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Abstract

OBJECTIVES Existing data suggest that smoking may be associated with sleep
disturbances. This study aimed to determine the association between smoking and
both subjective and objective sleep quality.

METHODS Cross-sectional analysis of sleep characteristics in 3233 participants from
the population-based ColLaus-HypnoLaus cohort (52.2% women, mean age 56.6+10.2
years) who completed questionnaires on sleep quality, of whom 1489 (46%) had a full
polysomnography. Smoking data were self-reported; participants were classified by
smoking status as current, former or never smokers. Primary outcomes were
subjective sleep quality assessed by sleep questionnaires, and objective sleep quality
based on polysomnography (sleep macrostructure), including power spectral analysis
of the electroencephalogram on C4 electrode (sleep microstructure), quantifying the
relative amount of delta power (1-4 Hz), a marker of sleep depth, and arousal-
associated alpha power (8-12 Hz).

RESULTS Current smokers had a shift toward faster sleep electroencephalogram
activity with lower delta power in non-REM sleep compared with former and never
smokers (-2.8+0.4% and —2.4+0.4%, respectively; both p<0.001) and higher alpha
power (+0.8+0.2%; p<0.001) compared with never smokers. There was a dose-
dependent negative association between electroencephalogram delta power and
smoking intensity (r>=—1.2 [-1.9, —0.5]; p=0.001). Additionally, mean nocturnal oxygen
saturation was lower in current smokers.

CONCLUSIONS Current smokers had decreased objective sleep quality, with a dose-
dependent association between smoking intensity and decrease in

electroencephalogram delta power during non-REM sleep, in addition to an increase



in alpha power. Considering the importance of sleep quality for wellbeing and health,

these results provide further data to support smoking cessation.
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Introduction

Tobacco smoking is the leading preventable cause of death in Western countries.
Smoking is associated with increased health risks, mainly cardiovascular disease,
respiratory disease and cancer.!'l Existing data suggest smoking could also be
associated with both subjective and objective sleep disturbances.? In particular, a
longitudinal study showed that smoking is associated with difficulty initiating sleep and
waking up in both sexes, excessive daytime sleepiness (EDS) in female smokers, and
increased nightmares and disturbing dreams in male smokers.® One cross-sectional
study also found higher rates of EDS, minor accidents relating to EDS, depression and
caffeine intake among smokers,! while another study showed shorter self-reported
total sleep time, longer sleep onset latency, and earlier waking time in smokers
compared with non-smokers.[®!

Objective sleep quality is usually assessed according to its macrostructure based on
visual scoring of polysomnography (PSG) recordings including electroencephalogram
(EEG), electromyogram and electrooculogram. This allows determination of sleep
duration, sleep cycles and the different sleep stages. Sleep macrostructure is altered
in smokers, as shown by a cross-sectional study which found that smokers have lower
total sleep time and sleep efficiency, longer sleep onset latency, and a larger proportion
of time spent in light stages of sleep (N1 and N2) than non-smokers.®! Conversely, no
difference in sleep structure was observed between former and non-smokers.[!
Another cross-sectional study showed a higher arousal index in smokers.[’]

Sleep can also be assessed according to its microstructure using EEG spectral power
analysis, which is a computer-based quantification of the different types of EEG brain
waves typically seen during sleep. Upon falling asleep, the waking EEG, characterized

by a low-amplitude and high-frequency signal, is progressively replaced by high-



amplitude and low-frequency oscillations called slow waves. Slow waves are reflected
in the delta power range (1-4 Hz). Usually, delta power is high early in the night, when
sleep is considered “deepest”, and declines progressively over the course of the night,
as a function of homeostatic sleep pressure.®1% An increase in alpha waves and other
higher frequency waves is seen when the brain transiently reactivates (during
awakenings or arousals). The results of a small study including 40 pairs of smokers
and non-smokers suggest that sleep microstructure is also altered in smokers, as
demonstrated by lower delta spectral power compared with non-smokers, with the
greatest difference occurring during the early part of the sleep period.l'"l However, the
inclusion criteria of this study were restrictive and it is unclear if such findings can be
extrapolated to the general population. Furthermore, the dose-response relationship
between smoking intensity and sleep alterations was not investigated.

The aim of our study was to determine the association between smoking and both
subjective and objective sleep quality, with a focus on EEG power spectral analysis.
We hypothesized that current smoking would be associated with a dose-dependent

decrease in sleep quality compared with former and never smokers.

Methods

Population sampling

HypnolLaus is a sleep cohort study that was conducted in Lausanne, Switzerland,
between 2009 and 2013.['2 Participants were recruited from ColLaus, a population-
based cohort study conducted between 2003 and 2006, which aims to investigate the
epidemiology and genetic determinants of cardiovascular risk factors. The initial
ColLaus cohort included 6734 participants (of whom 52.5% were women) from a

random sample of adults aged 35-75 years living in Lausanne, Switzerland.l'®! In the



first follow-up of the CoLaus study, the first consecutive 3043 participants were invited
to undergo a full-night PSG at home. Of these, 2168 (71%) accepted the invitation, and
54 (2%) agreed to undergo a second PSG due to technical issues. Overall, 2162
complete PSG recordings were obtained for the HypnoLaus cohort.['?l All participants
from the ColLaus-HypnoLaus studies who had PSG and questionnaire data on sleep
quality or questionnaire data alone were included in the current cross-sectional
analysis, but those using sedative or hypnotic medication or nicotine substitutes
(nicotine patches, varenicline or bupropion), or who had missing data for

subjective/objective sleep variables or covariates were excluded.

Polysomnography

PSG procedure and sleep parameters are described in Supplemental methods in the
online supplement. Sleep stages and arousals were scored according to the 2007
American Academy of Sleep Medicine (AASM) manual.['¥ Apneas and hypopneas
were scored according to the 2012 AASM manual.['! The following sleep parameters
were analyzed: total recording time (TRT), total sleep time (TST), sleep efficiency,
sleep onset latency, time spent in the sleep stages N1, N2, N3 and rapid eye
movement (REM), arousal index (Arl), periodic limb movements in sleep index
(PLMSI), apnea-hypopnea index (AHI), stage shifts, oxygen desaturation index (ODI
3%), time spent with an oxygen saturation (SpOz2) below 90% (T90), and mean SpOa2.
After an automatic artifact rejection procedure,l'®! EEG recordings (n=1447) were re-
referenced to the average of the two mastoid channels and band-pass filtered between
0.5 and 35 Hz with a finite impulse response. Power spectral densities were calculated
on the C4 electrode using the pwelch method on artifact-free consecutive, non-

overlapping 6-second epochs (Hamming windows, 8 segments, 50% overlap) and



used to compute signal power in typical frequency bands, including delta (1—4 Hz),
theta (4-8 Hz), alpha (8—12 Hz), sigma (12—-16 Hz), and beta (18-30 Hz). The resulting
power values were averaged across epochs within each sleep stage and normalized
to the total signal power (1-30 Hz) allowing for between-groups comparisons. Power
spectral densities were analyzed for the following sleep stages: N1, N2 and N3
separately; N2 and N3 together (N2N3), which constitute deep sleep; and N1, N2 and

N3 together, which constitute non-REM (NREM) sleep.

Subjective sleep characteristics

Subjective sleep quality was assessed with the Pittsburgh Sleep Quality Index (PSQlI).
PSQI scores range from 0 to 21, and a score of 26 points is considered to reflect
significant sleep disturbance.['”] Subjective daytime sleepiness was assessed using
the Epworth Sleepiness Scale (ESS). ESS scores range from 0 to 24, and a score of
211 is considered to indicate EDS.['8 The Restless Legs Syndrome (RLS) screening
questionnaire was self-administered and based on the four diagnostic criteria of RLS
developed by the National Institutes of Health and approved by the International
Restless Legs Syndrome Study Group. Diagnosis of RLS is considered definite if all

four criteria are met.['9]

Smoking

Smoking data were self-reported, and included information on type of tobacco smoked,
age of first consumption, and age of quitting (for quitters). Participants were defined as
current smokers if they currently smoked =1 cigarette/day, as former smokers if they
had quit smoking at the time of the study interview, and as never smokers if they had

never smoked. Tobacco smoked using a pipe or as cigars was converted to cigarette



equivalents.l??l Smoking intensity was defined as the number of cigarette equivalents

smoked daily.

Covariates

Participants reported their age, sex, socioeconomic status, lifestyle and health status.
Marital status was categorized into living in a couple or alone. Educational level was
categorized into mandatory, apprenticeship, high school and university. Physical
activity was assessed using the self-reported Physical Activity Frequency
Questionnaire?'l and participants were considered to have sedentary behavior, if they
spent >90% of daily energy in activities below moderate and high intensity.l??! Alcohol
consumption was expressed in number of units/week and caffeine consumption by
categories defined by units/day. Depression was assessed by the Center for
Epidemiologic Studies Depression Scale (CES-D) questionnaire,l?®l and anxiety was
assessed by interview using the Diagnostic Interview for Genetic Studies (DIGS).[?4]
According to the Anatomical Therapeutic Chemical (ATC) Classification System,
psychoactive medication was assessed as intake of psycholeptics [NO5], which include
antipsychotics and anxiolytics, and psychoanaleptics [NO6], including antidepressants
and psychostimulants. High blood pressure (HBP) was defined as blood pressure
measured =2140/90 mmHg or intake of HBP medications. Anthropometric
measurements were performed by trained observers with standard techniques.
Participants were classified as overweight if their body mass index (BMI) was 225 and

<30 kg/m?, and as obese if BMI was 230 kg/m?.



Statistical analysis

Statistical analyses were conducted with Stata version 16.1 (StataCorp, College
Station, TX, USA). Between-group comparisons were performed using chi-square for
categorical variables and analysis of variance (ANOVA) or nonparametric Kruskal-
Wallis test for continuous variables. Multivariable analyses were performed using
logistic regression for categorical variables and ANOVA for continuous variables.
Multivariable models were adjusted for age and sex, which could potentially affect
sleep quality,?! and additionally for a large set of covariates that differed between
groups, as well as for the use of psychoactive medication, which could impact sleep
patterns. Post-hoc comparisons were performed using Scheffe’s method. The dose-
response association between specific EEG power expressed as relative values
(dependent variable) and smoking intensity was assessed using linear and robust
regression adjusting for age and sex. Results were expressed as slope (95% ClI) per
10 cigarette equivalents increase.

Two additional analyses were conducted to check the dose dependency. The first
analyzed the dose-response association between EEG power in absolute values (i.e.
uV?/Hz) and smoking intensity. The second compared relative EEG power within two
smoking intensity groups (< and >10 cigarettes equivalents).

To account for multiple testing, we opted to define the statistical significance level at a
lower p-value of <0.005, according to several recent recommendations concerning

scientific publications, notably from Benjamin et al.,[?®! and loannidis.[?]

Ethical statement
The institutional Ethics Committee of the University of Lausanne, which subsequently
became the Ethics Commission of Canton Vaud (www.cer-vd.ch) approved the
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baseline CoLaus and HypnolLaus studies: reference 16/03. The approval was renewed
for the first (reference 33/09), the second (reference 26/14) and the third (reference PB
2018-00040). The studies were performed in agreement with the Helsinki declaration
and its former amendments. All participants gave their written informed consent before

entering the studies.

Results

Selection criteria and characteristics of the participants

Of the 5064 subijects initially selected from the ColLaus cohort, subjective sleep was
analyzed in 3233 (63.8%) subjects and objective sleep characteristics (PSG in the
HypnoLaus cohort) were determined in 1489 (29.4%) subjects, including 1447 (28.6%)
power spectral analyses. A flowchart of the study population and exclusion procedure
is shown in Figure 1. The characteristics of included and excluded subjects are
summarized in Table S1. Excluded subjects were older, had higher BMI and waist-to-
hip ratio, lower education level, lived alone more frequently, and were more often
sedentary and depressed. They also had a higher total number of medications,
including psychoactive medications, and had higher prevalence of HBP. Table S2
shows the characteristics of participants with subjective sleep variables only and of
participants with both subjective and objective sleep variables. No difference was
found between these two groups, in terms of demographic and health parameters.
Compared with former and never smokers, current smokers were younger, had a lower
BMI, a lower educational level, lived alone more frequently, were more depressed, and
consumed alcohol and caffeine more frequently (Table 1). Former smokers were more
frequently men and older, had a higher BMI and a higher total number of medications,

and were more frequently diagnosed with obesity and HBP.
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Association between sleep characteristics and smoking status

Table 2 (multivariable) and Table S3 (bivariate) show the associations between
subjective sleep characteristics, sleep macrostructure and smoking status. Bivariate
analysis revealed significant between-group differences regarding ESS, TRT, sleep
efficiency and mean SpO2 (Table S3). After multivariable adjustment, current smokers
had a higher T90 and a lower mean SpO2 than former and never smokers. No
significant difference was observed in subjective sleep characteristics between groups

(Table 2).

Association between EEG spectral power and smoking status

Table 3 shows the association between relative EEG power in NREM sleep
(N1+N2+N3 stages) and smoking status. Current smokers had lower delta power than
former and never smokers, and this difference remained significant after multivariable
adjustment. Additionally, current smokers displayed higher alpha power than never
smokers after adjustment. There was no between-group difference (Table 3 and
Figure 2) in EEG power for other frequency bands (theta, sigma and beta).
Complementary analysis confirmed that current smokers had lower delta power in N1
and N2 stages, as well as N2N3, compared to the other groups (Table S4 and Table
S5). Current smokers also had higher alpha power in N2 and N3 stages considered
separately, in addition to N2N3, than never smokers. It should be noted that our
spectral analysis focused on NREM sleep, in which delta power is most prominent and
has been shown to reflect homeostatic sleep pressure.[?8]

The dose-dependent association between relative delta power and smoking intensity

is shown in Table 4. Negative associations were found for all sleep stages. An example
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of the association between delta power in NREM sleep and smoking intensity is
provided in Figure 3. When absolute values of delta power were used, negative
associations with smoking intensity for N2 and N3 stages, and a borderline (p<0.007)
negative association for NREM (N1+N2+N3 stages) remained (Table S6). In additional
post-hoc analyses, no dose-response relationship was found between smoking
intensity and relative EEG power in frequency bands other than delta. Also, there was
no dose-response relationship between smoking intensity and either subjective sleep

scores or parameters of sleep macrostructure (data not shown).

Discussion

To our knowledge, this is the first study analyzing both sleep macro- and micro-
structure in a large and unselected population-based sample. Our results showed that
current smoking was dose-dependently associated with lower delta and higher alpha
power in NREM sleep. Current smokers also had lower nocturnal oxygen saturation
than former and never smokers.

Although we found no association between sleep macrostructure and smoking status,
unlike some previous studies,® 71 our results showed a significant alteration of sleep
microstructure in current smokers compared with former and never smokers, with a
shift toward faster sleep EEG activity. Current smokers had lower relative delta power
in all NREM sleep stages than former and never smokers. These results confirm those
of Zhang et al., which showed that current smokers had lower delta power than never
smokers.['"! In our study, current smokers had higher relative alpha power in NREM
sleep than never smokers, which is also consistent with previous findings.['"- 2°]

The effect of nicotine on sleep regulation is the most likely explanation for the effect of

smoking on delta power in sleep. In animal models, sleep-promoting GABAergic
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neurons in the ventrolateral preoptic nucleus are indirectly inhibited by nicotine through
presynaptic enhancement of noradrenaline release, while neurons in arousal systems
are directly excited by nicotine.l*% Indeed, a previous study showed that transdermal
nicotine administered to non-smoking individuals decreased delta power and
increased alpha power in sleep.[

Delta power is a marker of sleep depth and is considered to be the most restorative
component of sleep.?8l An increase in alpha power and other high-frequency bands
(beta, gamma) is typically related to arousal. Lower relative delta power and higher
relative alpha power in smokers could therefore reflect decreased activity of sleep-
promoting systems and increased activity of arousal systems, respectively, which may
impair the restorative aspects of sleep.

Although a higher ESS score was found in current smokers compared with never
smokers in bivariate analysis, suggesting greater sleepiness, this difference was not
significant in multivariable analysis. This discrepancy in our results between subjective
sleep reports and objective sleep assessment was also found in previous work.[?]
Further studies are needed to understand the interrelations between subjective sleep
quality and sleep macro— and microstructure.33-3%1

Changes in sleep microstructure have been associated with clinical outcomes.
Decreased delta power was associated with increased incident cardiovascular risk in
follow-up of the ColLaus-HypnoLaus study, which could suggest another possible
connection between smoking and cardiovascular risk.?®1 A study showed an
association between lower total delta power and increased diastolic blood pressure,
as well as higher risk for incident HBP in a multi-ethnic cohort of women."l Also,

results from another study showed positive correlations between delta power and
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performance in declarative memory and procedural learning, indicating a potential
connection between smoking and cognitive performance.38l

In addition to sleep microstructure modification, our study showed that current smokers
had a higher T90 and lower nocturnal mean oxygen saturation than former and never
smokers. These results are consistent with one previous study in which current
smokers (215 pack-years) were more likely to spend over 5% of TST with SpO2 of
<90% than never smokers,I”l and with another study that showed current smokers had
a higher nocturnal hypoxia index than never smokers,% but should be interpreted
cautiously in the absence of pulmonary function tests. Adding mean nocturnal SpO:
among the adjustment variables did not change the results on sleep macro- and
microstructure. This suggests that nocturnal hypoxemia does not have a major impact
on sleep architecture.

Although previous studies reported conflicting results regarding the association
between smoking and PLMS or RLS,“% 411 we did not find any association between
smoking status and PLMS or RLS. Finally, we also did not find any association
between smoking and obstructive sleep apnea, which is in line with results from other
studies and one recent meta-analysis.["- 39 421

Overall, we believe that the deleterious effects of tobacco consumption on sleep
microstructure and nocturnal oxygen saturation documented in our study provide a
novel argument for strategies to promote smoking cessation. Indeed, because there
was no difference in EEG power spectral density between former and never smokers,
it could be suggested that changes in sleep microstructure are reversible upon smoking

cessation.
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Limitations and Strengths

The key strengths of our study were the number of participants and the unselected
population nature of our sample. Compared with earlier studies, these allowed for a
more in-depth analysis of the association between smoking and sleep microstructure.
Indeed, the dose-response relationship we found strengthen this association.
Considering that our population sample was almost exclusively of Caucasian ancestry,
the generalizability of our results to non-Caucasian populations is limited. Studies of
smoking effect on sleep architecture should thus be replicated in the population of other
ethnicities. We also acknowledge several other limitations. First, smoking data
included neither exact time of quitting nor quantity smoked during lifetime (pack-years),
which prevented us from studying the association between nicotine withdrawal or
dependence and sleep quality. Further studies should include this specific aspect. In a
sensitivity analysis, we excluded quitters for < 1 year, who could be subject to some
degree of withdrawal syndrome influencing sleep macro— and microstructure, and
found no difference in our results. The number of quitters for < 1 year was however
low (N=25) and represented only 4% of former smokers with analysis of sleep structure
in our sample. Second, the cross-sectional analysis design means that the direction of
the association between smoking and impaired sleep quality cannot be assessed.
However, the dose-response association between smoking intensity and lower delta
power suggests that nicotine has a negative effect on sleep quality. Moreover, the
study by Jaehne et al. showed that higher cotinine levels are associated with lower
amount of slow-wave sleep,??! which also indicates an impact of nicotine on sleep
rather than vice versa. Third, inherent limitations to PSG measurements may be
present, such as the “first-night effect”, and results based on a single night study do

not capture the night-to-night variability of sleep. However, in the HypnoLaus study, a
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subsample had sleep studies on two nights and no significant differences were found
between the two nights, suggesting that the “first-night effect” for PSG at home is
probably negligible.['?l Finally, confounding factors such as cardiovascular (except
HBP) and pulmonary diseases were not accounted for. In particular, pulmonary
function testing could have participated in a better assessment of nocturnal oxygen
saturation alterations. However, because these conditions are commonly related to
smoking, excluding participants with cardiovascular or pulmonary diseases would have

significantly reduced the number of smokers in the study population.

Conclusions

This study showed decreased objective sleep quality in current smokers compared
with former and never smokers, with altered nocturnal oxygen saturation parameters
and faster sleep EEG activity. There was a dose-dependent association between
smoking intensity and decrease in EEG delta power, a marker of sleep depth, during
non-REM stage, in addition to an increase in arousal-associated alpha power.
Considering the importance of sleep quality for wellbeing and overall health, we believe
that these negative effects of tobacco smoking on sleep should further stimulate

smoking cessation strategies.

16



Acknowledgments
We thank Ms Nicola Ryan for her contribution to language editing and proofreading of

the manuscript.

Author contributions: MT, PMV and RH designed the study. JHR contributed to data
collection. FS supervised the electroencephalogram power spectral analysis. PMV
made the statistical analysis and wrote part of the manuscript. PMV had full access to
the data and is the guarantor of the study. MT drafted the manuscript. All authors

interpreted the data and critically reviewed the manuscript.

Data access

Due to the sensitivity of the data and the lack of consent for online posting, individual
data cannot be made accessible. Only metadata will be made available in digital
repositories. Metadata requests can also be made via the study website: www.colaus-

psycolaus.ch.

Disclosure statement: The ColLaus study was and is supported by research grants
from GlaxoSmithKline, the Faculty of Biology and Medicine of the University of
Lausanne, and the Swiss National Science Foundation (SNSF). SNSF grant numbers
are 33CSC0-122661, 33CS30-139468, and 33CS30-148401. The HypnoLaus study
received additional support from the Vaud Pulmonary League and the Leenaards

Foundation.

17



References

[1] Atlanta: U.S. Department of Health and Human Services CfDCaP, National Center
for Chronic Disease Prevention and Health Promotion, Office on Smoking and Health.
The Health Consequences of Smoking-50 Years of Progress: A Report of the Surgeon
General. Atlanta (GA)2014.

[2] Jaehne A, Loessl B, Barkai Z, Riemann D, Hornyak M. Effects of nicotine on sleep
during consumption, withdrawal and replacement therapy. Sleep Med Rev.
2009;13:363-77.

[3] Wetter DW, Young TB. The relation between cigarette smoking and sleep
disturbance. Prev Med. 1994;23:328-34.

[4] Phillips BA, Danner FJ. Cigarette smoking and sleep disturbance. Arch Intern Med.
1995;155:734-7.

[5] McNamara JP, Wang J, Holiday DB, Warren JY, Paradoa M, Balkhi AM, et al. Sleep
disturbances associated with cigarette smoking. Psychol Health Med. 2014;19:410-9.
[6] Zhang L, Samet J, Caffo B, Punjabi NM. Cigarette smoking and nocturnal sleep
architecture. Am J Epidemiol. 2006;164:529-37.

[7] Conway SG, Roizenblatt SS, Palombini L, Castro LS, Bittencourt LR, Silva RS, et
al. Effect of smoking habits on sleep. Braz J Med Biol Res. 2008;41:722-7.

[8] Moser D, Anderer P, Gruber G, Parapatics S, Loretz E, Boeck M, et al. Sleep
classification according to AASM and Rechtschaffen & Kales: effects on sleep scoring
parameters. Sleep. 2009;32:139-49.

[9] Corsi-Cabrera M, Guevara MA, Del Rio-Portilla Y, Arce C, Villanueva-Hernandez
Y. EEG bands during wakefulness, slow-wave and paradoxical sleep as a result of

principal component analysis in man. Sleep. 2000;23:738-44.

18



[10] Carrier J, Land S, Buysse DJ, Kupfer DJ, Monk TH. The effects of age and gender
on sleep EEG power spectral density in the middle years of life (ages 20-60 years old).
Psychophysiology. 2001;38:232-42.

[11] Zhang L, Samet J, Caffo B, Bankman |, Punjabi NM. Power spectral analysis of
EEG activity during sleep in cigarette smokers. Chest. 2008;133:427-32.

[12] Heinzer R, Vat S, Marques-Vidal P, Marti-Soler H, Andries D, Tobback N, et al.
Prevalence of sleep-disordered breathing in the general population: the HypnolLaus
study. Lancet Respir Med. 2015;3:310-8.

[13] Firmann M, Mayor V, Vidal PM, Bochud M, Pecoud A, Hayoz D, et al. The CoLaus
study: a population-based study to investigate the epidemiology and genetic
determinants of cardiovascular risk factors and metabolic syndrome. BMC Cardiovasc
Disord. 2008;8:6.

[14] Iber C A-IS, Chesson A, Quan SF. The AASM manual for the scoring of sleep and
associated events: rules terminology and technical specifications. 1st ed. Westchester,
IL: American Academy of Sleep Medicine; 2007.

[15] Berry RB, Budhiraja R, Gottlieb DJ, Gozal D, Iber C, Kapur VK, et al. Rules for
scoring respiratory events in sleep: update of the 2007 AASM Manual for the Scoring
of Sleep and Associated Events. Deliberations of the Sleep Apnea Definitions Task
Force of the American Academy of Sleep Medicine. J Clin Sleep Med. 2012;8:597-
619.

[16] Lecci S, Cataldi J, Betta M, Bernardi G, Heinzer R, Siclari F. EEG changes
associated with subjective under- and overestimation of sleep duration. Sleep. 2020.
[17] Buysse DJ, Reynolds CF, 3rd, Monk TH, Berman SR, Kupfer DJ. The Pittsburgh
Sleep Quality Index: a new instrument for psychiatric practice and research. Psychiatry

Res. 1989;28:193-213.

19



[18] Johns MW. A new method for measuring daytime sleepiness: the Epworth
sleepiness scale. Sleep. 1991;14:540-5.

[19] Allen RP, Picchietti D, Hening WA, Trenkwalder C, Walters AS, Montplaisi J, et al.
Restless legs syndrome: diagnostic criteria, special considerations, and epidemiology.
A report from the restless legs syndrome diagnosis and epidemiology workshop at the
National Institutes of Health. Sleep Med. 2003;4:101-19.

[20] Marques-Vidal P, Melich-Cerveira J, Paccaud F, Waeber G, Vollenweider P,
Cornuz J. Prevalence and factors associated with difficulty and intention to quit
smoking in Switzerland. BMC Public Health. 2011;11:227.

[21] Bernstein M, Sloutskis D, Kumanyika S, Sparti A, Schutz Y, Morabia A. Data-
based approach for developing a physical activity frequency questionnaire. Am J
Epidemiol. 1998;147:147-54.

[22] Bernstein MS, Morabia A, Sloutskis D. Definition and prevalence of sedentarism
in an urban population. Am J Public Health. 1999;89:862-7.

[23] Radloff LS. The CES-D scale: A self report depression scale for research in the
general population. Applied Psychological Measurement. 1977;1,:385-401.

[24] Nurnberger JI, Jr., Blehar MC, Kaufmann CA, York-Cooler C, Simpson SG,
Harkavy-Friedman J, et al. Diagnostic interview for genetic studies. Rationale, unique
features, and training. NIMH Genetics Initiative. Arch Gen Psychiatry. 1994;51:849-59;
discussion 63-4.

[25] Sabanayagam C, Shankar A. The association between active smoking, smokeless
tobacco, second-hand smoke exposure and insufficient sleep. Sleep Med. 2011;12:7-
11.

[26] Benjamin DJ, Berger JO, Johannesson M, Nosek BA, Wagenmakers EJ, Berk R,

et al. Redefine statistical significance. Nat Hum Behav. 2018;2:6-10.

20



[27] loannidis JPA. Lowering the P Value Threshold-Reply. JAMA. 2018;320:937-8.
[28] Rodriguez AV, Funk CM, Vyazovskiy VV, Nir Y, Tononi G, Cirelli C. Why Does
Sleep Slow-Wave Activity Increase After Extended Wake? Assessing the Effects of
Increased Cortical Firing During Wake and Sleep. J Neurosci. 2016;36:12436-47.

[29] Jaehne A, Unbehaun T, Feige B, Lutz UC, Batra A, Riemann D. How smoking
affects sleep: a polysomnographical analysis. Sleep Med. 2012;13:1286-92.

[30] Saint-Mleux B, Eggermann E, Bisetti A, Bayer L, Machard D, Jones BE, et al.
Nicotinic enhancement of the noradrenergic inhibition of sleep-promoting neurons in
the ventrolateral preoptic area. J Neurosci. 2004;24:63-7.

[31] Choi JB, Lee YG, Jeong DU. Transdermal Nicotine Patch Effects on EEG Power
Spectra and Heart Rate Variability During Sleep of Healthy Male Adults. Psychiatry
Investig. 2017;14:499-505.

[32] Hsiao FC, Tsai PJ, Wu CW, Yang CM, Lane TJ, Lee HC, et al. The
neurophysiological basis of the discrepancy between objective and subjective sleep
during the sleep onset period: an EEG-fMRI study. Sleep. 2018;41.

[33] Kaplan KA, Hirshman J, Hernandez B, Stefanick ML, Hoffman AR, Redline S, et
al. When a gold standard isn't so golden: Lack of prediction of subjective sleep quality
from sleep polysomnography. Biol Psychol. 2017;123:37-46.

[34] Svetnik V, Snyder ES, Tao P, Roth T, Lines C, Herring WJ. How well can a large
number of polysomnography sleep measures predict subjective sleep quality in
insomnia patients? Sleep Med. 2020;67:137-46.

[35] Gabryelska A, Feige B, Riemann D, Spiegelhalder K, Johann A, Bialasiewicz P,
et al. Can spectral power predict subjective sleep quality in healthy individuals? J Sleep

Res. 2019;28:12848.

21



[36] Heinzer R, Hirotsu C, Marques-Vidal P, Vollenweider P, Waeber G, Betta M,
Bernardi G, Lecci S, Siclari F, Haba-Rubio J. 0859 Sleep Determinants Of Incident
Cardiovascular Events: A prospective Population-based Study. Sleep. 2019;42:A344-
A5.

[37] Matthews KA, Chang Y, Kravitz HM, Bromberger JT, Owens JF, Buysse DJ, et al.
Sleep and risk for high blood pressure and hypertension in midlife women: the SWAN
(Study of Women's Health Across the Nation) Sleep Study. Sleep Med. 2014;15:203-
8.

[38] Goder R, Aldenhoff JB, Boigs M, Braun S, Koch J, Fritzer G. Delta power in sleep
in relation to neuropsychological performance in healthy subjects and schizophrenia
patients. J Neuropsychiatry Clin Neurosci. 2006;18:529-35.

[39] Casasola GG, Alvarez-Sala JL, Marques JA, Sanchez-Alarcos JM, Tashkin DP,
Espinos D. Cigarette smoking behavior and respiratory alterations during sleep in a
healthy population. Sleep Breath. 2002;6:19-24.

[40] Ohayon MM, Roth T. Prevalence of restless legs syndrome and periodic limb
movement disorder in the general population. J Psychosom Res. 2002;53:547-54.
[41] Lavigne GL, Lobbezoo F, Rompre PH, Nielsen TA, Montplaisir J. Cigarette
smoking as a risk factor or an exacerbating factor for restless legs syndrome and sleep
bruxism. Sleep. 1997;20:290-3.

[42] Taveira KVM, Kuntze MM, Berretta F, de Souza BDM, Godolfim LR, Demathe T,
et al. Association between obstructive sleep apnea and alcohol, caffeine and tobacco:

A meta-analysis. J Oral Rehabil. 2018;45:890-902.

22



Figures

Figure 1. Flowchart of the study population and exclusion procedure (dashed arrows).
Nicotine replacement therapy includes nicotine patches, varenicline or bupropion.

Missing data refer to sleep variables or covariates.

Initial sample (ColLaus study)
N=5064 (100%)

Sedative / hypnotic medication
N=237 (4.7%)

Nicotine replacement therapy
N=9 (0.2%)

Missing data
N=1585 (31.3%)

Sample with subjective sleep variables
N=3233 (63.8%)

l

Sample with subjective and objective sleep
variables (HypnolLaus study)
N=1489 (29.4%)

l

Sample with subjective and objective sleep
variables including power spectral analysis
N=1447 (28.6%)
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Figure 2. Multivariable-adjusted differences in relative EEG spectral power by
frequency band between current and former smokers, and between current and never

smokers, in non-REM sleep (N1+N2+N3 stages). Error bars indicate standard errors.

*p<0.001.
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Relative EEG delta power

Figure 3. Linear regression between relative EEG delta power in

sleep (N1+N2+N3 stages) and cigarette equivalents smoked daily.
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Table 1. Characteristics of the participants by smoking category.

Never Former Current P-value

(n=1353) (n=1209) (n=671)
Age (years) 56.7 £ 10.5 57.9+104 54.1+8.7 <0.001
Male, No. (%) 583 (43.1) 636 (52.6) 326 (48.6) <0.001
BMI (kg/m?) 257+43 26.3+4.4 254142 <0.001
BMI categories, No. (%) <0.001

Normal 650 (48.0) 497 (41.1) 342 (51.0)

Overweight 525 (38.8) 498 (41.2) 251 (37.4)

Obese 178 (13.2) 214 (17.7) 78 (11.6)
Waist-to-hip ratio 0.90 + 0.07 0.92 + 0.07 0.92 + 0.07 <0.001
Living alone, No. (%) 531 (39.3) 450 (37.2) 329 (49.0) <0.001
Education level, No. (%) <0.001

University 353 (26.1) 289 (23.9) 130 (19.4)

High school 359 (26.5) 326 (27.0) 198 (29.5)

Apprenticeship 445 (32.9) 465 (38.5) 245 (36.5)

Mandatory education 196 (14.5) 129 (10.7) 98 (14.6)

Sedentary behavior, No. (%) 729 (53.9) 670 (55.4) 404 (60.2) 0.025
Alcohol intake (units/week) 3 [0-7] 5[2-10] 6 [2-14] <0.001*
Caffeine intake, No. (%) <0.001

None 114 (8.4) 62 (5.1) 33 (4.9)

1 to 3 units/day 956 (70.7) 790 (65.3) 369 (55.0)

4 to 6 units/day 261 (19.3) 307 (25.4) 227 (33.8)

>6 units/day 22 (1.6) 50 (4.1) 42 (6.3)
Depression, No. (%) 147 (10.9) 130 (10.8) 105 (15.7) 0.003
Anxiety, No. (%) 36 (3.3) 36 (3.7) 21 (3.9) 0.800
Psychoactive medication, No. (%) 69 (5.1) 51 (4.2) 43 (6.4) 0.114
Total number of medications 14+£19 1.6+2.1 1420 <0.001
High blood pressure, No. (%) 522 (38.6) 543 (44.9) 204 (30.4) <0.001
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Abbreviations: BMI, body mass index.

Results expressed as number of participants (%) for categorical variables and mean + standard
deviation or median [interquartile range] for continuous variables. Between-groups comparisons

performed using chi-square for categorical variables and analysis of variance or Kruskal-Wallis test* for
continuous variables.
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Table 2. Multivariable associations between subjective sleep characteristics (n=3233),

sleep macrostructure (n=1489) and smoking status.

Never Former Current P-value
Subjective sleep (n) 1353 1209 671
Psal 49+0.1 49+0.1 44+0.2 0.044
ESS 6.1+0.2 6.7+0.2 6.5+0.2 0.022
RLS 1 1.17 (0.82-1.67)  1.57 (1.03-2.42) 0.038*
Sleep macrostructure (n) 627 582 280

TST (min) 404 + 3 399+3 395+4 0.194
TRT (min) 493+ 3 489+ 3 480 + 4 0.045
Sleep efficiency (%) 85.0+04 845+04 85.7+0.6 0.267
Sleep onset latency (min) 17 £1 14 £ 1 18 +1 0.040
N1 stage (% of TST) 11.8+0.3 11.8+0.3 12404 0.465
N2 stage (% of TST) 46.3+04 45004 458+ 0.6 0.052
N3 stage (% of TST) 19.9+0.3 209+0.3 19.6 £ 0.5 0.035
REM sleep (% of TST) 22.0+0.2 223+0.2 222+04 0.053
Arl (N/h) 213204 204+04 20.6+0.6 0.232
PLMSI (N/h) 14.4+0.9 121+0.9 14.7+14 0.140
AHI (N/h) 15,5+ 0.5 144+ 0.6 14.0+0.8 0.232
Stage shifts (N/night) 142+ 2 138+ 2 1393 0.277
ODI 3% (N/h) 144 +0.5 13605 13.1+£0.8 0.3037
T90 (min) 26+04 3.6+05 5.6 £0.72b 0.002f
Mean SpOz2 (%) 94.3+0.1 94.3+0.1 93.5+ 0.2ab <0.001%

Abbreviations: AHI, apnea-hypopnea index (according to 2012 AASM criteria); Arl, arousal index; ESS,
Epworth Sleepiness Scale; ODI 3%, oxygen desaturation index; PLMSI, periodic limb movements in
sleep index; PSQI, Pittsburgh Sleep Quality Index; RLS, restless legs syndrome; T90, time spent with
oxygen saturation below 90%; TRT, total recording time; TST, total sleep time.

Results expressed as multivariable-adjusted odds ratio (95% confidence interval) for categorical
variables or as multivariable-adjusted mean * standard error for continuous variables. Between-groups
comparisons performed using logistic regression for categorical variables and analysis of variance for
continuous variables, adjusting for sex, age (continuous), body mass index categories
(normal/overweight/obese), alcohol intake (continuous), marital status (alone/in couple), educational
level (university/high school/apprenticeship/mandatory), sedentary status (yes/no), caffeine intake
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(none/1-3/4-6/>6), depression (yes/no), psychoactive medication (yes/no), total number of medications
(continuous), high blood pressure (yes/no), and mean nocturnal SpO:2 (continuous; except when
indicated by ). Post-hoc comparisons performed using Scheffe’s method for continuous variables. *p-
value for trend. Results differing at p<0.005: @ significantly different vs. never smokers, ° significantly
different vs. former smokers.
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Table 3. Bivariate and multivariable associations between relative EEG spectral power

in non-REM sleep (N1+N2+N3 stages) and smoking status.

Never (n=612) Former (n=561) Current (n=274) P-value

Bivariate
Delta 472+538 476+5.8 450+6.2 <0.001
Theta 71+24 72+25 6.8+25 0.159
Alpha 59+28 6.2+2.9 6.6 + 3.1 0.014
Sigma 32+1.9 3.1+1.8 34+1.9 0.069
Beta 1.3+1.1 1.2+0.9 1.3+1.3 0.467

Multivariable*

Delta 47.3+0.2 476+0.2 44.9 + 0.42b <0.001
Theta 7.1+£0.1 7.1+£0.1 7.0+£0.1 0.762
Alpha 59+0.1 6.1+£0.1 6.7+0.22 0.003
Sigma 3.2+0.1 3.1+£0.1 3.4+0.1 0.057
Beta 1.3+0.1 1.2+0.1 1.4+0.1 0.094

Multivariablef

Delta 47.2+0.2 476+0.2 45.1 £ 0.42b <0.001
Theta 7.0+£0.1 7.1+£0.1 7.0+£0.2 0.930
Alpha 59+0.1 6.1+£0.1 6.7 £0.22 <0.001
Sigma 3.1+£0.1 3.1+£0.1 3.5+£0.1 0.041
Beta 1.3+0.1 1.2+0.1 1.4+0.1 0.174

EEG power reported as relative values (with respect to total power). Frequency bands: Delta (1-4 Hz),
Theta (4—8 Hz), Alpha (8—12 Hz), Sigma (12-16 Hz), Beta (18-30 Hz).

For bivariate analyses: results expressed as mean % standard deviation and between-groups
comparisons performed using analysis of variance. For multivariable analyses: results expressed as
multivariable-adjusted mean + standard error and between-groups comparisons performed using
analysis of variance. Post-hoc comparisons conducted using Scheffe’s method in multivariable models.
Results differing at p<0.005: @ significantly different vs. never smokers, b significantly different vs. former
smokers.

*Adjusted for sex and age (continuous). TAdjusted for sex, age (continuous), body mass index categories
(normal/overweight/obese), alcohol intake (continuous), marital status (alone/in couple), educational
level (university/high school/apprenticeship/mandatory), sedentary status (yes/no), caffeine intake
(none/1-3/4-6/>6), depression (yes/no), psychoactive medication (yes/no), total number of medications
(continuous), high blood pressure (yes/no), and mean nocturnal SpO:2 (continuous).
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Table 4. Regression slopes between relative EEG delta power in sleep and cigarette

equivalents.
Unadjusted P-value  Sex and age- adjusted  P-value

N1

Linear -1.0 (1.7, -0.3) 0.008 -1.2 (-1.9; -0.5) 0.001

Robust -1.0 (1.7, -0.2) 0.010 -1.2(-1.9;-0.4) 0.002
N2

Linear -1.1(-1.8;-0.4) 0.003 -1.2 (-1.9; -0.5) 0.001

Robust -1.1(-1.8;-0.4) 0.002 -1.2 (-1.9; -0.5) 0.001
N3

Linear -1.1(-1.8;-0.3) 0.007 -1.1(-1.9; -0.3) 0.007

Robust -0.9 (1.7, -0.2) 0.012 -1.0 (1.7, -0.2) 0.010
N2N3

Linear -1.1(-1.9; -0.4) 0.002 -1.2 (-1.9; -0.5) 0.001

Robust -1.1 (-1.8; -0.5) 0.001 -1.2 (-1.9; -0.5) 0.001
Non-REM

Linear -1.1(-1.8;-0.4) 0.002 -1.2(-1.9; -0.5) 0.001

Robust -1.1(-1.8;-0.4) 0.001 -1.2 (-1.9; -0.5) 0.001

Results expressed as slope (95% confidence interval) per 10 cigarette equivalent increase.
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