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Abstract: Cigarette smoking is the leading preventable cause of death worldwide. The aim of this study is to conduct 
a prospective and retrospective analysis of smoking behavior changes in the Lovelace Smokers Cohort (LSC) and 
the Pittsburgh Lung Screening Study cohort (PLuSS). Area under the curve (AUC) for risk models predicting relapse 
based on demographic, smoking, and relevant clinical variables was 0.93 and 0.79 in LSC and PLuSS, respectively. 
The models for making a quit attempt had limited prediction ability in both cohorts (AUC≤0.62). We identified an 
ethnic disparity in adverse smoking behavior change that Hispanic smokers were less likely to make a quit attempt 
and were more likely to relapse after a quit attempt compared to non-Hispanic Whites. SNPs at 15q25 and 11p14 
loci were associated with risk for smoking relapse in the LSC. Rs6495308 at 15q25 has a large difference in minor 
allele frequency between non-Hispanic Whites and Hispanics (0.46 versus 0.23, P<0.0001) and was associated 
with risk for ever relapse at same magnitude between the two ethnic groups (OR=1.36, 95% CI=1.10 to 1.67 versus 
1.59, 95% CI=1.00 to 2.53, P=0.81). In summary, the risk prediction model established in LSC and PLuSS provided 
an excellent to outstanding distinguishing for abstainers who will or will not relapse. The ethnic disparity in adverse 
smoking behavior between Hispanics and non-Hispanic Whites may be at least partially explained by the sequence 
variants at 15q25 locus that contains multiple nicotine acetylcholine receptors.
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Background

Cigarette smoking is the leading preventable 
cause of death worldwide, resulting in over 5 
million deaths per year and an average loss of 
15 years (y) of life in smokers [1]. Although 
smoking cessation benefits almost all smokers 
irrespective of the age at quitting or the cumu-
lative amount of tobacco exposure, approxi-
mately 20% of adults in the United States con-
tinue to smoke [1]. Smoking cessation can be 
understood as a two-step process that involves 
making a quit attempt followed by maintaining 

abstinence. United States Food and Drug 
Administration has approved nicotine replace-
ment therapy, bupropion, and varenicline as 
medication for smoking cessation that have 
shown modest pharmaceutical efficacy in 
addressing short term craving and withdrawal 
symptoms [1, 2]. In addition, smokers with 
reduced nicotine clearance capacity showed 
better response to transdermal nicotine thera-
py and varenicline treatment [2, 3]. However, 
the treatment efficacy and difference in 
response to treatment dissipated quickly once 
treatment stopped, and the overall long term 
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proportion (>6 month) for maintaining absti-
nence was still unacceptably low (≤15%) [2, 4, 
1, 3]. Furthermore, extending treatment beyond 
the current treatment time (8-12 weeks) used 
in most smoking cessation trials is a concern 
because of the potential side effects from the 
cessation medications that include addiction 
and neuropsychiatric effects. Thus, the achieve-
ment of long-term abstinence by reducing 
relapses remains a major challenge for devel-
oping more effective smoking cessation 
strategies. 

The development of risk prediction models for 
adverse smoking outcomes (e.g., continued 
smoking or smoking relapse) among ever smok-
ers may improve smoking cessation outcomes 
by communicating a risk score and allocating 
available resources more efficiently. Results 
from studies using longitudinal smoker cohorts 
and lung cancer screening trials have found 
that younger age and shorter duration of smok-
ing abstinence in former smokers were consis-
tently associated with higher risk for smoking 
relapse [5-10]. In addition, the impact of a posi-
tive non-cancer screening outcome on smoking 
behavior appeared to be more prominent in 
promoting current smokers to make a quit 
attempt [6, 8, 10, 11]. A recent study defined 
smoking behavior change based on self-report 
in ever smokers enrolled in the Prostate, Lung, 
Colorectal and Ovarian Cancer Screening Trial 
(PLCO) and developed a multivariate risk pre-
diction model for smoking relapse in former 
smokers at study entry with an area under the 
curve (AUC) of a receiver operating characteris-
tic (ROC) of 0.86 [7]. However, the smoking 
behavior changes were defined based on two 
questionnaires filled at study entry and one fol-
low-up visit with a median interval of 8.5 years 
(range=4-14 years). The lack of repeated 
assessments of smoking behavior and the 
large time interval between the only two visits 
may compromise the ability to develop optimal 
prediction models and to understand the 
dynamics of smoking behavior changes. 

Several genome-wide association studies 
(GWAS) have identified six loci [12-16] associ-
ated with quantitative measurements of nico-
tine dependence (8p11, 10q23, 15q25, and 
19q13), smoking initiation (never versus ever 
smokers, 11p14), and smoking cessation (cur-
rent versus former smokers, 9q34). However, 
the associations of these sequence variants 

with smoking behavior change carefully charac-
terized in longitudinal cohorts that enroll mod-
erate and heavy smokers have not been stud-
ied yet. Only one GWAS was conducted for 
smoking relapse and no loci reaching genome-
wide significance were identified possibly due 
to the difficulty in differentiating smoking 
relapsers versus smokers who never made a 
successful quit attempt [17]. In this study, the 
smoking behavior changes were defined pro-
spectively in the Lovelace Smokers Cohort 
(LSC) and the Pittsburgh Lung Screening Study 
(PLuSS) with repeated assessment of smoking 
behavior every 18 or 12 months, respectively. 
In addition, the smoking behavior changes were 
also defined retrospectively in the LSC due to 
the availability of the retrospective smoking 
data which qualitatively summarized the behav-
ior changes in a person’s smoking history. The 
associations of smoking behavior changes 
defined either prospectively or retrospectively 
with demographics, smoking history, clinical 
variables, and six known GWAS loci for nicotine 
addiction phenotypes were assessed using 
multivariate logistic regressions. 

Methods

Study populations and study subjects

The LSC was established in 2001 to study bio-
markers of chronic lung diseases including lung 
cancer in longitudinally collected biospecimens 
from smokers [18]. Enrollment was restricted 
to current and former smokers age 40 to 74 y 
with a minimum of 15 pack-years of smoking. 
Cohort members returned every 18 months to 
update the smoking and medical history. The 
current study included 2178 LSC members 
enrolled and followed through December 2012. 
The PLuSS Cohort was established in 2002 to 
support translational studies of the Pittsburgh 
Lung Cancer Specialized Programs of Research 
Excellence [11]. Eligibility criteria for inclusion 
were 50-79 years old; smoke half pack ciga-
rettes per day or more for at least 25 years; if 
quit, smoking cessation was no more than 10 
years; and no personal history of lung cancer. 
Enrollment of 3,638 persons was completed in 
2005 and cohort members were contacted 
annually to update smoking and medical histo-
ry (mainly cancer diagnosis). All study subjects 
signed a consent form and the Western 
Institutional Review Board and the Institutional 
Review Board for the University of Pittsburgh 
approved this project.
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Definition for smoking relapse and quitting 
smoking in LSC

Smoking behavior change (smoking relapse 
and making a quit attempt) and time of event 
accurate to the month were collected in the 
follow-up questionnaire in LSC. Among baseline 
former smokers (n=740) with ≥1 follow-up visit, 
51 subjects that reported resuming or restart-
ing cigarette smoking in any follow-up visit were 
defined as prospective relapsers (PR). Non-PR 
(n=689) were defined as former smokers at 
baseline who did not report resuming cigarette 
smoking in any follow-up visit. We also included 
33 additional PRs who quit smoking after 
enrollment and reported resuming smoking 
cigarettes in any succeeding follow-up visits. All 
former smokers reported smoking abstinence 
for ≥1 month. Among baseline current smokers 
(n=920) with ≥1 follow-up visit, 248 subjects 
that reported quitting cigarette smoking in any 
follow-up visit were defined as prospective quit-
ters (PQ). Non-PQ (n=672) were defined as cur-
rent smokers at baseline who did not report 
quitting cigarette smoking in any follow-up visit. 

Retrospective relapsers (RR) and quitters (RQ) 
were defined based on answers to two ques-
tions asked at study entry in LSC: “Have you 
ever quit smoking for one year or longer?” (for 
current smokers only) and “Did you ever quit 
smoking for at least one year and then start 
smoking again?” (for former smokers only). 
Among 2178 LSC members, 1313 ever made a 
quit attempt were defined as RQs. The remain-
ing participants (n=865) never made a quit 
attempt and were defined as non-RQs. Cohort 
members who were currently smoking at study 
entry and reported ever quitting for ≥1 y prior to 
study entry, were defined as RR (n=403). 
Former smokers who reported ever quitting 
smoking for ≥1 y prior to study entry and never 
resumed smoking were defined as non-RR 
(n=621). We also included 289 RRs who were 
former smokers at study entry but have taken 
≥2 quit attempts before eventually quit smok-
ing (answered “yes” to the second question). 
The phenotypes defined retrospectively quali-
tatively summarized the behavior changes in a 
person’s smoking history. The robustness of 
the definitions was supported by the fact that 
only 4.8% non-RRs reported resuming smoking 
in any follow-up visit. Approximately 12.7% non-
RQs reported making a quit attempt after 
enrollment and then maintained smoking absti-
nence ≥1 year.

Definition for PR and PQ in PLuSS

PR and PQ are defined based on the answer to 
a question in the PLuSS annual contact form: In 
the last 30 days, have you smoked any ciga-
rettes? Among 1409 former smokers at study 
entry, 267 members who answered yes to this 
question in any follow-up contact were defined 
as PR. Among 2101 current smokers at study 
entry, 1224 members who answered no to this 
question were defined as PQ. Questions used 
for defining RR and RQ were not included in the 
baseline questionnaire in PLuSS. 

Genotyping of the 15 GWAS single nucleotide 
polymorphisms (SNP) associated with nicotine 
addiction phenotypes 

Genotype data for the 15 SNPs located within 
the six known GWAS loci for nicotine addiction 
phenotypes [12-16] were available for 1198 
LSC subjects that contain 651 RRs and 363 
non-RRs or 714 RQs and 422 non-RQs from our 
previous methylation GWAS [18]. Genotype 
data for additional LSC cohort members (346 
RRs and 266 non-RRs) for three SNPs 
(rs4074134, rs6495308, and rs7103411) 
were acquired using TaqMan genotyping 
assays. 

Statistical analysis

The associations between three categories of 
variables and risk for PR and odds ratio (OR) for 
PQ were assessed using logistic regression in 
LSC and PLuSS. These candidate factors in 
LSC included demographic variables (age, sex, 
ethnicity, and education), smoking related vari-
ables (time since quit, average cigarettes per 
day when smoking, age starting smoking, living 
with a smoker at home for ≥12 months during 
adult life, ever smoke less than usual amount 
for ≥12 months, and ever smoke more than 
usual amount for ≥12 months), and relevant 
clinical variables (body mass index, high blood 
pressure, heart trouble, diabetes, family history 
of COPD, family history of lung cancer, physi-
cian diagnosed emphysema or COPD, chronic 
bronchitis, and help available if needed during 
the past 4 weeks). Household income was not 
included in the model because of its correlation 
with education (spearman correlation coeffi-
cient=0.30, P<0.0001) and higher missing rate 
(21%). Duration of smoking, chronic lung dis-
ease, wheezing or whistling in the chest in the 
past 12 months, and baseline pulmonary func-
tion were not included in the model due to their 
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correlation with having physician diagnosed 
emphysema or COPD (spearman correlation 
coefficients>0.20, P<0.0001). Candidate fac-
tors in PLuSS included demographic variables 
(age, sex, ethnicity, education, marital status), 
smoking related variables (time since quit, 
average cigarettes per day when smoking, and 
smoking duration), and relevant clinical vari-
ables (body mass index, family history of lung 
cancer, previous personal cancer history, symp-
toms of hemoptysis, phlegm, cough, wheeze, 
dyspnea, edema, and weight loss, physician 
diagnosed bronchitis, emphysema, asthma, 
heart attack, stroke, coronary artery bypass or 
angioplasty, COPD, physician referral based on 
CT screening results, coronary calcification 
reported on screening CT, severity of airflow 
obstruction on study PFT, and time since most 
recent chest x-ray or CT before study entry). 
Using the most important CT finding, we classi-
fied subjects into four referral categories, 
including referral for moderate or high suspi-
cion CT (greater than 5 percent predicted prob-
ability of lung cancer), referral for low suspicion 
CT (less than 5 percent predicted probability of 
lung cancer), referral for other reason (impor-
tant CT finding not usually associated with lung 
cancer), and no referral. The first three referral 
groups were combined as one group in the 
analysis to maintain the statistical power. 

Variables associated with risk for PR or odds 
ratio for PQ with P≤0.20 in univariate analysis 
were considered for inclusion in building the 
multivariate model. Stepwise selection with a 
significance level of 0.20 for allowing a variable 
to enter and stay in the model was used to cre-
ate the most parsimonious model. Nonlinear 

effect of time since quit was evaluated with 
restricted cubic splines using four knots and 
three splines [19]. Knots were placed at 5, 35, 
65, and 95 percentiles for time since quit in 
LSC and PLuSS to ensure adequate coverage of 
the entire data distribution [19, 20]. Model cali-
bration was assessed by evaluating the devia-
tion of the intercept and slope of the calibration 
line from the ideal values of 0 and 1, respec-
tively when predicted probabilities were plotted 
vs observed probabilities. 

Logistic regressions also assessed factors 
selected a priori for association with RR and 
RQ. Candidate factors included age and pack-
years of smoking and those that occurred prior 
to relapse or quitting (sex, ethnicity, education, 
age starting smoking, respiratory illness during 
childhood, and living with a smoker for ≥12 
months during adult life). The associations 
between 15 SNPs located within the six known 
GWAS loci for nicotine addiction phenotypes 
and risk for RR or odds ratio for RQ were ana-
lyzed using logistic regression with adjustment 
for covariates listed above. Each SNP was 
coded as 0, 1, and 2 for wild homozygote, het-
erozygote, and variant homozygote. All statisti-
cal tests were two-sided. Statistical analyses 
were conducted using SAS 9.2, R 2.14, and 
PLINK 1.06. 

Results

Risk prediction model for smoking behavior 
change defined prospectively in LSC and 
PLuSS

The PR rate was 6.9% and 18.9% among for-
mer smokers at study entry in LSC and PLuSS, 

Table 1. Multivariate Logistic Regression Models of Smoking Relapse Defined Prospectively in LSCa

Variables PR Non-PR OR 95% CI P Value
n 84 682b

Age (y, mean (SD)) 54.4 (8.6) 61.1 (8.8) 0.74c 0.54, 1.02 0.065
Sex (Male, %) 11.9 22.8 0.40 0.17, 0.89 0.026
Education (per 1 level change of 6 levels, median (Q1, Q3)) 4 (4, 5) 4 (4, 5) 1.28 0.96, 1.69 0.093
Hispanics (%) 11.9 10.0 1.85 0.72, 4.76 0.20
Time since quit (y, median (Q1, Q3)) 1.0 (0.5, 1.5) 11.0 (4.6, 19.5)
    Spline 1 <0.0001
    Spline 2 0.028
    Spline 3 0.079
Ever smoking less cigarettes ≥1 y (%) 78.6 73.9 1.76 0.89, 3.48 0.11
Physician diagnosed emphysema or COPD (%) 6.0 15.8 0.26 0.091, 0.74 0.012
Baseline to relapse (y, median (Q1, Q3)) 0.93 (0.36, 1.67) Not applicable
Abbreviations: CI, confidence interval; COPD, chronic obstructive pulmonary disease; LSC, Lovelace Smokers Cohort; OR, odds ratio; PR, prospec-
tive relapse; SD, standard deviation. aArea under ROC curve=0.929. bSix lacking education, one lacking physician diagnosed emphysema or COPD. 
cOdds ratio for every 10 years.
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respectively. Approximately, 74.5% and 68.9% 
relapse events occurred in cohort members 
who quit within 2.5 y prior to enrollment in LSC 
and PLuSS, respectively. The parsimonious 

logistic regression model contained multiple 
variables associated with risk for PR that over-
all provided an AUC ROC of 92.7% and 78.5% in 
LSC and PLuSS, respectively (Tables 1 and 2). 
The calibration line intercept and slope were 0 
and 1 in both cohorts. The statistically signifi-
cant predictors for PR were time since quit, his-
tory of physician diagnosed emphysema or 
COPD, sex, and age in LSC and time since quit, 
age, cigarettes smoked per day, and number of 
symptoms in PLuSS. The nonlinear relationship 
between time since quit and risk for PR was 
identified in both cohorts (Tables 1 and 2, 
Figure 1). The PR rate was significantly higher 
in cohort members who quit smoking within 2.5 
y compared to those who quit greater than 2.5 
y prior to study enrollment (27% versus 2.3% in 
LSC, and 38.4% versus 8.9% in PLuSS). Further 
analysis was restricted to former smokers who 
quit within 2.5 y, a population with higher risk 
for relapse. The covariates in the parsimonious 
logistic regression model provided a modest 
AUC ROC of 79.8% in LSC and 68.6% in PLuSS 
with time since quit as the most significant pre-
dictor (Supplementary Tables 1 and 2). 

The PQ rate was 26.9% and 58.3% among 
baseline current smokers in LSC and PLuSS, 
respectively. The parsimonious logistic regres-
sion model for PQ provided an AUC ROC of 

Table 2. Multivariate Logistic Regression Models of Smoking Relapse Defined Prospectively in PLuSSa

Variables PR Non-PR OR 95% CI P Value
n 267 1142
Age (y, mean (SD)) 57.9 (6.2) 60.6 (6.9) 0.64b 0.50, 0.83 0.0005
Cigs/day 0.83 0.71, 0.98 0.026
    1-19 Cigs/day 79 (29.6) 291 (25.5)
    20-29 Cigs/day 120 (44.9) 458 (40.1)
    30-39 Cigs/day 46 (17.2) 223 (19.5)
    40 or more Cigs/day 22 (8.2) 170 (14.9)
Time since quit (y, median (Q1, Q3)) 1 (0, 4) 5 (2, 8)
    Spline 1 <0.0001
    Spline 2 0.039
    Spline 3 0.24
Number of symptomsc 1.21 1.01, 1.44 0.036
    None 76 (28.5) 408 (35.7)
    1 62 (23.2) 248 (21.7)
    2 or more 129 (48.3) 486 (42.6)
Baseline COPD (yes, %) 76 (28.5) 394 (34.5) 0.78 0.55, 1.10 0.16
Abbreviations: CI, confidence interval; COPD, chronic obstructive pulmonary disease; OR, odds ratio; PLuSS, the Pittsburgh 
Lung Screening Study; PR, prospective relapse; SD, standard deviation. aArea under ROC curve=0.785. bOdds ratio for every 10 
years. cBaseline symptoms, including phlegm, wheezing, shortness of breath, and ankle swelling.

Figure 1. Nonlinear relationship between time since 
quit and the probability of relapse in LSC. The graph 
was prepared using restricted cubic splines with four 
knots at 0.4, 3.3, 18.5, 23.9 y. The P values for linear, 
quadratic, and cubic effects are <0.0001, 0.028, 
and 0.079, respectively. The purple line indicates the 
spline fit with 95% CIs indicated by the orange lines. 
Less than 10% members have time since quit >26 y, 
thus the time since quit data was truncated at 26 y 
to stabilize the variation in this figure. 
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62.1% and 58.0% in LSC and PLuSS, respec-
tively (Supplementary Tables 3 and 4). The cali-
bration line intercept and slope were 0 and 1 in 
both cohorts. The statistically significant pre-
dictors for PQ were Hispanic ethnicity and sex 
in LSC and cigarettes smoked per day, marital 
status, and any medical conditions in PLuSS. 
Amount of time in cohort as a cohort related 
variable was also associated with odds ratio for 
making a quit attempt; odds ratio for PQ 
increased by 29.6% (95% confidence interval 
[CI]: 1.21, 1.39) and 20.5% (95% CI: 1.14, 1.28) 
for every 18 month interval in cohort in LSC and 
PLuSS, respectively. 

Additional analyses were also conducted to 
assess whether previous smoking behavior 
change could affect the probability of smoking 
relapse or making a quit attempt after enroll-
ment in LSC. The association between RR and 
PR was not statistically significant (OR=1.43, 
95% CI: 0.78, 2.61). However, the association 
between RQ and PQ was highly statistically sig-
nificant (OR=2.12, 95% CI: 1.55, 2.89). 

Computerized tomography (CT) referral and 
smoking behavior change defined prospec-
tively in PLuSS

Interestingly, the associations between the CT 
referral and risk for PR or odds ratio for PQ in 
PLuSS were not statistically significant (P≥ 
0.41). Because the impact of physician referral 
due to abnormal screening outcomes on smok-
ing behavior change appeared to be short-term, 
the analyses were repeated using the smoking 
status collected at the 1 year follow-up to rede-
fine the PR and PQ. CT referral was associated 
with a 40% increased odds ratio for PQ (95% CI: 
1.11, 1.76, not shown) with adjustment for the 
six variables listed in Supplementary Table 4. 
However, the association between CT referral 
and risk for PR remained statistically non-signif-
icant (OR=0.74, 95% CI: 0.46, 1.18, not shown). 
The findings further supported that CT referral 
in moderate and heavy smokers only had a 
short-term impact on promoting current smok-
ers to make a quit attempt [6, 8, 10, 11]. 

Table 3. Association between Six Known GWA Loci for Smoking Addition and Risk for Smoking Re-
lapse and Quit Attempt in LSC

Gene name Locus SNP Test SNP R2 Minor MAFa
RRb RQb

OR 95% CI P Value OR 95% CI P Value
CHRNA3, CHRNA5 15q25 rs1051730 Same 1 T 0.36 0.92 0.74, 1.15 0.46 1.14 0.94, 1.39 0.18

rs16969968 Same 1 A 0.36 0.94 0.76, 1.18 0.61 1.15 0.95, 1.40 0.15

rs55853698 rs2036527 1 T 0.37 0.90 0.72, 1.12 0.34 1.06 0.87, 1.29 0.55

rs6495308 Same 1 C 0.22 1.35 1.12, 1.63 0.0017 0.93 0.80, 1.08 0.34

CHRNB3 8p11 rs6474412 rs4950 1 C 0.22 0.90 0.69, 1.17 0.44 1.01 0.81, 1.27 0.91

rs13280604 rs4950 1

Near PPP1R3C 10q23 rs1329650 Same 1 A 0.27 0.87 0.68, 1.11 0.27 0.86 0.70, 1.07 0.17

rs1028936 Same 1 C 0.18 0.88 0.66, 1.18 0.40 0.86 0.67, 1.10 0.22

EGLN2, CYP2A6 19q13 rs3733829 Same 1 C 0.38 0.97 0.78, 1.22 0.81 0.92 0.76, 1.12 0.41

CYP2A6, CYP2B6 rs7937 Same 1 C 0.43 1.00 0.80, 1.25 0.99 1.03 0.85, 1.25 0.75

rs1801272 NG

rs4105144 NG

rs7260329 Same 1 A 0.31 1.12 0.89, 1.42 0.33 1.01 0.83, 1.23 0.95

BDNF 11p14 rs6265 Same 1 A 0.18 0.80 0.61, 1.06 0.12 1.16 0.90, 1.49 0.24

rs1013442 rs10734394 1 G 0.23 0.77 0.60, 1.00 0.052 1.17 0.93, 1.46 0.18

rs4923457 rs4074134c 1 A 0.20 0.84 0.68, 1.03 0.092 0.95 0.81, 1.12 0.55

rs4923460 rs4074134 1

rs4074134 Same 1

rs1304100 rs10734394 0.96

rs6484320 rs7103411c 0.87 C 0.20 0.83 0.68, 1.02 0.071 0.97 0.82, 1.14 0.71

rs879048 rs4074134 1

DBH 9q34 rs3025343 rs3025316 0.93 C 0.11 0.92 0.64, 1.31 0.63 0.80 0.60, 1.08 0.14
Abbreviations: CI, confidence interval; GWA, genome-wide association; MAF, minor allele frequency; OR, odds ratio; RQ, retrospective quit; RR, retrospective relapse; 
SNP, single nucleotide polymorphism. aMAF in 1163 NHWs. bAdjusted for age, sex, packyears, age start smoking, childhood Respiratory illness, Hispanic ethnicity, educa-
tion, and not living with smokers during adulthood. Sample size is 651 RRs and 363 non-RRs and 714 RQs and 422 non-RQs for all 15 SNPs except for rs6495308, 
rs4074134, and rs7103411 that included additional 346 RRs and 266 non-RRs and 612 RQs and 451 non-RQs. RR: retrospective relapse. RQ: retrospective quit. 
crs4074134 and rs7103411 are in high LD (r2=0.91).
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Determinants for smoking behavior change 
defined retrospectively in LSC

The associations between eight variables and 
risk for RR and odds ratio for RQ in LSC are 
shown in Supplementary Tables 5 and 6, 
respectively. Interestingly, three variables 
including older age at enrollment, higher educa-
tion level, and not living with smokers during 
adulthood were favorably associated with both 
measures toward quitting smoking. In addition, 
Hispanic smokers made fewer quit attempts 
and had difficulty maintaining smoking absti-
nence after quitting. Reanalysis of the associa-
tion by considering the follow-up data in defin-
ing retrospective phenotypes did not change 
the results (not shown). 

Association between SNPs and smoking be-
havior change defined retrospectively

Assessment of the 15 SNPs located within the 
six known GWAS loci for nicotine addiction 
phenotypes [12-16] in 651 RRs and 363 non-
RRs or 714 RQs and 422 non-RQs (Table 3) 
identified significant associations between 
rs4074134 (OR=0.71, 95% CI: 0.54, 0.93, not 
shown), rs6495308 (OR=1.36, 95% CI: 1.05, 
1.76, not shown), and rs7103411 (OR=0.71, 
95% CI: 0.55, 0.93, not shown) and risk for RR. 
Genotyping additional cohort members (346 
RRs and 266 non-RRs) for these three SNPs 
using TaqMan genotyping assay replicated the 
association between rs6495308 and risk for 
RR (OR=1.39, 95% CI: 1.05, 1.84, not shown). 
The pooled analysis resulted in a P-value of 
0.0017 for rs6495308 that was below the 
significance level after Bonferroni correction 
(Table 3). Interestingly, rs6495308 had a large 
difference in MAF between Hispanics and non-
Hispanic Whites (NHW, 0.46 versus 0.23, P< 
0.0001, Supplementary Table 7) in LSC, though 
the magnitude of association between rs- 
6495308 and risk for RR did not differ by 
ethnicity (OR=1.36, 95% CI=1.10 to 1.67, P= 
0.01 in NHWs, and odds ratio=1.59, 95% CI= 
1.00 to 2.53, P=0.05 in Hispanics, P for 
interaction of rs6495308 and ethnicity=0.81). 

Discussion

The prediction models that identify abstainers 
at risk for relapse and active smokers at great-
er chance for making a quit attempt were devel-
oped using two longitudinal cohorts that 
enrolled current and former smokers with high 

risk for lung cancer. With a comprehensive 
assessment of demographic, smoking related, 
and relevant clinical variables, the prediction 
model for smoking relapse developed had 
excellent to outstanding prediction accuracy. 
As the most significant determinant, longer 
time since quit was associated with reduced 
risk for smoking relapse in both cohorts. The 
nonlinear relationship between time since quit 
and risk for PR was replicated in both cohorts 
with 68.9-74.5% relapse events occurring in 
cohort members who quit within 2.5 y prior to 
enrollment. The relapse rate was 27-38.4% ver-
sus 2.3-8.9% in cohort members who quit with-
in 2.5 y versus greater than 2.5 y prior to enroll-
ment, respectively. The median interval 
between the baseline visit and relapse occur-
rence was only 0.93 y in LSC. Thus, these two 
longitudinal smoker cohorts provide a great 
source for future studies that will explore the 
mechanisms for smoking relapse in recent quit-
ters at enrollment through the availability of 
detailed follow-up information for smoking 
behavior change and biospecimens collected 
at each visit. The prediction model for making a 
quit attempt developed had very minimal pre-
diction ability (0.62 in LSC and 0.58 in PLuSS). 
The dramatically lower prediction performance 
in the model for making a quit attempt com-
pared to the model for smoking relapse was 
also observed in the PLCO study [7]. 

The rates for smoking relapse among former 
smokers were 6.9 and 18.9% in LSC and 
PLuSS, respectively. The reported relapse rates 
across studies ranged from 3.3% to 10% [5-9]. 
The variation in relapse rates probably reflects 
the enrollment of former smokers with different 
average length of smoking abstinence prior to 
enrollment. PLuSS enrolled former smokers 
who quit cigarette smoking≤10 y prior to enroll-
ment, while LSC has no restriction on this vari-
able. The rate for quitting smoking among cur-
rent smokers at study entry in LSC was 26.9% 
over an average of 5.3 y follow-up, a rate com-
parable to that (24%-35%) reported in long-
term lung cancer screening trials [5, 10]. 
However, the quitting rate (58.3%) was quite 
high in PLuSS and this may be attributed to the 
older population with more comorbidity and 
long-term follow-up (9.4 y). 

Among six known [12-16] loci associated with 
nicotine dependence, smoking initiation, and 
smoking cessation, 15q25 and 11p14 were 
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associated with risk for smoking relapse 
defined retrospectively in the LSC. Allele G for 
rs10734394, previously associated with re- 
duced risk for being a regular smoker [15], was 
associated with reduced risk for smoking 
relapse (OR=0.77, P=0.052), suggesting that 
11p14 may be a shared locus between smok-
ing initiation and smoking relapse. Allele C of 
rs6495308, previously associated with lower 
cigarettes smoked per day [13], was associat-
ed with increased risk for smoking relapse 
(OR=1.35, P=0.0017), suggesting that lower 
nicotine addiction as assessed by cigarettes 
smoked per day may be a risk factor for smok-
ing relapse. This premise seems contradictory 
to a popular notion that nicotine addiction is 
positively correlated with difficulty in smoking 
cessation [21]. However, both PLCO and PLuSS 
studies identified that greater cigarettes 
smoked per day, associated with higher risk for 
continuing smoking was also associated with 
lower risk for smoking relapse. Additional stud-
ies are needed to more precisely address the 
role of nicotine addiction mechanisms in smok-
ing relapse. No SNPs within these six loci were 
associated with risk for smoking relapse or 
making a quit attempt defined prospectively in 
LSC (not shown), thus were not included in the 
prediction models. 

The prospective and retrospective studies con-
sistently showed that compared to NHWs, 
Hispanic smokers are less likely to make a quit 
attempt and are more likely to relapse after a 
quit attempt. This ethnic disparity in adverse 
smoking behavior is consistent with the obser-
vation that New Mexican Hispanics have higher 
risk for silencing of tumor suppressor genes in 
their lung and higher susceptibility for lung can-
cer risk [22]. The mechanism underlying this 
ethnic disparity, although largely unknown, 
could be attributed to culture and genetics. 
Stratification analysis by ethnicity in LSC identi-
fied significant associations between rs64- 
95308 and risk for RR in NHWs and Hispanics, 
respectively. In addition, the magnitude of 
association between the two ethnic groups is 
not statistically significantly different (P=0.81). 
However, the allelic difference for rs6495308 
between Hispanics and NHWs was highly sta-
tistically significant, suggesting the 15q25 
locus should contribute to the genetic compo-
nent responsible for the ethnic difference in 
smoking behavior change. 

These results should be interpreted in the con-
text of several limitations. First, smoking status 

in the longitudinal analysis was self-reported 
and not assessed using biochemical confirma-
tion. However, research shows that self-report 
is a valid indicator of current smoking, espe-
cially when there are no strong incentives to 
deceive [23, 24]. Relative quantification of plas-
ma nicotine and cotinine levels is available 
from a metabolomics study using 25 pairs of 
PRs and non-PRs in the LSC from this current 
study (Leng et al. unpublished data). A com-
plete separation of pre- and post-relapse plas-
ma samples was observed based on the nico-
tine and cotinine levels in these samples. 
Furthermore, approximately 95.5% agreement 
between self-reported abstinence status and 
CO measures (using 10 ppm as the cutoff for 
active smoking) was identified in a smoking 
cessation study that enrolled 161 smokers 
from New Mexico (Claus et al. unpublished 
data). These results strongly support self-report 
status used in this large scale epidemiological 
study as a sufficient indicator for current smok-
ing. Second, information for cigar, pipe, and 
smokeless tobacco use (chewing tobacco and 
e-cigarette) was not collected until 2014 in LSC 
and was not included in the data analysis. 
However, we expect very minimal impact on the 
results because <3% LSC cohort members 
have ever reported using these nicotine con-
taining products. Third, the PR and PQ were 
defined using the smoking status in the 30 
days prior to completing the annual contact 
form in PLuSS. Thus, definition of non-PR and 
non-PQ were most vulnerable for error because 
smoking behavior changes between contacts 
were not collected. This may result in the 
reduced performance of the prediction models 
in PLuSS. 

Conclusions

In summary, the risk prediction model for smok-
ing relapse established in LSC and PLuSS pro-
vided an excellent external replication of the 
PLCO model with similar categories of vari-
ables. Second, the ethnic disparity in smoking 
behavior between Hispanics and NHWs may be 
at least partially explained by the sequence 
variants at 15q25 locus that contains multiple 
nicotine acetylcholine receptors.
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Supplementary Table 1. Multivariate logistic regression models of prospective smoking relapse in 
former smokers who quit smoking within 2.5 y prior to study entry in LSCa

Variables PR Non-PR OR 95% CI P Value
n 70 99
Age (y, mean (SD)) 54.2 (8.8) 57.4 (9.8) 0.65b 0.44, 0.97 0.035
Sex (Male, %) 12.9 25.3 0.32 0.11, 0.89 0.030
Education (per 1 level change of 6 levels, median (Q1, Q3)) 4 (4, 5) 4 (3, 5) 1.17 0.81, 1.70 0.40
Hispanics (%) 12.9 10.1 2.94 0.88, 9.89 0.081
Quit-to-baseline (y, median (Q1, Q3)) 0.8 (0.4, 1.2) 1.2 (0.9, 1.8)
    Spline 1 0.021
    Spline 2 0.158
    Spline 3 0.183
Ever smoking less cigarettes ≥1 y (%) 77.1 71.7 2.04 0.89, 4.69 0.092
Physician diagnosed emphysema or COPD (%) 4.3 22.2 0.13 0.033, 0.53 0.0044
Abbreviations: CI, confidence interval; COPD, chronic obstructive pulmonary disease; LSC, Lovelace Smokers Cohort; OR, odds ratio; PR, prospec-
tive relapse; SD, standard deviation. aArea under ROC curve=0.798. bOdds ratio per 10 years.

Supplementary Table 2. Multivariate logistic regression models of prospective smoking relapse in 
former smokers who quit smoking within 2.5 y prior to study entry in PLuSSa

Variables PR Non-PR OR 95% CI P Value
n 184 294
Age (y, mean (SD)) 57.7 (6.2) 59.0 (6.3) 0.72b 0.51, 1.01 0.057
Cigs/day 0.85 0.69, 1.06 0.14
    1-19 Cigs/day 58 (31.5) 81 (27.6)
    20-29 Cigs/day 79 (42.9) 119 (40.5)
    30-39 Cigs/day 31 (16.9) 54 (18.4)
    40 or more Cigs/day 16 (8.7) 40 (13.6)
Time since quit (y, median (Q1, Q3))c 0.5 (0, 1) 1 (0, 2) 0.48 0.37, 0.62 <0.0001
Number of symptomsd 1.22 0.96, 1.54 0.098
    None 50 (27.2) 100 (34.0)
    1 40 (21.7) 57 (19.4)
    2 or more 94 (51.1) 137 (46.6)
Baseline COPD (yes, %) 55 (29.9) 109 (37.1) 0.72 0.46, 1.13 0.15
Abbreviations: CI, confidence interval; COPD, chronic obstructive pulmonary disease; OR, odds ratio; PLuSS, the Pittsburgh 
Lung Screening Study; PR, prospective relapse; SD, standard deviation. aArea under ROC curve=0.686. bOdds ratio per 10 
years. cNonlinear effect of TSQ on risk for PR was not assessed due to less than 3 unique knots available when analysis was 
restricted to former smokers who quit≤2.5 y at baseline in PLuSS. However, this does not affect the integrity of the results 
because only linear effect was observed in former smokers who quit≤2.5 y in LSC. dBaseline symptoms, including phlegm, 
wheezing, shortness of breath, and ankle swelling.
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Supplementary Table 3. Multivariate Logistic Regression Models of Making a Quit Attempt Defined 
Prospectively in LSCa

Variables PQ Non-PQ OR 95% CI P Value
n 247b 666b

Age (y, mean (SD)) 55.0 (8.5) 53.8 (8.7) 1.13c 0.95, 1.34 0.16

Sex (Male, %) 19.8 28.1 0.67 0.47, 0.96 0.029

Education (per 1 level change of 6 levels, median (Q1, Q3)) 4 (3-5) 4 (3-5) 1.10 0.96, 1.27 0.17

Hispanics (%) 15.8 25.5 0.56 0.38, 0.84 0.0049

Cigs/day (10 cigs, mean (SD)) 19.2 (8.8) 20.7 (8.7) 0.85 0.71, 1.02 0.078

Ever smoking more cigarettes ≥1 y (%) 61.9 55.6 1.25 0.92, 1.71 0.15

CMH (%) 36.4 44.0 0.76 0.56, 1.04 0.086

Baseline to quit (y, median (Q1, Q3)) 2.59 (1.18, 4.10) Not applicable
Abbreviations: CI, confidence interval; CMH, chronic mucous hypersecretion; LSC, Lovelace Smokers Cohort; OR, odds ratio; PQ, prospective quit; SD, standard deviation. 
aArea under ROC curve=0.62. bOne PQ and three non-PQs have missing education. Three non-PQs have missing CMH1. cOdds ratio for every 10 years.

Supplementary Table 4. Multivariate Logistic Regression Models of Making a Quit Attempt Defined 
Prospectively in PLuSSa

Variables PQ Non-PQ OR 95% CI P Value
n 1224 877
Age (y, mean (SD)) 58.8 (6.7) 58.4 (6.5) 1.13b 0.99, 1.29 0.077
Sex (male, %) 581 (47.5) 447 (51.0) 0.88 0.74, 1.06 0.19
Cigs/day 0.81 0.73, 0.89 <0.0001
    1-19 Cigs/day 473 (38.6) 265 (30.2)
    20-29 Cigs/day 528 (43.1) 392 (44.7)
    30-39 Cigs/day 155 (12.7) 152 (17.3)
    40 or more Cigs/day 68 (5.6) 68 (7.8)
Ethnicity (NHW, %) 1156 (94.4) 812 (92.6) 1.19 1.03, 1.37 0.063
Marital status 0.84 0.73, 0.97 0.016
    Married or living as married 789 (64.5) 527 (60.1)
    Widowed, divorced, or separated 361 (29.5) 266 (30.3)
    Never married 74 (6.1) 84 (9.6)
Any medical condition (yes, %)c 367 (30.0) 306 (34.9) 0.81 0.68, 0.99 0.040
Abbreviations: CI, confidence interval; NHW, non-Hispanic White; OR, odds ratio; PLuSS, the Pittsburgh Lung Screening Study; 
PQ, prospective quit; SD, standard deviation. aArea under ROC curve=0.580. bOdds ratio for every 10 years. cBaseline physician 
diagnoses, including chronic bronchitis, emphysema, and asthma.
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Supplementary Table 5. Multivariate logistic regression models of ever having a smoking relapse 
defined retrospectively in LSC
Variables RR Non-RR OR 95% CI P Value
n 688a 612a

Baseline age (y, mean (SD)) 56.0 (9.2) 60.8 (9.1) 0.58b 0.51, 0.67 <0.0001

Sex (Male, %) 21.8 24.8 0.94 0.71, 1.25 0.69

Baseline packyears (median (Q1, Q3)) 31.6 (24.0, 42.8) 34.3 (25.0, 50.2) 0.99c 0.96, 1.02 0.49

Age start smoking (y, mean (SD)) 16.5 (3.5) 16.9 (4.1) 1.06d 0.90, 1.25 0.47

Childhood respiratory illness (%) 10.0 11.3 0.97 0.67, 1.40 0.86

Hispanics (%) 19.8 9.6 1.97 1.39, 2.79 0.00014

Education (per 1 level change of 6 levels, median (Q1, Q3)) 4 (3, 5) 4 (4, 5) 0.89 0.80, 0.99 0.033

Not living with smokers during adulthood (%) 13.4 16.8 0.70 0.51, 0.97 0.033
Abbreviations: CI, confidence interval; LSC, Lovelace Smokers Cohort; OR, odds ratio; RR, retrospective relapse; SD, standard deviation. aTwo RRs and one non-RR have 
missing Respiratory illness at childhood. Two RRs and six non-RRs have missing education. Two non-RRs have missing age. bOdds ratio per 10 years. cOdds ratio per five 
packyears. dOdds ratio per five years.

Supplementary Table 6. Multivariate logistic regression models of ever making quit attempt defined 
retrospectively in LSC
Variables RQ Non-RQ OR 95% CI P Value
n 1300a 861a

Baseline age (y, mean (SD)) 58.2 (9.5) 53.5 (8.7) 2.38b 2.10-2.70 <0.0001

Sex (Male, %) 23.2 25.4 0.89 0.71-1.11 0.31

Baseline packyears (median (Q1, Q3)) 32.8 (24.5, 46.0) 37.5 (28.2, 50.0) 0.87c 0.85-0.90 <0.0001

Age start smoking (y, mean (SD)) 16.7 (3.8) 16.7 (3.8) 0.63d 0.55-0.72 <0.0001

Childhood Respiratory illness (%) 10.6 8.8 1.13 0.82-1.56 0.44

Hispanics (%) 15.1 22.7 0.73 0.57-0.94 0.014

Education (per 1 level change of 6 levels, median (Q1, Q3)) 4 (4, 5) 4 (3, 4) 1.43 1.31-1.57 <0.0001

Not living with smokers during adulthood (%) 15.1 10.3 1.47 1.10-1.97 0.0089
Abbreviations: CI, confidence interval; LSC, Lovelace Smokers Cohort; OR, odds ratio; RQ, retrospective quit; SD, standard deviation. aThree RQs have missing Respiratory 
illness at childhood. Eight RQs and four non-RQs have missing education. Two RQs have missing age. bOdds ratio per 10 years. cOdds ratio per five packyears. dOdds ratio 
per five years.

Supplementary Table 7. Ethnic difference for three SNPs in LSC

Gene name Locus SNP Allele
MAF

NHWs (n=1640) Hispanics (n=402) P Valuea

CHRNA3, CHRNA5 15q25 rs6495308 T/C 0.23 0.46 <0.0001
BDNF 11p14 rs4074134 G/A 0.20 0.23 0.097
BDNF 11p14 rs7103411 T/C 0.20 0.23 0.35
Abbreviations: LSC, Lovelace Smokers Cohort; MAF, minor allele frequency, NHW, non-Hispanic White; SNP, single nucleotide 
polymorphism. aChi square test based on genotype distribution.


