence of menstrual cycle phase/gonadal hormones.
Of the 20 female participants, 10 females were taking
oral contraceptives, two were postmenopausal, six were
in the follicular phase, and two were in the luteal phase.
We continue to acquire data in order to obtain sample
sizes that are sufficient to assess this, as well as the main
effects and interactions of other factors on relapse
vulnerabilities.

Conclusions

In summary, anecdotal and clinical theories purport that
females are more responsive to SCs, yet few objective,
neurophysiological examinations of these theories have
been conducted. The current study is the first neuroimag-
ing study to directly compare male and female brain re-
sponses to SCs. Overall, male and female sated-smokers
showed similar activation to SCs, with males showing
greater brain activity in the mOFC and VS/VP during SC
exposure relative to non-SC exposure, and females
exhibiting greater activation in the mOFC. Direct compar-
isons between male and female brain responses to SCs
relative to non-SCs revealed that males showed greater
bilateral hippocampal/amygdalar activation to SCs than
females, which may be explained by sex differences in
memory processes elicited by cue exposure and variations
in menstrual cycle phase/circulating gonadal hormones.
The primary findings of SC reactivity modulated by sex, in
a priori reward-related regions supported by both clinical
and preclinical studies, has been underexplored, and thus,
the findings contribute to our knowledge of the neuro-
biological underpinnings of drug cue reactivity.

Abbreviations

ACC: Anterior cingulate cortex; ASL: Arterial spin labeling; BNST: Bed nucleus
of stria terminalis; CBF: Cerebral blood flow; CWQ: Craving and withdrawal
questionnaire; fMRI: functional magnetic resonance imaging; FOV: Field of
view; FSL: FMRIB software library; FTND: Fagerstrom test for nicotine
dependence; FWHM: Full width at half maximum; GLM: general linear model;
MINI: Mini international neuropsychological interview; MNI: Montreal
neurological institute; mOFC: medial Orbitofrontal cortex;

MPRAGE: Magnetization-prepared rapid gradient echo; pCASL: pseudo-
continuous arterial spin labeling; RB: Resting baseline; ROI: Region of interest;
SC: Smoking cue; TE: Echo time; TR: Repetition time; VS/VP: Ventral striatum/
ventral pallidum.

Competing interests

Dr. O'Brien has received compensation as a consultant for Alkermes and
Reckitt Benckiser. All other authors declare that they have no competing
interests.

Authors’ contributions
RRW drafted the manuscript and performed statistical analyses. KA assisted in
drafting the manuscript. KJ analyzed the neuroimaging data. JS assisted in



Wetherill et al. Biology of Sex Differences 2013, 4:9
http://www.bsd-journal.com/content/4/1/9

data collection. TRF conceived the study, assisted in manuscript preparation,
and participated in its design and coordination. All authors read and
approved the final manuscript.

Acknowledgements

The authors declare that this work was funded by National Institutes of
Health grants 5-P60-DA-005186-18 and 1R21DA025882 — 0TA1. The funding
organizations had no role in study design, data collection and analysis,
decision to publish, or preparation of the manuscript. The authors wish to
thank Drs. John Detre and Ze Wang for optimization of the perfusion fMRI
technique, and Yin Li for aiding in imaging data preprocessing. We also
thank the nursing staff at the Center for the Studies of Addiction for
conducting physical evaluations; clinicians Anita Hole PhD, Jesse Suh, PsyD
and Kathleen Marquez, M.A. for conducting the psychological evaluations;
and the MRI technicians at the Hospital of the University of Pennsylvania for
conducting the scanning sessions.

Author details

'Department of Psychiatry, University of Pennsylvania, Philadelphia,

PA 19104, USA. *Philadelphia VA Medical Center, Philadelphia, PA 19104,
USA.

Received: 27 February 2013 Accepted: 23 April 2013
Published: 29 April 2013

References

1. Wu P, Wilson K, Dimoulas P, Mills EJ: Effectiveness of smoking cessation
therapies: a systematic review and meta-analysis. BMC Public Health 2006,
6:300.

2. Centers for Disease Control and Prevention: Cigarette smoking - united
states. 2011, 60:109-111.

3. Scharf D, Shiffman S: Are there gender differences in smoking cessation,
with and without bupropion? Pooled- and meta-analyses of clinical trials
of bupropion SR. Addiction 2004, 99:1462-1469.

4. Perkins KA, Scott J: Sex differences in long-term smoking cessation rates
due to nicotine patch. Nicotine Tob Res 2008, 10:1245-1250.

5. Perkins KA: Sex differences in nicotine reinforcement and reward:
influences on the persistence of tobacco smoking. Nebr Symp Motiv 2009,
55:143-169.

6. Perkins KA: Nicotine discrimination in men and women. Pharmacol
Biochem Behav 1999, 64:295-299.

7. Perkins KA, Fonte C, Sanders M, White W, Wilson A: Effects of training dose
and two- versus three-choice testing procedure on nicotine discrimination
responding in humans. Psychopharmacology (Berl) 1999, 145:418-425.

8. Perkins KA, Epstein LH, Grobe J, Fonte C: Tobacco abstinence, smoking
cues, and the reinforcing value of smoking. Pharmacol Biochem Behav
1994, 47:107-112.

9. Perkins KA, Gerlach D, Vender J, Grobe J, Meeker J, Hutchison S: Sex
differences in the subjective and reinforcing effects of visual and
olfactory cigarette smoke stimuli. Nicotine Tob Res 2001, 3:141-150.

10. Barrett SP: The effects of nicotine, denicotinized tobacco, and nicotine-
containing tobacco on cigarette craving, withdrawal, and self-
administration in male and female smokers. Behav Pharmacol 2010,
21:144-152.

11, Field M, Duka T: Cue reactivity in smokers: the effects of perceived cigarette
availability and gender. Pharmacol Biochem Behav 2004, 78:647-652.

12. Tong C, Bovbjerg DH, Erblich J: Smoking-related videos for use in cue-
induced craving paradigms. Addict Behav 2007, 32:3034-3044.

13. Niaura R, Shadel WG, Abrams DB, Monti PM, Rohsenow DJ, Sirota A:
Individual differences in cue reactivity among smokers trying to quit:
effects of gender and cue type. Addict Behav 1998, 23:209-224.

14. Saladin ME, Gray KM, Carpenter MJ, LaRowe SD, DeSantis SM, Upadhyaya
HP: Gender differences in craving and cue reactivity to smoking and
negative affect/stress cues. Am J Addict 2012, 21:210-220.

15. Franklin TR, Napier K, Ehrman R, Gariti P, O'Brien CP, Childress AR:
Retrospective study: influence of menstrual cycle on cue-induced
cigarette craving. Nicotine Tob Res 2004, 6:171-175.

16.  Franklin TR, Wang Z, Wang J, Sciortino N, Harper D, Li Y, Ehrman R,
Kampman K, O'Brien CP, Detre JA, Childress AR: Limbic activation to
cigarette smoking cues independent of nicotine withdrawal: a perfusion
fMRI study. Neuropsychopharmacology 2007, 32:2301-2309.

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31

32.

33

34.

35.

36.

37.

Page 8 of 9

Janes AC, Frederick B, Richardt S, Burbridge C, Merlo-Pich E, Renshaw PF,
Evins AE, Fava M, Kaufman MJ: Brain fMRI reactivity to smoking-related
images before and during extended smoking abstinence.

Exp Clin Psychopharmacol 2009, 17:365-373.

Brody AL, Mandelkern MA, London ED, Childress AR, Lee GS, Bota RG, Ho
ML, Saxena S, Baxter LR Jr, Madsen D, Jarvik ME: Brain metabolic changes
during cigarette craving. Arch Gen Psychiatry 2002, 59:1162-1172.

Tang DW, Fellows LK, Small DM, Dagher A: Food and drug cues activate
similar brain regions: a meta-analysis of functional MRI studies.

Physiol Behav 2012, 106:317-324.

McClernon FJ, Kozink RV, Rose JE: Individual differences in nicotine
dependence, withdrawal symptoms, and sex predict transient fMRI-
BOLD responses to smoking cues. Neuropsychopharmacology 2008,
33:2148-2157.

Franklin TR, Lohoff FW, Wang Z, Sciortino N, Harper D, Li Y, Jens W, Cruz J,
Kampman K, Ehrman R, Berrettini W, Detre JA, O'Brien CP, Childress AR: DAT
genotype modulates brain and behavioral responses elicited by
cigarette cues. Neuropsychopharmacology 2009, 34:717-728.

Franklin TR, Wang Z, Li Y, Suh JJ, Goldman M, Lohoff FW, Cruz J, Hazan R,
Jens W, Detre JA, Berrettini W, O'Brien CP, Childress AR: Dopamine
transporter genotype modulation of neural responses to smoking cues:
confirmation in a new cohort. Addict Biol 2011, 16:308-322.

Wetherill RR, Jagannathan K, Lohoff FW, Ehrman R, O'Brien CP, Childress AR,
Franklin TR: Neural correlates of attentional bias for smoking cues:
modulation by variance in the dopamine transporter gene.

Addict Biol Addict Biol. in press.

Sheehan B, Lecrubier Y, Sheehan K: The mini international
neuropsychiatric interview (MINI): the development and validation of
structured diagnostic interview for DSM-IV and ICD-10. J Clin Psychiatry
1998, 59:22-33.

Fagerstrom KO, Schneider NG: Measuring nicotine dependence: a review
of the fagerstrom tolerance questionnaire. J Behav Med 1989,
12:159-182.

Floyd TF, Ratcliffe SJ, Wang J, Resch B, Detre JA: Precision of the CASL-
perfusion MRI technique for the measurement of cerebral blood flow in
whole brain and vascular territories. J Magn Reson Imaging 2003, 18:649-655.
Wilson SJ, Sayette MA, Fiez JA, Brough E: Carry-over effects of smoking
cue exposure on working memory performance. Nicotine Tob Res 2007,
9:613-619.

Sharma D, Money S: Carryover effects to addiction-associated stimuli in a
group of marijuana and cocaine users. J Psychopharmacol 2010,
24:1309-1316.

Waters AJ, Sayette MA, Franken IH, Schwartz JE: Generalizability of carry-over
effects in the emotional stroop task. Behav Res Ther 2005, 43:715-732.

Wang Z, Aguirre GK, Rao H, Wang J, Fernandez-Seara MA, Childress AR,
Detre JA: Empirical optimization of ASL data analysis using an ASL data
processing toolbox: ASLtbx. Magn Reson Imaging 2008, 26:261-269.
Aguirre GK, Detre JA, Wang J: Perfusion fMRI for functional neuroimaging.
Int Rev Neurobiol 2005, 66:213-236.

Smith SM, Jenkinson M, Woolrich MW, Beckmann CF, Behrens TE, Johansen-
Berg H, Bannister PR, De Luca M, Drobnjak |, Flitney DE, Niazy RK, Saunders
J, Vickers J, Zhang Y, De Stefano N, Brady JM, Matthews PM: Advances in
functional and structural MR image analysis and implementation as FSL.
Neuroimage 2004, 23(Suppl 1):5208-219.

Substance Abuse and Mental Health Services Administration: Results from
the 2011 national survey on drug Use and health: summary of national
findings, NSDUH series H-44. Rockville, MD: HHS Publication No. (SMA)
12-4713; 2012.

McDannald MA, Lucantonio F, Burke KA, Niv Y, Schoenbaum G: Ventral
striatum and orbitofrontal cortex are both required for model-based, but
not model-free, reinforcement learning. J Neurosci 2011, 31:2700-2705.
Knutson B, Fong GW, Bennett SM, Adams CM, Hommer D: A region of
mesial prefrontal cortex tracks monetarily rewarding outcomes:
characterization with rapid event-related fMRI. Neuroimage 2003,
18:263-272.

Rothkirch M, Schmack K, Schlagenhauf F, Sterzer P: Implicit motivational
value and salience are processed in distinct areas of orbitofrontal cortex.
Neuroimage 2012, 62:1717-1725.

Rademacher L, Krach S, Kohls G, Irmak A, Grunder G, Spreckelmeyer KN:
Dissociation of neural networks for anticipation and consumption of
monetary and social rewards. Neuroimage 2010, 49:3276-3285.



Wetherill et al. Biology of Sex Differences 2013, 4:9
http://www.bsd-journal.com/content/4/1/9

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

Pleger B, Blankenburg F, Ruff CC, Driver J, Dolan RJ: Reward facilitates
tactile judgments and modulates hemodynamic responses in human
primary somatosensory cortex. J Neurosci 2008, 28:8161-8168.

Yacubian J, Glascher J, Schroeder K, Sommer T, Braus DF, Buchel C:
Dissociable systems for gain- and loss-related value predictions and
errors of prediction in the human brain. J Neurosci 2006, 26:9530-9537.
Mackiewicz KL, Sarinopoulos |, Cleven KL, Nitschke JB: The effect of
anticipation and the specificity of sex differences for amygdala and
hippocampus function in emotional memory. Proc Natl Acad Sci U S A
2006, 103:14200-14205.

Chase HW, Eickhoff SB, Laird AR, Hogarth L: The neural basis of drug
stimulus processing and craving: an activation likelihood estimation
meta-analysis. Biol Psychiatry 2011, 70:785-793.

Andreano JM, Cahill L: Sex influences on the neurobiology of learning
and memory. Learn Mem 2009, 16:248-266.

Seidlitz L, Diener E: Sex differences in the recall of affective experiences.
J Pers Soc Psychol 1998, 74:262-271.

Piefke M, Weiss PH, Markowitsch HJ, Fink GR: Gender differences in the
functional neuroanatomy of emotional episodic autobiographical
memory. Hum Brain Mapp 2005, 24:313-324.

Lynch WJ, Sofuoglu M: Role of progesterone in nicotine addiction:
evidence from initiation to relapse. £xp Clin Psychopharmacol 2010,
18:451-461.

Ossewaarde L, van Wingen GA, Kooijman SC, Backstrom T, Fernandez G,
Hermans EJ: Changes in functioning of mesolimbic incentive processing
circuits during the premenstrual phase. Soc Cogn Affect Neurosci 2011,
6:612-620.

Dreher JC, Schmidt PJ, Kohn P, Furman D, Rubinow D, Berman KF:
Menstrual cycle phase modulates reward-related neural function in
women. Proc Natl Acad Sci U S A 2007, 104:2465-2470.

Goldstein JM, Jerram M, Abbs B, Whitfield-Gabrieli S, Makris N: Sex
differences in stress response circuitry activation dependent on female
hormonal cycle. J Neurosci 2010, 30:431-438.

Shishido H, Gaher RM, Simons JS: | don't know how | feel, therefore | act:
alexithymia, urgency, and alcohol problems. Addict Behav 2013,
38:2014-2017.

McClernon FJ, Hiott FB, Huettel SA, Rose JE: Abstinence-induced changes
in self-report craving correlate with event-related FMRI responses to
smoking cues. Neuropsychopharmacology 2005, 30:1940-1947.

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,
159:954-960.

David SP, Munafo MR, Johansen-Berg H, Smith SM, Rogers RD, Matthews
PM, Walton RT: Ventral striatum/nucleus accumbens activation to
smoking-related pictorial cues in smokers and nonsmokers: a functional
magnetic resonance imaging study. Biol Psychiatry 2005, 58:488-494.
Okuyemi KS, Powell JN, Savage CR, Hall SB, Nollen N, Holsen LM, McClernon
FJ, Ahluwalia JS: Enhanced cue-elicited brain activation in african
american compared with caucasian smokers: an fMRI study. Addict Biol
2006, 11:97-106.

Volkow ND, Tomasi D, Wang GJ, Fowler JS, Telang F, Goldstein RZ, Alia-Klein
N, Wong C: Reduced metabolism in brain "control networks" following
cocaine-cues exposure in female cocaine abusers. PLoS One 2011,
6:216573.

Franklin TR, Ehrman R, Lynch KG, Harper D, Sciortino N, O'Brien CP, Childress
AR: Menstrual cycle phase at quit date predicts smoking status in an
NRT treatment trial: a retrospective analysis. J Womens Health 2008,
17:287-292.

Sinha R: Stress and addiction: a dynamic interplay of genes,
environment, and drug intake. Biol Psychiatry 2009, 66:100-101.

Perkins KA, Karelitz JL, Giedgowd GE, Conklin CA: Negative mood effects
on craving to smoke in women versus men. Addict Behav 2012,
38:1527-1531.

doi:10.1186/2042-6410-4-9

Cite this article as: Wetherill et al: The impact of sex on brain responses
to smoking cues: a perfusion fMRI study. Biology of Sex Differences 2013
49.

Page 9 of 9

Submit your next manuscript to BioMed Central
and take full advantage of:

¢ Convenient online submission

¢ Thorough peer review

* No space constraints or color figure charges

¢ Immediate publication on acceptance

¢ Inclusion in PubMed, CAS, Scopus and Google Scholar

¢ Research which is freely available for redistribution

Submit your manuscript at
www.biomedcentral.com/submit

( BiolVied Central




	Abstract
	Background
	Methods
	Results
	Conclusions

	Background
	Methods
	Participants
	Measures
	Imaging approach
	Imaging data acquisition
	Imaging data processing and statistical analyses
	Post hoc analyses
	Covariates
	Demographic and behavioral statistical analyses

	Results
	Participant characteristics
	Subjective ratings
	Imaging results
	Smoking cue reactivity in males and females
	Brain and craving score correlates by sex
	Post hoc analyses


	Discussion
	Conclusions
	Abbreviations
	Competing interests
	Authors’ contributions
	Acknowledgements
	Author details
	References

