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Despite further declines in global tobacco use,  
the World Health Organization (WHO) estimated  
in their latest 2019 report rising numbers of  
tobacco-consumption-related diseases and deaths. 
Considering these prolonged effects and that a pro-
jected 17.1% of the world’s population will still 
smoke in 2025, the importance of investigating 
effects of smoking and expanding our knowledge on 
successful cessation cannot be stressed enough 
(WHO, 2019). Our study contributes to this by 

further investigating the relationship between 
smoking and circadian sleep-wake behavior. 
Previous studies reported a higher prevalence of 
smoking among late chronotypes, that is, people 
whose circadian clocks synchronize late in refer-
ence to the light-dark cycle (Adan, 1994; Antypa 
et al., 2016; Fabbian et al., 2016; Kwon and Lee, 2022; 
Suh et  al., 2017; Wittmann et  al., 2006). In these 
studies, chronotype was assessed either via the 
Munich Chronotype Questionnaire (MCTQ), which 
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Abstract Late chronotype, which often leads to higher social jetlag (SJL), is 
strongly associated with the prevalence of smoking. Any circadian disruption, 
strain, or misalignment, results in people not being able to live according to 
their biological time as is described by SJL, which we will therefore use as 
umbrella term. We hypothesized two scenarios potentially explaining the asso-
ciation between smoking and SJL: (A) If smoking delays the clock, circadian 
phase should advance upon quitting. (B) If people smoke more to compensate 
the consequences of SJL, circadian phase should not change upon quitting. To 
distinguish between these two hypotheses, we accompanied participants of a 
smoking cessation program (not involving nicotine replacement products) 
across the cessation intervention (3 weeks prior and 6 weeks after) by monitor-
ing their circadian behavior, sleep quality, and daytime sleepiness via question-
naires and actimetry. Our results show no effects of cessation on SJL, 
chronotype, sleep quality, or daytime sleepiness, thereby favoring scenario (B). 
Thus, smoking may be a consequence of rather than a cause for SJL. Daytime 
sleepiness was a significant predictor for the outcome in our model but did not 
improve with cessation.
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evaluates chronotype as the phase-relationship 
between individual circadian system and signals of 
the cyclic environment (zeitgebers) (Roenneberg 
et  al., 2003), or the Morningness-eveningness-
Questionnaire, which is a psychological assessment 
of diurnal preference (Horne and Ostberg, 1976). 
Lower sleep quality and disrupted sleep architec-
ture have also been reported in smokers (Hu et al., 
2007; Jaehne et al., 2012; Phillips and Danner, 1995; 
Wetter and Young, 1994).

The human clock actively synchronizes to specific 
zeitgebers, of which light is the predominant one for 
most organisms, including humans (Duffy and 
Wright, 2005; Roenneberg et  al., 2007; Wright et  al., 
2013). The phase-relationship between the circadian 
clock and the zeitgeber is called phase of entrainment 
(Poe). In humans, this Poe is often called “chrono-
type,” which is almost normally distributed in popu-
lations, varies between people and conditions and 
ranges from extreme early chronotypes (“larks”) to 
extreme late chronotypes (“owls”). The timing of 
most functions is aligned with chronotype, including 
the timing of sleep (Roenneberg et al., 2007).

Chronotype has been discussed as a psychological 
trait (i.e. independent of situational effects) (Steyer 
et al., 1992), assessible by measuring diurnal prefer-
ences (Horne and Ostberg, 1976). Human clocks 
under real-life conditions, however, often face greatly 
varying entrainment conditions and are able to adapt. 
We therefore view chronotype as a biological state-
trait-interaction. We regard chronotype as a surrogate 
for Poe. Like Poe, chronotype dynamically adapts to 
external zeitgeber cycles and reflects the entire organ-
ism’s overall temporal organization under entrained 
conditions. The variation of these conditions contrib-
utes to the variance in chronotype, as do genes and 
age (Roenneberg et al., 2019).

Modern lifestyle deprives people of both natural 
light during the day (e.g. by mostly living indoors) 
and darkness during the night (use of artificial light) 
(Roenneberg et  al., 2003). The strength of light as a 
zeitgeber has therefore drastically decreased, thereby 
delaying most chronotypes (with the exception of 
extreme larks) and increasing the gap between larks 
and owls (Wright et  al., 2013). The increasing mis-
match between the internal and external clock has 
become a stressor for the majority of the population 
(Roenneberg et al., 2015), leads to so-called social jet-
lag (SJL) and consequently to sleep debt over the 
course of the workweek, which is often compensated 
for on weekends (Wittmann et al., 2006). Here, we use 
the umbrella term SJL for all kinds of circadian dis-
ruptions, misalignments, mismatches, or strains.

Suffering from chronic SJL is associated with numer-
ous health risk factors, for example, increased risk of 
metabolic illness, depressive symptoms, and addiction 

behavior (Antypa et  al., 2016; Broms et  al., 2012; 
Levandovski et al., 2011; Parsons et al., 2015; Roenneberg 
et al., 2012). The strong positive correlation between SJL 
and the probability of being a smoker (Wittmann et al., 
2006) is of particular interest for our investigation, but 
we do not know whether smoking delays the circadian 
clock, thereby increasing SJL, or whether SJL fosters 
smoking, for example as a coping strategy.

We followed people through the process of quit-
ting smoking without nicotine replacement therapy, 
while measuring behavioral outputs of the clock 
before and after cessation to compare potential effects 
of tobacco abstinence. We hypothesized that if smok-
ing delays the clock, people’s circadian phase should 
advance when they stop (A). If people remained the 
same chronotype after quitting, the second alterna-
tive (B), smoking to compensate for consequences of 
SJL, would be more likely.

METHOdS

design and Cohort

Study Design. Participants of a smoking cessation 
program at the Tobacco Outpatient Clinic of the Psy-
chiatric Clinic at the LMU Munich were recruited 
through newspaper advertisement and the LMU 
online newsletter between October 2014 and March 
2016. The course consisted of six weekly group 
appointments and was based on the smoke free man-
ual developed by the Institute for Therapy Research 
in Munich (IFT) (Kröger and Gradl, 2007; Kufeld and 
Bühringer, 2010). The manual determines that the 
group will try to quit smoking collectively at the 
week 4 meeting of participation. After the course, 
participants were monitored for three more weeks 
(total investigation period: 9 weeks). During the sixth 
and seventh week, subjects engaged in two phone 
interviews carried out by the study team. A final 
group appointment was scheduled at the end of the 
ninth week (appointment 9).

Several measurements were taken during the first 
and last appointment: questionnaires regarding chro-
notype, sleep habits and quality, tobacco dependency, 
and smoking habits. Subjects were given actimeters 
for continuous measurement of their activity (9 
weeks). At each appointment, expiratory carbon 
monoxide (eCO) levels were assessed, and the 
Nicotine Use Inventory (NUI) Questionnaire was 
filled in by the subject. The NUI was also adminis-
tered by the study team during phone interviews 
(appointment 7 & 8). The time period before the ces-
sation intervention is called T0, while the period of 
time after the intervention is called T1 (see Figure 1 
for more detail).
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All participants gave their informed, written con-
sent. The study was approved by the ethics 
Committee of the LMU (approval #508-14) and con-
ducted in accordance with the Declaration of Helsinki.

Criteria and Sample Size. An a priori power analysis was 
performed using G*Power3 to determine the required 
sample size (t-test to test the difference between two 
dependent means, two-tailed) (Faul et al., 2007, 2009). 
Alpha was set to .05. With an effect size of d = 0.5, the 
sample size was 54, while with an effect size of d = 0.6, 
the required sample size was 39. We therefore aimed to 
recruit between 39 and 54 participants.

Our exclusion criteria were shift-workers and indi-
viduals with other nonstandard weekly schedule (i.e. 
five workdays and two work-free days), patients 
diagnosed with a psychiatric or neurological illness 
(other than tobacco use disorder), individuals who 
came back from a trans-meridian flight 3 months 
prior to participation.

Time Changes. The following time changes occurred 
during our study: 21 participants went into daylight 
saving time (DST). Twelve participants extended with 
their last 2 days into DST (questionnaires were admin-
istered before the transition weekend and the hanging 
days were excluded from activity recordings). Nine 

participants were recorded for 5 weeks in standard 
time (ST) and 4 weeks in DST; six subjects spent 2 
weeks in DST and 7 weeks in ST. In these cases, we 
excluded 7 days after the time change from activity 
recordings. Included data are expressed in local time. 
We conducted the analysis both with corrected 
(=adjusted to local time) and uncorrected data, which 
had no effect on the results regarding direction and 
significance. We therefore conclude that our observa-
tions are not due to DST-related corrections. Here, we 
report results produced with corrected data.

Abstinence. Abstinence was defined as stating not to 
have smoked during the past 7 days on each NUI and 
eCO-levels ≤ 5 ppm, indicating a verification of the 
self-reports (Middleton and Morice, 2000; Javors et al., 
2005; Kapusta et  al., 2010; West et  al., 2005; Patrick 
et al., 1994). Subjects with eCO-values > 5 ppm and/or 
self-reported smoking were assigned to the so called 
“continue” group, while those who met abstinence cri-
teria were assigned to the so called “quit” group.

Interventions and Measurements

Cessation Program. The smoke free manual uses ele-
ments of cognitive behavioral therapy and motiva-
tional therapy (Kröger and Gradl, 2007). Concepts of 

Figure 1. Study design. * = day of quitting, ** = eCO (expiratory CO) levels measured weekly except for week 7 and 8, *** = Nicotine 
Use Inventory (NUI) administered weekly at group or phone appointment. Forty-nine subjects completed the study, total duration of 
study = 9 weeks, duration of cessation program = 6 weeks, phone interviews in week 7 and 8. Continuous monitoring of locomotor activ-
ity via actimetry: 9 weeks. All questionnaires (except for the NUI) were administered once at the beginning and once at the end of the 
study. Expiratory CO measured at the end of every appointment; NUI administered at every appointment.
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behavioral therapy, especially in the group setting, 
have been shown to be effective in smoking cessation 
(Stead et al., 2017).

Actimetry. The actimeter is a wrist-worn device, mea-
suring locomotor activity via an integrated acceler-
ometer. The devices (Daqtometers by Daqtix GmbH) 
were worn continuously for the total study dura-
tion. Activity was recorded at 1 Hz; the average 
activity counts stored every 30 sec, and data were 
averaged into 10 min bins for further analyses. These 
data give insight into the daily phase of general 
locomotor activity using the ChronoSapiens-soft-
ware (Chronsulting UG) (Roenneberg et  al., 2015). 
The acrophase of the daily activity profiles (maxi-
mum of 1-harmonic, 24 h cosine fit; abbreviated here 
as “Phi”: ψact) representing activity’s daily “center of 
gravity.” We excluded days from the analysis that 
contained more than 1 h of missing data. For the 
analysis of predictability of outcome via ψact, daily 
ψact values were averaged across 3-week sections in 
each individual, resulting in ψact-pre for weeks 1 to 3 
(prior to cessation), ψact-cess for weeks 4 to 6 and ψact-

post for weeks 7 to 9 (both postcessation) per subject. 
For analysis of associations between number of 
smoked cigarettes and actimetry data, the daily ψact 

values were averaged across each week in each indi-
vidual, resulting in the variable ψact-week. Data are 
expressed in local time.

Questionnaires

Demographic Data/General Questionnaire. Participants 
filled in a general questionnaire for demographic 
data, assessing personal and educational informa-
tion, smoking method (e.g. pre-manufactured or 
hand-rolled cigarettes) and stimulant use (caffeine/
alcohol consumption, psycho-/neuropharmacologi-
cal medication; yes- or no-answers) (Table 1).

Munich Chronotype Questionnaire. The MCTQ was 
developed by Roenneberg et al. (2003) and asks sim-
ple questions about sleep-wake behavior separately 
for work- and work-free days. It has been validated 
in various studies against actimetry and biochemical 
measurements of the circadian clock (Kantermann 
et al., 2015; Kitamura et al., 2014; Pilz et al., 2018). The 
MCTQ has been used since the year 2003, thus gener-
ating large amounts of valuable information on indi-
viduals’ sleep-wake behavior (the MCTQ database 
currently comprises close to 300.000 entries and was 
used in this study to compare sample and population 

Table 1. Sample characteristics.

All 
participants, n % Quit group, n %

Continue 
group, n % Dropouts, n

Total 49 22 27 2
Female 32 65.31 14 63.64 18 66.67 2
Male 17 34.69  8 36.36  9 33.33 0
Average age ± SD 46.02 ± 12.16 45.91 ± 11.40 46.11 ± 12.97 56.00 ± 4.24
Age range 23-69 23-69 25-69 53-59
 Primary-level educationa  9 18.37  4 18.18  5 18.52  
 Secondary-level educationa 40 81.63 18 81.82 22 81.48  
Single/separated/divorced/widowed 28 57.14 12 54.55 16 59.26  
Married/partnership 21 42.86 10 45.45 11 40.74  
Smoke-free environment T0b 35 71.43 14 63.64 21 77.78  
Not smoke-free environment T0 14 28.57  8 36.36  6 22.22  
Smoke-free environment T1b 38 77.55 18 81.82 20 74.07  
Not smoke-free environment T1  9 18.37  4 18.18  5 18.52  
Fagerström T0
 0-2  3 13.64  4 14.81  
 3-5 13 59.09 19 70.37  
 6-7  5 22.73  3 11.11  
 8-10  1 4.55  1 3.7  
Fagerström T1
 0-2 22 100.00 11 40.74  
 3-5 — —  9 33.33  
 6-7 — —  3 11.11  
 8-10 — — — —  

aPrimary-level education at German school level included the following categories: attended primary school (Hauptschule) or dropped 
out. Secondary-level education at German school level included: higher secondary school (Gymnasium), lower secondary school 
(Realschule). bT0 = before planned cessation, T1 = after planned cessation.
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data). It uses sleep timing to approximate the circa-
dian state or chronotype of an individual. Work-free 
days are considered to be affected less by constraints 
on sleep timing due to specific schedules or social 
demands. Therefore, the midpoint between sleep 
onset and sleep end on a work-free day, further cor-
rected for possible sleep debt accumulated during the 
workweek, is calculated to represent chronotype 
(MSFsc). In this study, the MSFsc was only calculated 
when the subject did not use an alarm clock, since 
MSFsc calculation relies on having free days, which 
are not spent according to given (work-) schedules. 
SJL describes the difference of sleep timing between 
work and work-free days (MSF − MSW). We used the 
standard German version. Data are expressed in local 
time. More information on the MCTQ is available at: 
http://thewep.org/documentations/mctq.

Pittsburgh Sleep Quality Index. The Pittsburgh Sleep 
Quality Index (PSQI) has been validated in multiple 
studies (Buysse et  al., 1989; Carpenter and 
Andrykowski, 1998; Grandner et al., 2006; Mollayeva 
et al., 2016). Subjects report on and rate their subjec-
tive sleep quality over the last 4 weeks, report on day-
time sleepiness and specify use of sleep medication. 
Addition of component scores, generates an overall 
score ranging from 0 to 21 points with higher scores 
indicating worse sleep quality. The general cut-off 
separating good from poor sleep quality is set at >5.

Epworth Sleepiness Scale. The epworth Sleepiness 
Scale (eSS) was developed in 1991 and updated in 
1997 (the updated version was used here) (M. Johns 
and Hocking, 1997; M. W. Johns, 1991, 1992). Subjects 
are asked to rate their usual chances of dozing off or 
falling asleep while engaged in different activities. 
The eSS score (sum of all item scores) ranges from 0 
to 24. The higher the score, the higher the probability 
and extend of daytime sleepiness. Global eSS scores 
above 5 indicate higher daytime sleepiness and scores 
above 10 indicate excessive daytime sleepiness.

Nicotine Use Inventory. The NUI has previously been 
used to assess continuous nicotine abstinence (Tons-
tad et al., 2006; Koegelenberg et al., 2014). Five initial 
questions assess the consumption of cigarettes and 
other nicotine containing products during the past 7 
days (yes-/no-answers). The last two questions 
assess the quantity of smoked cigarettes through free 
text answers. We used the NUI to determine success-
ful smoking cessation in addition to eCO measure-
ments. If participants answered questions 1 through 4 
with “no” and question 7 with “0,” it was used as evi-
dence of self-reported nicotine abstinence of the past 
7 days. Any other answers on the NUI indicated that 
the subject had smoked or been exposed to nicotine 

(see section on abstinence for more detail). The esti-
mated amount of weekly consumption was gener-
ated through multiplication (×7) of the average daily 
number of smoked cigarettes derived from the 
weekly NUI. The full German NUI and an english 
translation are provided in the Supplementary 
Material.

Expiratory Carbon Monoxide Measurements (eCO 
Measurements)

The expiratory carbon monoxide levels (in parts 
per million/ppm) were measured at each weekly 
personal appointment using the Bedfont eC50-
MICRO CO monitor smokerlyser (Bedfont 
Instruments; Kent, United Kingdom). These eCO lev-
els were used, along with NUI results, to determine 
abstinence since eCO levels have been reported to 
correlate well with the number of smoked cigarettes 
(Deveci et al., 2004). Ambient CO-levels were assessed 
before the measurements and ranged between 0 and 
3 ppm.

Assessment dim Light Melatonin Onset

Dim Light Melatonin Onset (DLMO) is a gold-
standard for measuring the timing of synchroniza-
tion via a biological marker. Therefore, multiple 
saliva samples to measure melatonin and assess 
DLMO were gathered from every subject once during 
T0 (week 2) and once during T1 (week 9). Participants 
were instructed to self-collect hourly samples at 
home. Unfortunately, the samples were not analyz-
able due to two main problems: (1) many participants 
were not able to collect sufficient amounts of saliva 
using the salivettes and lower salivary flow rates in 
smokers compared to nonsmokers have been reported 
(Rad et al., 2010) and (2) due to a freezer breakdown 
in our laboratory the majority of samples was lost.

Statistical Analysis

Statistical analyses were performed using R, SPSS 
Statistics 26 & 27 and excel 2011 & 2018 for Macintosh. 
Figures were generated using Prism 8 and R using 
the package ggplot2 (Wickham et al., 2016).

Statistical Hypotheses Tests. Based on the distribution 
of variables, which was assessed via Shapiro-Wilk 
tests and visual inspection of histograms, statistical 
hypotheses tests were chosen to compare question-
naire data in the respective samples and between 
time points (Hinkle et al., 2003). The Wilcoxon signed 
rank test was used to compare related sample 

http://thewep.org/documentations/mctq
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variables and the Mann-Whitney U-test for unrelated 
sample variables. Nonparametric tests were chosen 
because the distribution of variables was largely non-
normal. The Wilcoxon signed rank test was per-
formed on subjects with complete data. Therefore, 
when data were lost during follow-up, the case was 
excluded (MCTQ: five participants of continue group 
were lost to follow-up, eSS & PSQI: four participants 
of continue group were lost to follow-up). The alpha-
level was set to 0.05 and, due to multiple testing, the 
Bonferroni correction was applied, leading to new 
significance levels: for MSFsc, SJL, PSQI and eSS = 0.01 
(Abdi, 2007; Noble, 2009).

Generalized Estimating Equations. To account for the 
longitudinal data (time point and continuous data), 
we used Generalized estimating equation (Gee) 
models with a logit link function and an unstructured 
matrix (Liang and Zeger, 1986).

We used Gee to investigate the relationship of ces-
sation status (during T0 & T1) and ψact and results 
from the administered questionnaires. Gee was also 
used to test the predictability of cessation status by 
ψact (during T0 and T1). ψact values, along with age 
and sex, were tested as predictors of the outcome 
(successful cessation or continuing to smoke)—called 
“group.” Results were controlled for age, sex, smok-
ing method, and stimulants, the pre-post study 
design was also considered in the model. The distri-
bution was specified as binomial regarding outcome 
analyses. Potential effects of group or time point as 
well as interaction effects of group and time point in 
regard to (possible changes in) questionnaire data, 
while controlling for age, sex, smoking method, and 
stimulant use were also examined via Gee. Variables 
were coded as follows: quit group = 0, continue 
group = 1, male = 0, female = 1, T0 = 0, T1 = 1. Caffeine: 
yes = 1, no = 0; alcohol: yes = 1, no = 0, medication: 
yes = 1, no = 0, premanufactured cigarettes = 0, hand-
rolled cigarettes = 1. All other included variables are 
continuous.

Binary Logistic Regression. To investigate the predict-
ability of outcome by noncontinuous data, such as 
questionnaire variables (MSFsc, SJL, PSQI, and eSS 
overall scores), number of smoked cigarettes, age, 
sex, smoking method, and stimulant use, we con-
ducted a binary logistic regression analysis. MSFsc 
and SJL, as well as overall PSQI and eSS scores (each 
during T0 and T1) were tested. Variables were coded 
as follows: male = 0, female = 1, quit group = 0, con-
tinue group = 1, T0 = 0, and T1 = 1. Stimulant use (fur-
ther specified for substance): yes = 1, no = 0, 
premanufactured cigarettes = 0, hand-rolled ciga-
rettes = 1. All other variables are continuous.

RESULTS

Sample Characteristics

We recruited 51 subjects for this study: 2 partici-
pants withdrew after the first appointment and 49 
subjects completed the study (in separate groups, 
3-12 participants at a time). Their age ranged from 23 
to 69 years (median = 47.00), and the cohort consisted 
of 32 women and 17 men.

On average (mean ± SD), participants scored 
4.47 ± 1.84 in the Fagerström Test for Nicotine 
Dependence (FTND), smoked 16 ± 6 cigarettes/day 
and had been smoking for 27 ± 11.86 years. Almost 
80% of participants smoked premanufactured ciga-
rettes, while the rest hand-rolled them. The majority 
of participants reported having tried to quit smoking 
before (47 of 49) but except for one participant, with-
out supervision. Other participants had used self-
help literature (38.78%) or nicotine replacement 
products (24.49%). None of the participants took 
neuro- or psychopharmacological medication. 
Caffeine (coffee and caffeinated drinks) and alcohol 
intake were assessed as occurring regularly over the 
past 4 weeks (yes-/no-answers: 76.4% drank caffeine 
regularly, 67.3% drank alcohol regularly). More 
detailed sample characteristics can be obtained from 
Table 1.

Participants who successfully quit smoking dur-
ing the program and remained abstinent to the end of 
the study (no relapses or grace period) form the 
“quit” group (45%), while the rest form the “con-
tinue” group (55%). Data on sociodemographic char-
acteristics of both groups are shown in Table 1. Age, 
sex, and educational level were similar across groups.

Sufficient data to calculate the different ψact for all 
the 3-week periods was available in 38 participants 
(25 female, age range: 23-69 years, age mean ± SD: 
44.79 ± 12.52, successful cessation in 19 participants).

Complete questionnaire data were available in 44 
participants (30 female, age range: 23-69 years, age 
mean ± SD: 45.64 ± 12.63, successful cessation in 22 
participants).

Continuous and discrete Time Point data 
Comparisons

For comparison between the two time points as 
well as between groups, MSFsc and SJL (MCTQ), PSQI 
and eSS overall scores were investigated using either 
the Wilcoxon signed rank test or the Mann-Whitney 
U-test. All results were non-significant (for more 
detail, see Figures 2-5 for MSFsc, SJL, PSQI, and eSS 
scores and Supplementary Table S1 for detailed cal-
culations on all variables).
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Individual values and their trajectories (and cor-
responding percentages) of MSFsc and SJL were cal-
culated whenever MCTQ data were available both 
at T0 and T1. The distribution and direction of 
changes (advanced or delayed MSFsc; increase or 
decrease of SJL) was largely even across the groups. 
Calculated effect sizes, regarding the differences 
between time points for MSFsc and SJL in the two 
groups separately, were small. About 56.82% of all 
participants advanced their MSFsc, while the others 

delayed. The overall average advance equaled about 
6 minutes (Mean ± SD: −0.11 ± 0.76 h; range: −2.16 to 
2.08 h). About 52.27% showed a decrease in SJL, 
which on average was about 9 minutes (Mean ± SD: 
−0.16 ± 0.72 h; range: −2.58 to 1.00 h). In the quit 
group, 14 subjects (63.63 %) showed an advance of 
MSFsc from T0 to T1, while 8 subjects delayed (effect 
size MSFsc quit group, T1-T0: d = −0.37). eleven suc-
cessful (50.00 %) participants decreased in SJL, while 
10 showed an increase in SJL values and 1 participant 

Figure 2. MSFsc compared between study periods and groups. 
G1 = quit group, G2 = continue group, T0 = before attempt at cessa-
tion, T1 = after attempt at cessation. Each data point represents an 
individual result. Error bars indicate interquartile range Q1-Q3. 
Variables in the continue group during T0 follow a normal dis-
tribution; all other variables are not normally distributed. Com-
parisons of MSFsc during T0 and T1 within and across groups: 
MSFsc quit group during T0 and T1 Wilcoxon signed-rank test: 
p = 0.158, N = 22. MSFsc continue group during T0 and T1. Wil-
coxon signed-rank test: p = 0.884, N = 22. MSFsc of both groups 
during T0. Mann-Whitney U-test: p = 0.345. MSFsc of both groups 
during T1. Mann-Whitney U-test: p = 0.606. Abbreviation: MSFsc 
= mid-sleep on free days corrected for sleep debt.

Figure 3. SJL compared between study periods and groups. 
G1 = quit group, G2 = continue group, T0 = before attempt at 
cessation, T1 = after attempt at cessation. Each data point repre-
sents an individual result. Error bars indicate interquartile range 
Q1-Q3. Variables in the continue group during T0 follow a nor-
mal distribution; all other variables are not normally distributed. 
Comparisons of SJL during T0 and T1 within and across group: 
SJL of quit group during T0 and T1. Wilcoxon signed-rank test: 
p = 0.931, N = 22. SJL of continue group during T0 and T1. Wil-
coxon signed-rank test: p = 0.171, N = 22. SJL of both groups during 
T0. Mann-Whitney U-test: p = 0.673. SJL of both groups during T1. 
Mann-Whitney U-test: p = 0.159. Abbreviation: SJL = social jetlag.

Figure 4. PSQI overall scores compared between study periods 
and groups. G1 = quit group, G2 = continue group, T0 = before 
attempt at cessation, T1 = after attempt at cessation. Each data point 
represents an individual result. Error bars indicate interquartile 
range Q1-Q3. Variables in continue group during T0 are normally 
distributed, all other variables are not normally distributed. Com-
parison of PSQI results during T0 and T1 within and across groups: 
PSQI scores of quit group during T0 and T1. Wilcoxon signed-rank 
test: p = 0.468, N = 22. PSQI scores of continue group during T0 
and T1. Wilcoxon signed-rank test: p = 0.967; N = 23. PSQI results 
of both groups during T0. Mann-Whitney U-test: p = 0.563. PSQI 
results of broth groups during T1. Mann-Whitney U-test: p = 0.936. 
Abbreviation: PSQI = Pittsburgh Sleep Quality Index.

Figure 5. ESS overall scores compared between study periods 
and groups. G1 = quit group, G2 = continue group, T0 = before 
attempt at cessation, T1 = after attempt at cessation. Each data 
point represents an individual result. Error bars indicate inter-
quartile range Q1-Q3. All variables follow a not normal distribu-
tion. Comparison of ESS scores at T0 and T1 within and across 
group: ESS scores of quit group during T0 and T1. Wilcoxon 
signed-rank test: p = 0.896, N = 22. ESS scores of continue group 
during T0 and T1. Wilcoxon signed-rank test: p = 0.909, N = 23. 
ESS results of both groups during T0. Mann-Whitney U-test: 
p = 0.841. ESS results of both groups during T1. Mann-Whitney 
U-test: p = 0.665. Abbreviation: ESS = Epworth Sleepiness Scale.
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showed no SJL changes (effect size SJL quit group, 
T1-T0: d = −0.15). In the continue group, 11 subjects 
(50.00%) showed an advance of MSFsc, which was 
counterbalanced by 11 subjects who delayed (effect 
size MSFsc continue group, T1-T0: d = 0.05). In terms 
of SJL, 12 subjects (54.54 %) showed decreasing SJL 
values, while seven increased and SJL in three sub-
jects remained unchanged (effect size SJL continue 
group, T1-T0: d = −0.35). Questionnaire data were 
insufficient for trajectory calculation in five members 
of the continue group.

The Gee analysis (controlled for age, sex, caffeine, 
alcohol, smoking method), revealed no effects of ces-
sation status on actimetry or questionnaire data, 
which showed no significant differences over the 
investigation periods (pre-cess-post). Phase of activity 
(ψact)—measured prior to the intervention—also did 
not predict cessation success (for detailed results see 
Table 2). We further used the Gee approach to probe 

whether there were effects of group or time point as 
well as interaction effects of group*time point regard-
ing questionnaire results (MSFsc, SJL or PSQI and eSS 
scores). A significant interaction would suggest differ-
ent trajectories between groups in the questionnaire 
outcomes. There was no significant effect of group, 
time point, or group*time point detectable (detailed 
results can be found in Supplemental Table S3 and 
Supplemental Figures S1-S4). Both MSFsc and ψact 
were significantly associated to age (p < 0.05). The 
model revealed associations of both MSFsc and ψact to 
age (p < 0.05) and associations between chronotype 
(MSFsc) and SJL (MSFsc = f (SJL): p < 0.001, SJL = f 
(MSFsc): p < 0.05) across investigation periods.

Prediction of Outcome

Binary logistic regression analysis was performed, 
testing whether cessation success could be predicted 

Table 2. GEE Analysis: prediction of cessation status and relationships between variables.a

Test β OR Se 95% CI of OR p QICC

Prediction of cessation status by (. . .) 61.39
age −0.02 0.978 0.030 [0.92-1.04] .457  
sex −0.62 0.541 0.771 [0.12-2.45] .426  
ψact-pre week 1 -3 −0.05 0.953 0.314 [0.52-1.76] .879  
ψact-cess week 4 -6 −0.13 0.875 0.493 [0.33-2.30] .786  
Relationship between ψact and (. . .) 231,82
cessation status −0.60 0.551 0.442 [0.23-1.31] .177  
age −0.03 0.968 0.015 [0.94-0.99] .029*  
sex −0.71 0.491 0.466 [0.20-1.22] .127  
Relationship between MSFsc and (. . .) 98.61
cessation status 0.16 1.175 0.301 [0.65-2.12] .592  
age −0.04 0.965 0.012 [0.94-0.99] .003**  
sex −0.19 0.824 0.295 [0.46-1.47] .510  
SJL 0.51 1.662 0.128 [1.29-2.13] < .001***  
Relationship between SJL and (. . .) 88.89
cessation status 0.19 1.207 0.248 [0.73-1.99] .461  
age −0.002 0.998 0.012 [0.97-1.02] .837  
sex −0.19 1.211 0.267 [0.72-2.04] .474  
MSFsc 0.45 1.567 0.147 [1.18-2.09] .002**  
Relationship between PSQI and (. . .) 618.71
cessation status −0.48 0.517 0.676 [0.16-2.32] .476  
age 0.05 1.055 0.036 [0.98-1.13] .135  
sex −0.13 0.875 0.658 [0.24-3.18] .840  
eSS score 0.04 1.042 0.080 [0.89-1.22] .604  
Relationship between eSS and (. . .) 884.44
cessation status 0.36 1.440 0.814 [0.29-7.11] .654  
age 0.01 1.006 0.031 [0.95-1.07] .832  
sex −1.13 0.324 0.883 [0.06-1.83] .203  
PSQI score 0.03 1.036 0.140 [0.79-1.36] .800  

Unstructured correlation matrix. Abbreviations: OR = odds ratio; Se = standard error; CI = confidence interval; QICC = corrected quasi 
likelihood under independence model criterion; PSQI = Pittsburgh Sleep Quality Index; eSS = epworth Sleepiness Scale; MSFsc = mid-sleep 
on free days corrected for sleep debt; SJL = social jetlag..
aThe model was additionally adjusted for caffeine-, alcohol-consumption and smoking method (premanufactured or hand-rolled 
cigarettes). Significant predictions and relationships: Prediction of cessation status by age (p = .029). Relationship between MSFsc and age 
(p = .003). Relationship between MSFsc and SJL (p = <.001). Relationship between SJL and MSFsc (p = .002). 
*p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001, Bonferroni correction.
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by variables gathered at study onset: age, sex, caf-
feine-/alcohol-intake, smoking method, number of 
smoked cigarettes, MSFsc, SJL, PSQI, and eSS overall 
scores. Model assumptions such as the absence of 
multicollinearity, linearity of independent variables 
and lack of outliers, were tested beforehand (Stoltzfus, 
2011). No model assumptions were violated, and 
some variables were analyzed separately because 
many were highly correlated (correlations occurred 
for MSFsc and SJL, MSFsc and age, SJL and age, PSQI 
and eSS, sex and number of cigarettes, and age and 
sex). Only eSS overall scores contributed significantly 
to the model (i.e. prediction of cessation), with lower 
scores predicting continuing to smoke. Detailed 
results can be obtained from Table 3.

Smoking dosage, Acrophase of Activity, 
Chronotype, and Social Jetlag

The average cigarette consumption per participant 
per day was assessed at the beginning of our study. At 
T0, smoking dosage (cigarettes per day; c/d) was on 
average across all participants 16 ± 6 c/d (range: 3-37 
c/d) without differences between the two groups (quit 
group: 16 ± 7 c/d; range: 7 37 c/d; continue group: 
16 ± 6 c/d; range: 3 28 c/d). After the intervention, 
even members of the continue group reduced their 
dosage (10 ± 6 c/d; range: 3-21 c/d). This reduction 
was significant (Wilcoxon signed-rank test, data not 
normally distributed: Median (T0) = 14.00, Median 

(T1) = 9.33, Z = −3.52, N = 21, p = ≤0.001). Dosage had no 
association with ψact-week, MSFsc or SJL during either T0 
or T1 (see Spearman’s rho in Supplementary Table S2).

MCTQ database

Cross-sectional data from the MCTQ database 
(Roenneberg et al., 2019) was used to further investi-
gate the relationship between smoking and SJL (see 
Figure 6). The relative Social Jetlag of 146,375 valid 
MCTQ database entries, which had information 
about smoking habits, was binned in 30-min intervals 
and the percentage of smokers were calculated for 
each bin. Both negative and positive SJL was associ-
ated with a higher prevalence of smokers: about 25% 
of those who sleep 2 h earlier on weekends are smok-
ers, which is similar to the late types who sleep 2 h 
later on weekends than on workday nights as com-
pared to about 12% smokers in those with no differ-
ences between workdays and free days.

Comparisons to Population Samples

As a surrogate for a control population, we com-
pared our sample to two age- and sex-matched pop-
ulations drawn from the MCTQ database (MCTQdb). 
In the smaller population sample, smokers were not 
excluded (n = 4782) while the larger contained only 
nonsmokers (n = 9107). Although average chronotype 

Table 3. Binary logistic regression analysis of outcome prediction and model evaluation.a

Predictor β Se β Wald χ2 df p OR CI for OR

MSFsc T0b −.252 .275 .845 1 .358 .777 .454-1.331
Sexc −.089 .739 .015 1 .904 .914 .215-3.895
Constant 1.427 2.324 .377 1 .539 4.167  
SJL T0 −.142 .293 .296 1 .627 .867 .489-1.540
Sex −.142 .745 .036 1 .849 .867 .201-3.739
Constant .441 1.935 .052 1 .820 1.55  
eSS T0 −.336 .145 5.370 1 .020* .715 .538-.950
Age −.022 .034 .411 1 .521 .979 .916-1.045
Sex −.893 .875 1.043 1 .307 .409 .074-2.273
Constant 2.538 2.067 1.504 1 .220 12.615  
PSQI T0 .125 .128 .943 1 .331 1.133 .881-1.457
Age −.019 .030 .395 1 .530 .981 .926-1.041
Sex .066 .779 .007 1 .933 1.068 .232-4.917
Constant −.292 1.635 .032 1 .858 .747  
No. of cigarettes T0 .003 .057 .002 1 .962 1.003 .896-1.122
Age −.011 .028 .164 1 .686 .989 .937-1.044
Constant .003 1.567 .000 1 .998 1.003  

Abbreviations: eSS = epworth Sleepiness Scale; PSQI = Pittsburgh Sleep Quality Index; Se = standard error; df = degrees of freedom; 
OR = odds ratio; CI = confidence interval; SJL = social jetlag; MSFsc = mid-sleep on free days corrected for sleep debt. 
Significant prediction of cessation status by eSS value at T0 (p = .020).
aThe model was additionally adjusted for caffeine-, alcohol-consumption, and smoking method (premanufactured or hand-rolled 
cigarettes). Continue group coded as (=1), quit group (=0). 
bT0 = before planned cessation.
cFemale coded as (=1), male (=0).
*p ≤ 0.05.
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(MSFsc) was descriptively slightly later and average 
SJL was descriptively slightly higher in our sample 
than in the two matched populations, further non-
parametric tests showed no significant differences in 
chronotype or SJL between the samples. This might 
well be due to the small study sample size.

Albeit not significant, the results reflect increased 
SJL in the context of smoking because our study sam-
ple, consisting of only smokers, showed descrip-
tively increased SJL and later MSFsc than matched 
population samples. Results are presented in the 
supplement.

dISCUSSION

A strong correlation between chronotypes or SJL 
and the probability of being a smoker has previously 
been shown (Wittmann et al., 2006). However, whether 
smoking delays circadian phase/chronotype (explan-
atory scenario-A) or if later chronotype/SJL increases 
the probability to smoke, is not clear. One could 
hypothesize that late types suffering from SJL, may 
more readily smoke as a coping mechanism (explana-
tory scenario-B). To elucidate the causal directions of 
these correlations, we examined the two scenarios by 
accompanying smokers who partook in a cessation 
program (without nicotine replacements).

The Two Scenarios

Scenario-A predicts a circadian advance with cessa-
tion, but our results show no effects of cessation on 
SJL, chronotype, sleep quality, or daytime sleepiness. 
Notably, participants showed no significant differ-
ences at the start of our intervention that potentially 
could explain the absence of cessation effects on circa-
dian behavior. In our cohort, the timing of daily behav-
iors was not different, notably did not advance, 

between the baseline weeks, and the time after suc-
cessfully quitting smoking. Our results therefore ren-
der scenario-A rather unlikely and further indicate 
that the circadian measurements were independent 
from cessation status or number of smoked cigarettes. 
Changes on the individual level—which were all of 
small effect sizes (in paired tests)—also contradicted 
scenario-A: advances, delays, and changes in SJL were 
largely the same for the two groups. Results from the 
MCTQ database further corroborate these results, 
indicating that smoking is fostered by SJL rather than 
by being a late chronotype: negative SJL (i.e. sleeping 
earlier on weekends than on workdays) is typical for 
very early chronotypes, and the prevalence of smokers 
in those that sleep 2 h earlier on weekends, is similar to 
that in late types that sleep 2 h later on weekends than 
on workday nights. Thus, SJL—and not merely being a 
late type—increased the likelihood of being a smoker.

Furthermore, Wittmann et  al. showed that, in 
their cohort, correlations between SJL and smoking 
were stronger than correlations between smoking 
and chronotype (Wittmann et  al., 2006). They also 
argued that the group of over 64-year-old subjects 
makes a strong case for SJL being responsible 
regarding smoking: MSFsc in this group was rela-
tively early and narrowly distributed. Smoking and 
chronotype did not correlate in these subjects. 
However, when analyzing the elderly subjects who 
still worked separately, SJL and smoking did corre-
late, while chronotype and smoking still did not 
(Wittmann et al., 2006).

SJL has been widely reported to be associated with 
various aspects of human health, for example, depres-
sive symptoms (Levandovski et al., 2011), lower aca-
demic/work performance (McGowan et  al., 2020; 
Yong et al., 2016) and higher cardiovascular or meta-
bolic risks (Koopman et al., 2017; Parsons et al., 2015; 
Wong et al., 2015). Wittmann et al. suggest that smok-
ing and/or drinking add to the negative effects of SJL 
(Wittmann et  al., 2010). Increased SJL is also associ-
ated with higher cortisol levels, indicating an increased 
activation of the hypothalamic-pituitary-adrenal axis 
(HPA or commonly known as stress-axis) (Rutters 
et al., 2014). SJL has further been linked to increased 
daytime sleepiness (Choi et al., 2019; Komada et al., 
2016). A combination of these mentioned effects might 
contribute to start/maintain smoking.

Our study therefore suggests that reduction of SJL 
should be part of smoking (and possibly other stimu-
lant) prevention. This is especially pressing consider-
ing adolescence, during which the highest SJL is 
experienced, compared to other age groups 
(Roenneberg et  al., 2007, 2012) and during which 
most people smoke for the first time (U.S. Department 
of Health and Human Services, 2014; Wellman et al., 
2016).

Figure 6. Relative Social Jetlag of the 146,375 valid MCTQ 
database entries that had information about smoking habits was 
binned in 30 min intervals and the percentage of smokers were 
calculated for each bin. Abbreviation: MCTQ = Munich Chrono-
type Questionnaire.
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Smoking dosage

It could be argued that we did not detect any 
effects/differences between the groups because 
smoking dosage significantly decreased in the con-
tinue group. Dosage was not associated with MSFsc, 
SJL or ψact-week and these parameters did not change in 
any group over the course of our intervention. 
Therefore, we see our results as independent of smok-
ing dosage and argue that they are best understood 
by way of the dichotomy of being a smoker or not, 
which has also already been shown by Wittman et al. 
(2006).

Smoking as a Potential Masking Factor

Nicotine might affect sleeping behavior without 
changing the phase of the circadian clock. While 
tobacco use has been shown to alter clock gene 
expression in lung tissue of rodents (Hwang et al.), 
we do not know of any work investigating masking 
of entrainment of the human clock specifically in 
regard to smoking. It is conceivable that experiencing 
nicotine addiction might result in earlier wake-up 
times due to craving (e.g. to smoke the first cigarette 
of the day (Chandra et  al., 2007, 2011; Tiffany and 
Wray, 2012), and that smoking in the evening might 
delay bed times because nicotine fosters arousal 
(ernst et al., 2001; Myers et al., 2008). This masking 
phenomenon, might not change the mid-phase of 
sleep because smokers procrastinate in the evening 
(due to nicotine arousal effects) and wake up earlier 
(due to craving), resulting in no great change in mid-
sleep. In our study, we aimed to further investigate 
the known correlation between smoking and SJL. We 
demonstrate that chronotype or SJL is not different 
depending on cessation status and therefore argue 
that smoking is used to cope with SJL and its effects. 
Whether and in what way smoking may act as a 
masking factor for circadian rhythms, needs further 
investigation.

The Role of Sleep Quality

In our sample, continuing to smoke was associated 
with lower daytime sleepiness (eSS), which evokes 
two possible explanations: (1) smoking reduces day-
time sleepiness (e.g. by fostering arousal (Griesar 
et  al., 2002; Thiel and Fink, 2007; Trimmel and 
Wittberger, 2004)) and (2) smokers experiencing 
higher daytime sleepiness might be more motivated 
to quit. Daytime sleepiness is often associated with 
low sleep quality and smokers can suffer from low 
sleep quality (Cohrs et al., 2014; Hu et al., 2007; Jaehne 
et  al., 2012; Phillips and Danner, 1995; Wetter and 

Young, 1994) and a higher prevalence of lighter sleep 
stages compared to nonsmokers (Zhang et al., 2006, 
2008). However, daytime sleepiness in smokers is a 
complex issue. Although our eSS-results show that 
continuing to smoke is associated with lower day-
time sleepiness, the opposite has also been reported 
(Braeckman et  al., 2011; Kaur and Singh, 2017; 
Theorell-Haglöw et al., 2015). Interestingly, daytime 
sleepiness showed no significant difference between 
the two outcome groups at study onset, despite being 
a significant predictor for continuing to smoke, which 
points to a need for further investigation.

The fact that eSS scores slightly decreased in both 
groups after the intervention (also in the continue 
group, which collectively significantly reduced their 
cigarette consumption), further indicates that day-
time sleepiness might have a complex interaction 
with cessation: it is not only a preintervention predic-
tor for continuing to smoke (as described above) but 
may be also be a postintervention support for success 
(positive feedback) in successfully quitting individu-
als. Continuing smokers, on the contrary, might be 
relieved (even more) from the pressure to quit, since 
subjective strain is further reduced (if negative effects 
of smoking on sleep are in fact dose-dependent, 
which has been shown (Gillin et  al., 1994; Jaehne 
et al., 2012)).

Sleep quality (PSQI and eSS) in our sample was 
lower than considered healthy by the questionnaire 
developers (Buysse et al., 1989; M. W. Johns, 1991). 
If smoking influences sleep quality, an improve-
ment with cessation should be expected, which we 
did not find in the limited time we analyzed after 
cessation (improvements in eSS not significant, 
PSQI slightly worsened). Besides the explanation 
that the postintervention period was too short to 
reveal such improvement in sleep quality, this 
apparent contradiction could indicate that sleep 
quality and smoking are associated because bad 
sleep is a reason for and not a consequence of smok-
ing (similar to SJL, see above). Detrimental effects 
of cessation on sleep quality have also been 
described (Colrain et al., 2004; Prosise et al., 1994). 
Thus, the relationship between smoking and sleep 
quality/daytime sleepiness needs more research 
and discussion.

CONCLUSION ANd OUTLOOk

Our results support previous findings about the 
association of SJL and smoking. They advance our 
understanding of the relationship between the circa-
dian clock and smoking and make recommendations 
for decreasing nicotine addiction by reducing SJL. 
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The results of our intervention protocol show that 
cessation does not affect chronotype (a surrogate for 
the Poe of the circadian clock) and therefore suggest 
that smoking is a response to SJL rather than delay-
ing circadian phase, that is, producing later chrono-
types and thereby increasing SJL. Further studies are 
needed to understand the interaction of sleep qual-
ity, daytime sleepiness, and smoking, as well as the 
long-term effects of cessation on the circadian clock 
and sleep, which should ideally follow subjects over 
a longer time.

LIMITATIONS

(1) Our sample was relatively small with a female 
majority. (2) Participants answered the same ques-
tions at the beginning and the end of the study, so 
that an influence of a “known” questionnaire cannot 
be ruled out. (3) Since the MCTQ refers to the “previ-
ous 6 weeks,” its answers at study begin do not cor-
respond to the recorded actimetry as they do at study 
end although MCTQ variables demonstrated a good 
correspondence to actimetry data during T0. (4) DST 
changes during our study, might have influenced 
measurements and results. However, we corrected 
for the DST changes. Notably both corrected and 
uncorrected datasets produced the same result in ref-
erence to the relevant parameters discussed here. (5) 
As to be expected in long-range studies, seasons (dif-
ferent photoperiods) may have influenced our 
results. (6) Actimetry compliance varied in the 
cohort, so that variable time series lengths were ana-
lyzed. (7) As per the a priori power calculation, our 
study was underpowered to detect differences of 
small to moderate effect sizes and may have been 
underpowered to detect differences not related to the 
main objective (other outcomes). We therefore can-
not rule out that our study may have been unable to 
detect potentially existing small effect sizes due to 
our small sample size.
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