
INTRODUCTION
Cigarette smoking is a significant

cause of premature death and disease (1).
Successfully quitting and maintaining
abstinence reduce these risks to smokers
(2–4). However, success rates following
attempts to quit smoking remain modest.
One year after unaided attempts to quit
smoking, abstinence rates are less than
5% (5,6). Even with pharmacologic aids
that include nicotine replacement ther-
apy (NRT), bupropion and varenicline,
long-term abstinence rates are less than
25% (7,8).

Precessation NRT initiates nicotine
patch treatment 2 wks prior to a target
quit date (9,10). The 21 mg/24 hour prec-
essation dose used to date is well toler-
ated by most smokers (9,10) and consis-
tently enhances quit rates: recent meta
analyses show a 1.8–2.2–fold greater like-
lihood of success than conventional NRT
(11,12). However, neither dose/response
data nor clear cut recommendations for
personalizing precessation NRT have
been reported.

More effective smoking cessation
might result from personalizing existing

treatments based on characteristics of in-
dividual smokers. Previous research has
identified phenotypic and genotypic var-
iables that might aid in predicting likeli-
hood of success in smoking cessation
and/or differential responses to different
treatment regimens. In smoking cessa-
tion trials, smokers who score higher on
the Fagerström Test for Nicotine Depen-
dence (FTND), and thus display more
prominent physiological dependence on
nicotine, experience lower rates of suc-
cess from conventional NRT regimens
and may derive greater benefits from
higher NRT doses (13–15). In a trial of
precessation NRT with conventional,
21 mg/24 hour dosing, smokers with
higher FTND scores displayed less bene-
fit than those with lower scores (10). We
thus hypothesized, a priori, that more
highly dependent smokers and smokers
who find it more difficult to quit with
conventional NRT doses might require

M O L  M E D  1 6 ( 7 - 8 ) 2 4 7 - 2 5 3 ,  J U L Y - A U G U S T  2 0 1 0  |  R O S E  E T  A L .  |  2 4 7

Personalized Smoking Cessation: Interactions between
Nicotine Dose, Dependence and Quit-Success Genotype
Score

Jed E Rose,1 Frédérique M Behm,1 Tomas Drgon,2 Catherine Johnson,2 and George R Uhl2

1Department of Psychiatry and Center for Nicotine and Smoking Cessation Research, Duke University, Durham, North Carolina,
United States of America; and 2Molecular Neurobiology Branch, NIH-IRP, NIDA, Baltimore, Maryland, United States of America

Improving and targeting nicotine replacement therapy (NRT) are cost-effective strategies for reducing adverse health conse-
quences for smokers. Treatment studies document the efficacy of precessation NRT and support important roles for level of nico-
tine dependence and precessation smoking reduction in successful quitting. However, prior work has not identified the optimal
precessation dose or means for personalizing NRT. Genome-wide association has identified groups of genomic markers associ-
ated with successful quitting, allowing us to develop a v1.0 “quit-success” genotype score. We now report influences of v1.0 quit-
success genotype score, level of dependence and precessation smoking reduction in a smoking cessation trial that examined
effects of 21 versus 42 mg/24 h precessation NRT. Four hundred seventy-nine smokers were randomized to 21 or 42 mg NRT, initi-
ated 2 wks prior to target quit dates. We monitored self-reported abstinence and end–expired air carbon monoxide (CO). Geno-
typing used Affymetrix arrays (Santa Clara, CA, USA). The primary outcome was 10-wk continuous smoking abstinence. NRT dose,
level of nicotine dependence and genotype scores displayed significant interactive effects on successful quitting. Successful ab-
stinence also was predicted by CO reductions during precessation NRT. These results document ways in which smoking cessation
strategies can be personalized based on levels of nicotine dependence, genotype scores and CO monitoring. These assessments,
taken together, can help match most smokers with optimal NRT doses and help rapidly identify some who may be better treated
using other methods.
© 2010 The Feinstein Institute for Medical Research, www.feinsteininstitute.org
Online address: http://www.molmed.org
doi: 10.2119/molmed.2009.00159

Address correspondence and reprint requests to Jed Rose, Center for Nicotine and

 Smoking Cessation Research, Duke University, Durham, NC 27705. Phone: 919-668-5055;

Fax: 919-668-5088; E-mail: rose0003@mc.duke.edu; or George Uhl, Molecular Neurobiol-

ogy, Box 5180, Baltimore, MD 21224. Phone: 443-740-2799; Fax: 443-740-2122; E-mail:

guhl@intra.nida.nih.gov.

Submitted October 31, 2009; Accepted for Publication March 16, 2010; Epub

(www.molmed.org) ahead of print March 17, 2010.



higher NRT doses, both before and after
their target quit dates.

Aside from the level of nicotine depen-
dence, other features could help to per-
sonalize NRT. After initiation of precessa-
tion NRT, individual differences in
abilities to decrease end–expired air car-
bon monoxide (CO) concentrations pro-
vide measures of reduced ad lib smoking
that strongly predict the ability to achieve
abstinence (10). Inherited predispositions
also are likely to play large roles. Classi-
cal genetic studies strongly support the
idea that individual differences in abili-
ties to achieve abstinence have significant
genetic determinants (16). Genome-wide
association and candidate gene molecular
genetic studies of quit success have iden-
tified a number of candidate “quit-success”
alleles (17,18). No individual variant pro-
vides a large effect, raising several of the
issues discussed in recent reviews
(19–22). Nevertheless, GWA data sets
from multiple independent smoking ces-
sation samples identify many of the same
small chromosomal regions to extents
that, overall, are virtually never found by
chance (18). In accordance with these re-
cent findings, we have both a) formulated
and used a version 1.0 genetic score as an
initial, testable index of genetic risk for
quit success and b) anticipated (and
sought in primary analyses), interactions
between this score and level of nicotine
dependence.

We thus now report a comparison of
21 and 42 mg/day precessation NRT in
smokers categorized based on levels of
nicotine dependence, v1.0 quit-success
genotype scores and changes in expired
air CO during the 2-week precessation
treatment period. We document the pre-
viously reported predictive value of CO
reductions during precessation treat-
ment. We also identify novel interactive
effects of genotype score, dependence
level and nicotine dose in influencing
smoking abstinence outcomes in both
European American and African-
 American smokers. We describe sugges-
tions for personalized precessation NRT
that arise from this work, especially as it
is replicated in additional samples.

MATERIALS AND METHODS

Study Design
The study had a randomized, double-

blind, parallel-arm, placebo-controlled
factorial design with two levels of nico-
tine dependence and two nicotine doses.
Cigarette smokers interested in quitting
were subdivided a priori into low and
high dependence subgroups (FTND
scores ≤6 or >6, respectively) (23) and
were randomly assigned to 21 mg/24 h
or 42 mg/24 h nicotine patch doses.

Recruitment, eligibility and compen-
sation. Adult smokers expressing a de-
sire to quit smoking were recruited
through newspaper, radio and television
advertisements, flyers and word-of-
mouth, and were screened by telephone
and physical examination at one of four
North Carolina centers. Participants pro-
vided informed written consent, re-
ported smoking an average of ≥10 ciga-
rettes that each yielded ≥0.5 mg of
nicotine, displayed end–expired air CO
≥10 ppm and failed to display any exclu-
sionary feature on history, physical exam
or laboratory evaluation (Supplement 1).
Participants were compensated up to
$140 for seven sessions.

Study Procedures
After screening and enrollment in the

study, participants returned to the re-
search center for seven sessions (Figure 1),
during which brief (<15 min) supportive
counseling was provided, clinical trial
materials were dispensed and dependent
measures assessed. Dependent measures
included self-reported smoking, end–
 expired air CO, withdrawal symptoms
and other adverse effects.

Each participant wore two skin
patches daily for 8 wks, beginning 

2 wks prior to the target quit data (see
Figure 1). In the 21-mg nicotine dose
condition, one active patch (Glaxo-
SmithKline, Brentford, Middlesex, UK)
was applied in the morning and one
placebo patch (Rejuvenation Labs, Salt
Lake City, UT, USA) applied at noon. In
the 42-mg nicotine dose condition, two
active patches were worn. NRT doses
were gradually reduced beginning 4 or
6 wks after the quit date for the 42 and
21 mg/24 h groups, respectively. Partic-
ipants with sleep disturbances removed
patches at bedtime and applied new
ones upon awakening. Subjects experi-
encing other symptoms of nicotine toxi-
city reduced doses until symptoms
abated, according to the following se-
quence: reduce morning patch from 21
to 14 to 7 to 0 mg/d then discontinue
the afternoon patch. All participants
were provided with denicotinized ciga-
rettes (<0.05 mg nicotine yield; Vector
Tobacco Co., Mebane, NC, USA) to
smoke during the 2-wk precessation pe-
riod, to minimize the likelihood of po-
tential adverse effects of high dose NRT.

Genotyping and assignment of ge-
netic background groups. DNA was ex-
tracted from blood, quantitated and
genotyped using Affymetrix 6.0 microar-
rays as described (Supplement S2;
(24–27). Genotypes for each individual
passed Affymetrix quality control met-
rics and provided calls for ≥97% of SNP
genotypes. Imputation using PLINK (28)
with confidence threshold >0.95 deter-
mined most missing genotype calls.

Genetic background was assigned for
each individual based on principal com-
ponent analyses of data from all SNPs.
Two principal components separated a
cluster of individuals, almost all of
whom reported European ancestry from
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Figure 1. Study timeline.



a cluster whose members reported pre-
dominantly African ancestry (Supple-
mentary Figure S1). Three individuals
who fell between these clusters and
identified themselves as being of mixed
ethnic/ racial backgrounds were classed
as indeterminant and excluded from fur-
ther statistical analyses.

Assignment of v1.0 quit-success
genotype scores. Genotypes and v1.0
scores were assigned for each participant
by investigators blinded to clinical phe-
notype. We assessed alleles at the 12,058
SNPs (29; Appendix A) (see http://
www.sciencedirect.com/science/Miami
MultiMediaURL/B6T63-4W8KHMN-2/
B6T63-4W8KHMN-2-1/5019/ html/
S0376871609000921/85fe35dc441ab55778
3c8a1ce3038044/f.doc?MMCv = widget),
for which at least 1 of 3 previously re-
ported smoking cessation success clinical
trial samples identified nominally highly
significant (P < 0.01) differences between
successful versus unsuccessful quitters,
weighting data from these SNPs based
on strength and replicability of the asso-
ciations (Supplement 3; 18).

Analyses 
The primary outcome was continuous

abstinence from the target quit date
through the end of treatment (10 wks)
was assessed based on self- reports of con-
tinuous abstinence (that is, no lapses)
that were confirmed by end–expired CO
levels ≤10 ppm. Participants who with-
drew from the study or were lost to
 follow-up were classified as nonabsti-
nent. Secondary abstinence outcomes in-
cluded (a) 4-wk continuous abstinence
during wks 7–10 after the target quit date,
and (b) 7 d, point abstinence at 6 months.

Logistic regression analyses were con-
ducted to seek statistically significant ef-
fects on quit success based on: nicotine
patch dose (21 mg versus 42 mg), level of
dependence (≤6 versus >6 FTND score),
and v1.0 quit-success genotype scores 
(≤ median versus > median), with em-
phasis on interactions among these fac-
tors. In preplanned analyses, we com-
pared individuals with upper to lower
half v1.0 quit-success scores, seeking: (a)

to avoid any assumptions regarding the
linearity of influences across the range of
genotype scores; (b) to ensure that equal
numbers of subjects were classified “low”
or “high” in each racial/ethnic subgroup;
and (c) to parallel the analyses used for
FTND scores and changes in CO levels
(see below). Median v1.0 scores and pro-
portions of smokers with FTND scores ≤6
were similar in European American (384;
54%) and African-American (392; 49%)
participants.

To verify that participants assigned to
each of the four treatment groups did
not exhibit disparate v1.0 quit-success
genotype scores due to stochastic influ-
ences (30), we conducted one pre-
planned interim analysis of data from
the first 203 participants. There was no
evidence for significant stratification in
individuals assigned to each of the four
treatment arms (data not shown). In ad-
dition, quit-success v1.0 genotype scores
appeared to interact with dependence
level and nicotine dose. Highly depen-
dent smokers with low quit-success
genotype scores benefited to greater ex-
tents from the 42-mg NRT dose (data not
shown).

On the basis of the results of interim
analyses and our a priori hypotheses
positing interactions between dose and
level of dependence, the final analysis of
the complete data set (n = 457) included
the following terms: nicotine dose (21 mg
versus 42 mg); FTND dependence score

(≤6 versus >6); quit-success genotype
score (≤ median versus > median); nico-
tine dose × dependence; and nicotine
dose × dependence × genotype score.
Separate follow-up analyses for the
 European American and African-
 American samples explored the robust-
ness of the nicotine dose × dependence ×
v1.0 genotype score interaction.

Frequencies with which adverse events
occurred in the two nicotine dose condi-
tions were compared using χ2 tests.

All supplementary materials are available
online at www.molmed.org.

RESULTS
Most smokers who contacted the re-

search center met eligibility criteria and
were enrolled. Most enrollees partici-
pated successfully (Table 1, Figure 2).

Logistic regression of data from the
primary outcome, 10-wk continuous ab-
stinence, yielded a significant three-way
interaction between nicotine dose, de-
pendence and quit-success genotype
score (P = 0.015), exponentiated coeffi-
cient = 0.56 (95% CI = 0.35–0.91). The in-
teraction noted in interim analysis of the
initial set of subjects also was noted in
separate analysis of data from the second
half of the subject group (data not
shown). In the entire group of subjects,
the two-way interaction of nicotine dose
and FTND score also was significant (P =
0.02), exponentiated coefficient = 1.78
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Table 1. Baseline participant characteristics. 

Low dependence High dependence
smokers smokers

21 mg 42 mg 21 mg 42 mg

Age, mean (SD) 43.2 (11.1) 42.2 (11.4) 45.0 (11.2) 43.8 (10.9)
Gender (male/female) 45/70 46/70 51/67 60/58
Race/ethnicity

European American, n (%) 92 (80.0) 80 (70.0) 99 (83.9) 87 (73.7)
African-American, n (%) 19 (16.5) 27 (23.3) 17 (14.4) 24 (20.3)
Other, n (%) 4 (3.5) 9 (7.8) 2 (1.7) 7 (5.9)

Nicotine yield, mean (SD) 0.87 (0.2) 0.90 (.90) 0.91 (.28) 0.96 (.27)
Cigarettes/day, mean (SD) 19.4 (8.0) 18.9 (6.6) 29.4 (9.9) 28.2 (11.2)
Years smoked, mean (SD) 23.8 (10.5) 22.7 (11.1) 26.8 (11.6) 25.6 (10.6)
FTND score, mean (SD) 4.6 (1.6) 4.7 (1.5) 8.0 (1.0) 8.0 (1.0)
End–expired air CO, mean (SD) 24.9 (9.5) 24.3 (9.7) 31.0 (13.1) 29.7 (10.8)



(95% CI = 1.10–2.87). Figure 3 displays
the rate of 10-wk continuous abstinence
as a function of nicotine dose, depen-
dence level and genotype score. The
42-mg nicotine dose condition tended to
enhance treatment outcome for highly
dependent smokers with low v1.0 scores 
(P = 0.06). By contrast, this high-dose
patch impeded abstinence for less depen-

dent smokers with low v1.0 scores (P =
0.009). The nicotine dose × dependence ×
genotype score interaction also was sig-
nificant for 4-wk continuous abstinence
at the end of treatment (P = 0.02, expo-
nentiated coefficient = 0.62, 95% CI =
0.42–0.93), a secondary outcome (Supple-
mentary Figure S2). Moreover, the 
6-month-point abstinence results showed

the same pattern of three-way interaction
(P = 0.03, exponentiated coefficient =
0.62, 95% CI = 0.40–0.96); see Supple-
mentary Figure S2.

There were concordant results from
analyses that separated European Ameri-
can and African-American smokers. For
smokers with European ancestry (n =
369), the 10-wk continuous abstinence
outcome showed a nicotine dose × de-
pendence × v1.0 genotype score interac-
tion (P = 0.05, exponentiated coefficient =
0.60, 95% CI = 0.35–1.00). With respect to
4-wk continuous abstinence and 6-month-
point abstinence, the subsample showed
a similar, though nonsignificant, trend 
(P = 0.12, exponentiated coefficient = 0.71,
95% CI = 0.46–1.09; P = 0.19, exponenti-
ated coefficient = 0.72, 95% CI =
0.45–1.17). For smokers with African
 ancestry (n = 88), this three-way interac-
tion displayed a trend similar to that
noted for the entire sample for both
10-wk (P = 0.15, exponentiated coeffi-
cient = 0.33, 95% CI = 0.07–1.48) and
4-wk continuous abstinence (P = 0.08,
 exponentiated coefficient = 0.38, 95%
CI = 0.13–1.12). The three-way interac-
tion did reach significance in this sub-
sample for 6-month-point abstinence
(P = 0.02, exponentiated coefficient =
0.20, 95% CI = 0.05–0.78).

Abstinence outcomes also were pre-
dicted by individuals’ abilities to reduce
smoking during the 2-wk precessation
period, as measured by decreases in
end–expired air CO levels. Smokers
whose CO dropped by more than the
median (55.6% decrease) showed a sub-
stantially higher rate of 10-wk continu-
ous abstinence than smokers who did
not show this decrease: 37.6 % versus
11.2% (P < 0.001, odds ratio = 4.77, 95%
CI = 2.81–8.11; for results from each
treatment group, see Figure 4). A similar
result was obtained for 4-wk continuous
abstinence (52.1% versus 26.5%; P < 0.001,
odds ratio = 3.01, 95% CI = 1.97–4.60) and
6-month-point abstinence (40.2% versus
18.9%; P < 0.001, odds ratio = 2.89, 95%
CI = 1.83-4.57).

However, the precessation decrease
in CO did not explain all of the influ-
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Figure 2. Depiction of participant recruitment, eligibility assessment, allocation to treat-
ment conditions and disposition.

Figure 3. Smoking abstinence as a function of nicotine patch dose, dependence and
quit-success genotype score.



ences on quit success provided by other
measures of individual differences. The
three-way interaction of nicotine dose,
FTND score and quit-success genotype
score remained statistically significant,
even after inclusion of a term in the lo-
gistic regression model that reflected
CO decreases (P = 0.04 for 10-wk
 abstinence).

Adverse Effects
Treatment was generally well toler-

ated. Three percent of participants with-
drew from the study because of adverse
effects. The most frequently reported
patch-related adverse effects were: vivid
dreams (83.5%), itching or burning
(55.3%), insomnia (47.2%), rash (20.7%),
nausea (15.9%), headache (26.1%), and
vomiting (2.5%). There was a trend to-
ward more frequent nausea in the 42-mg
dose condition (P = 0.06). Each of two
women who received 42-mg doses re-
ported syncope on one occasion, each in
conjunction with nausea or vomiting;
neither reported any sequelae.

DISCUSSION
Nicotine replacement strategies, in-

cluding precessation NRT, aid smoking
cessation with low cost and well-charac-
terized safety profile. Personalizing NRT
in ways that are informed by precessa-

tion CO reductions and interactions be-
tween dependence and a v1.0 “quit-
 success” genotype score appears to offer
an attractive way of increasing cessation
success for many smokers.

The plausibility of the results of this
study is increased by several a priori con-
siderations. The extent of nicotine depen-
dence, assessed by FTND score, was
likely, a priori, to influence success in
quitting smoking, based on much evi-
dence from many studies of smoking
cessation, including some with precessa-
tion NRT (5,9). Genetic influences on
smoking cessation were also likely, a pri-
ori, to influence smoking cessation suc-
cess, based on the substantial heritable
influences documented in twin studies
(16). Retrospective molecular genetic
studies identified SNP markers that pro-
vided nominally significant associations
with quit success in 1 or more of 3 ini-
tially reported samples (18). Many of the
genomic regions identified by these
SNPs also have been identified by stud-
ies of quit success in three additional
samples (31,32). Since none of these asso-
ciations is of large magnitude, we assem-
bled a v1.0 molecular genetic measure
relevant to quit success by combining
data from groups of SNPs that provide
nominally significant associations with
this phenotype in three prior studies.

This “baseline” characteristic of each par-
ticipant was joined by data from CO re-
ductions during precessation NRT, since
prior data supported the predictive
power of such CO reductions.

Remarkably, each of these participant
characteristics exerted a significant direct
or interactive influence on smoking ces-
sation success in ways that depended on
NRT dose. Our results support the hy-
pothesis that different nicotine doses are
more efficacious for different subgroups
of smokers. The higher, 42 mg/24 h NRT
dose benefited the highly dependent
smokers with low v1.0 genotype scores.
By contrast, this high dose impeded quit-
ting by less-dependent smokers with low
v1.0 scores. The robust interactions be-
tween nicotine dose, dependence and
genotype score are supported by: 1) the
results of interim analysis having been
borne out in the entire sample; and 2)
replication within separate subsamples
of smokers with European or African an-
cestry. This use of data from sets of SNPs
that individually provide modest associ-
ation signals appears to document clini-
cal utility for genome-wide association
data from this trait with polygenic ge-
netic architecture (19–22).

In addition to supporting a personal-
ized treatment approach that takes into
account baseline smoker characteristics,
our results suggest that treatment algo-
rithms could adapt therapeutic ap-
proaches based on smokers’ initial re-
duction in ad lib smoking in response to
precessation nicotine patch treatment.
Smokers whose end–expired air CO
level decreased >55.6% before the target
quit date exhibited abstinence rates
more than three times higher than those
showing smaller decreases in CO. By
rapidly identifying individuals who
show insufficient CO reductions during
precessation NRT and hence are less
likely to quit, we might avoid failed quit
attempts through prompt application of
alternative and/or more intensive treat-
ments. Several such treatments, bupro-
pion and varenicline, are more costly
than NRT and appear to display greater
risks (33–35). A logical, stepped care ap-
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duction during the 2-wk precessation period.



proach would thus entail initial use of
precessation NRT, assignment of nico-
tine dose based on dependence level and
quit- success genotype scores, identifica-
tion of individuals who do not reduce
CO sufficiently and prompt reassign-
ment of such individuals to alternative
therapies. Identification of the best alter-
natives for individuals who display in-
sufficient CO reductions in response to
NRT appears to provide a fruitful area
for future study.

The current study, while offering sup-
port for the interactive effects of NRT
dose, dependence level and quit-success
genotype score, also has limitations. This
randomized clinical trial might not repli-
cate in other samples or generalize to
clinical practice. The United States Food
and Drug Administration (USFDA) has
not approved use of precessation NRT,
NRT doses >21 mg/24 hours or denico-
tinized cigarettes in conjunction with
NRT. Initial studies do support efficacy
of denicotinized cigarettes (36). Precessa-
tion treatment is approved in Australia
and the United Kingdom, and is under
consideration by other regulatory au-
thorities. The v1.0 genotype score, while
displaying substantial promise, was
based on data from European American
participants in only three sets of clinical
trials (18). We anticipate that the power
of this approach will be enhanced further
as data from additional studies allows us
to improve this score. Finally, even after
future results replicate those in the pres-
ent report, it will be necessary to sur-
mount barriers to acceptance prior to im-
plementation in smoking cessation
clinical trials and/or in clinical practice.
These barriers include costs, perceptions
about genotyping by researchers, physi-
cians and patients, and other practical is-
sues such as turnaround time for testing
(37,38).

In summary, the present results pro-
vide support for a personalized and
adaptive approach to smoking cessation
treatment, which tailors the dose of NRT
to the baseline phenotypic and genotypic
characteristics of the individual smoker,
and adapts the treatment based on early

assessments of therapeutic response. In
the foreseeable future, implementing
such an algorithm in clinical practice
should markedly enhance smokers’
chances of ridding themselves of their
health-damaging addiction to cigarettes.
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