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Abstract

Objective: Sleep disturbances, including insomnia (difficulty falling or staying asleep), are
common nicotine withdrawal symptoms particularly during the initial stage of nicotine abstinence,
and increase the likelihood of relapse within the first 4 weeks of quitting. Although clinically
recognized as a key symptom of nicotine withdrawal, sleep disturbances are not addressed in

the clinical guidelines for nicotine dependence treatment. Unfortunately, Nicotine Replacement
Therapy (NRT) and other pharmacologic interventions do not attenuate withdrawal-provoked sleep
disturbances, with several even exacerbating sleep disruption. The present study tested the impact
of 30-minutes of daily moderate exercise, morning versus evening, on key polysomnographic
indicators of sleep disturbances during initial three days (72 hours) of nicotine withdrawal.

Methods: Forty-nine daily smokers (53% male) completed three separate abstinence periods,
during which they completed either morning exercise, evening exercise, or a non-exercising
magazine reading control condition. Order of condition was counterbalanced across subjects with
a 1-week wash out in between each three-day abstinence period.

Results: Exercise engagement mitigated several changes in sleep architecture associated with
acute nicotine deprivation and other time-related effects on sleep, specifically frequency of
arousals (B = -2.8, SE =.95; t(1271) = —3.0, p = .003) and reductions in sleep maintenance

(B = .58, SE =.21; t(1270) = 2.8, p = .005). Additionally, smokers who reported greater perceived
withdrawal severity had the longest latency to fall asleep, but experienced the greatest attenuation
of this effect following PM exercise.

Conclusion: Overall, results suggest a role for exercise as an adjunct smoking cessation
treatment to specifically target sleep disturbances during early acute nicotine withdrawal.

Correspondence to: Isabella Soreca MD, VAPHS room 4N154, University Drive C, Pittsburgh PA 15240, Phone: 4123606315,
Isabella.Soreca@va.gov.
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Introduction

Cigarette smoking remains the leading cause of preventable morbidity and mortality in

the US, despite its declining prevalence over the past 5 decades (Samet, 2013). Nearly
fourteen of the seventeen million Americans who try to quit each year relapse within the
first month (CDCTobaccoFree, 2019). This cessation failure is often attributed to the onset
of problematic acute nicotine withdrawal, a combination of unpleasant symptoms, including
irritability, negative mood, intense cravings for smoking and sleep disturbances, which ensue
within a few hours of smoking cessation. Poor sleep health as characterized by shorter sleep
duration, difficulty falling asleep, difficulty staying asleep, early awakenings and night-time
awakenings are more common in smokers than nonsmokers. Of particular relevance to
smoking cessation efforts, sleep health deteriorates following cessation in many smokers,
and this in turn is implicated in relapse (Patterson et al., 2019).

Sleep disturbances are especially common during the initial periods of abstinence, with
diminished sleep continuity and increased number of arousals observed within the first
24-36h of abstinence, as well as changes in sleep quality reported by up to 42% of
individuals (Okun et al., 2011), which may persist for several months (Moreno-Coutifio

et al., 2007). Importantly, sleep disturbances, either predating or concurrent with a quit
attempt, are associated with increased risk of relapse (Boutou et al., 2008; Peltier et

al., 2017; Peters et al., 2011). Unfortunately, Nicotine Replacement Therapy (NRT) and
other pharmacotherapies for smoking cessation, while effective at increasing the rates of
abstinence, do not reverse sleep disturbances and, by some accounts, exacerbate them
(Aubin, 2002; Thomas et al., 2015). For example, sleep disturbances are reported by up to
50% of smokers using NRT (Gourlay et al., 1999), while up to 46% of quitting smokers
experience some degree of sleep disturbances on varenicline and bupropion (Jorenby et al.,
1999; Ashare et al., 2017). Research incorporating sleep-specific interventions for smoking
cessation is substantially lacking, however a small preliminary study suggests that adjunct
cognitive behavioral therapy for insomnia (CBT-1) with smoking cessation counseling may
increase time to relapse (Fucito et al., 2014).

Exercise is one promising behavioral intervention that may aid smoking cessation. While
meta-analyses casts some doubts on the long term efficacy of aerobic exercise as a smoking
cessation intervention (Klinsophon et al., 2017;Ussher et al., 2014), more focused studies
suggest that it may have a role in targeting specific problematic symptoms. Potential
mechanisms for its impact include its effects on mood, abstinence induced cravings and

cue reactivity. For example exercise may be one behavioral method to improve mood during
abstinence as it has been shown to have a positive impact on negative mood experienced

by female smokers upon quitting (Bock et al., 1999). Other smoking cessation studies have
evidenced that exercise can attenuate both abstinence-induced craving and negative mood
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(Ussher et al., 2012), and as reactivity to smoking related cues and abstinence induced
cravings (Conklin et al., 2017).

A large body of literature supports exercise to ameliorate sleep disturbances in individuals
with insomnia disorder and insomnia symptoms (Kovacevic et al., 2018; Lowe et al., 2019),
but no study, to date, has used exercise to specifically target sleep disturbances associated
with acute nicotine withdrawal. Several potential mechanisms have been proposed for

the beneficial effects of exercise on sleep, including reduction in inflammatory markers
(Kredlow et al., 2015), alteration of core body temperature (Uchida et al., 2012) and
regulation of circadian rhythms (Youngstedt et al., 2019)

Thus, the goal of the present study was to test the impact of daily moderate exercise on

key sleep disturbances during three days of acute nicotine abstinence. Using a within-subject
design, the impact of moderate in-session exercise (30 minutes of treadmill walking at 60%
Age-Predicted Maximum Heart Rate-APMHR ) at two times of the day (either AM or PM),
as well as non-exercising control activity (30 minutes of magazine reading) was assessed

on several objective sleep parameters during 3 separate 72-hour bouts of abstinence. The
duration and intensity of exercise were chosen in consideration of the Department of Public
Health’s recommendation of moderate physical activity for at least 30 minutes several days
a week as a general guideline for health maintenance and reduction of cardiovascular risk
(Committee & others, 2008). Further, this decision was informed by several past studies
demonstrating that low to moderate intensity exercise reduces cigarette craving for up to 15
min post-exercise during abstinence (Janse Van Rensburg et al., 2009), and that walking can
attenuate cue-induced craving (Taylor & Katomeri, 2007).

We hypothesized that exercise overall, compared to control activity, would lead to reductions
in sleep disturbance severity. Additionally, the study examined differences in the efficacy

of exercise to relieve polysomnographic markers of sleep disturbances as a function of age,
gender, and nicotine dependence, as well as exercise time of day (AM/PM). The latter time
variable was included based on considerable recent evidence that evening exercise is not
associated with worse sleep (Buman et al., 2014; Myllymaki et al., 2011; Myllyméki et al.,
2012; Thomas et al., 2020), and to determine if that finding is upheld even during acute
nicotine withdrawal

Study design and General Procedures

Informed consent was obtained from all individual participants included in the study. All
procedures performed in studies involving human participants were in accordance with the
1964 Helsinki declaration and its later amendments and were approved by the Institutional
Review Board of the University of Pittsburgh.

A within-subjects crossover design was used to examine sleep during baseline (ad lib
smoking) and three smoking-abstinent exercise conditions (AM exercise, PM exercise, No
exercise control) among non-treatment seeking non-exercising smokers. All participants
abstained from smoking for three consecutive days (72-hours) for each of the three
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abstinence periods, or blocks. In between experimental blocks, participants were instructed
to return to regular smoking for one week. Exercise condition was counterbalanced and
stratified by gender such that all condition order combinations occurred an equal number of
times across all subjects and equally across male and female participants.

Participants

Participants were male and female daily smokers, age 18 to 45, who met criteria for

nicotine dependence (DSM-1V), had been smoking for at least one year, had smoked at

least 10 cigarettes per day for the past six months, did not report an attempt to quit for
longer than one week in the previous month and were not taking medication for smoking
cessation (including NRT). An age cut off of 45 was set for inclusion in order to limit

the number of medical co-morbidities (including sleep apnea) of participants. In addition,
individuals were only eligible to enter the study if they were not regularly exercising
(defined as exercising fewer than 3 times per week and for no more than 20 minutes each
time, i.e. comfortably below the WHO guidelines for exercise in adults), were free of
medical illness and were able to exercise (as determined by medical history, EKG, and blood
tests), and had not met criteria for any psychiatric disorders in the past year, assessed via

the Structured Clinical Interview (Non-patient Version) for DSM-IV (SCID-NP). Eligible
participants could not have young children in the home (under 3 years of age) or do shift
work. Potential participants were told that the study would examine the effects of exercise
on nicotine withdrawal symptoms. Participants were recruited through various advertisement
strategies, including flyers, ads in local publications and on main bus routes. Figure 1 shows
participants flow through the study.

Initial screening: After meeting initial telephone screening eligibility criteria (self-
reported age, height, weight, smoking history, Fagerstrom test of nicotine dependence
(Heatherton et al., 1991) sleep patterns, non-exercising criteria, recent travel across time
zones, absence of young children in the home, shift work, no current medical or psychiatric
disorder) participants were invited to complete an in-person screening to determine

further eligibility. This included signing informed consent, providing a CO breath sample
(>10ppm), urine cotinine (greater than 100ng/ml) and drug screening, and getting weighed
and measured (BMI < 40). To confirm regular smoking, participants had to give an
expired-air carbon monoxide breath sample >10ppm (Vitalograph Inc., Lenexa, KS), and

a urine cotinine level > 100ng/ml, measured as a 3 or greater on the NicAlert urine test, a
cutoff set by the company to indicate that an individual is a smoker (Nymox Corporation,
Hasbrouck Heights, NJ). These cutoffs adhere to recommended bioverification cut-points
and are widely used across smoking studies (“Biochemical \erification of Tobacco Use
and Cessation,” 2002). After meeting biological criteria, participants who were still eligible
completed a SCID interview (First & Gibbon, 2004) (no history of mood, anxiety, psychotic
disorders, chemical dependencies other than nicotine in the past year) and Sleep SCID (no
current sleep disorder) with a study experimenter. Those who continued to be eligible were
sent to the lab for an EKG and blood test. Participants who met all eligibility criteria, were
called within the week. They were asked to determine their habitual bedtime for the past two
weeks by averaging their recalled nightly bedtime and were scheduled for their sleep apnea
screening night.
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Sleep Apnea screening: Each participant completed one sleep apnea screening night
in the sleep laboratory. Polysomnographic (PSG) recordings included bilateral central and
occipital EEG channels (C3, C4, O1, 02), referenced to Al + A2, submentalis EMG,

and V2 EKG. Sleep disordered breathing was assessed with an oral-nasal thermistor and
a nasal pressure device to measure airflow, inductance plethysmography to measure chest
and abdominal movements, and fingertip oximeter. Bilateral anterior tibialis EMG was
also included to assess periodic leg movements. Respiratory disturbances were identified
according to the American Academy of Sleep Medicine (AASM) criteria ( AASM 2007.).
Participants were excluded for apnea-hypopnea index (AHI) >10 (i.e., 10 or more sleep
apnea-hypopneas per hour of sleep) (Buysse et al., 2007). If no sleep apnea was present,
participants were scheduled for their first experimental session.

Polysomnography measurement during Overnight Sessions: Participants spent
three consecutive overnight stays, on three different occasions 7-17 days apart, at the
Neuroscience, Clinical and Translational Research Center (N-CTRC) sleep laboratory at
Western Psychiatric Hospital, University of Pittsburgh. Each of the nine experimental nights
(three 3-night sessions) at the N-CTRC involved polysomnograhic sleep recordings. Each
night, EEG (C3 or C4 referenced to Al + A2), two channels of electrooculogram (EOG;
asymmetric lateral canthus from each eye, referenced to A1 + A2), and one channel of
electromyogram (EMG); (bipolar submentalis) were recorded. Sleep studies were scored by
trained polysomnographic technologists according to the AASM guidelines (AASM 2007) .
The following sleep variables were recorded: sleep latency, number of arousals, time spent
asleep, sleep efficiency, sleep maintenance, percent time in stage 1, percent time in stage 2,
percent time in delta sleep, percent time in REM, and number or REM periods.

Experimental Blocks: During each 3-day experimental block, the subject slept in the
lab and continued to engage in their usual activities during the day (e.g., work, school).
They were required to completely refrain from smoking during that 72-hour period, starting
6-hours before the they arrived for the first day of a block. All participants gave a CO
sample each day and completed a urine drug screen on the first night of each of the three
3-day periods. On each sleep laboratory night, participants reported to the lab 5 hours

prior to established bedtime, completed study measures, were required to go to bed at

their established bedtime and remain in bed (except for bathroom use) until their habitual
rise-time. Upon each arrival to the N-CTRC, they gave a CO breath sample. For the first
day, after 6 hours of abstinence, participants were expected to show at least 50% reduction
in CO from their baseline level (acquired during the screening process), as done in our
previous studies involving smoking deprivation (Conklin et al., 2017). Participants were
instructed that they were not allowed to use nicotine replacement products (such as the
nicotine patch or gum) to aid in abstinence. Abstinence during the three-day experimental
sessions continued to be monitored by collecting CO and testing urine cotinine each time
the participant reported to the lab. Although urine cotinine was not necessarily expected

to reduce during the three-day period, anything other than no change or a reduction in
cotinine over a three-day abstinence block during that time was recorded as having smoked.
If a subject failed CO the first day of a block, they were given one chance to reschedule
their block. Participants who failed to remain abstinent once they started a 3-day block
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(N=5) were excused from the study. In between the three 3-day experimental blocks,
participants were told to resume regular smoking. Those individuals who, at any point in
the study, expressed the desire to permanently quit smoking were given educational material
on smoking cessation, referred to specialty counseling, and were excluded from the study
(N=1).

Participants who met CO deprivation criteria completed the following initial ratings

within 30 minutes of arrival: Minnesota Nicotine Withdrawal Scale (MNWS)(Hughes &
Hatsukami, 1986), Mood Form (Diener & Emmons, 1984), Brief Questionnaire of Smoking
Urges (QSU-B) (Carter & Tiffany, 2001), as well as a brief computer-automated cue
reactivity (CR) trial, used in past studies (Conklin et al., 2017), during which they viewed
and rated their subjective craving in response to smoking and neutral pictorial stimuli. The
events that followed differed as a function of block condition as follows:

PM Exercise: Following completion of initial ratings and cue reactivity, participants
completed exercise (as described below) followed by a post-exercise CR session, MNWS,
Mood Form and QSU-B. They were then free to eat dinner, watch TV, read, until they

were prepared for the night. Exercise timing was determined based on subjects’ habitual
bedtime and occurred, for all participants, between 5 and 8pm. The following morning, they
repeated the ratings and CR within 30 minutes form they wake up time and were then free to
leave the lab and go about their day. Physical activity outside of sessions was recorded with
actigraphy watches and evaluated for compliance with non-exercising criteria.

AM Exercise: Participants arrived at the lab 5 hours prior to their habitual bedtime and
completed initial ratings and CR. They were then free to eat dinner, watch TV, read, until
they were prepared for the night. The following morning, they completed the pre-exercise
self-report assessments and cue-reactivity within 30 minutes from their wake-up time.
Participants then completed the exercise session, followed by a post-exercise CR session,
MNWS, Mood Form and QSU-B and were then free to leave the lab.

Magazine Control: Participants followed the same protocol described for the exercise
sessions, but they were instructed to sit quietly and read magazines in place of exercise.
Magazines were provided by the research team and had been screen carefully for absence of
nicotine related content and smoking cues. Half of the participants were randomized to AM
reading and half to PM reading.

Exercise protocol

Exercise consisted of 30 minutes of brisk walking at 60% of age-predicted maximal heart
rate (APMHR) on a treadmill, preceded by 5 minutes of warm up (exercise at 25%
APMHR), followed by 5 minutes of cool down. Participants wore a heart rate monitor
during the entire session and research staff assured that participant’s heart rate stayed in the
target range throughout the session, by adjusting the treadmill incline.
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Statistical Analyses

The current study examined the main effect and interactive influences of experimental
aerobic exercise and non-exercising control conditions of magazine reading, alongside
severity of nicotine withdrawal, on a variety of polysomnographic sleep variables amid a
sample of adult smokers undergoing 72-hour blocks of cessation. The primary analyses
reported in the current study were evaluated via mixed model regressions using SAS PROC
MIXED (v. 9.4, SAS Institute, Inc, 2015) with Bonferroni post-hoc comparisons to ascertain
significant differences in time since smoking abstinence (night 1, 2, and 3) and exercise
condition (exercise vs. non-exercising control) on sleep, while controlling for Type 1 Error
rates. Mixed model regression features advantages over traditional forms of regression, due
to the ability to handle repeated assessments of both predictor variables (e.g., night of
deprivation within a given exercise condition) and outcome variables (e.g., sleep latency
and sleep efficiency) in combination with between subject predictors (e.g., age, gender, and
nicotine dependence).

Analyses of mixed model regressions tested the main effects of exercise condition (1 =
AM/PM magazine reading non-exercising control; 2 = AM exercise; and 3 = PM exercise),
perceived nicotine withdrawal severity, and time since abstinence (night 1, 2, and 3)

on sleep variables. Separate models were evaluated for the following outcome variables:
sleep latency, number of arousals, time spent asleep, sleep efficiency, sleep maintenance,
percent time in stage 1, percent time in stage 2, percent time in delta sleep, percent

time in REM, and number or REM periods. For each statistical model evaluated, baseline
(non-deprived) levels of the respective dependent variable were entered as a covariate in
addition to the ordering of experimental treatment (e.g., magazine control-AM exercise-PM
exercise), to control for its predictive influence. Secondary analyses examined the following
two-way interaction effects on sleep variables: exercise condition X time, exercise condition
X nicotine withdrawal, and nicotine withdrawal X time. Simple slopes analyses were
performed to probe significant interaction effects, in accord with recommendation (Aiken
& West, 1991).

We based our initial power calculation on a study by Grove et. al (Grove et al., 2006)

who found a significant effect of moderate 30-minute exercise on “time to sleep onset”
among smokers during the first week of acute nicotine withdrawal. Comparing two group

of smokers, the authors found a significant decrease in difficulty falling asleep during

the first post-quit week among those in the exercising group (n=12) versus those in the
non-exercising group (n=10) of F(1,19) = 6.67, p<.019 with a Cohen’s d=1.18. Thus, with

a sample of 48, in our within subjects study, we would have power of 91% with a sample

of only N=10 to find an effect on sleep onset of similar magnitude. However, the authors

did not find a significant difference in difficulty staying asleep, a variable in which we were
interested. They did not report the difference between groups on that variable during the first
week of nicotine withdrawal, but noted that it was not significant across the entire study.
Lack of group difference may have been due to the small sample size and between subjects
comparison. Thus, given our interest in multiple sleep variables, we conservatively estimated
having at least 80% power to detect changes with a sample size of n=48.

Exp Clin Psychopharmacol. Author manuscript; available in PMC 2023 February 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Soreca et al.

Results

Page 8

Participants flow is shown in Figure 1. Sample characteristics are featured in Table

1 [insert Table 1 here]. Those individuals who, at any point in the study, expressed

the desire to permanently quit smoking were given educational material on smoking
cessation, referred to specialty counseling, and were excluded from the study (N=1). Five
participants were excluded for failure to maintain abstinence. Preliminary analyses examined
sociodemographic predictors of sleep variables in mixed model regression, while controlling
for baseline sleep of the respective dependent variable. Ordering of experimental condition
(e.g., magazine control-AM exercise-PM exercise) was unrelated to all sleep dependent
variables, p’s>.1. Age, female gender, ethnicity, education level and Fagerstrom Nicotine
Dependence score were all significantly related to the dependent variables and were hence
entered as covariates alongside baseline values and experimental treatment order in all
subsequent analyses for the respective dependent variable.

Changes in sleep parameters as a function of amount of time abstinent and withdrawal

severity.

Several changes in sleep parameters were observed as a function of amount of time abstinent
including: Significant increase in number of arousals during the sleeping period (B = 4.2,

SE =.78; {1273) = 5.4, p<.001), Percentage of delta sleep (B = .6, SE = .16; {1273) =

3.9, p<.001), and Decrease percentage of REM sleep (B =.71, SE = .14; {1273) =5.2,
p<.001) in the third night of abstinence compared to the first and second night. Results
remained significant after Bonferroni post hoc adjustment. Thus, third night of abstinence
from smoking was linked to significantly more arousals and higher percentage of delta sleep,
when compared to both first and second nights, p’s< .01. Regarding REM sleep, the first
night exhibited significantly lower percentage of REM sleep when compared to the second
and third nights of sleep, p’s< .001.

Significant reductions were found as a function of time since abstinence for the following
dependent variables: time spent asleep (B = -11.3. SE = 1.4; {1273) = -8.0, p< .001),
number of REMs (B = -.08, SE = .02; {1273) = -3.2, p=.001), sleep maintenance (B =
-9.3, SE = .17; (1272) = -5.5, p< .001), sleep efficiency (B = -1.2, SE = .21; (1273) =
-5.6, p< .001); and percentage stage 2 sleep (B = -1.3, SE = .17; {1273) = -7.9, p< .001),
revealing that the longer participants were abstinent, the greater the reduction in these sleep
parameters. Specifically, Bonferroni post hoc analyses revealed the third night of sleep to
demonstrate significantly lower values than the first and second nights of sleep, p’s< .01.

Regarding perceived withdrawal severity, higher self-report of withdrawal severity was
associated with prolonged sleep latency (B = .29, SE =.11; {1271) = 2.5, p=.01) and
percentage of stage 1 sleep (B = .02, SE = .01; £1271) = 2.04, p=.04),reduced time spent
asleep (B = -.97, SE =.23; {1271) = -4.3, p< .001), number of REMs (B = -.01, SE =
.004; 1271) = -3.8, p<.001), and sleep efficiency (B = -.1, SE =.03; {1271) = -3.1,
p=.003). Changes in perceived nicotine withdrawal severity as a function of time since
abstinence had significant effects on time spent asleep (B = —.44, SE = .4; {1269) =2.2, p
=.03) and percentage stage 1 sleep (B = -.03, SE =.01; {1269) = -2.5, p=.01), indicating
that the larger the increase in perceived nicotine withdrawal severity over time, the greater
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the reductions in time spent asleep for the last two nights (o’s < .01) [insert Figures 2 and 3
here]

Changes in sleep parameters as a function of Exercise Condition and perceived
withdrawal severity.

Compared to magazine control, exercise led to a significant decrease in percentage of stage
1sleep (B =-.17, SE = .07; {1273) = -2.3, p=.02) and increase in percentage of delta
sleep (B = .44, SE = .16; {1273) = 2.85, p< .01). Bonferroni post hoc analysis indicated
that AM exercise was associated with lower percentage of stage 1 sleep when compared

to the magazine control conditions, p= .01, while the increase in percentage of delta sleep
was driven by the PM exercise condition. Mixed models and descriptive statistics pertaining
to Bonferroni post hoc comparisons for both time and exercise condition are displayed in
Table 2. These include: sleep latency (B = 3.0, SE =.89; {1271) = 3.4, p< .001); number
of arousals (B = -2.8, SE = .95; £1271) = -3.0, p=.003); time spent asleep (B = 4.5, SE
=1.7; {1271) = 2.6, p=.008); sleep maintenance (B = .58, SE = .21; {1270) = 2.8, p=
.005); percentage of delta sleep (B = -.7, SE = .19; £1271) = -3.9, p< .001; and percentage
of REM sleep (B = .41, SE = .17; {1271) = 2.5, p=.01), which were all differentially
affected by time of day of exercise (Figure 2). Further, simple slopes analyses indicated
that abstinence-induced changes for sleep maintenance and percentage of delta sleep were
reduced in the PM exercise condition, but not in the AM exercise and the non-exercising
conditions. Simple slopes analyses also indicated that PM exercise was associated with
worsening sleep latency as a function of time since abstinence, compared to AM exercise
and magazine control. Percentage of REM sleep showed greater increases as a function of
time into abstinence in the PM and AM exercise condition compared to magazine condition.
Thus, PM exercise disrupted sleep latency, with longer latency to sleep over time since
abstinence. Additionally, both exercise conditions increased percentage of REM, whereas
there was no such effect for magazine control.

Regarding sleep arousals, abstinence-induced increases in number of arousals was
significantly reduced by the PM exercise condition, compared to AM exercise and sedentary
conditions. Both PM and AM exercise were associated with shorter time spent asleep on

the first night of abstinence, compared to sedentary condition an effect that became non-
significant by the second and third night into abstinence. Collectively, these findings suggest
that evening exercise may help mitigate effects on sleep linked to acute cessation, such as
frequency of arousals and reductions in sleep maintenance, but may lengthen the onset of
sleep as evidenced by overall longer latency to sleep following PM exercise. Self-report

of perceived nicotine withdrawal severity was also an important modifier on the effects of
exercise on sleep, particularly on time spent asleep, and sleep latency sleep latency (B =

43, SE = .1; {1268) = 4.4, p< .001). Mixed model regressions showed that non-exercising
condition and AM exercise, but not PM exercise, were associated with decreased time

spent asleep as a function of increasing perceived nicotine withdrawal, (B = .40, SE =

.19; £1269) = 2.1, p=.04) . Figure 3 illustrates these interaction effects, with simple

slopes analyses indicating the direction of changes as a function of condition and perceived
nicotine withdrawal. In both exercise conditions, low perceived withdrawal was associated
with significantly shorter sleep latency, whereas high perceived nicotine withdrawal was
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associated with increased sleep latency. These findings suggest that PM exercise may help
to mitigate the changes in time spent asleep associated with nicotine withdrawal, and that
exercise engagement may be maximally beneficial to decrease sleep latency only under
conditions of fower perceived nicotine withdrawal severity (Figure 3).

Discussion

Our study confirmed prominent sleep changes during the acute phase of nicotine withdrawal,
showing progressive worsening of sleep maintenance, sleep efficiency, total time spent
asleep, as well as changes in percentage of REM and NREM sleep. Overall, the changes
ensued rapidly and showed a progressive trend, increasing from the first to the third

night of nicotine withdrawal. A novel finding from this study is the moderating effect

of perceived nicotine withdrawal severity on sleep changes, with high perceived severity
being associated with worse sleep latency and efficiency, shorter time spent asleep, as well
as changes in sleep architecture. That is, smokers who report greater withdrawal severity
during early abstinence experience more sleep disruptions. While it is known that these sleep
changes are problematic and often associated with relapse (Jaehne et al., 2015), available
pharmacological treatments, such as nicotine replacement, bupropion or varenicline, do not
improve sleep and may in fact worsen sleep disturbances (Aubin, 2002; Thomas et al.,
2015). Thus, the current finding, that moderate exercise can attenuate specific symptoms of
sleep disruption, suggest its promise as a means of aiding some smokers when they attempt
to quit.

Overall, moderate exercise attenuated several abstinence-induced sleep disturbances in both
male and female smokers over 3 continuous days (72 hours) of smoking deprivation.
Specifically, exercise engagement reduced some of the changes in sleep architecture
associated with acute nicotine deprivation (Colrain et al., 2004)and other effects on sleep
related to time since abstinence, such as frequency of arousals and reductions in sleep
maintenance(Prosise et al., 1994). Highly novel to this study, time of day of exercise
differentially affected sleep changes associated with acute nicotine deprivation, both as a
function of time into withdrawal and of perceived severity of withdrawal. Collectively,
this suggests that evening exercise may help stave off time-related effects on sleep linked
to acute cessation particularly arousals and poor sleep maintenance. Results also point to
important moderating effects of time of day and nicotine withdrawal severity, showing
that PM exercise may help to mitigate the effect of high perceived nicotine withdrawal on
total time spent asleep. Increased attention has been recently placed on timing of activities
(including exercise) due to the differential effects exerted on circadian rhythms, of which
sleep wake cycle is one of the most evident phenomena (Buxton et al., 2003; Baehr et al.,
2003). Further, exercise engagement may be maximally beneficial to reduce sleep latency
under conditions of /ower perceived nicotine withdrawal severity.

Of note, one possible limitation of the present study was the inclusion of a non-treatment
seeking sample of smokers, with the ability to commit to a fairly intensive study. The aim
of the study was to glean information about assessing and treating sleep disruption during
the first 72 hours of nicotine withdrawal, which necessitated total abstinence for three days
on three different occasions. Having treatment-seeking smokers quit and resume smoking
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every few weeks would not have been ethically sound. Thus, the results may not entirely
generalize to a treatment seeking population, who are making a positive decision to quit
and who have a goal of prolonged abstinence. Our study exclusively focuses on individuals
who smoke cigarettes, hence generalizability to other models of nicotine consumption,
such as vaping or chewing, needs to be tested. Desire to quit is a key factor in successful
cessation, as even medication can have limited efficacy in reducing smoking among those
not interested in cessation (Benowitz et al., 1998). Thus, the generalizability of these
findings needs to be addressed in future cessation studies with treatment-seeking smokers to
determine if exercise helps maintain abstinence, or even possibly slows the rapid return to
pre-cessation levels of smoking that most smokers follow when they relapse (Conklin et al.,
2005). The latter of which might afford a longer window for re-intervention.

While acute exercise bouts showed an effect on certain sleep parameters, other sleep
features, such as total sleep time, were unaffected. It is possible that certain sleep parameters
would change only in response to a longer period of exercise training and an improved
aerobic fitness level, thus suggesting that the mechanisms through which exercise exerts its
benefits may be multifold. Along these lines, an additional constraint to the interpretation

of our results is the lack of measures assessing fitness levels. Further, we did not control

for menstrual cycle phase. Research suggests that menstrual phase may impact smoking
behavior and cessation (Weinberger et al., 2015) and future studies should account for this
aspect in female participants. Regardless of limitations, the present study used a tightly
controlled setting, with all subjects in nicotine withdrawal for the same length of time
during all phases of testing, particularly during sleep assessment. Abstinence was verified
with both CO breathalyzer and urinary cotinine, and exercise was well-monitored for both
duration and intensity. All participants were non-exercising and exercised exclusively within
the setting of our study protocol, thus reducing the potential confounding effects of lifestyle
differences on our results.

Overall, our results suggest a potential role for exercise as an adjunct smoking cessation
treatment to specifically target sleep in early acute nicotine withdrawal. The novel finding
that time of the day of exercise and intensity of daytime withdrawal symptoms moderate the
effects on nicotine deprivation induced sleep disturbances, should be explored by future
studies aimed at personalizing treatment for different nicotine withdrawal phenotypes.
Characterizing clinical phenotypes of acute nicotine withdrawal, specifically levels of
perceived withdrawal severity, cue-provoked craving, and negative affect, might also help
determine which smokers are most likely to benefit from a timed exercise intervention and
to further test whether this ultimately leads to higher rates of abstinence. Further work on
the role of exercise in smokers with pre-existing sleep disturbances is also warranted. While
our participants did not meet current clinical diagnostic criteria for sleep disorders, sleep
disorders are more prevalent in smokers compared to non-smokers (Wetter & Young, 1994)
and pre-existing insomnia symptoms increase the likelihood of relapse after an attempt to
quit smoking (Peltier et al., 2017).

Smoking cessation trials incorporating exercise adjuncts clearly warrant further research and
should consider investigating for whom these treatments work best, as well as determining
if exercise leading up to a smoking cessation attempt increases abstinence success. Nair and
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colleagues, for example, have shown that increasing levels of physical activities in sedentary
individuals prior to an attempt to quit smoking, may improve cessations rates (Nair et

al., 2017). Our study further expands on this, suggesting that specific phenotypes (i.e.
individuals with high perceived nicotine withdrawal and increased sleep disturbances), may
benefit from an adjunct targeted bout of evening exercise. Further work should explore the
effects of different intensities and duration of exercise bouts, as well as whether the efficacy
of exercise as a cessation aid increases as a function of smokers’ improved fitness, as past
research has shown that smoking inhibits physical fitness and exercise capacity(Conway &
Cronan, 1992; Mesquita et al., 2015).
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Public significance statement:

This study suggests that moderate exercise can attenuated several abstinence-induced
sleep disturbances in both male and female smokers over initial 72 hours of smoking
deprivation. While it is known that these sleep changes are problematic and often
associated with relapse, available pharmacological treatments not only do not improve
sleep, but may in fact worsen sleep disturbances. Thus, the current finding, that moderate
exercise can attenuate specific symptoms of sleep disruption, suggest its promise as a
means of aiding some smokers when they attempt to quit.
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Mixed model regression interactions between exercise condition X time on sleep latency,
sleep maintenance, percentage of delta sleep, and percentage REM sleep. Simple slopes
analyses indicated that PM exercise was unrelated to changes in sleep maintenance and
percentage of delta sleep, whereas the other conditions were linked to reductions in sleep
maintenance over time, in addition to increases in percentage of delta sleep. PM exercise
condition predicted significant increases in sleep latency over time. Both exercise conditions
elevated percentage REM sleep. Note. Mag = Magazine Control Condition; AM Ex = AM
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Mixed model regression interactions between exercise condition X perceived nicotine
withdrawal severity on sleep latency and time spent asleep (TSA). Points were plotted at

1 SD below and above the centered mean of perceived nicotine withdrawal severity to
represent low and high values, respectively. Simple slopes analyses indicated that elevated
nicotine withdrawal predicted significant reductions in TSA for all conditions except PM
exercise. Both exercise conditions predicted significant reductions in sleep latencies in

the context of low perceived nicotine withdrawal, whereas elevated nicotine withdrawal
predicted increases in latencies for both exercise conditions. Note. Mag = Magazine Control
Condition; AM Ex = AM Exercise; PM Ex = PM Exercise.
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Table 1
Descriptive Statistics of Sample Characteristics

Variables Freq (%) M (SD)
Age in Years 27.5(6.5)
Length of Time Smoking in Years 11.7 (6.2)
Number Cigarettes Smoked Per Day 14.3 (4.03)
Fagerstrom Test of Nicotine Dependence 4.8 (1.7)
Gender

Male 26 (53%)

Female 23 (47%)
Ethnicity

African American 13 (27%)

Asian 3 (6%)

White 30 (61%)

Native American 1(2%)

Unspecified 2 (4%)
Education

Some High School 2 (4%)

High School Diploma 11 (22%)

Some College 18 (37%)

Baccalaureate Degree 9 (18%)

Some Graduate School 4 (8%)

Graduate Degree 5 (10%)
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