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ABSTRACT
Background: Smoking cessation is often followed by weight gain.
Eating behaviors and weight change have been linked to the brain
response to food, but it is unknown whether smoking influences this
response.
Objective:We determined the influence of smoking status (smokers
compared with nonsmokers) on the brain response to food in re-
gions associated with weight changes in nonsmokers.
Design: In study 1, we used functional MRI (fMRI) to identify
regions of the brain associated with weight change in nonsmokers.
BMI and the brain response to a milk shake, which is a palatable
and energy-dense food, were measured in a group of 27 nonsmokers
(5 men). Sixteen subjects (3 men) returned 1 y later for BMI re-
assessment. The change in BMI was regressed against the brain
response to isolate regions associated with weight change. In study
2, to determine whether smokers showed altered responses in re-
gions associated with weight change, we assessed the brain re-
sponse to a milk shake in 11 smokers. The brain response to
a milk shake compared with a tasteless control solution was as-
sessed in 11 smokers (5 men) in comparison with a group of age-,
sex- and body weight–matched nonsmokers selected from the pool
of nonsmokers who participated in study 1.
Results: The response in the midbrain, hypothalamus, thalamus,
and ventral striatum was positively associated with weight change
at the 1-y follow-up in 16 nonsmokers. Compared with nonsmokers,
smokers had a greater response to milk shakes in the hypothalamus.
Conclusion: Smokers display an altered brain response to food in
the hypothalamus, which is an area associated with long-term
weight change in nonsmokers. Am J Clin Nutr 2013;97:15–
22.

INTRODUCTION

Cigarette smoking increases risk of cardiovascular, respiratory,
and cancerous illnesses among others (1). Weight gain and the
fear of weight gain are well-established obstacles to smoking
cessation, especially in women (2–8). Although there is evidence
that smoking and, more specifically, nicotine consumption affect
body weight through mechanisms such as decreased food intake,
decreased metabolic rate, altered nutrient processing, and the
release of hypothalamic neuropeptides (2, 9), these effects re-
main controversial (10–12). In contrast, it is clear that weight
gain after smoking cessation is associated with increased caloric
intake, and the resumption of smoking is accompanied by a re-
duction in caloric intake (2, 10, 13–16).

The mechanisms by which smoking influences food intake
remain relatively unexplored. Animal studies have shown that
self-administered nicotine and the direct injection of nicotine into

the hypothalamus decreases food intake and leads to weight loss
(17–19), possibly by modulating proopiomelanocortin neurons
(20). These findings suggest that one way in which nicotine
influences intake is by influencing circuits in the hypothalamus
that control eating behavior.

Nicotine may also influence food intake by altering the
reinforcing properties of rewards with which it shares neural
substrates (21). Consistent with this possibility, neuroimaging
studies have shown that an abused reinforcer (eg, cocaine) can
change the representation of another nonabused reinforcer (eg,
money) (22–24). With respect to nicotine, smokers have shown
a reduced brain response to monetary reward (25, 26). It is
currently unknown whether smokers also show an altered brain
response to palatable foods; however, in rodents, exposure to
nicotine or chocolate cues elicits similar c-fos activation pat-
terns, which are a marker of neural activation (27, 28). It has
also been shown that abstinent smokers display behavioral
patterns that are consistent with an enhanced carbohydrate re-
ward during performance of an operant task (29). Hence, it is
possible that nicotine addiction may change the reward value of
food and, thereby, influence intake.

Previous studies have shown that long-term weight change is
associated with changes in brain structure and the response to
food in the mesolimbic pathway including the ventral tegmental
area and substantia nigra in addition to the dorsal and ventral
striatum (30–33). In the current study, we were interested in
testing whether the brain response to milk shakes is modulated
by smoking status in regions associated with long-term weight
change in nonsmokers. First, functional MRI (fMRI)4 was used
to isolate regions in which the brain response to a milk shake
was associated with a weight change at 1-y follow-up. The results
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from this experiment guided a second study in which the re-
sponse to a milk shake was compared between smokers and
nonsmokers. We reasoned that, if smoking influences weight by
altering the response to food, smokers should show a differential
response in those regions associated with weight change in
nonsmokers.

SUBJECTS AND METHODS

Subjects

All subjects gave written informed consent to participate in the
study, which was approved by the Yale University Institutional
Review Board. Participants were not taking daily medications
and had no history of loss of consciousness, psychiatric disorder,
chemosensory impairment, or food allergies. Study 1 enrolled 29
nonsmokers (5 men) who reported never smoking. Nonsmokers
were part of a larger study that will be reported separately. Two
subjects were excluded because of excessive head motion (.2
mm mean displacement) during an fMRI scan. The longitudinal
assessment of BMI at 1 y was added several months into the
study, and thus, only 16 of the nonsmokers returned 1 y later for
BMI reassessment. There was no significant difference between
subjects who returned at 1 y and subjects who did not in age
(P = 0.87), BMI (P = 0.13), or race (whites, P = 0.34; African
Americans, P = 0.34; other, P = 0.22; Asians, P = 0.4; more than
one race, P = 0.72). Study 2 enrolled 13 smokers (7 men) who
reported currently smoking .5 cigarettes/d for .6 mo. Two
smokers were excluded because of excessive head motion, which
left 11 smokers (5 men) with analyzable data. A comparison
sample of 11 nonsmokers matched for age, BMI, and sex were
selected from nonsmokers who participated in study 1. Recruitment
for both studies began in November 2005 and continued until May
2009.

Study design and procedures for studies 1 and 2

Subjects participated in one behavioral and fMRI training
session and one fMRI scanning session conducted on separate
days. All testing sessions occurred between 1100 and 1300.
Subjects were instructed to eat 2 h before their session and to
refrain from consuming food or drink (except water) until their
arrival. We relied on the subjective report of participant satiety
state and did not collect food diaries about intakes on the day of the
study. To confirm self-reports of smoking status, the carbon
monoxide level (in parts per million) of subjects was measured in
a sample of expired air by using an electronic gas analyzer
(Monoxor II; Bacharach Inc). Heights and weights were measured
while subjects were clothed (no shoes or jackets) by using
a Detecto 439 Mechanical Scale (Cardinal Scale Manufacturing
Co) and calculated by using US CDC standards [BMI (in kg/m2)
was calculated as weight divided by the square of height]. For
nonsmokers who returned for a second measurement of their BMI
after 1 y (n = 16), their change in BMI was calculated as the
subtraction of their initial BMI from that measured after 1 y.
However, we were not able to obtain the follow-up BMI at the
same time of day as at the first time point. At the start and finish
of each session, subjects rated feelings of hunger by using a visual
analog scale (VAS) that was scaled between 210 and +10 and
labeled as follows: left anchor, “I am not hungry at all”; midpoint,
“neutral”; and right anchor, “I have never been more hungry.”

Because our goal was to evaluate the brain response to food in
smoking-sated subjects, smokers were allowed to smoke as usual
on the day of the scan. They were also told that they should not be
craving a cigarette during scanning and to inform the experi-
menter if they would like a smoking break. Need was determined
by asking subjects to rate how much they wanted to smoke on
a VAS labeled as follows: left anchor, (210) “no desire to
smoke”; midpoint, (0) “neutral”; and right anchor, (+10) “most
intense craving ever experienced” before and after scanning. If
a subject rated their desire above neutral, they were sent to smoke.

Next, subjects completed a battery of questionnaires to char-
acterize their eating behavior and personality. Personality was
measured by using the Tridimensional Personality Questionnaire
(34), impulsivity with the Barratt Impulsiveness Scale Version 11
(35), and the Three-Factor Eating Questionnaire (TFEQ) (36). The
severity of nicotine addiction in smokers wasmeasured by using the
Fagerström Test for Nicotine Dependence. Smokers also reported
their age when they first started to smoke daily, the number of
cigarettes smoked each day, and the number of years they had
been smoking. The number of pack-years was calculated by di-
viding the number of cigarettes consumed daily by 20 (the number
in a pack) and multiplying that number by the number of years
smoking (37).

Stimuli and task

The stimulation and fMRI protocol was based on the procedure
we developed to assess anticipatory and consummatory che-
mosensation in healthy subjects (38). Flavor stimuli included
100 mL Hershey’s Cookies ‘n’ Cream Milkshake (The Hershey
Company) diluted with 10 mL distilled water and 100 mL Gar-
elick Ultimate Strawberry Milk (Garelick Brothers Farms) plus 5 g
sucrose and 1 mL strawberry flavor (Galaxy Flavors). The tasteless
baseline solution consisted of 12.5 mmol KCl/L and 1.25 mmol
NaHCO3/L in distilled water. Liquids were delivered as 0.5 mL
solution over 3 s by using a gustometer system described pre-
viously (39). In brief, this system consists of computer-controlled
syringe pumps connected to an fMRI-compatible, custom-designed
gustatory manifold via a 25-ft length of beverage tubing (Saint-
Gobain Performance Plastics). The manifold was mounted on the
head coil, and the liquids were dripped from the manifold stylus
onto the tongue.

Subjects provided stimulus ratings in the fMRI simulator and
actual scanner. The stimulus intensity was measured by using the
general Labeled Magnitude Scale (40); a 100-mm vertical line
scale with “barely detectable” labeled at the lower anchor point
and the label “strongest imaginable sensation” at the upper an-
chor point was used to measure intensity. Pleasantness was rated
by using a 20-mm cross-modal VAS anchored by “most unpleasant
sensation ever” at the left anchor point (–10), “neutral” in the
center (0), and “most pleasant sensation ever” at the right anchor
point (10). Ratings of familiarity, edibility, and wanting to eat were
also measured by using a 20-mm VAS with the following re-
spective labels: at the left anchor, “not familiar at all,” “not edible
at all,” and “I would never want to eat this”; at the middle point,
“neutral”; and at the right anchor, “very familiar,” “very edible,”
and “I would want to eat this more than anything.” After com-
pleting the ratings, subjects underwent a single mock run, which
served to familiarize them with the procedure. During the mock
and real runs, either a milk shake or a tasteless solution (in random
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order) was presented to the subject. The paradigm is described in
detail in Figure 1. Subjects participated in one run during the mock
session and 2 runs during the actual fMRI session, each of which
lasted 4 min 42 s. These runs yielded a total of 20 presentations of
the milk shake and tasteless solution during the actual fMRI ses-
sion with an equal number of chocolate and strawberry milk shake
stimuli received by each subject. Two milk shake flavors were used
to minimize sensory adaptation. Subjects provided a second set of
ratings after both mock and real scanning.

fMRI acquisition

Imaging data were acquired with a Siemens 3 T Trio mag-
netom scanner (Siemens AG) at the Yale University Magnetic
Resonance Research Center by using variables similar to pre-
vious studies that identified neural correlates associated with
chemosensation of food (38). A high-resolution, T1-weighted, 3-
dimensional anatomical image was acquired for each subject (see
supplementary methods under “Supplemental data” in the online
issue for more details).

fMRI analysis

Image analysis was performed on the data of each subject by
using the Oxford Center for Functional MRI of the Brain
(FMRIB) Expert Analysis Tool (41; www.fmrib.ox.ac.uk/fsl).
The preprocessing of each subject’s time series of fMRI volumes
encompassed skull extraction by using Brain Extraction Tool,
slice time correction, motion correction, spatial smoothing with
use of a Gaussian kernel of full width at half maximum of 5 mm,
nonlinear high-pass temporal filtering (128 s), and subtraction of
the mean of each voxel time course from that time course. An-
atomical and functional images were normalized to the standard
Montreal Neurological Institute template brain implemented in
FMRIB Software Library. The fMRI signal was linearly modeled
on a voxel-by-voxel basis by using FMRIB’s Improved Linear
Model with local autocorrelation correction (42, 43). The 6 vec-
tors for head motion, in addition to the global signal calculated as
the average signal intensity of all brain voxels at each volume,
were regressed out of the model to correct for head motion and
fluctuations in whole-brain signal intensity, respectively (44).

After preprocessing, a design matrix was created for each
subject that identified the onset and duration of all events. Event
onsets were defined as the start of the 3-s time of taste delivery
(when the solution entered the subject’s mouth). To measure the
neural response during ingestion, event durations were defined as

the 3-s taste delivery plus the variable interval that followed. Milk
shake and tasteless presentations were modeled as events of
interest. The general linear model was used to estimate, at each
voxel, condition-specific effects. A canonical hemodynamic
response function, which consisted of a double-g variate func-
tion, was used to model the neural response to events. The
significance of the model fit to each voxel time series was cal-
culated, which yielded statistical parametric maps for each
subject.

Group statistical maps were generated in a second-level
random-effects group analysis with the use of FMRIB Local
Analysis of Mixed Effects to obtain the main effect of milk shake
minus tasteless solution and whole-brain regressions with dif-
ferent covariates of interest. For each resulting cluster of spatially
connected voxels that survived the z threshold, a cluster prob-
ability threshold of P = 0.05 (family-wise error-rate corrected)
was applied to the computed significance of that cluster, which
corrected for multiple comparisons (45, 46). A 2-sample un-
paired t test was used to compare the response to milk shake
minus tasteless solution in smokers with that in matched non-
smokers within clusters shown to correlate with weight change
in nonsmokers from study 1. For this analysis, the P value was
corrected over the volume of the mask. To correct for behavioral
scores and measures that differed between smokers and non-
smokers, we included them separately in the t test as variables of
no interest and repeated the test.

Additional statistical analysis

Behavioral data were analyzed by using t tests, regression,
repeated-measures ANOVA, and Grubb’s test as implemented in
Statistica 9 software (StatSoft Inc) with a significance level of
P , 0.05.

RESULTS

Subject characteristics

Study 1

The average [mean (6SEM)] age of nonsmokers in study 1
(n = 27) was 25.16 1.1 y, and their average BMI was 27.16 0.9.
Sixteen nonsmokers from this group returned 1 y later for BMI
reassessment. A Grubb’s test identified a single outlier in BMI
change, and the subject was excluded from subsequent analyses.
No significant change in BMI was observed (0.006 0.27; paired
t test; P = 0.97) (see Table S1 under “Supplemental data” in the

FIGURE 1. Timeline of stimulus presentation for milk shakes and tasteless stimuli. A milk shake and a tasteless solution were presented in random order
for 3 s. After a 1–7-s variable interval (jitter), the milk shake was followed by a 3-s tasteless rinse and, finally, a 4–8- or 11-s variable interval before the onset
of the next event. After delivery of the tasteless solution, the next event would begin between 4 and 11 s later. The tasteless event was not followed by a rinse.
Subjects were instructed to hold the solution in their mouths and swallow during the variable interval.
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online issue); however, there was a considerable range of
changes (22.29 to 1.51).

Study 2

The average age and BMI did not differ between the 11
smokers and 11 matched nonsmokers taken from study 1 (un-
paired t test; age, P = 0.55; BMI, P = 0.97) (Table 1; see Table
S2 under “Supplemental data” in the online issue). Both groups
consisted of 5 men and 6 women. Years of education were
greater in nonsmokers than in smokers (P = 0.016), and self-
reported impulsivity was higher in smokers than in nonsmokers
(Barratt Impulsiveness Scale Version 11 total: smokers, 67.1 6
1.7; nonsmokers, 56.7 6 2.4; P , 1023) (Table 1). Compared
with nonsmokers, smokers exhibited a trend toward less-
disinhibited eating (P = 0.07), and they showed significantly lower
scores on the hunger subscale (P = 0.03) of the TFEQ (Table 1).
No other differences in eating style were observed. Smoking
history is also presented in Table 1.

Behavioral results

Average hunger ratings at the time of scanning were near
neutral for both smokers (before scanning: 21.5 6 1.3; after
scanning: 20.4 6 1.6) and matched those of nonsmokers (be-
fore scanning:20.76 1.41; after scanning:20.96 1.5) and did
not differ between groups (P = 0.56) or as a function of time
(before and after scanning; P = 0.20). No group-by-time in-
teraction was observed (P = 0.84). Smokers rated the milk shake
intensity significantly higher than nonsmokers did (P = 0.01),
and both groups rated the milk shake as more familiar after
scanning than before scanning (P = 0.03). There was no main
effect of group or time on milk shake wanting, familiarity, ed-
ibility, or pleasantness, and there was and only one group-by-
time interaction. This interaction arose because pleasantness

ratings decreased prescanning to postscanning in smokers and
increased prescanning to postscanning in nonsmokers (P = 0.04)
(Table 2). The urge to urinate increased after scanning (P ,
1024) similarly for smokers and nonsmokers. Finally, smokers
indicated wanting to smoke more postscan than prescan (P =
0.03); however, all ratings were near neutral (23.8 6 1.3
compared with 1.7 6 1.83, with 210 = “no desire to smoke”
and 10 = “most intense craving ever experienced”) (Table 2).

Brain imaging results

Study 1: response to milk shakes in nonsmokers

A main effect of the stimulus (milk shake minus tasteless so-
lution; random-effects analysis; n = 27) was observed in the
ventromedial prefrontal cortex, dorsomedial prefrontal cortex,
anterior cingulate cortex, posterior cingulate cortex, anterior in-
sula, inferior temporal gyrus, amygdala, hippocampus, thalamus,
dorsal striatum (caudate and globus pallidus) and ventral striatum
[nucleus accumbens (NAc)] in nonsmokers (see Figure 1 and
Table S3 under “Supplemental data” in the online issue). We also
identified a large cluster of voxels where the response to milk
shake minus tasteless solution correlated positively with the
change in BMI over a 1-y period. This cluster extended from the
midbrain, which likely corresponded to the substantia nigra and
ventral tegmental area, into the hypothalamus (bilaterally), right
anterior thalamus, left ventral pallidum (VP), and left NAc
(Figure 2, upper panel; Table 3). These associations were
maintained, after the inclusion of age, sex, and initial BMI, as
covariates of no interest. As noted, subjects varied in terms of
BMI change, with weight lost in some subjects and weight gained
in some subjects. This varied response was important because it
suggested that the data described regions where smaller responses
were related to weight loss and larger responses to weight gain.

Study 2: smokers compared with nonsmokers

To test our hypothesis that smoking is associated with altered
the brain response in regions associated with weight gain in
nonsmokers we compared the response to milk shake minus
tasteless solution between smokers and nonsmokers within re-
gions where the response correlated with the change in BMI in
study 1. This was done by using the regression map from study 1
as a prethresholding mask in FMRIB Expert Analysis Tool.
Compared with nonsmokers, smokers had a greater response in
the hypothalamus (peak z = 3.03; at coordinates x =26, y =26,
and z = 24; corrected P = 0.03; Figure 2, lower panel). The
increased hypothalamic response in smokers did not change
after the covarying out of potentially confounding factors re-
vealed by the behavioral analyses (years of education, impul-
sivity scores, TFEQ hunger subscale scores, and milk shake
intensity ratings). Because nonsmokers, but not smokers, rated
the milk shake as more pleasant after scanning than before
scanning, we tested for the presence of an association between
this change and the differential response in the hypothalamus.
There was no significant correlation between the difference in
hypothalamic response and the difference in ratings of milk
shake pleasantness. We also investigated the presence of any
differential brain response to milk shakes compared with the
tasteless solution in smokers compared with nonsmokers with
a whole-brain analysis (ie, without any masking). No significant
cluster survived the threshold.

TABLE 1

Subject characteristics for the smokers and matched nonsmokers included

in study 21

Smokers Nonsmokers

Demographics

Age (y) 30.6 6 2.502 28.5 6 2.40

Sex 5 men, 6 women 5 men, 6 women

BMI (kg/m2) 27.0 6 1.63 27.1 6 1.60

Years of education* 13.7 6 0.70 16.1 6 0.50

Smoking history

FTND score 5.18 6 0.79 —

Initial smoking age (y) 15.7 6 0.83 —

Cigarettes (/d) 18.5 6 2.7 —

Smoking years 11.2 6 3.17

Pack-years 8.87 6 2.49 —

Questionnaires

TFEQ-Hunger* 3.4 6 0.7 6.5 6 1.2

TFEQ-Disinhibition 4.1 6 0.8 6.8 6 1.2

TFEQ-Restraint 6.5 6 1.3 6.8 6 1.7

BIS-11* 67.1 6 1.7 56.7 6 2.4

1BIS-11, Barratt Impulsiveness Scale Version 11; FTND, Fagerström

Test for Nicotine Dependence; TFEQ, Three-Factor Eating Questionnaire.

*Significant difference between smokers and nonsmokers, P , 0.05 (un-

paired t test).
2Mean 6 SEM (all such values).
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Published data reported global differences in brain activity in
smokers compared with nonsmokers (47). To determine whether
global differences were present in our sample, we compared the
global signal (44) between smokers andmatched nonsmokers. No
significant effect of group was observed (P = 0.17; repeated-
measures ANOVA). A regression with carbon monoxide levels
for smokers also revealed no significant association with whole-
brain activity.

DISCUSSION

The aim of this study was to investigate whether smoking
status modulates brain activity in response to milk shakes in brain
areas associated with long-term weight change. We showed that
the response in the midbrain, hypothalamus, thalamus, and
ventral striatum (NAc and VP) was positively correlated with
weight change (Figure 2, upper panel). We also showed that
smokers had a significantly greater response to milk shakes in the
hypothalamus (Figure 2, lower panel). This effect of smoking
status was still present after accounting for differences in subject
characteristics or behavioral measures. Thus, our findings were
consistent with our prediction that the brain response to a pal-
atable and energy-dense food differs in smokers than in non-
smokers.

The hypothalamus is an intricate hub of neuroendocrine,
homeostatic, and appetite regulation (48). Human fMRI studies
have shown that brain activity in the hypothalamus is attenuated
by feeding (49, 50) and the administration of sibutramine, which
is a drug used to reduce weight in obese individuals (51). The
response to food pictures in the hypothalamus is also positively
associated with immediate food intake in a nonsated state (52).
Thus, the relation between feeding and the blood oxygen level–
dependent hypothalamic response has been established. Con-
sistent with these previous observations, we showed a positive
association between the hypothalamic response to milk shakes
and weight change. This suggested that heightened hypotha-
lamic responses to food in individuals in a nonsated state may be
associated with weight-gain susceptibility.

We also identified positive associations with weight change in
the midbrain, ventral striatum (NAc and VP), and thalamus.
Therefore, a possibility is that the hypothalamic association with

weight change reflects the ability of these reward circuits to
impact hypothalamic processing and, thereby, influence intake.
Both the NAc and VP are reciprocally connected to the midbrain
and project to the hypothalamus (53). The electrical or chemical
stimulation of particular locations within the VP enhances in-
centive motivation or palatability (54–56). Similarly, the thala-
mus and midbrain have been shown to be critical in enabling
conditioned cues that predict rewards like food to influence
action (57–60), with the latter serving a more general role in
action initiation on the basis of reward probability (61) and the
former allocating attention toward predictive cues such as food
odors (38). In addition, altered responses in this circuit have
been associated with obesity and eating disorders. Obese women
show a heightened brain response to food cues in the dorsal and
ventral striatum (62, 63), and patients with eating disorders have
altered gray-matter density in the hypothalamus (64) and altered
brain responses in the hypothalamus (65) and dorsal striatum
(66).

Previous studies have also reported an association between
weight change and the response to food receipt or food cues.
Murdaugh et al (31) reported that the NAc response to food cues
predicted weight change at 3 mo, whereas the midbrain response
to food cues predicted weight change at 9 mo. Yokum et al (30)
and Stice et al (32, 33, 67) reported an inverse relation between
the response in and structure of the dorsal striatum and BMI.
However, to our knowledge, no associations have been reported
between the brain response to food receipt and weight change in
any of the regions identified in the current study. There are several
possible reasons for the discrepant results. First, Murdaugh et al
(31) examined the brain response to food cues but not to food
receipt. This distinction may be critical because separable circuits
have been shown to respond to food cues compared with food
receipt (38). Second, the inverse relation between weight gain
and dorsal striatal response to food receipt may be dependent on
whether subjects possess a copy at the A1 allele of the DRD2/
ANKK1 gene locus (32, 67). In addition, although our subjects
were not hungry or full, the earlier studies were performed on
fasted individuals. Because the hypothalamus and reward cir-
cuits identified in the current study are influenced by satiety, it is
possible that ceiling effects accounted for the lack of association
in fasted subjects.

TABLE 2

Behavioral results during scanning for the smokers and matched nonsmokers included in study 21

Ratings

Smokers Nonsmokers

Before scanning After scanning Before scanning After scanning

Hunger 21.5 6 1.3 20.4 6 1.6 20.7 6 1.41 0.9 6 1.5

Fullness 21.2 6 1.2 20.5 6 1.7 20.7 6 1.2 22.7 6 1.6

Urge to urinate* 28.8 6 0.5 1.8 6 1.9 29.1 6 0.5 22.2 6 2.8

Milk shake intensityy 5.1 6 1.0 5.4 6 0.8 2.6 6 0.4 2.7 6 0.5

Milk shake wanting 5.5 6 1.0 4.5 6 0.5 4.5 6 1.3 4.9 6 1.1

Milk shake familiarity* 7.6 6 0.8 8.9 6 0.4 7.3 6 0.6 8.0 6 0.5

Milk shake edibility 8.1 6 0.5 8.0 6 0.6 7.2 6 0.6 7.3 6 0.6

Milk shake pleasantnessz 6.2 6 0.7 5.4 6 1.0 4.3 6 1.2 6.0 6 0.7

Wanting to smoke* 23.8 6 1.3 1.7 6 0.8 — —

1All values are means 6 SEMs. *Significant change after scanning compared with before scanning, P , 0.05

(repeated-measures ANOVA); ysignificant difference between smokers and nonsmokers (P , 0.05; repeated-measures

ANOVA); zsignificant group (smokers compared with nonsmokers) by time (before scanning compared with after scanning)

interaction, P , 0.05 (repeated-measures ANOVA).
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After we identified regions where the response to milk shakes
was associated with weight change, we asked whether smoking
status moderated these responses. As predicted, we showed that
smoking status was associated with a differential response in the
hypothalamus, which is a region that is significantly correlated
with weight change in nonsmokers. More specifically, the re-
sponse to milk shake minus tasteless solution was greater in
smokers than in nonsmokers. These results were consistent with
work that indicated a critical role for hypothalamic circuits in
food reward and weight gain (17, 68). Nicotine binds to specific

cholinergic receptors on proopiomelanocortin neurons of the
arcuate nucleus, which then project to the paraventricular nucleus
where they activate the melanocortin-4 receptors that are critical
for food intake and energy expenditure. Knocking down either
the acetylcholine receptor on the proopiomelanocortin neurons or
melanocortin-4 receptors in the paraventricular nucleus disrupts
nicotine effects on feeding (20). Thus, our results are in agree-
ment with other work that indicated that smoking influences the
hypothalamic response to food.

What remains unclear is how to interpret the directions of the
effects observed in our experiments. Because the response in the
hypothalamus is positively associated with weight change in
nonsmokers, and nicotine has an anorectic effect, it would be
more intuitive if smokers showed a reduced response in the
hypothalamus. Instead, we observed an increased response. One
possible interpretation of this pattern of results is that hypotha-
lamic responses from studies 1 and 2 reflected different popu-
lations of neurons, with the response related to weight gain in
nonsmokers reflecting activity of a circuit promoting consump-
tion and the response difference between smokers and nonsmokers
reflecting a circuit that inhibits food consumption. An alternative
possibility is that the responses reflected the activity of the same
circuit. Indeed, previous work has shown that acute or chronic
nicotine exposure enhances responses to food cues in animal
models (21, 69–72). If this effect is true, an important concern to
address in future research is how the ability of nicotine to en-
hance responses to food is associated with the anorectic effects
of this substance.

One caveat is that, because there is clear evidence that the brain
response to food varies as a function of BMI (73, 74), and our
sample of nonsmokers was primarily overweight, we could not
rule out the possibility that responses associated with BMI
change might differ in a homogeneous sample of lean, over-
weight, or obese individuals. However, the average BMI of our
sample was reflective of the general population (75). In addition,
effects may have been related to weight loss as well as weight
gain because our sample consisted of a distribution of people who
lost or gained weight. Also, some participants had a very small
change in BMI after 1 y, which could have reflected day-to-day
variations in weight or that follow-up measurements at 1 y were
not necessarily performed at the same time of the day as at time
point one. However, the variation of weight change that we

FIGURE 2. Upper panel: Study 1. Brain activity correlated with the
change in BMI at 1 y in nonsmokers (n = 15; random effects; P , 0.05;
whole-brain corrected). Scatter plots illustrate the correlation between
average PE within all voxels falling in each region encompassed by the
significant brain-activity cluster and change in BMI. The activity is
depicted in red to yellow, which indicate a positive correlation. Numbers
above the slices are y coordinates in millimeters of standard space. Lower
panel: Study 2. Smokers had an increased brain response to milk shakes in
the hypothalamus. The brain activity for milk shake minus tasteless solution
(n = 11 per group; unpaired t test; random effects, P , 0.05 corrected over
all voxels within the mask from study 1) in smokers compared with
nonsmokers. Coronal sections depict a significant increase in activity for
smokers compared with nonsmokers in the hypothalamus. The plots show
the individual (left) and averaged (right) percentage signal changes for
smokers (red) and nonsmokers (blue) within the hypothalamus (mean 6
SEM: smokers: 4.05 6 4.65; nonsmokers: 214.04 6 5.23). *Statistical
significance, P , 0.05. Hypothal, hypothalamus; L, left; NAc, nucleus
accumbens; PE, parameter estimates; VP, ventral pallidum.

TABLE 3

Brain activity for the main effects of a milk shake compared with

a tasteless solution correlated with BMI change at 1 y in nonsmokers1

Region: areas positively

correlated to BMI change

MNI coordinates

z Clusterx y z

Right NAc 6 8 26 3.00 1

Left ventral pallidum 214 2 28 3.95 1

Right hypothalamus 24 22 26 4.24 1

Left anterior thalamus 24 24 22 2.99 1

Midbrain 22 210 28 2.32 1

Right entorhinal cortex 32 210 240 3.46 2

1Regression map contained the following 2 clusters (n = 15 non-

smokers): cluster 1 had 293 voxels (P = 0.0241), and cluster 2 had 294

voxels (P = 0.0236). MNI, Montreal Neurological Institute; NAc, nucleus

accumbens.
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observed agrees with previously published longitudinal natu-
ralistic studies of BMI change (31–33, 76, 77).

In conclusion, to our knowledge, we provide the first evidence
in humans that smokers have a differential brain response to
a palatable and energy-dense food. Compared with nonsmokers,
smokers, who were not hungry or full and who had recently
smoked, had an increased response in the hypothalamus during
the ingestion of a milk shake. This result accords with other
recent work in suggesting that it is the influence of nicotine on
hypothalamic circuits that may be associated with the link be-
tween smoking and body weight.
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