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ABSTRACT 

 

 

Purpose: The purpose of this study was to investigate the effect physical activity 

has on an attempt to quit smoking, and whether this effect varies over time and/or is 

mediated by other variables. Previous research has demonstrated that cravings to smoke 

are associated with higher odds of relapse, and that the strength of this effect increases 

throughout a quit attempt. A bout of physical activity has also been shown to reduce 

cravings to smoke. We hypothesized that physical activity would have a time-varying 

effect on smoking mediated by cravings to smoke. 

Methods: The Wisconsin Smokers Health study was a randomized, placebo-

controlled trial of five smoking cessation therapies. Each day, participants measured their 

steps with a pedometer and used their cell phone to complete Ecological Momentary 

Assessments of their cravings to smoke. We analyzed data from 7-days prior to a target 

quit day through 7-days following quit day. Participants were grouped by their daily step 

count and considered “less active” if they averaged less than 10,000 steps per day. 

Results: We found evidence among less physically active smokers that 1,000 

additional steps per day on the first 1-3 days of a quit period is associated with a lower 

odds of smoking relapse on those days. This effect remained significant after including 

covariates in subsequent models, as well as both the effects of cravings and negative 

affect on smoking. We were also able to replicate the previous finding in this dataset that 

the effect of cravings to smoke on smoking odds increases during the first week post-quit 

day as time from quit day increases. Despite our finding that steps per day was associated 

with lower relapse among inactive smokers, and that inactive smokers had higher 
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cravings and higher relapse rates, our study did not yield evidence for our mediation 

hypothesis that steps per day would associate with lower cravings to smoke. 

Conclusion: These findings could be used to tailor smoking cessation 

interventions to people at high risk of relapse and failure to successfully quit. A bout of 

1,000 steps is roughly a 15-minute walk. Encouraging this kind of behavior when 

cravings are high could lead to successful quitting for less active smokers. Future 

cessation research with a focus on framing physical exercise as a protective tool against 

smoking relapse could be valuable for creating more efficient interventions. 
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CHAPTER 1 

INTRODUCTION 

 

 

Smoking and Health in the United States 

Despite a sharp overall decline in smoking prevalence during the last 50 years, 

smoking remains the leading cause of preventable death in the United States (National 

Center for Chronic Disease Prevention and Health Promotion, 2014). Three of the 

deadliest diseases in the U.S., heart disease, cancer, and stroke, are all believed to be 

caused at least in part by smoking (Renehan & Howell, 2005). Although much progress 

has been made on reducing the prevalence of smoking in the United States, there are still 

emerging issues in cigarette and tobacco use. Evidence that smoking remains a national 

public health issue can be seen in the Healthy People 2030 goals regarding health 

behaviors. Goal TU-02 is to reduce the proportion of adults who smoke cigarettes from 

14% to 5%, a nearly 3-fold reduction of today’s smoking prevalence rate (Office of 

Disease Prevention & Promotion, n.d.). This is an ambitious goal which will require 

serious work to accomplish. Another emerging topic in the field is vaping, and unlike 

tobacco use, the prevalence of vaping has increased in recent years (Hammond et al., 

2019), particularly among younger adults. Given the relatively recent appearance of these 

kind of smoking products, it is not well known what the long-term health of effects of 

their use will be. However, regardless of the modality, smoking remains a major public 

health problem and consideration in the United States today.  

 



2 

 The pathophysiology of smoking’s harm is complicated and affects a broad range 

of the body. Smoking has been associated with a myriad of diseases and dysfunctional 

changes in the biological system, including but not limited to cardiovascular disease 

(Ambrose & Barua, 2004), preterm birth (Ion & Bernal, 2015), a decline in fertility 

(Sansone et al., 2018), disrupted hormone regulation (Marom-Haham & Shulman, 2016), 

multiple sclerosis (Wang et al., 2019), and impaired lung functioning (Allinson et al., 

2017) to name only just a few examples. It would seem there are hardly any biological 

processes in the human body which are not negatively affected in some way by smoking. 

The mechanisms by which smoking induces these changes are not always entirely 

understood in every case, but much work has been done to investigate the biochemical 

explanations for the abnormal functioning associated with smoking (The Health 

Consequences of Smoking—50 Years of Progress: A Report of the Surgeon General - 

PubMed, n.d.). 

Given these distressing facts, many public health dollars and hours have been 

spent designing, testing, and implementing smoking cessation interventions and 

programs. The CDC’s Office of Smoking Health gives a list of different methods 

smokers can use to attempt to quit (CDC, 2020). These fall into two general categories – 

cessation counseling and/or medications (CDC, 2020). The CDC recommends that using 

both in combination is the most effective method for permanent quitting (CDC, 2020). 

Meta-analysis and review of the interventions tested thus far have yielded consistent 

evidence that combined therapy is more likely to succeed at cessation than medication or 

counseling alone (Stead et al., 2016). However, despite the good news in terms of the 

research accomplishments and the programs already developed for cessation, there are 
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still difficulties to overcome. For example, participant adherence to medication protocols 

is frequently an issue in cessation interventions, and non-adherence to medications has a 

negative impact on cessation (Raupach et al., 2014). Based on existing research on the 

topic, the reasons for non-adherence seem to be a complex web of psychological, 

environmental, genetic, and socioeconomic factors (Pacek et al., 2018). In their review of 

such factors, Pacek et al. (2018) argued that addressing the challenges to adherence 

should be a priority in future cessation research. Taking all of this together, we should 

continue to consider the less studied factors and behaviors that play a part in smoking 

cessation, with the end goal of continuing to tweak and improve upon our existing 

cessation toolkit. 

 

Physical Activity Patterns Among Smokers 

Like smoking, inadequate physical activity (PA) is a modifiable behavior that is 

associated with many negative health outcomes. The CDC reports that only 23% of adults 

meet the recommended guidelines for both aerobic and muscle strengthening PA 

(FastStats - Exercise or Physical Activity, n.d.). Consideration of some of the top causes 

of death in the U.S. as outcomes of interest shows the same directional associations 

between each disease and inadequate PA that are seen with smoking:  
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• A prospective cohort study of nearly 142,000 adults with 7 years of mean follow-

up assessment demonstrated a strong association between adequate PA and lower 

risk of cardiovascular disease (Lear et al., 2017).   

• Regarding type II diabetes, a meta-analysis of 87 studies reported higher levels of 

all types of PA measured (e.g., walking, vigorous activity, leisure activity) were 

associated with a decreased risk of type II diabetes (Aune et al., 2015).  

• Risk for a number of types of cancer have been observationally associated with 

inadequate PA (Physical Activity and Cancer Fact Sheet - National Cancer 

Institute, n.d.). 

Not only are smoking and inadequate PA both health risks in their own rights, but 

smokers are also less likely to be adequately physically active than people who do not 

smoke. A large-scale, prospective longitudinal study in a Finnish cohort described life 

course trajectories of smoking and PA (Salin et al., 2019). Participants self-reported their 

levels of PA and smoking status up to eight times over a 30-year time period. The group 

that remained on the “persistently physically active” trajectory throughout the 30 years of 

study time were also the least likely group to be in the “regular smoking” trajectory 

(Salin et al., 2019). 

The psychological experience of negative affect, which includes negative 

emotional states such as stress, anger, or nervousness (Watson et al., 1988), is associated 

with both inadequate PA and smoking. In one study of 50 college students, investigators 

used smartphones to collect text-based responses, and prompted the participants 6 times 

per day to self-report their perceived stress, as well as their level of PA (Schultchen et al., 

2019). The results showed that more minutes of PA was associated with a reduced level 
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of stress and negative affect, and an increase in positive affect (Schultchen et al., 2019). 

In their review, Dinas et al. (2011) found similar results, and even went so far as to 

suggest that PA may be able to reduce symptoms of depression as effectively as some 

antidepressant medications (Dinas et al., 2011). Studies have implicated negative affect 

as a factor leading to relapse in smoking cessation attempts (Baker et al., 2004). 

In summary, smoking and PA can be considered intertwined risky health 

behaviors. Heart disease, for example, can both be caused by smoking and can itself 

cause a decline of engagement in physical activity. A study of 73 nursing students in 

Spain objectively measured pulmonary functioning and compared the findings of 

smokers and non-smokers. Smokers had significantly worse pulmonary functioning 

outcomes as measured by forced expiratory volume, a proxy for exercise capacity (Rico-

Martín et al., 2019). The finding that rates of both smoking and inadequate physical 

activity are correlated and have common causes is a worrying one, given the negative 

health outcomes associated with each behavior. These data should compel us to develop 

interventions that can work to address both issues whenever possible.   
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Smoking Cessation via Physical Activity 

Several prospective studies, systematic reviews, and meta-analyses have reported 

a relationship between PA and smoking cessation, often via cravings reduction and/or 

reduced negative affect in smokers (see Table 1 below). In this context, reduced cravings 

and negative affect can be considered mediators – they lie between PA and cessation on 

the causal pathway. 
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Table 1. Research Assessing the Associations between Physical Activity, Affect, Cravings, and 
Smoking Cessation 

Reference Summary Title 

Abrantes et al 2018 Aerobic exercise led to cravings 

reduction after a quit attempt. 

Future work needs to examine 

the timing/sequencing effects 

surrounding exercise and 

cessation. 

Acute Effects of Aerobic Exercise 

on Affect and Smoking Craving 

in the Weeks Before and After a 

Cessation Attempt 

 

Adurain-McGovern 2015 Compared with sitting, a session 

of physical activity was 

associated with decreased 

negative mood and cravings. 

Reinforcing value of smoking 

relative to physical activity and 

the effects of physical activity on 

smoking abstinence symptoms 

among young adults 

Allen et al 2018 A bout of exercise reduced the 

urge to smoke.  

Effect of brief exercise on urges 

to smoke in men and women 

smokers 

Conklin et al 2017 Exercise sessions over a 3-day 

period were associated with a 

reduced craving to smoke. 

Exercise attenuates negative 

effects of abstinence during 72 

hours of smoking deprivation 

Elibero et al 2011 Compared to control, an 

exercise group reported reduced 

negative affect and reduced 

cravings to smoke. 

Acute effects of aerobic exercise 

and Hatha yoga on craving to 

smoke 

Jesus & Prapavessis 2018 Negative affect mediated the 

relationship between exercise 

and cravings 

Affect and cortisol mechanisms 

through which acute exercise 

attenuates cigarette cravings 

during a temporary quit attempt 

Roberts et al 2012 Review, cited 12 studies that 

found a positive effect of 

exercise on cravings to smoke. 

The acute effects of exercise on 

cigarette cravings, withdrawal 

symptoms, affect, and smoking 

behaviour: systematic review 

update and meta-analysis 

Tosun et al 2018 Negative affect was negatively 

associated with exercise in 

women only. 

Future research should study 

how exercise impacts smoking 

cessation. 

Association of exercise with 

smoking-related symptomatology, 

smoking behavior and impulsivity 

in men and women 

 

Underner et al 2015 Review of 17 cessation trials 
that incorporated physical 

activity in the intervention. Four 

4 trials found beneficial effect of 

physical activity. 

The efficacy of physical activity 
as an aid to smoking cessation 

 

Williams et al 2011 Results showed that physical 

activity can be used as a 

cessation treatment, but that its 

effect will vary from session to 
session over time. 

Acute effects of moderate 

intensity aerobic exercise on 

affective withdrawal symptoms 

and cravings among women 
smokers 
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A systematic review and meta-analysis of the physical activity and smoking 

cessation literature found that short bouts of exercise were associated with a reduction in 

cravings to smoke (Taylor et al., 2007). The authors noted that future research would 

need to focus on understanding the mechanism(s) by which PA has this positive effect. 

One hypothesis they discuss is the potential for PA to reduce or regulate cravings. 

Cravings, or the urges to smoke, are a hallmark of smoking withdrawal and one of the 

barriers to successful smoking cessation. In 2012, an update to the Taylor et al. (2007) 

review added more studies to the meta-analysis and found results consistent with the 

original review (Roberts et al., 2012). 

However, there are some conflicting findings present in this literature. In their 

meta-analysis of over 20 randomized trials, Ussher et al. (2019) compared counseling-

only cessation interventions with counseling plus physical activity-based interventions 

(Ussher et al., 2019). The authors reported a lack of any compelling evidence that 

physical activity-based interventions are any more effective than counseling-based 

interventions alone (Ussher et al., 2019). However, this review did find strongly 

consistent evidence that PA reduces cravings to smoke (Ussher et al., 2019). 

The mechanism(s) by which cravings are reduced via PA is yet unclear, and the 

idea of an effect on craving but no detectable effect on relapse seem inconsistent with the 

importance of craving in the relapse process A common theme throughout this literature 

is the notion of timing (for example, number of days since quit day), and the degree to 

which it makes differences in the perceived experiences of cravings and negative affect, 

their reduction via PA, and ultimately how their effect on cessation varies as a function of 

time. It is worth noting that although Taylor et al. (2007) and Ussher et al. (2019) reached 
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conflicting conclusions at face value, their results are actually not necessarily mutually 

exclusive. Taylor et al. (2007) found evidence that PA can reduce the craving to smoke, 

while Ussher et al. (2019) found that existing PA-based interventions for smoking 

cessation seem to not be more effective than standard interventions. The next section 

offers a hypothesis for why both of these could be true. 

 

Time-Varying Effects and Mediation 

Smoking status, negative affect, and cravings are dynamic phenomena; they are 

factors which change as a function of time precipitously and often. Many smokers are not 

successful at permanently quitting with their 1st quit attempt (Smoking Cessation: Fast 

Facts | Smoking & Tobacco Use | CDC, n.d.). For example, Chaiton et al. (2016) 

demonstrated that depending on the assumptions taken in their model, the mean number 

of attempts needed to successfully quit may vary between 6 and 30 quit attempts (Chaiton 

et al., 2016). This means that the typical smoker who tries to quit is likely to see frequent 

change with regard to their smoking status throughout their cessation attempts (i.e., 

smokes, does not smoke, smokes, and so on). Despite this, the list of meta-analyses and 

interventional studies cited thus far have been limited in their use of traditional modeling 

techniques for longitudinal data, which fail to adequately account for the time-varying 

nature of the exposures, mediators, and outcomes of interest in a study.  

To this end, researchers of late have been increasingly more inclined to collect 

Ecological Momentary Assessment (EMA) data in their interventions in order to better 

investigate the time-varying processes of smoking cessation, withdrawal symptoms, and 

relapse. EMA, as opposed to the classic self-report paradigm, involves repeated data 
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collection in “real-time” to capture the fluid temporal aspects of a variable (Shiffman et 

al., 2008). In order to analyze intensive longitudinal data such as EMA, biostatisticians 

have developed time-varying effect models (TVEM) which are capable of producing 

time-varying effect estimates for time-varying exposures (Tan et al., 2012). 

Using the EMA and TVEM paradigm, Lanza et al. (2014) demonstrated that 

cravings to smoke vary as a function of time. Specifically, they found that cravings are 

highest immediately after quit day, and then subsequently cravings decline as a 

participant gets further from their quit day (Lanza et al., 2014). Building on that work, 

Vasilenko et al. (2014) modeled time-varying factors that predict odds of smoking after a 

quit attempt. Per their results, the positive relationship between craving and odds of 

smoking was statistically significant during the entire quit attempt (Days 1-14). However, 

the size of this effect (odds ratio) increased as a function of time – cravings later in the 

cessation attempt were associated with higher odds of smoking relapse. Likewise, the 

effect size of negative affect on odds of smoking increased as time from quit day 

increased, with negative affect only becoming statistically significant after Day 9 

(Vasilenko et al., 2014). Tying the findings from both Lanza et al. (2014) and Vasilenko 

et al. (2014) together, we can summarize that the predictive effect of withdrawal 

symptomologies like cravings and negative affect have on odds of smoking relapse is 

strongest after the overall level of those symptoms is expected to have declined 

somewhat – in this case 10-14 days after a quit day. 

 

 Further, Vasilenko et al. (2014) also found that the effectiveness of a cessation 

program (i.e., combination therapy, monotherapy, or placebo) varies as a function of 
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time, such that actual cessation therapy (be it medication or counseling) became only 

about as effective as placebo after 10-days post-quit day. In conclusion, the authors note 

that future cessation interventions need to consider the significance of the 2nd-3rd weeks 

post-quit day, and how smoking withdrawal varies over the length of a quit attempt 

(Vasilenko et al., 2014). Building even further on this work, Koslovsky et al. (2018) 

identified additional time-varying smoking and withdrawal-related risk factors for odds 

of smoking after a quit day, and found roughly similar results (Koslovsky et al., 2018). 

However, to our knowledge no study has yet treated PA as a time-varying exposure and 

assessed its effect on odds of smoking. 
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Research Questions and Aims 

To briefly summarize the key arguments and evidence presented thus far: 

o Cravings and negative affect are positively associated with odds of smoking 

relapse (Figure 1). 

o PA is associated with a reduction in cravings and negative affect (Table 1). 

o However, smoking cessation + PA interventions have failed to concretely 

demonstrate that PA has an added benefit on top of standard treatment for 

cessation attempts (Ussher et al., 2019). 

o We hypothesize that this could be due to a failure to consider and analyze the 

time-varying nature of PA’s influence on cravings, negative affect, and 

subsequent cessation. 

Given this gap in research, plus the evidence presented demonstrating that PA 

reduces cravings and negative affect, the primary aim of the study is to examine the time-

varying effect of physical activity on smoking cessation and how this effect might be 

mediated by reduced cravings and negative affect. The main research questions are: 

1. Is PA associated with smoking cessation in the sample under consideration? 

2. Does PA have an association with smoking cessation that varies as a function 

of time? 

3. Is this effect mediated by reduced cravings and/or reduced negative affect? 

4. Does that mediated effect vary as a function of time? (i.e. Does PA have an 

effect on cravings which is stronger later in a cessation attempt?) 
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CHAPTER 2 

METHODS 

 

 

Study Design 

This study is a secondary data analysis of the Transdisciplinary Tobacco Use 

Research Centers (TTURC-2) study – a randomized, placebo-controlled trial of five 

smoking cessation therapies (Piper et al., 2009). TTURC-2 was groundbreaking in its 

simultaneous comparison of multiple smoking cessation therapy types, including: 

Nicotine Patch, Nicotine Lozenge, Nicotine Patch + Nicotine Lozenge, Bupropion, and 

Bupropion + Nicotine Lozenge (Piper et al., 2009). While there had been some degree of 

research conducted previously that demonstrated the relative efficacy of each one of these 

therapies in isolation, this trial represented an attempt to compare each of the therapies 

within the same protocol. TTURC-2 was also designed to rigorously test the differences 

between monotherapies (i.e. Nicotine Patch only) vs. combination therapy (Nicotine 

Patch + Nicotine Lozenge) for smoking cessation. It is generally assumed that 

combination therapy is a more effective method for achieving smoking cessation than 

single therapies alone, and this was supported by results from the TTURC-2 study (Bolt 

et al., 2012; Piper et al., 2009). 

 

Procedure 

Participants interested in the TTURC-2 study contacted the research team by 

telephone, at which point a screening survey was completed. If the participant passed that 

screening, they were invited for an in-person information session to discuss the study and 
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provide informed consent (Piper et al., 2009). There were then a series of in-person 

baseline visits, during which medical history, demographic variables, and further 

screening was completed to confirm eligibility and finally enroll into the study (Piper et 

al., 2009). During one of the baseline study visits, participants were trained on how to use 

a pedometer to record their step counts per day and given a log to record those steps from 

home. Randomization was double-blind and occurred after baseline enrollment was 

complete. Participants were assigned to either (1) a cessation therapy intervention of one 

of the five types already described, or (2) the placebo analogue of one of those 

interventions. At the final baseline study visit a target quit day was given to the subject 

after which they began taking their medication/intervention and attempted to cease 

smoking. Four more study visits took place over the next 8 weeks during which smoking 

status and vital signs were recorded. Within the 1-2 weeks surrounding the target quit 

day, subjects wore the pedometer for 7-days and recorded their step counts each day. For 

10 days following the quit day, subjects also answered daily Ecological Momentary 

Assessment prompts regarding (among other things) their experienced degrees of 

smoking cravings and negative affect. Finally, subjects also used a calendar each day 

after the target quit day to record whether or not they had sustained abstinence from 

smoking, or if they relapsed, the number of cigarettes they had smoked that day. The 

focus of this secondary data analysis is the daily physical activity data, the negative affect 

and cravings assessments, and the daily smoking data obtained via the calendar 

instrument. 

 



15 

Participants 

Subjects in TTURC-2 included 1504 smokers recruited from Milwaukee and 

Madison, WI (Piper et al., 2009). Data collection occurred between 2005-2008. Inclusion 

criteria required that participants were current and frequent smokers, stipulating that 

subjects smoke at least 9 cigarettes per day and have an alveolar carbon monoxide level 

above 9 (Piper et al., 2009). Informed consent was collected from all participants and the 

study received approval from the Institutional Review Board at the University of 

Wisconsin Health Sciences (Piper et al., 2009). The analytical sample for this secondary 

data analysis includes 690 of the 1504 total TTURC-2 subjects who provided complete 

data on all measures of interest listed in the next section. 
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Measures 

 

Demographics 

At the baseline study visit participants completed a survey which collected self-

reported gender and race. Race was coded as a categorical variable with 6 levels, 

“White”=1, “Black”=2, “American Indian”=3, “Alaskan Native”=4, “Asian”=5, 

“Other”=5. Sex was coded as a categorical variable with 2 levels, “Male”=1, 

“Female”=2. Experimental group was given 6 levels, “Nicotine Patch”=1, “Nicotine 

Lozenge”=2, “Nicotine Patch + Nicotine Lozenge”=3, “Bupropion”=4, and “Bupropion” 

+ “Nicotine Lozenge”=5, “Placebo”=6. We controlled for experimental group as a 

categorical variable in the analysis. 

 

Daily Smoking 

Daily smoking was measured via a smoking calendar instrument to capture 

continuous abstinence (Piper et al., 2009). At the end of each day of the study participants 

recorded the current date, whether or not they smoked on that day (“smoke” = “Yes”=1, 

“No”=0), and if so how many cigarettes they smoked (“cignum”). The variable of interest 

in this analysis is the binary “smoke” measure. 

 

Physical Activity 

 Participants measured their step count per day using a Yamax Digiwalker SW-

701 pedometer. This device provided a value which the subjects recorded into a log 

provided by the TTURC-2 study team. We operationalized a “steps1k” variable which is 

the total steps a subject took on a given day divided by 1,000. Subjects also reported total 
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wear time per day in number of hours. We marked data as unreliable and excluded 

pedometer data for a day if the data failed to meet certain quality criteria, methods which 

have been reported previously in similar studies (Gennuso et al., 2014; Tudor-Locke et 

al., 2005):  

a) Less than 10 hours of reported pedometer wear time for a day 

b) A day with > 50,000 steps 

c) A day with < 500 steps 

 

Cravings and Negative Affect 

Participants were electronically cued 4 times each day to answer questions about 

their mood and overall mental health, and their urge to smoke at that moment. These 

questions came from the Wisconsin Smoking Withdrawal Scale and Positive Affect 

Negative Affect Scale, both of which are validated experimental psychology research 

techniques (Watson et al., 1988; Welsch et al., 1999). The ecological momentary 

assessment requested that participants agree or disagree with certain descriptions of how 

they felt in the last few minutes, including a list of negative mood states: Tense, Anxious, 

Irritable, Sad or depressed, Impatient, Upset, and Distressed. Questions related to 

smoking desire included: “Bothered by desire to smoke a cigarette” and “Urge to smoke”. 

Following methods previously published on this dataset (Cook et al., 2017), we 

operationalized these answers as continuous measures by coding “Agree!”=10 and 

“Disagree”=0. Each subject gave 4 responses to each item per day, which equals 4 x 7 = 

28 assessments for negative affect, and 4 x 2 = 8 assessments for cravings. We calculated 

an overall negative affect score and an overall cravings score for each day by calculating 
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the mean of all responses for a respective variable. A higher final score for negative 

affect or cravings indicates greater levels of each, respectively. 

 

Statistical Analyses 

Despite the generally accepted belief in experimental psychology that phenomena 

such as smoking symptomologies and cessation success or failure are time-varying, 

exposures and outcomes of interest of this sort are still often treated as time-invariant in 

studies. This is probably a function of the lack of available techniques and user-friendly 

demonstrations of the ability of time-varying models to estimate time-varying effects. 

However, R packages that can estimate time-varying effects and mediation now exist and 

are becoming more commonly used (Coffman et al., 2020). 

Our analytical approach will begin by computing summary statistics for each 

variable of interest, and demographics and covariates will be summarized for different 

groups. Next we will test the hypothesis that PA is associated with daily smoking, and 

that the effect varies in strength as a function of time. We then investigate the more subtle 

mechanism by which PA has an effect on smoking by conducting a mediation analysis 

with negative affect and cravings as mediators of interest.  

 

Missing Data 

Our statistical analyses will use listwise deletion at the daily level, so a 

participant’s observations on a given day will be excluded if they fail to provide any data 

on that day. We will conduct an analysis of the missing data patterns by first investigating 

the most common reasons for missing data among omitted participants, and then model 
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possible predictors of missing data. These predictors will include a participant’s sex, 

activity level (daily step average), condition (experimental group vs. placebo), and 

whether they relapsed on the day before failing to provide data. 

 

Time-Varying Effect of Physical Activity on Daily Smoking 

This step of the analysis uses the R package “tvem” (Dziak et al., 2021). The 

time-varying effect model notation will be of the form: 

logit(DSi) = β0(t) + β1(t)xPAi 

where DS (daily smoking) and PA (physical activity) are measured longitudinally 

for each subject (i) at each time point (t). β0 and β1 are intercept and slope parameters. 

DSi is the binary variable for whether smoking on a given day was reported in a given 

subject’s smoking calendar each day, and PAi is the numerical variable “steps1k” 

calculated from the pedometer log as described above. The result of the model will be a 

plot which includes confidence intervals for the log-odds effect estimate of PA on DS at 

each time point. This will be used to heuristically describe at which time points (if any) 

PA has a significant association with DS. To account for within-subject correlation of 

repeated data collection on variables like EMA, the TVEM R package adjusts for 

standard errors using generalized estimating equations with working independence 

(Dziak et al., 2021). 

 

Time-Varying Effect of Physical Activity on Negative Affect and Cravings 

After investigating the time-varying effect of PA on DS, we will then inspect two 

potential mediators of this association. Mediators are variables between an exposure and 
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an outcome in the causal pathway, such that the exposure is believed to have an effect on 

the mediator which then has an effect on the outcome. This paradigm is useful in 

understanding the mechanisms by which exposure affects an outcome, and makes it 

possible to consider the “direct” and “indirect” (i.e. those via mediation) effects of an 

exposure. In the case of the TTURC-2 study, we are interested in the positive effect that 

physical activity has on reducing daily smoking. Our literature review above 

demonstrated that physical activity may be affecting cravings and/or negative affect, 

which in turn has a positive effect on reduced daily smoking odds. The direct acyclic 

graph (causal diagram) in this case would be: 

  

Cravings (CR) 

Negative Affect (NA) 

Daily Smoking (DS) Physical Activity (PA) 

Exposure 

Mediator 

Outcome 

Figure 1. Mediator Directed Acyclic Diagram for Smoking, Physical Activity, 

and Smoking Symptomologies 
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The path from PA to DS is called the direct (i.e. unmediated) effect, and the path from 

PA to CR/NA to DS is the indirect, or mediated effect of PA on DS. This time-varying 

effect model for examining the effect of PA on NA and CR will be of the form: 

CRi = β0(t) + β1(t)xPAi + εi 

NAi = β0(t) + β1(t)xPAi + ε i 

where CR (cravings to smoke), NA (negative affect), and PA (physical activity) are 

measured longitudinally for each subject (i) at each time point (t). ε signifies random 

errors, while β0 and β1 are intercept and slope parameters. NA (negative affect) is a given 

subject’s operationalized mean score for their reported negative affect symptoms on a 

given day, and CR (cravings) is a given subject’s operationalized mean score for their 

reported cravings to smoke on a given day. PAij is the continuous variable ““steps1k”” 

recorded by a given subject in their pedometer log each day. 
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Time-Varying Effect of Cravings and Negative Affect on Daily Smoking 

The time-varying effect model notation will be of the form: 

logit(DSi) = β0(t) + β1(t)xCRi 

logit(DSi) = β0(t) + β1(t)xNAi 

where DS, NA, and CR are measured longitudinally for each subject (i) at each time 

point (t). β0 and β1 are intercept and slope parameters. The result of the model will be a 

plot which includes confidence intervals for the log-odds effect estimate of NA and CR 

on DS at each time point. This will be used to heuristically describe at which time points 

(if any) CR and NA have a significant association with DS. 

 

Time-Varying Effect of Physical Activity, Negative Affect and Cravings on Daily Smoking 

The model uses all 3 time-varying observations to estimate the log-odds effect of 

NA, CR, and PA on DS. This coefficient for PA in this model is the “direct” effect and 

the coefficients for NA and CR give the estimates of the latter half of the mediation 

effect: 

logit(DSi) = β0(t) + β1(t)xPAi + β2(t)xNAi  + β3(t)xCRi 
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CHAPTER 3  

RESULTS 

 

 

Missing Data Analysis 

We visualized patterns of missing data among 163 participants who failed to 

provide any complete data for a given day of study period and were omitted from the 

study (Appendix A). The most common reason for being omitted was failing to provide 

any EMA data (negative affect or cravings) on a given day, a pattern among 60% of all 

omitted subjects. We therefore modeled predictors of missing EMA data and listed 

results in Table 2 below. During the first 1-4 days post-target quit day (TQD), being 

female or averaging less than 10,000 steps per day was associated with a lower odds of 

having missing EMA data (p-value < 3.33e-3). Being exposed to an experimental group 

of any type or relapsing the day before missing EMA data was not associated with 

missing data. 
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Table 2. Binary logistic model results of missing EMA data 

Odds ratio | p-value 

Days from TQD Sex [Female] Condition [Experimental] Step group [Under 10k] Smoked TQD-1 [Yes] 

-7 
0.25 0.033 0.47 0.206 0.77 0.657 - - 

-6 
0.54 0.218 0.51 0.213 1.52 0.519 

- - 

-5 
0.64 0.384 0.76 0.671 1.31 0.686 

- - 

-4 
1.14 0.781 0.92 0.902 1.72 0.406 

- - 

-3 
0.46 0.166 0.41 0.107 0.73 0.598 

- - 

-2 
0.76 0.580 0.45 0.139 1.09 0.885 

- - 

-1 
0.74 0.582 0.47 0.211 0.93 0.905 

- - 

0 
0.91 0.787 2.52 0.223 0.32 < 0.003 * 0.58 0.391 

1 
0.42 < 0.003 * 0.80 0.561 0.78 0.415 0.86 0.654 

2 
0.27 < 0.003 * 0.67 0.290 0.41 < 0.003 * 0.54 0.127 

3 
0.27 < 0.003 * 0.75 0.419 0.42 < 0.003 * 1.01 0.978 

4 
0.37 < 0.003 * 0.68 0.286 0.40 < 0.003 * 0.68 0.249 

5 
0.56 0.078 0.59 0.176 0.44 0.011 2.28 0.009 

6 
0.58 0.121 0.37 0.009 0.64 0.226 1.44 0.315 

7 
0.66 0.350 0.36 0.037 0.67 0.395 1.35 0.531 

Reference: Male Placebo Over 10k No 

Each row is a result from a distinct model run on the data from a given TQD. 

TQD= Target Quit Day 

Smoked TQD-1 [Yes] indicates a relapse to smoking on the previous day from TQD. 

* + bold italics indicates significance below 3.33e-3 (Bonferroni correction level used for 15 tests). 
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Participant Characteristics 

The sample demographics are listed in Table 3 below. Data are presented for the 

entire sample and also stratified into two sub-groups depending on whether a participant 

took an average of greater or less than 10,000 steps per-day during the 14-day study 

period (referred to hence as “10K+” and “10K-”, respectively). The majority of 

participants (78.4%) fell into the 10K- step group. Participants in the 10K+ step group 

were proportionally more female and slightly younger than the 10K- steps group on 

average. Participants were evenly distributed from the different study treatment 

conditions between step groups. Overall, participants were 45 years old on average and 

42% female. 
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Table 3. Sample Demographics 

 Full sample Under 10K Steps Over 10K 

Steps 

    

Age mean (years) 44.8 45.6 42.5 

Female (%) 42.0 37.8 57.0 

White (%) 87.8 87.4 89.2 

    

Study condition (%)    

 Bupropion 

 Lozenge 

 Patch 

 Bupropion + Lozenge 

 Patch + Lozenge 

 Placebo Bupropion 

 Placebo Lozenge 

 Placebo Patch 

 Placebo Bupropion + Lozenge 

 Placebo Patch + Lozenge 

15.7 

16.6 

18.8 

17.5 

19.4 

2.4 

2.4 

2.0 

2.1 

2.6 

 15.8 

 16.4 

 18.6 

 17.3 

 19.5 

 2.5 

 2.7 

 1.6 

 2.0 

 2.9 

 15.4 

 17.4 

 19.4 

 18.1 

 18.7 

 2.0 

 1.3 

 3.5 

 2.6 

 1.3 

    

    

N =  690 541 (78.4%) 149 (21.6%) 
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Changes in Means of Variables of Interest Over Time 

 Figures 1-4 plot the mean values for each variable of interest on each day of data 

collection for the sample as a whole and stratified by each step group. Mean steps per-day 

weakly increased in each group throughout the study period (Figure 1). During the first 

week post-TQD, a smaller proportion of the 10K+ group relapsed each day compared to 

the 10K- group (Figure 2). Mean cravings to smoke per day was lower overall in the 

10K+ group compared to the 10K- group (Figure 3), and the 10K+ group tended to see an 

earlier decline in cravings following their TQD. Mean levels of negative affect per day 

were roughly equal across groups but varied over time, peaking shortly after the quit 

attempt began (Figure 4). 
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Figure 2. Mean Steps Per Day by Group 

 

Figure 3. Proportion of Group Relapse Per Day post-TQD 
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Figure 4. Mean Cravings Per Day by Group 

 

 

Figure 5. Mean Negative Affect per Day by Group 
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Time-Varying Effect Model Results 

 

The Total Effect of Steps on Smoking 

Figures 5-7 are the results of 3 separate logistic models of steps per 1000 on a 

binary smoking outcome (‘yes’ smoked or ‘no’ did not smoke on a given day). This is the 

“total” effect of steps on smoking without the inclusion of any potential mediators. Figure 

6 suggests that in the 10K- group, there is somewhat inconsistent evidence for a possible 

weak protective effect for a short time after the target quit date (TQD). However, this 

protective effect is not significant on other days, nor is it present when modeled on 

participants in the 10K+ step group (Figures 5 and 7). 

 

 
Figure 6. Full Sample, TVEM of Daily Smoking = Steps 1K 
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Figure 7. 10K- Steps Group, TVEM of Daily Smoking = Steps 1K 

 

 
Figure 8. 10K+ Steps Group, TVEM of Daily Smoking = Steps 1K 
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The Effect of Steps on Cravings and Negative Affect 

Figures 8-10 are the results of 3 separate TVEM models of PA on cravings to 

smoke in the full sample and the low and high-PA subsamples, treating cravings to 

smoke as normally distributed. No time-varying effect of steps on cravings was 

significant at any time point. Likewise Figures 11-13 are the results of 3 separate TVEM 

models of PA on negative affect in the full sample and subsamples. These also revealed 

no significant time-varying association between steps and negative affect during the 

study period. 

 

 
Figure 9. Full Sample, TVEM of Cravings = Steps 1K 
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Figure 10. 10K- Steps Group, TVEM of Cravings = Steps 1K 

 

 
Figure 11. 10K+ Steps Group, TVEM of Cravings = Steps 1K 
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Figure 12. Full Sample, TVEM of Negative Affect = Steps 1K 

 

 
Figure 13. 10K- Steps Group, TVEM of Negative Affect = Steps 1K 
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Figure 14. 10K+ Steps Group, TVEM of Negative Affect = Steps 1K 

 

The Effect of Cravings and Negative Affect on Smoking 

Results in Figures 14-19 below are from logistic models of cravings and negative 

affect on smoking, respectively. Cravings had a strong positive association with odds of 

smoking that increased during the first week after TQD. This effect was found in the full 

sample and in both the lower-PA and higher-PA subsamples. Negative affect had a less 

clear time-varying effect but was significant around day 4 after TQD and associated with 

higher odds of smoking, particularly in the 10K- step group. 
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Figure 15. Full Sample, TVEM of Smoking = Cravings 

 

 
Figure 16. 10K- Steps Group, TVEM of Smoking = Cravings 
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Figure 17. 10K+ Steps Group, TVEM of Smoking = Cravings 

 

 
Figure 18. Full Sample, TVEM of Smoking = Negative Affect 
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Figure 19.  10K- Steps Group, TVEM of Smoking = Negative Affect 

 

 
Figure 20. 10K+ Steps Group, TVEM of Smoking = Negative Affect 
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The Direct Effect of Steps on Smoking 

Figures 20-22 are the results of the “direct effect” models. This includes time-

varying effects for steps, cravings, and negative affect on smoking. In the full sample, 

only cravings to smoke had a significant time-varying effect on smoking. In the 10K- 

subgroup, an increase of 1000 steps per day continued to have a possible weak protective 

effect for a short time after the target quit date. 

 
Figure 21. Full Sample, TVEM of Smoking = Steps + Cravings + Negative Affect 
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Figure 22. 10K- Steps Group, TVEM of Smoking = Steps + Cravings + Negative Affect 
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Figure 23. 10K+ Steps Group, TVEM of Smoking = Steps + Cravings + Negative Affect 

 

 

 

  



42 

Next, time invariant covariates sex, race, and study condition were included and 

the same models were run. Figures 23-25 below plot the results and Tables 3-5 list the 

coefficients and t-statistics for the time-invariant covariates included the respective 

models. All time-varying effects remained consistent before and after the inclusion of 

these invariant effects. 

 
Figure 24. Full Sample, TVEM of Smoking = Steps + Cravings + Negative Affect + Sex 

+ Race + Study Condition 
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Figure 25. 10K- Steps Group, TVEM of Smoking = Steps + Cravings + Negative Affect 

+ Sex + Race + Study Condition 
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Figure 26. 10K+ Steps Group, TVEM of Smoking = Steps + Cravings + Negative Affect 

+ Sex + Race + Study Condition 
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Table 4. Results for Time-Invariant Effects, Full Sample Model 

Invariant effect Estimate Standard error t statistic 

Lozenge 0.486 0.269 1.804 

Patch -0.033 0.273 -0.121 

Bupropion + Lozenge 0.011 0.291 0.038 

Patch + Lozenge -0.297 0.284 -1.045 

Placebo + Bupropion 0.670 0.489 1.369 

Placebo Lozenge 0.658 0.558 1.179 

Placebo Patch -0.021 0.484 -0.042 

Placebo Bupropion + Lozenge 0.187 0.673 0.278 

Placebo Patch + Lozenge 0.282 0.556 0.508 

Black 0.289 0.331 0.874 

American Indian -0.863 0.473 -1.823 

Alaskan Native 0.747 0.241 3.096 

Asian 1.416 0.249 5.677 

Other 0.998 0.668 1.493 

Female 0.083 0.175 0.471 

N = 690    

Reference groups: 

Condition: Bupropion 

Race: White 

Sex: Male 

Notes: * Bold indicates t statistic greater than 2 
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Table 5. Results for Time-Invariant Effects, 10K- Step Group Model 

Invariant effect Estimate Standard error t statistic 

Lozenge 0.542 0.304 1.786 

Patch -0.040 0.309 -0.129 

Bupropion + Lozenge 0.100 0.312 0.321 

Patch + Lozenge -0.424 0.320 -1.324 

Placebo + Bupropion 0.874 0.544 1.606 

Placebo Lozenge 0.503 0.653 0.770 

Placebo Patch -0.184 0.528 -0.348 

Placebo Bupropion + Lozenge 0.404 0.733 0.552 

Placebo Patch + Lozenge 0.067 0.632 0.106 

Black 0.381 0.335 1.137 

American Indian -0.064 0.667 -0.096 

Alaskan Native 0.868 0.283 3.069 

Asian 8.520 0.859 9.924 

Other 0.939 0.766 1.225 

Female -0.073 0.206 -0.356 

N = 541    

Reference groups: 

Condition: Bupropion 

Race: White 

Sex: Male 

Notes: * Bold indicates t statistic greater than 2 
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Table 6. Results for Time-Invariant Effects, 10K+ Step Group Model 

Invariant effect Estimate Standard error t statistic 

Lozenge 0.513 0.520 0.986 

Patch 0.012 0.545 0.023 

Bupropion + Lozenge -0.413 0.785 -0.526 

Patch + Lozenge 0.316 0.584 0.540 

Placebo + Bupropion -0.087 0.823 -0.105 

Placebo Lozenge 1.105 0.748 1.478 

Placebo Patch 0.835 1.359 0.614 

Placebo Bupropion + Lozenge -0.585 0.730 -0.802 

Placebo Patch + Lozenge 13.235 0.710 18.634 

Black -1.279 0.972 -1.315 

American Indian -2.431 1.445 -1.683 

Alaskan Native 0.000 0.000 NA 

Asian 1.529 0.499 3.064 

Other 1.077 1.075 1.002 

Female 0.921 0.397 2.323 

N = 149    

Reference groups: 

Condition: Bupropion 

Race: White 

Sex: Male 

Notes: * Bold indicates t statistic greater than 2 
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CHAPTER 4 

DISCUSSION 

 

 

The purpose of this study was to measure the effect that physical activity has on 

smoking cessation and investigate mediators of that association. Of particular interest was 

the potential for physical activity to have a time-varying effect that changed in magnitude 

over the course of an attempt to quit smoking. We found inconsistent evidence among 

less physically active smokers that 1,000 additional steps per day has a possible weak 

protective effect for a short time after the target quit date. 

This effect remained significant after including covariates in subsequent models, 

as well as both the effects of cravings and negative affect on smoking. We were also able 

to replicate the previous finding in this dataset that the effect of cravings to smoke on 

odds of smoking increases during the first week post-quit day as time from quit day 

increases (Vasilenko et al., 2014). Despite our finding that steps per day was associated 

with lower relapse among less active smokers, and that less active smokers had higher 

cravings and higher relapse rates, our study did not yield evidence for our mediation 

hypothesis that steps per day would predict lower cravings to smoke.  

Our analysis of missing data patterns revealed that female participants and those 

who were less physically active were at lower odds of missing EMA data. Previous 

studies have investigated the factors associated with non-adherence in smoking cessation 

programs in general and found inconsistent results for an association between sex and 

adherence (Bahadir et al., 2016; Kviz et al., 1992). Given the well-known association 

between inadequate physical activity level with increased screen time among U.S. adults 

and adolescents (Carson et al., 2015), it is possible that this relationship explains our 
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finding that the less physically active smokers in our sample tended to better adhere to 

completing self-report EMAs that were delivered directly to their cell phone. The 

participants in our study who took less than 10,000 steps per day on average also tended 

to be more male, which could explain this protective effect against missing data that we 

see for being female. 

The results suggested interesting differences between the more-active and less-

active participants in the study. We showed that the rate of average steps per day tends to 

increase positively during the time before and after a quit day regardless of a person’s 

overall physical activity level (active or inactive), a finding we believe to be novel and 

unreported in the smoking cessation literature at this point. One interpretation of this 

result could be that weight-concerned smokers in the study might have anticipated a 

potential weight gain due to their smoking less, a frequently reported fear especially 

among female smokers (Copeland et al., 2015; Williamson et al., 1991). However, this is 

admittedly speculative given that participants were not asked why they took more or less 

steps, nor were they given a reason to take a certain number of steps (i.e. steps were not 

framed as a facilitator of cessation or avoiding weight gain). A future study that tested 

such hypotheses would be useful. Our results also show a difference in average cravings 

per day between less active and more active smokers. The mean level of cravings to 

smoke was consistently lower in the active group compared to the less active group both 

before and after quit day. This result, combined with our finding that the relapse 

proportion was lower among active participants, suggests that the active/inactive 

distinction we made is relevant to smoking cessation. 
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Our study includes strengths and weaknesses. This study is the first to our 

knowledge that includes steps per-day, or physical activity of any type, in a time-varying 

effect model. Our results demonstrate that such a variable can be used effectively in a 

time-varying model, assuming that some transformations are applied to make the results 

interpretable. The EMA methods used to collect data in this study were also of relatively 

high quality. Although EMA is subject to some recall bias in the self-report of cravings, 

affect, and smoking per day, it is less biased than more traditional self-report methods 

(Shiffman et al., 2008). 

 

Limitations/Future Directions 

A limitation of our study is the inability to make any causal inferences due to the 

aggregate, daily-level nature of our variables. Because the pedometer in our study was 

used to record total daily step count, we are unable to say whether (for example) a level 

of cravings on a given day followed or, conversely, preceded a given number of steps 

taken on that day. We were also forced by this limitation to collapse cravings and affect 

into total daily values despite being recorded serially 4-times per day, which obviously 

reduces the informative quality of those variables. 

The pedometer used in this study is also a limited technology for measuring 

physical activity. Actigraphy, a measurement method in which activity is measured 

continuously and data recorded automatically without any input from the wearer, is a 

current gold standard in physical activity research (Chen & Bassett, 2005). Actigraphy 

makes it possible to categorize activity levels throughout a day as “rest”, “moderately 

active”, “vigorous activity”, and so on, in terms of minutes spent in each category. This 

kind of framing of physical activity, as opposed to total steps taken per day, is a more 
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refined approach and is a method more similar to the ones employed in studies that have 

found associations between increased physical activity and lower cravings to smoke. 

Daily step count was also a “passive” recording in this dataset and not randomly 

assigned as an intervention – the participants were not instructed to take more or less 

steps at any time, nor to use steps as a method to help them quit smoking. Therefore, a 

future study which framed physical activity as a way to lower odds of relapse might be 

better suited methodologically to measure the subsequent effect of steps on cravings or 

affect. 

Another limitation of this study was its non-representative sample, given that it 

was mostly White (88%). This is a serious issue given that non-Hispanic Blacks in the 

United States tend to smoke at about the same prevalence as non-Hispanic Whites 

(Cornelius et al., 2020). Future studies should aim to sample on these demographics more 

evenly than our study was able to.  

 

Conclusion 

 Among less active participants, we show that increased steps per day was 

associated with lower odds of smoking relapse in our study. However, we were unable to 

demonstrate evidence of mediation via cravings or negative affect. We were able to 

replicate a previous finding that the effect of cravings on odds of relapse increases during 

the first week of a quit attempt. Our summary results also indicate that active and inactive 

smokers differ in their average level of cravings during a quit attempt, with less active 

smokers having higher cravings. We also show that average number of steps per day 
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tends to increase modestly after the quit day regardless of overall physical activity level, 

a previously unreported result.  

These findings could be used to tailor smoking cessation interventions to people 

at high risk of relapse and failure to successfully quit. A bout of 1,000 steps is roughly a 

15-minute walk. Encouraging this kind of behavior when cravings are high could make 

the difference in successfully quitting for inactive smokers. Future cessation research 

with a focus on framing physical exercise as a protective tool against smoking relapse 

could be valuable for creating more efficient interventions. 
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