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Abstract

NIH-PA Author Manuscript

Aims—To estimate physical activity trajectories for persons who quit smoking, and compare
them to what would have been expected, had smoking continued.
Design, Setting and Participants—5115 participants to the CARDIA Study, a populationbased study of African American and European American people recruited at age 18-30 years in
1985/6 and followed over 25 years.
Measurements—Physical activity was self-reported during clinical examinations at years
0(1985/6),2,5,7,10,15,20 and 25(2010/11); smoking status was reported each year (at
examinations or by phone, and imputed where missing). We used mixed linear models to estimate
trajectories of physical activity under varying smoking conditions, with adjustment for participant
characteristics and secular trends.
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Findings—We found significant interactions by race-sex (P=.02 for the interaction with
cumulative years of smoking), hence we investigated the subgroups separately. Increasing years of
smoking were associated with a decline in physical activity in black and white women and black
men (e.g. coefficient for 10 years of smoking:−0.14; 95% CI:−0.20 to −0.07,P<0.001 for white
women). An increase in physical activity was associated with years since smoking cessation in
white men (coefficient 0.06;95%CI:0 to 0.13,P=0.05). The physical activity trajectory for persons
who quit progressively diverged towards higher physical activity from the expected trajectory had
smoking continued. For example, physical activity was 34% higher (95%CI:18%,52%;P<0.001)
for white women 10 years after stopping compared with continuing smoking for those 10 years(P
= 0.21 for race/sex differences).
Conclusions—Smokers who quit have progressively higher levels of physical activity in the
years after quitting compared with continuing smokers.
Keywords
Smoking cessation; physical activity; mixed longitudinal model; trajectory analysis; marginal
structural model
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INTRODUCTION
Smoking and physical inactivity rank among the top 3 modifiable risk factors (along with
elevated blood pressure) for chronic disease and premature death.(1) These unhealthy
behaviors tend to cluster within person(2) and have been associated with lower education
level.(3) Physical activity tends to be lower in smoking adults.(4, 5) Clinicians and policy
makers might be interested in knowing how these behaviors cluster within persons over time
in order to plan interventions prompting healthy behavior change.(5)
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At the population level, both smoking prevalence and physical activity are highest in young
adults and tend to decrease with age. Secular trends are also present, with reductions in both
smoking prevalence and physical activity in recent years.(6) Additionally, time-varying covariates associated with both smoking cessation and physical activity, such as marital status,
may act as time-dependent confounders and/or mediators.(7, 8) Without appropriate control,
factors such as early life PA and marital status may confound relationships between smoking
cessation and physical activity over time.(9, 10) Prior studies have not accounted for secular
and age trends,(11-14) explored how physical activity trajectory may change with smoking
cessation, considered time-dependent confounding-mediating effects, or described how
effects vary according to race and sex.
The Coronary Artery Risk Development in Young Adults Study (CARDIA) is ideally suited
to explore the association between smoking cessation and changes in physical activity.
Using repeated measures of physical activity and cigarette smoking, as well as rich
measurements of demographic, social and biological factors collected over 25 years, we
estimated the changes in physical activity after smoking cessation, relative to the
“counterfactual” – i.e., what would be expected if smoking had continued in that same
individual –with adjustment for individual characteristics and secular trends, and tested
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whether estimates differed by race and sex. We also tested for reverse causality, i.e. if
physical activity level before the smoking cessation attempt increased smoking cessation.
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METHODS
Study population
We used data collected over 25 years in the Coronary Artery Risk Development in Young
Adults (CARDIA) study, a population-based epidemiological study of 5115 adults aged 18
to 30 years at baseline.(15) Participants were recruited in 1985 and 1986 by random
selection of telephone numbers from designated census tracts in Birmingham, AL; Chicago,
IL; Minneapolis, MN; and by random selection from the membership list of a health care
plan in Oakland, CA. The sampling scheme was designed to achieve a balance at each of the
4 sites by race (self-identified “black, not Hispanic” and “white, not Hispanic”), sex,
education (high school degree or less, more than high school), and age (18-24 years, 25-30
years). All subjects gave informed consent before entering the study and at each follow-up
examination and the approval of institutional review boards was obtained at each site.
Smoking cessation variable
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Detailed cigarette smoking behavior was evaluated during each in-person CARDIA
examination, at baseline and after 2,5,7,10,15,20 and 25 years, by responses to an
interviewer-administered questionnaire.(16) Participants were also asked the number of
cigarettes smoked daily at yearly phone follow-up between CARDIA examinations. Current
smoking was defined as smoking one cigarette or more per day. Non-daily smokers
reporting not smoking one cigarette or more on the day of examination were coded as nonsmokers. At baseline, participants were asked the number of years they had smoked in total,
the age at which they started smoking regularly (“How old were you when you started
smoking cigarettes regularly?”) and years since cessation (“How many years ago did you
stop?”), if appropriate. For changes in smoking status, we started the count of the years since
cessation, starting or restarting smoking the year following two discordant visits: for
example, if a participant reported smoking at year 5, but not at year 6, the count of the years
since cessation was started at year 6 and given the value of one. The time-dependent
covariate (TDC) capturing total years of smoking was cumulative across smoking episodes.
In contrast, the TDC capturing years since smoking cessation was cumulative only within
episodes, and was reset to zero when each episode ended; both included exposure
ascertained retrospectively before baseline when appropriate.
Exercise variables
Physical activity was assessed by an interviewer-administered questionnaire designed for
CARDIA at each CARDIA examination (baseline, year 2,5,7,10,15,20 and 25).(6, 17) The
questionnaire asked about frequency of participation in 13 categories of moderate and
vigorous recreational sports, exercise, leisure, and occupational activities over the previous
12 months (Appendix Table 1). Reliability and validity of the instrument has been evaluated
previously.(6, 17-19) Briefly, the test-retest reliability of the total physical activity score has
been shown to be 0.88 over 13 months.(17, 19) The validity of the questionnaire has been
assessed through comparison with measurements of aerobic fitness, biologic variables such
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as blood pressure and HDL cholesterol,(19, 20) and BMI.(18-21) Physical activity scores
were calculated in exercise units based on frequency and intensity of each activity. We
hypothesized that the association between physical activity and smoking status might differ
for occupational-related physical activities and leisure-time physical activity, so we
computed a physical activity score excluding the exercise units from “Vigorous job
activities (lifting, carrying, digging)” (Appendix Table 1) and used this score as the main
outcome. Physical activity prior to the study start was assessed by 1 question asking
participants to grade their physical activity level during high school (“Compared to other
people your age and sex, how would you rate your physical activity during high school?”).
Other covariates
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Fixed variables throughout the study were race, maximum attained education level, sex, and
study center. Maximum educational grade attained for each participant was used as a proxy
for socioeconomic status. Time-varying covariates at each CARDIA examination were
marital status (married / unmarried), body mass index (BMI), examination year, age, alcohol
use (categorical variable: abstinent, moderate and risky) and self-reported depression
(depression / no depression). Body mass index (BMI) was calculated at each CARDIA
examination as weight in kilograms divided by height in meters squared. Categories of
alcohol consumption were based on the sex-specific weekly maximum drinking limits
published by the National Institute on Alcohol Abuse and Alcoholism [for men >14 (women
>7) standard drinks/week or >4 (>3) drinks/day].(22) Self-reported depression was
measured every five years starting at year 5 using the Center for Epidemiologic Studies
Depression scale (CES-D).(23) A score of ≥16/60 was used as the cut-off value for both
sexes as an indication of the clinically significant depressive symptoms.(24, 25) Presence of
a significant medical condition interfering with physical activity was based on two questions
that were systematically asked starting at CARDIA examination 7 through 25. Participants
were asked to report if they had a medical condition interfering with physical activity and to
grade any associated physical impairment on a scale from 1 to 5. A grade of more than 2 for
those reporting a medical condition interfering with physical activity was considered
significant.
Statistical analysis
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We used descriptive statistics to compare participants by smoking status at baseline and
whether they had made a quit attempt during follow-up (Table 1). The main outcome
variable, physical activity, was log-transformed to correct skewness; exponentiated
regression coefficients are therefore interpretable as the percent change in physical activity
score expected for each 1-unit change in the independent variable. To account for withinsubject correlation of the repeated physical activity scores and model individual departures
from the trajectories determined by the fixed effects, we used linear mixed models with
correlated random subject-specific intercepts and slopes; we also used a random intercept
for study center, to enhance the generalizability of our results.(26) Fully adjusted models
included fixed effects for current smoking status (never/past/current), cumulative years of
smoking and years since most recent smoking cessation, as well as examination year, age at
which smoking was initiated, physical activity level during high school, and years of
education, transformed to capture non-linearity. We included non-smokers in the analysis to
Addiction. Author manuscript; available in PMC 2015 July 01.
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provide information about the effects of age on physical activity, helping us to disentangle
this effect from years of smoking. After assessing interactions, we stratified the analysis by
race and sex, fit the model for each of the four race-sex groups. In a final step, we used the
regression results to estimate the average increase in physical activity 5, 10, 15 and 20 years
after cessation, relative to the expected level of activity if smoking had continued, including
both immediate and cumulative effects of the change in smoking status (Appendix Figure 2).
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Our linear mixed model could provide biased estimates of the overall effect of smoking
cessation on physical activity if smoking status were influenced by earlier physical activity,
or if time-dependent confounders of the effect of cessation on physical activity were
subsequently influenced by cessation. In these settings, standard regression methods tend to
adjust away some part of the overall effect of an exposure mediated through these indirect
pathways.(9, 10) Accordingly, we assessed evidence for these problems, then used inverse
weighting rather than regression adjustment (Appendix Methods) to address this potential
source of bias.(9) We also assessed potential confounding by significant self-reported
medical conditions interfering with physical activity, both by adjustment for this variable in
the main model and by censoring participants at first report. Finally, we checked sensitivity
of the results to two alternate ways of formulating our physical activity variable: 1) using
total physical activity score (leisure-time physical activity + occupation-related physical
activity), and 2) using occupation-related physical activity only. All analyses were
conducted using STATA 12 (StataCorp LP, College Station, TX).

RESULTS
Study population
The 5115 CARDIA participants recruited in 1985-1986 contributed a total of 32,837 clinical
examinations and 72,987 phone follow-up examinations over 25 years of follow-up. Of the
clinical visits, 310 were excluded for missing data on physical activity and 173 for missing
data on smoking, leaving 32,354 examinations (99%) with complete data from 5112
participants (99%). Participants contributed 6.4 clinical examinations and 14.4 phone
follow-ups on average. Attrition was more common in tobacco smokers, blacks, men,
unmarried and participants with significant depression, higher alcohol use and a lower level
of education (Appendix Table 2).
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Thirty percent of participants (n=1556) were coded as smokers at baseline (Table 1) and
17% (n=594) at year 25 (Appendix Figure 1 and Appendix Table 2). Smokers tended to stop
smoking early in the study with 29% (n=214/731) of past-smokers coded as having stopped
within the previous year at the Year 2 examination, compared with 7% at Year 25 (80/1105).
Throughout the study, 6% to 13% of smokers were coded as having started or restarted
smoking within the previous year. The median number of documented smoking cessation
attempts during follow-up was 2 (range 0 to 9).
Physical activity varied across participants and declined over time on average in all four race
and sex strata (Figure 1). In unadjusted comparisons, physical activity tended to be lowest in
current smokers, and higher among men than women.
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Smoking cessation and changes in physical activity
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We found evidence of important and statistically significant interactions by race-sex (e.g.,
p=.02 for the interaction with cumulative years of smoking), hence we investigated the
subgroups separately. In fully adjusted models, we found a strong association between the
cumulative years of smoking and physical activity for all race-sex strata, except for white
men where the cumulative years since smoking cessation was significantly associated with
physical activity (Table 2). We found no evidence of non-linearity in the years of smoking
and years since smoking cessation variables using restricted cubic splines (all P>0.05).
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The physical activity trajectory for participants who quit progressively diverged towards
higher physical activity from the trajectory that would have been expected had these persons
continued smoking (Table 2 and Figure 2). This divergence varied in magnitude by race and
sex, but the total divergence (computing using coefficients for both immediate and
cumulative smoking behavior covariates, Table 2) remained below the level of significance
for a joint test of interaction between sex and race strata (P = 0.21 for interaction by race/sex
10 years after smoking cessation). For example, the net change in physical activity was 28%
higher (95%CI:17% to 40%,P<0.001) for white women 10 years after stopping, 16% higher
(95%CI:2% to 33%,P<0.03) for black women, 34% (95% CI:18% to 52%,P<0.001) for
black men, and 21% (95%CI:11% to 32%,P<0.001) for white men. The net change in
physical activity was statistically significant after 10 years in all race-sex strata, and after 5
years in all except for black women.
Testing causal pathways
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We found no evidence of reverse causality, i.e. that physical activity level before the
smoking cessation attempt increased smoking cessation (e.g. for black women, the odds
ratio (OR) of smoking cessation for lagged values of physical activity was 0.99; 95%CI:0.94
to 1.05, P=0.8). Confounding and mediation analyses suggested that marital status, alcohol
use and depression were potential time-dependent confounders and mediators (TDCM) and
that BMI was a potential time-dependent mediator (TDM) of the causal pathway from
smoking cessation to physical activity (see Appendix Results). Sensitivity analyses
including the TDCMs in the main model and using marginal structural models, however, led
to qualitatively similar findings but with substantially wider confidence intervals. Inclusion
of BMI as a TDM made little difference to results (Table 3). Additional sensitivity analyses
including a binary predictor of self-reported significant medical conditions interfering with
physical activity in the main model and when censoring 5,747 examinations after which
participants reported a medical condition interfering with physical activity (18% of total
examination sample) yielded similar results (Appendix Results and Table 3).
Sensitivity analyses
The overall score, i.e. leisure-time physical activity + occupation-related physical activity,
yielded estimates of the association with smoking cessation that were somewhat attenuated
(Table 3). Current smoking and past smoking were strongly associated with occupationrelated physical activity for black and white men, but not cumulative years of smoking and
years since smoking cessation (Appendix Figure 3 and Appendix Table 2; see Appendix
Results for additional reports on the sensitivity analyses).
Addiction. Author manuscript; available in PMC 2015 July 01.
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In this large prospective cohort of young adults followed over 25 years, we found that
smoking cessation was associated with a progressive divergence towards higher physical
activity compared to ongoing smoking. This divergence was primarily due to the decline in
physical activity that occurred with ongoing smoking in black women, black men and white
women. In white men, the divergence was primarily due to an increase in physical activity
over the years since smoking cessation. This effect appeared to be independent of age at
cessation, calendar year, and other participant characteristics. We found no evidence of
reverse causality or alternate explanations for the putative effect of smoking cessation on
physical activity, and our findings were relatively consistent when we used alternate
statistical methodology.
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Prior evidence that levels of physical activity are inversely related to smoking rates mostly
comes from cross sectional studies.(12, 14) Several follow-up studies have suggested that
individuals who quit smoking are unlikely to spontaneously increase their levels of physical
activity in the short term.(27-29) In the context of randomized controlled trials (RCTs) two
studies showed an increase in physical activity in participants who quit smoking at one year
follow-up.(30, 31) Our results are limited to the long term changes in physical activity
occurring after more than 5 years and no RCT has performed such a long follow-up. The
few longitudinal cohort studies on the association between smoking cessation and long term
changes in physical activity show inconsistent results.(13, 32-35) One longitudinal casecohort study in Japanese men followed over 7 years suggested an increase in physical
activity after smoking cessation.(33) However, there was no adjustment for socio-economic
factors. In an analysis of a large sample of 6840 women followed over 11 years in Australia,
McDermott et al. found no statistically significant difference in physical activity between
quitters and continuing smokers. Laaksonen et al. found that 128 quitters during follow-up
were more likely to have an increase in physical activity compared to 544 continuing
smokers in a cohort of 5081 participants followed over 7 years.(36) No previous studies
evaluated the effects of smoking cessation over time taking into account the age and secular
trends that tend to confound physical activity trajectory analyses.
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Similar to prior studies, we found that a change in marital status from unmarried to married
was associated with both smoking cessation and a reduction in physical activity level (see
Appendix Results),(7, 8) and that smoking cessation was associated with a subsequent
increase in BMI and a decrease in alcohol consumption.(8, 37, 38) Other studies have also
shown that continuing smokers may develop medical conditions interfering with physical
activity at higher rate than quitters,(39) and that changes in health behavior can occur after
contracting a medical condition.(40, 41) However, no previous study tested the sensitivity of
the overall effect of smoking cessation on physical activity to the inclusion of these TDCM
in the multivariate models.
The mechanism that might explain a causal effect of smoking cessation on physical activity
is unclear. Our results may hint to the Problem Behavior Theory,(42) which posits that
changes in unhealthy behavior may be associated with additional positive health behavior
changes. The observed effect of smoking cessation on increased physical activity and the
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absence of effect of physical activity on subsequent smoking cessation suggest that smoking
cessation, but not increase in physical activity, may be the “gateway” for positive behavior
change.(42-45) Alternatively, a decline in pulmonary function in continuing smokers may
mediate the observed effects. Exercise addiction has been previously described,(46) and
smoking cessation, considering the addictive effects of smoking, might be associated with a
search to replace smoking by a “safe drug” such as physical activity. Prior studies have also
described the potential effect of physical activity on short term “craving” in quitters.(44, 47)
Differences in some of the coefficients in our model across the subgroups suggest that the
causal pathways could differ by race and sex, but we would caution about over interpretation
of these differences. Future analyses especially tailored at analyzing mediation should be
performed to further describe the causal pathway from smoking cessation to physical
activity.
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We did not expect to see a change in the trajectory of occupation-related physical activity
according to smoking status and therefore removed this variable from the overall score. We
found occupation-related physical activity to be associated with both smoking and past
smoking in white men and black men, but not over the years since smoking cessation,
suggesting that the causal pathway from smoking cessation to changes in physical activity
might differ for occupation-related and leisure-time physical activity (see Appendix
Results).
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Our study has limitations. Smoking status was self-reported at CARDIA examinations and
during phone follow-ups; but misclassification of smoking exposure by self-report,
measured by comparisons of serum cotinine levels, has been shown to be uncommon within
CARDIA.(48) Similarly, the measure of physical activity was based on self-report; but the
CARDIA physical activity questionnaire has been previously validated against biological
outcomes.(17) Social desirability bias with health conscious participants that successfully
quit reporting more physical activity than continuing smokers cannot be excluded.(49)
Similarly, we cannot exclude a potential Hawthorne effect, where study participation has an
effect on the exposure and outcome.(50) The level of physical activity was only assessed at
the time of examination and not at the time of smoking cessation. Given the varying time
interval between the examinations from 1 year to 5 years, inference about effects on physical
activity during the first 5 years of smoking cessation should be avoided. Attrition occurred
for 33% of participants over the 25 years of follow-up and was more common in tobacco
smokers; the reported rate smoking at the year 25 examination of 17% is lower than the
reported 19%-21% reported by the CDC in 2011 for the age group 45-55 years old.(51) If
smokers who left the study were different than those who stayed in the study in terms of
their physical activity trajectories, our results could include some bias. The results of the
marginal structural model, which includes estimation of the inverse probability of censoring
weights showed qualitatively similar results. As with any observational analysis,
unmeasured or inadequately modeled confounding effects could be mixed within our
estimates. However, the extensive covariate measurements and large sample in our study
permitted more extensive efforts to control confounding than were possible in previous
studies.(8, 36) We acknowledge the limitations of the causal inferences due to the
observational nature of the data, and suggest careful interpretation of the results.
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Our results suggest that when smokers quit, they also tend to maintain a healthier physical
activity level compared to continuing smokers. Unlike previous studies, we did not find that
physical activity levels prior to cessation were associated with smoking cessation. Clusters
of unhealthy behavior have been described;(2) the current analysis suggests that the entry
point towards a long term cluster of healthy behavior might start with smoking cessation.
Researchers and policy makers planning an intervention aimed at promoting long term
healthy behavior change might use these findings to focus on helping smokers quit. These
results may also be helpful to clinicians counseling smokers to quit and for smokers
interested in imagining their “future selves”, (52) with consideration that smoking cessation
may lead to other healthy changes, such as an increase in leisure-time physical activity.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Unadjusted self-reported leisure-time physical activity score a over 25 years of followup according to smoking status b and stratified by sex and race in the Coronary Artery Risk
Development in Young Adults (CARDIA) Study

a Self-reported leisure-time physical activity was assessed at each CARDIA examination
(examination year 0, 2 5, 7, 10, 15, 20, 25) (see Appendix table 1 for description of the
elements included in the score).
b Participants reporting smoking 1 or more cigarette per day at the CARDIA examination
were considered smokers. Ex-smokers were participants not smoking at baseline and
reporting having smoked prior to baseline and participants smoking at baseline and not
smoking at the considered CARDIA examination.
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Figure 2. Difference in self-reported leisure-time physical activity over the years since smoking
cessation compared with ongoing smokers

The main outcome variable, physical activity score, was natural log-transformed to address
skewness, so that exponentiated model coefficients are interpretable as the percent change in
physical activity. We used linear mixed models with correlated random subject-specific
intercepts and slopes and random intercept for study center. Fully adjusted models included
fixed effects for the current smoking status (never smoking, current smoking, quit smoking),
cumulative exposure to years of smoking and years since smoking cessation, as well as
examination year, physical activity level before high-school, age at smoking start and 4-knot
restricted cubic splines for education. Estimates are from 4 models according to race and sex
categories. We estimated the average increase in physical activity 5, 10, 15 and 20 years
after cessation, relative to the expected level if smoking had continued, accounting for both
immediate and cumulative effects of the change in smoking status (Appendix Figure 2 and
Table 2) (P = 0.38 for interaction by race/sex 10 years after smoking cessation). CI do not
cross zero for black women after 5 years; percent change 5 years after smoking cessation:
8% (95% CI: −4, 21%).
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Baseline Characteristics of CARDIA Participants, by smoking behavior during follow-up.
Non-smokers
at baseline

Smokers at baseline
No
documented
smoking
cessation
attempt
throughout
follow-upk

P valuel

NIH-PA Author Manuscript

Variable

Never
smokers at
baseline

Exsmokers at
baseline

Documented
smoking
cessation
attempt
during
follow-up

N, (% of total ) a

2,843 (56)

678 (14)

923 (18)

633 (12)

Demographics
- Age, mean (SD), y

24.5 (3.7)

25.9 (3.2)

25.0 (3.7)

25.0 (3.6)

- Race-sex, No. (%)b
Black women

878 (31)

128 (19)

294 (32)

172 (27)

Black men

614 (22)

106 (16)

233 (25)

192 (30)

White women

682 (24)

262 (38)

203 (22)

154 (24)

White men

669 (24)

182 (27)

193 (21)

115 (18)

<0.01

- College-education at any
examination , No (%)

1222 (43)

271 (39)

162 (18)

95 (15)

<0.01

<0.01

NIH-PA Author Manuscript

- Married, No. (%)

631 (22)

200 (29)

180 (20)

118 (19)

<0.01

Physical activity
- Total physical activity score, median (IQR)c

425 (396)

444 (393)

411 (355)

389 (353)

<0.01

- Leisure-time physical activity
score, median (IQR)c

386 (374)

401 (356)

358 (323)

337 (324)

<0.01

- Ocupation-related physical
activity score, media (IQR)c

40 (42)

45 (54)

52 (72)

52 (84)

<0.02

- Physical activity level before
high school, mean (SD)d

3.9 (2)

3.8 (2)

3.9 (2)

3.9 (2)

0.04

Smoking variables
- Cigarettes per day, median (IQR)

-

10 (16) e

10 (15)

10 (13)

<0.01

- Years of smoking. median (IQR)f

-

4.8 (5)

8.4 (6)

8.7 (7)

<0.01

- Age at smoking start, mean (SD)

-

17 (3)

16 (3)

16 (3)

0.9

Alcohol use g
- Abstainer

1356 (48)

229 (34)

244 (26)

149 (24)

- Light to moderate

1449 (51)

420 (63)

610 (66)

444 (70)

30 (1)

22 (3)

68 (7)

37 (6)

<0.01

Self-reported significant medical
condition interfering with
physical activity at examination
7h

330 (14)

116 (22)

92 (13)

60 (13)

<0.01

Self-reported depression (CES-D)
at examination 5 i

431 (19)

154 (20)

223 (27)

124 (31)

<0.01

Anthropomorphic variables
- BMI, mean (SD)j

24.6 (5.1)

24.2 (4.5)

24.4 (4.9)

24.4 (5.4)

<0.01

- Heavy

Abbreviations: BMI: body mass index; CARDIA, Coronary Artery Risk Development in Young Adults study; CES-D: Center for Epidemiologic
Studies Depression scale; IQR, interquartile range; SD, standard deviation
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a

36 participants had missing information on smoking status at baseline and are thus excluded from this table.

b

By design, the CARDIA study sampled self-identified white men, white women, black men and black women in roughly equal numbers for
participation in the study.(3)
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c

See Appendix table 1 for detailed description of elements included in the score ( maximum score: 2055).

d

Self-reported score on a scale from 1-5: 1 corresponding to physically inactive and 5 to very active.(3) 4 missing values for physical activity level
before high school.
e

Self-reported number of cigarettes smoked while still a smoker.

f

Years of smoking counted as each years of follow-up where participants were coded as current smokers. Years of smoking at baseline were added
to the years of smoking at each examination based on the self-report years of smoking at baseline. 13 missing self-reported years of smoking at
baseline.
g

Categories of alcohol consumption were based on the sex-specific weekly maximum drinking limits published by the National Institute on
Alcohol Abuse and Alcoholism [for men >14 (women >7) standard drinks/week or >4 (>3) drinks/day].(22)
h

At examination year 7 through 25, participants were specifically asked to report if they had a medical condition interfering with ability to exercise
and to grade how much this condition interfered on a scale from 1 (a little) to 5 (very much). A score of more than 2 was considered significant for
the present analyses.
i
Self-reported depression was measured every five years starting at year 5 examination by using the Center for Epidemiologic Studies Depression
scale (CES-D).(23) A score of ≥16 used as the cut-off value for both sexes as an indication of the clinically significant depressive symptoms.(24)
j

NIH-PA Author Manuscript

Calculated as weight in kilograms divided by height in meters squared.

k

Smokers throughout follow-up were smokers who had no documented change in smoking status from study start until the year 25 examination or
until they were lost to follow-up.
l

P values are from a 1-way analysis of variance for age, BMI and age at smoking start; from a χ2 test for race-sex, education, center, income,
marital status, significant self-reported medical condition interfering with physical activity and alcohol use category; and from a Kruskal-Wallis
nonparametric test for leisure-time physical activity, cigarettes smoked per day and years of smoking. All P values are two sided.
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16 (2, 33)

0.03

0.03

0.6

0.01

0.3

0.2

-

P
valu
e

34 (18, 52)

Adjusted %
change (95%CI) b

.29 (0.16, 0.4)

.01 (−0.12, 0.13)

−0.21 (−0.29, −0.12)

.10 (−0.06, 0.24)

.03 (−0.13, 0.19)

-

Model coefficients
(95%CI) b

Black men

<0.001

<0.001

0.9

<0.001

0.2

0.7

-

P
value

28 (17, 40)

Adjusted %
change (95%CI) b

.25 (0.16, 0.34)

.04 (−0.03, 0.1)

−0.14 (−0.20, −0.07)

.01 (−0.18, 0.21)

−0.06 (−0.18, 0.20)

-

Model coefficients
(95%CI) b

White women

<0.001

<0.001

0.3

<0.001

0.9

0.5

-

P
value

21 (11, 32)

Adjusted %
change (95%CI) b

0.19 (0.11, 0.28)

0.06 (0, 0.13)

−0.03 (−0.10, 0.03)

−0.04 (−0.10, 0.02)

−0.02 (−0.27, 0.04)

-

Model
coefficients
(95%CI) b

White men

<0.001

<0.001

0.05

0.3

0.2

0.8

-

P
value

Computed by multiplying by 10 the adjusted model coefficients for years of smoking or years since smoking cessation.

c

b
The main outcome variable, leisure-time physical activity score, was natural log-transformed to address skewness, so that exponentiated model coefficients are interpretable as the percent change in
physical activity score expected for each smoking statuses or for 5-years of smoking of years since smoking cessation.

We used linear mixed models with correlated random subject-specific intercepts and slopes and random intercepts for study center. Fully adjusted models included fixed effects for the current smoking
status (never/past/current), cumulative exposure to years of smoking and years since smoking cessation, as well as examination year, physical activity level before high-school, age at smoking start and 4knot restricted cubic splines for education. Estimates are from 4 models according to race and sex categories (black women, black men, white women, white men).

a

Overall difference in
physical activity 10
years after quitting
compared with
continuing to smoke
d

Adjusted %
change (95%CI) b

.15 (0.02, 0.28)

Overall coefficient
of physical activity
10 years after
quitting compared
with continuing to
smoke

−0.10 (−0.18, −0.01)

Cumulative
exposure:
- 10 years of
smokingc
.04 (−0.8, 0.16)

−0.11 (−0.31, 0.09)

- Past smoking

- 10 years since
smoking cessationc

−0.12 (−0.33, 0.07)

-

- Current smoking

Smoking status:
- Never smoking
(reference)

Model coefficients
(95%CI) b

Black women

Adjusted percent change in leisure-time physical activity according to smoking status CARDIA participants, 1985-2011a
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years since smoking cessation compared to the counterfactual of continuing smoking is: exp (−0.11 - (−0.12) + 10*(0.004 - (−0.01)))-1 = exp (0.15) -1= 0.16; in percent=16%.

After fitting the model for each of these four groups, we estimated the average increase in physical activity 5, 10, 15 and 20 years after cessation, relative to the expected level if smoking had continued,
accounting for both immediate and cumulative covariates of smoking exposure i.e. by computing the adjusted model coefficients of past smoking – coefficient of current smoking + [number of years since
smoking cessation * (coefficient of years since smoking cessation – coefficient of years of smoking)] (Appendix Figure 2). For example, for a black woman, the expected physical activity level after 10
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17 (5, 30)

20 (7, 34)

38 (21, 58)

36 (15, 60)

27 (7, 52)

Adjusted %
change
(95% CI) b,
c

Censoring
after selfreport of a
medical
condition
interfering
with
physical
activitye

23 (12, 36)

34 (21, 48)

36 (17, 57)

16 (0, 34)

Adjusted %
change
(95% CI) b,
c

Inclusion
of all
potential
TDCMs in
the main
model f

23 (13, 34)

28 (18, 40)

38 (21, 57)

19 (4, 36)

Adjusted %
change
(95% CI) b,
c

Inclusion
of BMI in
the main
model

30 (11, 52)

35 (15, 58)

28 (2, 61)

19 (−8, 56)

Adjusted %
change
(95% CI) b,
h

Main
analysis
restricted
to smokers
at baseline
g

33 (11, 53)

33 (14, 55)

27 (1, 60)

19 (−8, 56)

Adjusted %
change
(95% CI) b,
h

TDCM:
marital
status,
alcohol use
and BMI j

30 (11, 52)

33 (14, 55)

27 (1, 60)

16 (−12, 53)

Adjusted %
change
(95% CI) b,
h

TDCM:
marital
status,
alcohol use,
BMI and
depression k

Results from marginal
structural models
including potential
TDCMs, analyses
restricted to smokers at
baseline i

13 (4, 23)

25 (14, 36)

24 (10, 40)

12 (−2, 28)

Adjusted %
change
(95% CI) b,
c

Main
analysis
using total
physical
activity
instead of
LTPA onlyl

c
After fitting the model for each of these four groups, we estimated the average increase in physical activity 10 years after cessation, relative to the expected level if smoking had continued, accounting for
both immediate and cumulative covariates of smoking exposure i.e. by computing the adjusted model coefficients of past smoking – coefficient of current smoking + [number of years since smoking
cessation * (coefficient of years since smoking cessation – coefficient of years of smoking)] (Table 2 and Appendix Figure 2).

The main outcome variable, LTPA score, was natural log-transformed to address skewness, so that exponentiated model coefficients are interpretable as the percent change in LTPA score expected after
10 years since smoking cessation.

b

We used linear mixed models with correlated random subject-specific intercepts and slopes and random intercepts for study center. Fully adjusted models included fixed effects for the current smoking
status (never smoking, current smoking, quit smoking), cumulative exposure to years of smoking and years since smoking cessation, as well as examination year, study center, physical activity level before
high-school, age at smoking start and 4-knot restricted cubic splines for education. Estimates are from 4 models according to race and sex categories (black women, black men, white women, white men).

a

Abbreviations: BMI: Body mass index; CI: Confidence interval; LTPA: Leisure-time physical activity; TDCM: Time-dependent confounder and mediator

21 (11, 32)

- White men

34 (20, 50)

34 (15, 57)

32 (16, 50)
28 (17, 40)

- Black men

16 (1, 32)

- Black women

- White women

17 (0, 37)

Adjusted %
change
(95% CI) b,
c

Adjusted %
change
(95% CI) b,
c

Inclusion
of variable
on medical
condition
interfering
with
physical
activityd

Overall difference
in LTPA 10 years
after smoking
cessation,
compared with
continuing to
smoke

Main
analysis a

Sensitivity of the adjusted percent change in leisure-time physical activity (LTPA) after smoking cessation to varying modeling strategies in CARDIA
participants, 1985-2011.
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Use of the overall physical activity score (leisure-time physical activity + occupation-related physical activity), see Appendix Table 1 for detailed description of the score.

l

k
Self-reported depression was measured every five years starting at year 5 examination by using the Center for Epidemiologic Studies Depression scale (CES-D).(23) A score of ≥16 used as the cut-off
value for both sexes as an indication of the clinically significant depressive symptoms.(24)

BMI calculated as weight in kilograms divided by height in meters squared and log-transformed to address skewness. Categories of alcohol consumption (abstained, light-moderate, heavy) were based on
the sex-specific weekly maximum drinking limits published by the National Institute on Alcohol Abuse and Alcoholism [for men >14 (women >7) standard drinks/week or >4 (>3) drinks/day].(22)

j

Marginal structural model including lagged values of TDCM defined a priori (BMI) or in population averaged logistic regression models (see Appendix Methods and Appendix Results). In observational
studies with time-varying exposures, standard approaches for adjustment of confounding are biased when there exist time-dependent confounders that are also affected by previous exposure.(9) Marginal
structural models are based on deriving inverse-probability-of-treatment weights (IPTWs), which are then used in a pooled logistic regression model to estimate the causal effect of treatment on outcome.
(53) Analyses stratified by race and sex, restricted to smokers at baseline (n=1556). Given the use of lagged values of TDCMs to estimate the IPTWs, start of the analyses at the year 2 examination for the
main MSMs and at the year 6 examination when also including depression. For the model to estimate the numerator of censoring weight, censoring included lost to follow-up, end of the study at year 25
and passage from quitter to relapse smoking. Covariates included for the numerator of censoring and treatment weight were: fixed variables: study center, education modeled as a 4-knot restricted cubic
spline and physical activity level before high-school; time-dependent covariates were: smoking status (current/stop), years of smoking, years since smoking cessation and 4-knot restricted cubic splines for
age, age at smoking start and examination year. Covariates included for the denominator of censoring and treatment weight were the covariates included in the numerator of censoring weights and the
lagged values of physical activity and BMI modeled as 4-knot restricted cubic splines, alcohol use modeled as an ordinal categorical variable and marital status modeled as a binary variable.

i

had continued described in footnote c accordingly: adjusted model coefficients of current smoking (current/quit) + [number of years since smoking cessation * (coefficient of years since smoking cessation
– coefficient of years of smoking)]

Given that only current smokers at baseline were included, we modified the formula to estimate the average increase in physical activity 10 years after cessation, relative to the expected level if smoking

Analyses restricted to smokers at baseline, N=1556.

h

g

Potential TDCM were alcohol use (abstainer, light to moderate, heavy), marital status (married/not married), depression (CES-D depression score ≥16/<16) and log-transformed values of BMI . TDCM
were defined a-priori such as for BMI or identified in population-averaged logistic regression models (see Appendix Methods and Appendix Results). Start of analyses at the year 5 examination given that
the depression score was only measured at the year 5 visit.

f

e
3,424 examinations after which participants reported a medical condition interfering with physical activity were censored for this analysis (10% of total examination sample). See footnote d for the
description of the variable. Restriction of the dataset to examinations 7 through 25.

At examination year 7 through 25, participants were specifically asked to report if they had a medical condition interfering with ability to exercise and to grade how much this condition interfered on a
scale from 1 (a little) to 5 (very much). A score of more than 2 was considered significant in the present analyses. Restriction of the dataset to examinations 7 through 25.
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