Reduced Thickness of Medial Orbitofrontal Cortexin
Smokers
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Background: Structural deficiencies within the prefrontal cortex might be related to drug-taking behavior that prevails in smokers. Cortical
thickness has been found to be a structural modulator of cerebral function and cognition and a subtle correlate of mental disorders.
However, to date an analysis of cortical thickness in smokers compared with never-smokers has not been undertaken.

Methods: We acquired high-resolution magnetic resonance imaging scans from 22 smokers and 21 never-smokers and used FreeSurfer to
model the gray-white and pial surfaces for each individual cortex to compute the distance between these surfaces to obtain a measure of
cortical thickness. The main cortical folds were aligned across individuals with FreeSurfer’s surface-based averaging technique to compare
whole brain differences in cortical thickness between smokers and never-smokers.

Results: Relative to never-smokers, smokers showed greater cortical thinning in the left medial orbitofrontal cortex (mOFC). Cortical
thickness measures extracted from mOFC correlated negatively with the amount of cigarettes consumed/day and the magnitude of lifetime
exposure to tobacco smoke.

Conclusions: The brains of smokers are structurally different from those of never-smokers in a dose-dependent manner. The cortical
thinning in mOFC in smokers relative to never-smokers might imply dysfunctions of the brain’s reward, impulse control, and decision-

making circuits. Related behavioral correlates are suggested to be relevant for smoking initiation and maintenance.
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orldwide cigarette smoking is a highly prevalent sub-
W stance-dependence and the leading cause of early pre-
ventable deaths in developed countries (1). Magnetic res-
onance imaging studies have associated tobacco smoking with
large-scale structural brain abnormalities. In a study on elderly indi-
viduals, smoking has been linked to sulcal as well as ventricular
grade and general atrophy (2,3). Moreover, smoking history has
been associated with periventricular white matter abnormalities
(2,4). More recent studies explored structural differences between
smokers and nonsmokers, focusing on regional gray matter (and
white matter) volumes as well as densities with voxel based mor-
phometry (VBM) (5-8). Overall they found smaller gray matter vol-
umes and densities for smokers. Gazdzinski et al. (8) showed a
reduction in parietal and temporal gray matter, which is in line with
findings of Durazzo et al. (6), reporting smaller temporal, parietal,
and neocortical gray matter volume among smokers who were
heavy drinkers. By contrast, two studies reported by Gallinatet al. (7)
and Brody et al. (5) found structural deficiencies in anterior cingu-
late cortex and bilateral prefrontal cortex, next to a multitude of
other brain areas.
However, VBM has been shown to be sensitive to a combination
of changes in gray matter thickness, intensity, cortical surface area,
and cortical folding (9,10). Moreover, VBM is especially susceptible
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to the degree of smoothing, differences in registration, and choice
of normalization template (11,12). Therefore, surface-based mor-
phology analysis has been proposed to assess the contributions of
gray matter thinning independently of regional surface area (10).
Cortical thickness has previously been found to be associated with
normal aging, intelligence, cognitive performance, and mental dis-
orders and is suggested to be a more sensitive parameter with a
higher signal-to-noise ratio compared with VBM (9,13-15). More-
over, cortical thickness measures might be easier to interpret than
the probabilistic gray matter volumes in VBM (16). In a study by
Hutton et al. (9) cortical thickness has been shown to provide amore
sensitive measure of age-associated decline, compared with the
gray matter volume measure typically used in VBM studies. There-
fore, cortical thickness might be a more appropriate measure when
trying to assess drug-related changes.

We are not aware of any previous studies focusing on regional
cortical thickness in smokers compared to nonsmokers. The only
related study assessing cortical thickness measures in smokers ex-
plored prenatal exposure to maternal cigarette smoking (17). The
authors demonstrate that in adolescents with prenatal exposure
the likelihood of drug experimentation correlates with thinning of
the orbitofrontal cortex (OFC), whereas in nonexposed adolescents
OFC thickness is increased with the number of drugs tried. These
results, seen in the light of previous studies on various drugs of
abuse that have demonstrated structural abnormalities related to
OFC (18-20), lead us to suspect that the OFC might be affected by
smoking-related structural changes. The current study focuses on pos-
sible alterations in cortical thickness in a sample of subjects without
mental or medical disorder.

Methods and Materials

Participants

Forty-three subjects, 22 smokers and 21 never-smokers, were
recruited by means of newspaper advertisements. Never-smokers
were naive with respect to tobacco consumption. Demographic
and smoking data of the participants are given in Table 1. All sub-
jects were free of medical, neurological, and psychiatric disorders—
according to personal interviews (Mini-International Neuropsychi-
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Table 1. Demographic Characteristics of Smokers and Never-Smokers
Studied

Smokers Never-Smokers
(n=22) (n=21)
Age 31378 309 = 8.2
Gender (Female/Male) 14/8 11/10
Cigarettes/Day 13.4 =88 0
Alcoholic Drinks/Week 3.0*32 27 £27
Pack-Years 12.1 = 13.2
Fagerstrom Test for Nicotine
Dependence 28+ 18
Age at Start of Smoking, Yrs 165+ 19
Years of Smoking 13.7 = 8.1

atric Interview) (21) carried out by a psychiatrist. Control subjects
with a family history (first-degree) of axis | disorder were excluded
from participation. In addition, exclusion criteria for all subjects
were abnormalities in magnetic resonance imaging, general medi-
cal disorders, or any clinically relevant abnormalities. Smoking be-
havior was determined by a questionnaire specifically designed for
this purpose (22). All procedures of this study were approved by the
ethics committee of the Charité University Medicine Berlin. After
complete description of the study to the subjects, informed written
consent was obtained from all participants.

Scanning Sequence

Magnetic resonance measurements were carried out on a 3-T
scanner (MEDSPEC 30/100, Bruker Biospin, Ettlingen, Germany).
The T1-weighted images were acquired with modified driven equi-
librium Fourier transform (with echo time = 3.8 msec; repetition
time = 20.53 msec; inversion time = 550 msec; nominal flip angle
30°; 128 contiguous slices, 1.5-mm thick; 1-mm in-plane [x-y] reso-
lution).

Data Analysis

Cortical thickness was estimated from the structural magnetic
resonance images with FreeSurfer software (http://surfer.nmr.
mgh.harvard.edu/) (23, 24), a set of automated tools for reconstruc-
tion of brain cortical surface (25).

The segmentation results of FreeSurfer in the hippocampus have
been shown to be highly correlated with manual tracings (26). More-
over, there is evidence that differences of approximately .2 mm in
cortical thickness are detectable with seven subjects/group and differ-
ences in the range of .1 with 26 subjects (27).

First, we used the T1-weighted images to segment cerebral
white matter (23) and to estimate the gray-white matter interface.
Then, topographical defects in the gray-white estimate were fixed.
This gray-white matter estimate was used as the starting point of a
deformable surface algorithm searching for the pial surface. The
whole cortex of each individual subject was visually inspected for
inaccuracies in segmentation and manually corrected if necessary.
Interventions were required at the temporal pole only. Local corti-
cal thickness was measured on the basis of the difference between
the position of equivalent vertices in the pial and gray-white matter
surfaces. The surface of the gray-white matter border was inflated,
and differences between subjects in the depth of gyri and sulci
were normalized. The reconstructed brain of each subject was mor-
phed and registered to an average spherical surface (24).

To obtain cortical thickness difference maps, the data were
smoothed on the surface with a Gaussian smoothing kernel with a
full-width half maximum of 10 mm. Statistical thickness difference
maps were constructed with t statistics. We used a general linear
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model focusing on the main effects of group (smokers vs. never-
smokers), controlling for age and gender. Monte Carlo permutation
cluster analysis was then performed to correct for multiple compar-
isons with a cluster threshold of .05; only the surviving cluster is
shown.

A region of interest comprising the brain region observed in the
whole brain analysis was defined. The average thickness within this
region of interest in each subject was subjected to a Pearson prod-
uct-moment correlation with the reported current amount of ciga-
rettes smoked/day and the magnitude of lifetime exposure to to-
bacco smoke.

Results

There were no significant differences in age, gender, or alcoholic
drinks/week between smokers and never-smokers (p > .46) (Table 1).

When computing a whole brain analysis to find differences in
cortical thickness between smokers and never-smokers (control-
ling for age and gender), we found a significant reduction of cortical
thickness in the left medial orbitofrontal cortex (mOFC) (—2.5, 26,
—20, Talairach coordinates (28) (Figure 1) with an effect size of 1.14
on the basis of Cohen’s d (29). There were no regions of significantly
increased cortical thickness in never-smokers compared to smokers
when using the same thresholding.

Relating cortical thickness in mOFC to the self-reported current
amount of cigarette consumption/day revealed a significant nega-
tive correlation (r = —.55, p < .001). This correlation was also
presentin smokers only (r = —.51, p <.02) and when controlling for
age (partial correlation: r = —.55, p < .001, partial correlation only
on smokers: r = —.47, p < .05) (Figure 2). Similarly mOFC cortical
thickness correlated negatively with the magnitude of lifetime ex-
posure to tobacco smoke (pack-years) (r = —.52, p <.001; only on
smokers:r = —.53, p <.02; partial correlation controlling forage:r =
—.52, p <.001, partial correlation controlling for age only on smok-
ers: r = —.47, p < .05) (Figure 3). These correlations were still
significant when controlling for the variable alcoholic drinks/week
and when excluding the subject with the highest tobacco con-
sumption.

Cortical thickness: Smokers < Never-smokers

Figure 1. Composite pial representation of the statistically significant clus-
ter of cortical thickness reduction in the left medial orbitofrontal cortex
(—2.5, 26, —20) in smokers compared with never-smokers (p values cor-
rected for multiple comparisons, p <.05).
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Figure 2. Scatter plot of cortical thickness values extracted from medial
orbitofrontal cortex (mMOFC) and self-reported current number of cigarettes
smoked/day (r = —.55, p <.001; correlation only on smokersr = —.51,p <
.02; regression line depicted only for smokers).

Discussion

The present study demonstrates a difference in cortical thick-
ness between smokers and never-smokers in the left mOFC. This
focal decrease of approximately 3% in cortical thickness was in-
versely correlated with the current number of cigarettes con-
sumed/day and smoking history, namely the self-reported magni-
tude of lifetime exposure to tobacco smoke, showing that heavier
smoking is associated with more pronounced thinning of gray mat-
ter in mOFC. This correlation persists when controlling for weekly
alcohol intake. We cannot deduce whether the effect can be attrib-
uted to a direct effect of nicotine intake, as is generally the case in
studies focusing on structural differences between addicts and
nonaddicts. With a correlational approach we cannot rule out that
the observed differences between smokers and never-smokers are
preconditions that make smokers more vulnerable to become ad-
dicted to cigarettes and that keep never-smokers from developing
a smoking habit.

The structural differences in gray matter thickness in the mOFC
are in line with previous findings that have reported smaller gray
matter volumes and densities in smokers compared with nonsmok-
ers (5-8). Our results are particularly in line with the reported differ-
ences in prefrontal cortex (5,7). A striking difference from the previ-
ous, more-widespread VBM findings is the focality of the cortical
thinning, which might be due to a higher sensitivity and specificity
of the cortical thickness measure compared with gray matter vol-
ume or density (9). Especially these previously observed global
structural effects might in part be attributable to cardiovascular
effects, because it has been shown that coronary heart diseases
increase with smoking (30). In contrast, the focused difference in
mOFCin our relatively young and only moderately nicotine-depen-
dent population could be more specific to the direct effects of
tobacco use.

The OFC, in particular, has been frequently implicated in addic-
tion to various kinds of drugs for several reasons.

First, several studies on structural deviations in addictions to
illegal drugs have implicated abnormalities in OFC. Anatomically,
the OFCis a heterogeneous region that has connections with other
prefrontal, limbic, sensory, and premotor areas (31) and is linked to
the mesolimbic dopamine system that is critical for drug reward
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(32); therefore it might be prone to be affected by structural
changes. Indeed, Tanabe et al. (20) reported selective mOFC volume
reduction in multisubstance-dependent individuals after pro-
longed abstinence. This is in line with findings that cocaine addicts
show gray matter changes in volume and cortical thickness in OFC
(18,19). The laterality of the reported findings is not conclusive. In
line with the present finding, Tanabe et al. (20) report changes in
mOFC with the peak being in the left hemisphere, whereas the
findings of Makris et al. (19) stress a right hemispheric difference,
and Franklin et al. (18) report bilateral changes. Moreover, self-
administration of amphetamine in rats has been shown to be re-
lated to decreased spine density in OFC (33). Our finding of reduced
cortical thickness in the mOFC of smokers fits well into these find-
ings on illegal drug addiction.

Second, persistent metabolic and/or neurochemical changes in
OFC have been demonstrated in drug addicts (34,35). Acute admin-
istration of nicotine during brain imaging in humans has been
reported to elicit changes in activation in various brain regions,
including anterior cingulate cortex, inferior frontal gyrus, temporal
cortex, posterior cingulate gyrus, visual cortex, cerebellum, pons,
thalamus, nucleus accumbens, amygdala, and hippocampus (36 -
39). However, only one study mentions effects on mOFCin smokers,
namely when smoking the first cigarette of the day after overnight
abstinence (40). This can only be considered as weak evidence in
favor of the observed cortical thickness change being a conse-
quence of smoking.

Third, functional imaging studies demonstrated activation of
OFC together with other limbic areas when addicted subjects were
exposed to stimuli associated with the abused drug. This has been
demonstrated for smoking-related stimuli in smokers (41-46) as
well as for other drugs of abuse (e.g., cocaine) (47,48). These find-
ings could imply that mOFC cortical thinning is rather a conse-
quence of smoking then a predisposition for addiction.

Fourth, the compulsive drug-seeking behavior often observed
in addicts and the persistence of it despite known negative out-
comes bears resemblance to the behavior of individuals with dam-
age to the OFC. Those frontal lobe lesions have been associated
with a lack of impulse control and a tendency for delay discounting
(devaluation of rewards as a function of delay) as well as risky
decision-making (49,50). Moreover, impulsiveness has been shown
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Figure 3. Scatter plot of cortical thickness values extracted from medial
orbitofrontal cortex (mOFC) and self-reported magnitude of lifetime expo-
sure to tobacco smoke (pack-years) (r = —.52, p <.001; correlation only on
smokers r = —.53, p <.02; regression line depicted only for smokers).
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to be inversely related to OFC volume (51). Smokers have been
shown to score higher on impulsiveness measures and to show
signs of disinhibition, in line with the idea of deficiencies in OFC due
to nicotine intake (52-55). Furthermore, smokers have been dem-
onstrated to be more prone to delay discounting, which is broadly
accepted as a measure of impulsiveness (56 -59). In the domain of
risk-taking, smokers have been shown to perform poorly in gambling
tasks (60-62), but there is at least one study that does not show this
association (63).

But we found no significant correlations between cortical thick-
ness in left mOFC and measures of interindividual differences (im-
pulsivity [64]; sensation seeking [65]; NEO Five-Factor Inventory
[66]; anxiety [67]; and depression, Beck Depression Inventory [68]).

Another function that has been associated with the integrity of
OFC is sensitivity to reward and punishment and, in particular, the
assignment of emotional valence to environmental stimuli that
signal reward or punishment (69,70). Several studies have reported
deficits in reward processing in smokers (71-73). Taken together,
the observed changes in mOFC thickness might mediate these
neurocognitive deviations commonly reported in smokers. Further
research is needed to relate the structural changes in mOFC found
in smokers to the behavior of subjects in, for example, gambling
tasks.

In conclusion, we found a circumscribed thinning of mOFC in
smokers compared with never-smokers that was inversely corre-
lated with the amount of cigarettes smoked/day. This is to our
knowledge the first study reporting cortical thickness data in this
population. Contextualizing our results within previous studies on
various drugs of abuse that have demonstrated structural, func-
tional, and behavioral abnormalities related to OFC, we conclude
that OFCis an important target of drug-induced structural changes,
not only because of illegal drug use but also because of the most
prevalent substance dependence: tobacco smoking.

The author SK is a Postdoctoral Fellow of the Research Foundation
Flanders. The author JG has received research funding from the Ger-
man Federal Ministry of Education and Research (BMBF 01GS08159)
and AstraZeneca, Eli Lilly, Janssen-Cilag, and Bristol-Myers Squibb and
speaker fees from AstraZeneca, Janssen-Cilag, and Bristol-Myers
Squibb. All other authors report no biomedical financial interests or
potential conflicts of interest.

1. Benowitz NL (2008): Clinical pharmacology of nicotine: Implications for
understanding, preventing, and treating tobacco addiction. Clin Phar-
macol Ther 83:531-541.

2. Longstreth WT, Arnold AM, Manolio TA, Burke GL, Bryan N, Jungreis CA,
et al. (2000): Clinical correlates of ventricular and sulcal size on cranial
magnetic resonance imaging of 3,301 elderly people: The cardiovascu-
lar health study. Neuroepidemiology 19:30-42.

3. Longstreth WT, Diehr P, Manolio TA, Beauchamp NJ, Jungreis CA,
Lefkowitz D (2001): Cluster analysis and patterns of findings on cranial
magnetic resonance imaging of the elderly: The cardiovascular health
study. Arch Neurol 58:635-640.

4. Fukuda H, Kitani M (1996): Cigarette smoking is correlated with the
periventricular hyperintensity grade on brain magnetic resonance im-
aging. Stroke 27:645-649.

5. Brody AL, Mandelkern MA, Jarvik ME, Lee GS, Smith EC, Huang JC, et al.
(2004): Differences between smokers and nonsmokers in regional gray
matter volumes and densities. Biol Psychiatry 55:77-84.

6. Durazzo TC, Cardenas VA, Studholme C, Weiner MW, Meyerhoff DJ
(2007): Non-treatment-seeking heavy drinkers: Effects of chronic ciga-
rette smoking on brain structure. Drug Alcohol Depend 87:76-82.

7. Gallinat J, Meisenzahl E, Jacobsen LK, Kalus P, Bierbrauer J, Kienast T, et
al. (2006): Smoking and structural brain deficits: A volumetric MR inves-
tigation. Eur J Neurosci 24:1174-1750.

www.sobp.org/journal

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

S. Kuhn et al.

. Gazdzinski S, Durazzo TC, Studholme C, Song E, Banys P, Meyerhoff DJ

(2005): Quantitative brain MRI in alcohol dependence: Preliminary evi-
dence for effects of concurrent chronic cigarette smoking on regional
brain volumes. Alcohol Clin Exp Res 29:1484-1495.

. Hutton C, Draganski B, Ashburner J, Weiskopf N (2009): A comparison

between voxel-based cortical thickness and voxel-based morphometry
in normal aging. Neuroimage 48:371-380.

. Voets NL, Hough MG, Douaud G, Matthews PM, James A, Winmill L, et al.

(2008): Evidence for abnormalities of cortical development in adoles-
cent-onset schizophrenia. Neuroimage 43:665-675.

. Jones DK, Symms MR, Cercignani M, Howard RJ (2005): The effect of

filter size on VBM analyses of DT-MRI data. Neuroimage 26:546 -554.

. Bookstein FL (2001): “Voxel-based morphometry” should not be used

with imperfectly registered images. Neuroimage 14:1454-1462.

. Choi YY, Shamosh NA, Cho SH, DeYoung CG, Lee MJ, Kim S, et al. (2008):

Multiple bases of human intelligence revealed by cortical thickness and
neural activation. J Neurosci 28:10323-10329.

. Dickerson BC, Fenstermacher E, Salat DH, Wolk DA, Maguire RP, Desikan

R, et al. (2008): Detection of cortical thickness correlates of cognitive
performance: Reliability across MRI scan sessions, scanners, and field
strengths. Neuroimage 39:10-18.

. Salat DH, Buckner RL, Snyder AZ, Greve DN, Desikan RS, Busa E, et al.

(2004): Thinning of the cerebral cortex in aging. Cereb Cortex 14:721-
730.

. Lehmann M, Crutch SJ, Ridgway GR, Ridha BH, Barnes J, Warrinton EK, et

al. (2009): Cortical thickness and voxel-based morphometry in posterior
cortical atrophy and typical Alzheimer’s disease [published online
ahead of print September 24]. Neurobiol Aging.

. Lotfipour S, Ferguson E, Leonard G, Perron M, Pike B, Richer L, et al.

(2009): Orbitofrontal cortex and drug use during adolescence. Role of
prenatal exposure to maternal smoking and BDNF genotype. Arch Gen
Psychiatry 66:1244-1252.

. Franklin TR, Acton PD, Maldjian JA, Gray JD, Croft JR, Dackis CA, et al.

(2002): Decreased gray matter concentration in the insular, orbitofron-
tal, cingulate, and temporal cortices of cocaine patients. Biol Psychiatry
51:134-142.

. Makris N, Gasic GP, Kennedy DN, Hodge SM, Kaiser JR, Lee MJ, et al.

(2008): Cortical thickness abnormalities in cocaine addiction. A reflec-
tion of both drug use and pre-existing disposition to drug abuse? Neu-
ron 60:174-188.

Tanabe J, Tregellas JR, Dalwani M, Thompson L, Owens E, Crowley T,
Banich M (2009): Medial orbitofrontal cortex gray matter is reduced
in abstinent substance-dependent individuals. Biol Psychiatry 65:
160-164.

Lecrubier Y, Sheehan D, Weiller E, Amorim P, Bonora |, Sheehan K, et al.
(1998): The Mini-International Neuropsychiatric Interview (M.L.N.L): The
development and validation of a structured diagnostic psychiatric in-
terview for DSM-IV and ICD-10. J Clin Psychiatry 59(suppl 20):22-33; quiz
34-57.

Neuhaus A, Bajbouj M, Kienast T, Kalus P, von Haebler D, Winterer G, et
al. (2006): Persistent dysfunctional frontal lobe activation in former
smokers. Psychopharmacology 186:191-200.

Dale AM, Fischl B, Sereno MI (1999): Cortical surface-based analysis, I:
Segmentation and surface reconstruction. Neuroimage 9:179-194.
Fischl B, Sereno MI, Tootell RB, Dale AM (1999): High-resolution inter-
subject averaging and a coordinate system for the cortical surface. Hum
Brain Mapp 8:272-284.

Fischl B, Dale AM (2000): Measuring the thickness of the human cerebral
cortex from magnetic resonance images. Proc Natl Acad Sci U S A 97:
11050-11055.

Morey RA, Petty CM, Xu Y, Hayes JP, Wagner HR, Lewis DV, et al. (2009): A
comparison of automated segmentation and manual tracing for quan-
tifying hippocampal and amygdala volumes. Neuroimage 45:855- 866.
Han X, Jovicich J, Salat D, van der Kouwe A, Quinn B, Czanner S, et al.
(2006): Reliability of MRI-derived measurements of human cerebral cor-
tical thickness: The effects of field strength, scanner upgrade and man-
ufacturer. Neuroimage 32:180-194.

Talairach J, Tournoux P (1988): Co-Planar Stereotaxic Atlas of the Human
Brain. New York: Thieme Medical Publishers.

Cohen J (1977): Statistical Power Analysis for Behavioral Sciences. New
York: Academic Press.

Mancia G, Groppelli A, Casadei R, Omboni S, Mutti E, Parati G (1990):
Cardiovascular effects of smoking. Clin Exp Hypertens 12:917-929.



S. Kiithn et al.

31.

32

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

Ongiir D, Price JL (2000): Intrinsic and extrinsic connections of networks
within the orbital and medial prefrontal cortex. Cereb Cortex 10:206 -
219.

Koob GF, Bloom FE (1988): Cellular and molecular mechanisms of drug
dependence. Science 242:715-723.

Crombag HS, Gorny G, Li Y, Kolb B, Robinson TE (2005): Opposite effects
of amphetamine self-administration experience on dendritic spines in
the medial and orbital prefrontal cortex. Cereb Cortex 15:341-348.
Volkow ND, Fowler JS, Wang GJ (2004): The addicted human brain
viewed in the light of imaging studies: Brain circuits and treatment
strategies. Neuropharmacology 47(suppl 1):3-13.

Goldstein RZ, Volkow ND (2002): Drug addiction and its underlying
neurobiological basis: Neuroimaging evidence for the involvement of
the frontal cortex. Am J Psychiatry 159:1642-1652.

Domino EF, Minoshima S, Guthrie SK, Ohl L, Ni L, Koeppe RA, et al. (2000):
Effects of nicotine on regional cerebral glucose metabolism in awake
resting tobacco smokers. Neuroscience 101:277-282.

Domino EF, Minoshima S, Guthrie S, Ohl L, Ni L, Koeppe RA, Zubieta JK
(2000): Nicotine effects on regional cerebral blood flow in awake, rest-
ing tobacco smokers. Synapse 38:313-321.

Domino EF, NiL, Xu Y, Koeppe RA, Guthrie S, Zubieta JK (2004): Regional
cerebral blood flow and plasma nicotine after smoking tobacco ciga-
rettes. Prog Neuropsychopharmacol Biol Psychiatry 28:319-327.

Zubieta J, Lombardi U, Minoshima S, Guthrie S, Ni L, Ohl LE, et al. (2001):
Regional cerebral blood flow effects of nicotine in overnight abstinent
smokers. Biol Psychiatry 49:906-913.

Zubieta JK, Heitzeg MM, Xu Y, Koeppe RA, Ni L, Guthrie S, Domino EF
(2005): Regional cerebral blood flow responses to smoking in tobacco
smokers after overnight abstinence. Am J Psychiatry 162:567-577.
Buihler M, Vollstadt-Klein S, Kobiella A, Budde H, Reed LJ, Braus DF, et al.
(2009): Nicotine dependence is characterized by disordered reward
processing in a network driving motivation. Biol Psychiatry 67:745-752.
David SP, Munafo MR, Johansen-Berg H, Smith SM, Rogers RD, Mat-
thews PM, Walton RT (2005): Ventral striatum/nucleus accumbens acti-
vation to smoking-related pictorial cues in smokers and nonsmokers: a
functional magnetic resonance imaging study. Biol Psychiatry 58:488 -
494,

Franklin TR, Wang Z, Wang J, Sciortino N, Harper D, Li Y, et al. (2007): Limbic
activation to cigarette smoking cues independent of nicotine withdrawal:
A perfusion fMRI study. Neuropsychopharmacology 32:2301-2309.
McBride D, Barrett SP, Kelly JT, Aw A, Dagher A (2006): Effects of expectancy
and abstinence on the neural response to smoking cues in cigarette smok-
ers: An fMRI study. Neuropsychopharmacology 31:2728-2738.

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

Wang Z, Faith M, Patterson F, Tang K, Kerrin K, Wileyto EP, et al. (2007):
Neural substrates of abstinence-induced cigarette cravings in chronic
smokers. J Neurosci 27:14035-14040.

Childress AR, Mozley PD, McElgin W, Fitzgerald J, Reivich M, O'Brien CP
(1999): Limbic activation during cue-induced cocaine craving. Am J
Psychiatry 156:11-18.

Goldstein RZ, Tomasi D, Rajaram S, Cottone LA, Zhang L, Maloney T, et al.
(2007): Role of the anterior cingulate and medial orbitofrontal cortex in
processing drug cues in cocaine addiction. Neuroscience 144:1153-1159.
Bechara A (2005): Decision making, impulse control and loss of will-
power to resist drugs: A neurocognitive perspective. Nat Neurosci
8:1458-1463.

Bechara A, van der Linden M (2005): Decision making, impulse control
after frontal lobe injures. Curr Opin Neurol 18:734-739.

Matsuo K, Nicoletti M, Nemoto K, Hatch JP, Peluso MAM, Nery FG, Soares
JC (2009): A voxel-based morphometry study of frontal gray matter
correlates of impulsivity. Hum Brain Mapp 30:1188-1195.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

BIOL PSYCHIATRY 2010;68:1061-1065 1065

Fields S, Collins C, Leraas K, Reynolds B (2009): Dimensions of impulsive
behavior in adolescent smokers and nonsmokers. Exp Clin Psychophar-
macol 17:302-311.

Kassel JD, Shiffman S, Gnys M, Paty J, Zettler-Segal M (1994): Psychoso-
cial and personality differences in chippers and regular smokers. Add
Behav 19:565-575.

Mitchell SH (2004): Measuring impulsivity and modeling its association
with cigarette smoking. Behav Cogn Neurosci Rev 3:261-275.
Zuckerman M, Kuhlman DM (2000): Personality and risk-taking: com-
mon biosocial factors. J Pers 68:999-1029.

Bickel WK, Yi R, Kowal BP, Gatchalian KM (2008): Cigarette smokers
discount past and future rewards symmetrically and more than con-
trols: Is discounting a measure of impulsivity? Drug Alcohol Depend
96:256-262.

Dallery J, Raiff BR (2007): Delay discounting predicts cigarette smoking
in a laboratory model of abstinence reinforcement. Psychopharmacol-
ogy 190:485-496.

Reynolds B (2004): Do high rates of cigarette consumption increase
delay discounting? A cross-sectional comparison of adolescent smokers
and young-adult smokers and nonsmokers. Behav Processes 67:
545-549.

Reynolds B, Richards JB, Horn K, Karraker K (2004): Delay discounting
and probability discounting as related to cigarette smoking status in
adults. Behav Processes 65:35-42.

Businelle MS, Apperson MR, Kendzor DE, Terlecki MA, Copeland AL
(2008): The relative impact of nicotine dependence, other substance
dependence, and gender on Bechara Gambling Task performance. Exp
Clin Psychopharmacol 16:513-520.

Businelle MS, Kendzor DE, Rash CJ, Patterson SM, Coffey SF, Copeland AL
(2009): Heavy smokers perform more poorly than nonsmokers on a
simulated task of gambling. Subst Use Misuse 44:905-914.

Xiao L, Bechara A, Cen S, Grenard JL, Stacy AW, Gallaher P, et al. (2008):
Affective decision-making deficits, linked to a dysfunctional ventrome-
dial prefrontal cortex, revealed in 10th grade Chinese adolescent smok-
ers. Nicotine Tob Res 10:1085-1097.

Harmsen H, Bischof G, Brooks A, Hohagen F, Rumpf H-J (2006): The
relationship between impaired decision-making, sensation seeking and
readiness to change in cigarette smokers. Add Behav 31:581-592.
Elliott R, Dolan RJ, Frith CD (2000): Dissociable functions in the medial
and lateral orbitofrontal cortex: Evidence from human neuroimaging
studies. Cereb Cortex 10:308-317.

Patton J, Standford M, Barratt E (1995): Factor structure of the Barratt
impulsiveness scale. J Clin Psychol 51:768-774.

Zuckerman M, Eysenck S, Eysenck HJ (1978): Sensation seeking in En-
gland and America: Cross-cultural, age, and sex comparisons. J Consult
Clin Psychol 46:139-149.

McCrae RR, Costa PT Jr (1989): The structure of interpersonal traits:
Wiggins's circumplex and the five-factor model. J Pers Soc Psychol 56:
586-595.

Spielberger CD, Gorsuch R, Lushene R (1970): State-Trait Anxiety Inven-
tory. Palo Alto, California: Consulting Psychologists Press.

Beck AT, Ward CH, Mendelson M, Mock J, Erbaugh J (1961): An inventory
for measuring depression. Arch Gen Psychiatry 4:561-571.

Wallis JD (2007): Orbitofrontal cortex and its contribution to decision-
making. Annu Rev Neurosci 30:31-56.

Chiu PH, Lohrenz TM, Montague PR (2008): Smoker’s brain compute, but
ignore, a fictive error signal in a sequential investment task. Nat Neurosci
11:514-520.

Martin-Soelch C, Kobel M, Stoecklin M, Michael T, Weber S, Krebs B,
Opwis K (2009): Reduced response to reward in smokers and cannabis
users. Neuropsychobiology 60:94-103.

De Ruiter MB, Veltman DJ, Goudriaan AE, Oosterlaan J, Sjoerds Z, van
den Brink W (2009): Response perseveration and ventral prefrontal sen-
sitivity to reward and punishment in male problem gamblers and smok-
ers. Neuropsychopharmacology 34:1027-1038.

www.sobp.org/journal



	Reduced Thickness of Medial Orbitofrontal Cortex in Smokers
	Methods and Materials
	Participants
	Scanning Sequence
	Data Analysis

	Results
	Discussion
	References


