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Abstract: In modern society, the time and duration of sleep on workdays are primarily determined by
external factors, e.g., the alarm clock. This can lead to a misalignment of the intrinsically determined
sleep timing, which is dependent on the individual chronotype, resulting in reduced sleep quality.
Although this is highly relevant given the high incidence of sleep disorders, little is known about the
effect of this misalignment on sleep architecture. Using Fitbit trackers and questionnaire surveys,
our study aims to elucidate sleep timing, sleep architecture, and subjective sleep quality in young
healthy adults (n = 59) under real-life conditions (average of 82.4 ± 9.7 days). Correlations between
variables were calculated to identify the direction of relationships. On workdays, the midpoint of
sleep was earlier, the sleep duration was shorter, and tiredness upon waking was higher than on free
days. A higher discrepancy between sleep duration on workdays and free days was associated with
a lower stability of the circadian rhythm of REM sleep and also with a higher fragmentation of REM
sleep. Similarly, a higher tiredness upon waking on free days, thus under intrinsically determined
sleep timing conditions, was associated with a lower proportion and a higher fragmentation of REM
sleep. This suggests that the misalignment between extrinsically and intrinsically determined sleep
timing affects the architecture of sleep stages, particularly REM sleep, which is closely connected to
sleep quality.

Keywords: sleep architecture; chronotype; circadian; wearables; digital markers; sleep disturbances;
sleep quality; Fitbit

1. Introduction

Sleep plays a crucial role in health in general and in mental health in particular. Insuffi-
cient sleep affects the immune system [1] and has far-reaching detrimental effects on higher
brain function such as attention-, alertness- and emotion-related cognitive performance [2].
Sleep problems, which are highly prevalent in modern society, are associated with multi-
ple adverse health consequences, including an increased risk of Alzheimer’s disease [3].
Importantly, individuals differ in their preferred midpoint of sleep (MS), defining the
intrinsically determined chronotype [4,5] which is closely related to preference for morn-
ing or evening activity. Moreover, polymorphism in the circadian clock gene PERIOD3,
which is associated with diurnal preference and delayed sleep phase syndrome [6], predicts
individual differences in sleep architecture and susceptibility to decrement in cognitive
performance induced by acute sleep loss [7]. In modern society, sleep duration (SD) and MS
on workdays are mainly defined by the alarm clock in the morning; this not only ends sleep
prematurely but also shifts the MS forward. Thus, early educational/work schedules result
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in a discrepancy in MS and SD between workdays and free days, which are defined as social
jetlag and sleep loss, respectively [8]. The misalignment between socially determined sleep
timing (on workdays) and intrinsically/biologically determined sleep timing (on free days)
and has various health consequences, including impaired sleep quality and depressive
symptoms [9,10]. The lower sleep quality on workdays than on free days is likely due to
the interference of early schedules with the chronotype [11]. However, how this affects
sleep architecture and circadian rhythms of sleep stages is still poorly understood.

Polysomnography, which is usually performed under laboratory conditions, is the
gold standard for analysing sleep architecture. Young healthy subjects show 4–6 sleep
cycles per night of alternate sleep stages including rapid eye movement (REM) sleep, light
sleep (non-REM sleep stages 1 and 2) and deep sleep (non-REM sleep stages 3 and 4), inter-
rupted by short bouts of waking. Deep sleep occurs mainly during the first half of sleep,
while REM sleep predominates in the second half [12,13]. Disturbances in regular sleeping
patterns are associated with pathological conditions such as sleep paralysis [14] and REM
sleep behaviour disorder [15,16]. Fitbit wearables contain accelerometers and photoplethys-
mography sensors and Fitbit applies proprietary algorithms to detect sleep parameters and
sleep stages based on movement and heart-rate patterns [17]. Fitbit wearables are inferior
to polysomnography in terms of accuracy. Fitbit Alta, the predecessor of Fitbit Inspire used
in this study, shows an overestimation of total sleep time (11.6 min), sleep efficiency (1.98%)
and duration of deep sleep (18.2 min), while sensitivity/specificity are 0.73/0.72 for light
sleep, 0.67/0.92 for deep sleep and 0.74/0.93 for REM sleep [18]. However, Fitbit wearables
have the great advantage of enabling longitudinal analysis of human sleep recordings
under real-life conditions, which is imperative for elucidating differences in sleep timing
and architecture between workdays and free days. Moreover, digital phenotyping and
optimization of the wearable algorithms for sleep quality and sleep disturbances offers
great opportunities for broad use in clinical settings [19]. A recent study used real-life Fitbit
sleep data in combination with questionnaire survey in a small and relatively homogenous
sample of young healthy adults to examine the relationships of chronotype and depression
with the proportions of REM and deep sleep [20]. We used a similar approach and also
used a combination of questionnaire survey and Fitbit sleep phase analysis in a relatively
small cohort of young healthy adults. However, in our study, we differentiated between
workdays and days off. Our aim was to elucidate the relationships between REM and deep
sleep, objective measures of sleep timing and subjective sleepiness, to better understand
the background of the discrepancy between sleep quality on workdays and days off.

2. Materials and Methods
2.1. Ethics, Study Design and Sample Characteristics

The questionnaire surveys and the assessments of Fitbit sleep data in healthy subjects
were performed in accordance with the ethical requirements of the Declaration of Helsinki
and were approved by the Research Ethics Committee of the Medical Faculty (ChronoSleep
study consent number: 2019-3786). All subjects provided informed consent after receiving
a complete description of the study. Exclusion criteria were (1) age below 18 years, (2) shift
work, (3) work on weekends, (4) chronic diseases including sleep disorders treated with
sleep medication and (5) chronic medication including sleep medication. Part of the
questionnaire data used for this study came from the same dataset of medical students in
their first year, as described earlier [21]. For this dataset, medical students in their first year
were invited to participate between 25 June 2021 and 19 May 2022. During this period, due
to the COVID-19 pandemic, most of the lectures that were made available as screencasts
were watched by students on their own schedule, but usually in the morning before the
on-site courses began at 11 a.m. Also, most bars and restaurants were closed during this
period due to COVID-19 shutdown, limiting the opportunity for student gatherings.

Volunteers received a pseudonym and were equipped with a Fitbit Inspire multisen-
sory (motion and heart rate) sleep tracking device and asked to wear it for 90 days; hence
64 weekdays = workdays and 26 weekend days = free days, as continuously as possible,
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especially at nights. After the data collection period, these volunteers were asked to actively
participate in the study by filling out the online questionnaire and authorizing sleep data
transfer from Fitbit to our study server. All questions in the survey were mandatory and
could only be answered once. Data from the questionnaire and Fitbit were assigned by
pseudonym. Since we did not collect the names of the study participants, data collection
was carried out anonymously.

From the 90 participants fulfilling the criteria, 31 were excluded because they did not
authorize Fitbit data transfer or because they had missing Fitbit data for more than 35 days.
This resulted in a final sample size of n = 59. In this sample, an average of 82.4 (±9.7) days
of Fitbit sleep data were recorded. This corresponds to an average of 988.8 (±116.4) night
hours (between 8 p.m. and 8 a.m.).

The online questionnaire included items on age, biological sex, as well as on tiredness
in the morning (TN) on workdays and free days, sleep disturbance (Dis) and the use of an
alarm clock on workdays and free days during the last 3 month (=data collection period).
The average age was 21.18 (±2.36) years.

According to the questionnaire, all subjects used an alarm clock on workdays, while
only fifteen subjects used one on free days. This shows that for most subjects, the end of
sleep on workdays was determined by the alarm clock, even though they were relatively
flexible about when the started in the morning.

Table 1 provides a definition of the scores and the distribution of the variables assessed
by questionnaire.

Table 1. Definition and distribution of vvariables assessed by questionnaire.

Variable Score Amount
(Proportion)

Sex
Female 1 43 (73%) 1

Male 2 16 (27%)
Tiredness on waking

Workdays
Well rested 1 4 (7%)
Tired 2 45 (76%)
Very tired 3 10 (17%)

Free days
Well rested 1 31 (52%)
Tired 2 27 (46%)
Very tired 3 1 (2%)

Sleep disturbance
No 1 55 (93%)
Yes 2 4 (7%)

1 The high proportion of females reflects the distribution of biological sex among all first-year medical students.

2.2. Assessment of Objective Measures of Sleep Timing, Sleep Architecture and Circadian Rhythms

Objective measures for sleep timing, variables of sleep architecture and analyses of
circadian rhythms in sleep stages and were calculated based on Fitbit sleep data. Schematic
representation of sleep stage analyses, as displayed by the proprietary Fitbit application, il-
lustrates sleep timing and sleep stage architecture (Figure 1). A custom software application
was developed using Python 3.10 to process Fitbit sleep data accordingly and separately
for workdays and free days.

Objective measures for sleep timing include midpoint of sleep in clock time (MS)
and sleep duration (SD). Social jet lag (SJL) was calculated by the difference between
MS on free days and workdays [deltaMS = MS free days − MS workdays]. Sleep loss
(SL) was calculated by the difference between sleep duration on free days and workdays
[deltaSD = SD free days − SD workdays] [22].
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Figure 1. Schematic representation of sleep data for a subject on two consecutive nights, as displayed
by the proprietary Fitbit application. We used a custom application to extract objective measures of
sleep timing such as midpoint of sleep and sleep duration and variables of sleep architecture such as
amount, percentage and fragmentation of sleep stages. The Clocklab toolbox (Actimetrics) was used
for the analyses of phase and amplitude of the circadian rhythm of the sleep stages.

Circadian rhythm analyses of Fitbit sleep data were performed using ClockLab 6.1.10
toolbox (Actimetrics, Wilmette, IL, USA). For the graphical representation of longitudinal
sleep stage data, actograms were created at a 60 s resolution. Acrophases of sleep stage
rhythms were calculated by fitting the respective data of each day to a sine function with
a period of 24 h and its average phase was calculated using the phase angle method. Chi
squared periodogram analysis was performed using a confidence level of 0.001, where the
amplitude reflects the consistency of the waveform at the respective period, 12 h or 24 h.
Thus, amplitude is a measure for circadian rhythm stability. Circadian rhythmicity was
confirmed using Morlet continuous wavelet transform analyses [23].

Variables of sleep architecture include amount (min) of total sleep, light sleep, deep
sleep, REM sleep and wake after sleep onset and proportion of light sleep, deep sleep, REM
sleep and wake after sleep onset (% of total sleep). In addition, fragmentation index of
REM sleep (RFI), deep sleep (DFI) and wake after sleep onset (WFI) were calculated by the
number of transitions from the respective stage to any other stage per hour of the respective
stage [16], e.g., RFI = number of transitions from REM sleep to any other sleep stage per
hour of REM sleep.

2.3. Statistical Analyses

Statistical analyses were performed using Graph Pad Prism 7.01 software. p values < 0.05
were considered statistically significant. Normality was tested by D’Agostino-Pearson
normality test. Differences between workdays and free days were analysed by paired t-tests
if both variables were normally distributed, otherwise by Wilcoxon test. To investigate the
direction of relationships among the variables, bivariate correlations were computed for
Spearman’s rank coefficients with a 95% confidence interval.

3. Results
3.1. Subjective Measures of Sleep Quality and Objective Measures of Sleep Timing

Importantly, tiredness on waking, as a measure for subjective sleep quality, was
significantly higher on workdays than on free days (data not normally distributed; Wilcoxon
test, p < 0.0001). The frequency distribution illustrates the shift to lower subjective tiredness
on free days (Figure 2a). This shift probably reflects the importance of the freedom to sleep
in as long as desired for subjective sleep quality and is in agreement with a larger cohort
study showing a higher subjective sleep quality on free days [9].

On free days, the midpoint of sleep (MS) was significantly later (Figure 2b), and sleep
duration (SD) was significantly longer (Figure 2c) than on workdays. This is consistent
with a shift in sleep timing and duration between biological timing conditions (free days)
and social timing conditions (e.g., alarm clock on workdays), resulting in social jet lag (SJL)
and sleep loss (SL), respectively (Figure 2c).
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Figure 2. Differences in subjective sleep quality and objective sleep timing between workdays (WD)
and free days (FD). (a) Frequency distribution of self-reported tiredness upon waking (1, well rested,
2 tired, 3 very tired), as a measure for subjective sleep quality. (b) Midpoint of sleep (MS). Data
normally distributed, t-test **** p < 0.0001. (c) Sleep duration (SD). Data normally distributed, t-test
* p < 0.0001; (d) Differences in MS and SD between WD and FD result in social jet lag (SJL) and sleep
loss (SL), respectively. Middle lines and error bars represent the means ± standard deviation.

Correlations between the variables assessed by questionnaire and objective measures
for sleep timing are summarized in Figure 3. As expected, later MS on free days, conse-
quently the later chronotype, is associated with a shorter SD on workdays, and consequently
with higher SL. This is consistent with the earlier wake-up time induced by the alarm clock
on workdays. A higher score in self-reported tiredness on free days (but not on workdays)
is associated with a higher score of sleep disturbance. This suggests that tiredness on free
days is a better indicator of general impairment of sleep quality than tiredness on workdays.
Surprisingly, self-reported sleep disturbance is associated with longer sleep duration on
workdays, suggesting a compensatory higher need for more sleep.
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Figure 3. Heatmap summarizing correlations between measures for objective sleep timing and
variables assessed by questionnaire. Midpoint of sleep (MS), sleep duration (SD), social jet lag (SJL),
sleep loss (SL), self-reported tiredness upon waking (TN), self-reported sleep disturbance (Dis) and
biological sex. Where applicable, the data are expressed separately for workdays (WD) and free
days (FD).
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3.2. Circadian Rhythms of Sleep Stages

Representative longitudinal recordings of total sleep and sleep stages are shown
in Supplemental Figures S1 and S2, respectively. A representative analysis of the cir-
cadian rhythms is shown in Supplemental Figure S3. Wavelet transformation confirms
regular oscillations of sleep stages around 24 h (Supplemental Figure S3), indicating circa-
dian rhythmicity. Consistently, periodograms reveal circadian oscillations of sleep stages
(Supplemental Figure S3). In addition, ultradian (around 12 h) oscillations are observed regu-
larly (Supplemental Figure S3), albeit with smaller amplitude than the circadian oscillations.

The acrophase of the circadian rhythm in deep sleep is 1.6 (±0.3) hours earlier, and the
acrophase of the circadian rhythm in REM sleep is 0.86 (±0.4) hours later than the acrophase
of the circadian rhythms of total sleep (Figure 4a). This indicates a higher prevalence of
deep sleep during early sleep and of REM sleep during late sleep. Consistently, there is a
close phase relationship between the sleep stages and total sleep in most subjects (Figure 4b).
Interestingly, the amplitudes of the circadian (24 h) rhythm are higher for light sleep and
deep sleep than of REM sleep and wake after sleep onset (Figure 4c). This indicates that the
rhythm of deep sleep is more stable than the rhythm of REM sleep.

1 
 

 
Figure 4. Phase and amplitude of circadian rhythms of sleep stages. (a) Phase of the circadian
rhythms of total sleep and sleep stages; (b) phase of the circadian rhythm in sleep stages relative to
the phase of the circadian rhythm in total sleep; (c) amplitudes of the circadian (24 h) rhythms of total
sleep and sleep stages. Middle lines and error bars represent the means ± standard deviation.

Correlations of variables assessed by questionnaire and the measures of objective
sleep timing with the phase and the amplitude of the circadian rhythm of sleep stages are
summarized in Figure 5. As expected, the phase of the circadian rhythms of all sleep stages,
including wake after sleep onset, correlates positively with MS. Surprisingly, male sex is
associated with an earlier phase and a lower amplitude in deep sleep. Interestingly, longer
SD on workdays is associated with an earlier phase in the circadian rhythms of deep sleep
and wake after sleep onset. More importantly, shorter sleep duration on workdays and
consistently higher sleep loss are associated with lower amplitude in the circadian rhythm
of REM sleep. This indicates that chronotype-dependent sleep loss affects stability of the
REM sleep rhythm.
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Figure 5. Heatmap summarizing correlations between variables assessed by questionnaire, objective
measures of sleep timing and variables on circadian rhythms of sleep stages. Midpoint of sleep (MS),
sleep duration (SD), social jet lag (SJL), sleep loss (SL), self-reported tiredness upon waking (TN),
self-reported sleep disturbance (Dis), biological sex (Sex). Where applicable, the data are expressed
separately for workdays (WD) and free days (FD).

3.3. Sleep Architecture

The difference in sleep composition on workdays and free days is shown in Figure 6.
The amount of total sleep, light sleep, and deep sleep is higher on free days than on
workdays (Figure 6a). Thus, a longer SD on days off is mostly composed of light and
deep sleep. However, the proportion of sleep stages and wake after sleep onset relative to
total sleep did not differ between workdays and free days (Figure 6b). Furthermore, the
fragmentation of deep sleep (Figure 6c), REM sleep (Figure 6d) and wake after sleep onset
(Figure 6e) did not differ between workdays and free days.
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Figure 6. Differences in sleep composition between workdays (WD) and free days (FD): (a) amount of
sleep stages per night in minutes. Data normally distributed, t-test * p < 0.05; (b) proportion of sleep
stages in percent of total sleep; (c) deep sleep fragmentation index (DFI); (d) REM sleep fragmentation
index (RFI); and (e) fragmentation index of wake after sleep onset (WFI). Middle lines and error bars
represent the means ± standard deviation.
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The correlations between the sleep composition parameters are summarized in
Figure 7a. The amount of one sleep stage per night correlates positively with the re-
spective proportion. In addition, the proportion of deep sleep correlates negatively with
the proportion of light sleep, which suggests an inverse relationship between deep sleep
and light sleep. The proportions of deep sleep and REM sleep correlate negatively with the
fragmentation of the respective sleep stage. In contrast, the proportion of light sleep correlates
positively with the fragmentation of deep sleep and REM sleep. In addition, the proportion
of wake after sleep onset correlates positively with the fragmentation of REM sleep. Thus,
higher proportions of deep sleep and REM sleep are associated with a better consolidation
of the respective sleep stages, while higher proportions of light sleep are associated with a
higher fragmentation of deep sleep and REM sleep. Moreover, higher proportions of wake
after sleep onset are associated with a higher fragmentation of REM sleep.
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Figure 7. Heatmaps summarizing the correlations between variables of sleep composition and the
amplitude of the circadian rhythms of sleep stages. (a) Correlations between sleep stage amount (min)
and proportion (% of total sleep), fragmentation index of deep sleep (DFI), fragmentation index of
REM sleep (RFI) and fragmentation index of wake after sleep onset (WFI). (b) Correlations between
amplitude of the circadian rhythms in sleep stages with the most relevant variables of sleep. Data are
expressed separately for workdays (WD) and free days (FD).
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The correlations of sleep composition parameters with the amplitude of circadian
rhythm of sleep stages are summarized in Figure 7b. The amplitudes of deep sleep and REM
sleep correlate positively with the proportion of the respective sleep stage and negatively
with the proportion of light sleep and RFI. In addition, the amplitude of REM sleep
correlates positively with the proportion of deep sleep. Thus, a higher proportion of
deep sleep, a lower proportion of light sleep and a better consolidation of REM sleep are
associated with a higher robustness of the circadian rhythms of deep sleep and REM sleep.

The correlations between variables assessed by questionnaire, objective measures
for sleep timing and the most relevant sleep composition variables are summarized in
Figure 8. On free days, the proportion of deep sleep on free days correlates negatively
with SD and SL. In addition, SL is associated with a higher proportion of light sleep
and, consistently, with a higher fragmentation of REM sleep. Thus, the need for higher
SD on days off and/or a higher discrepancy between SD on workdays and days off is
most likely predicted by an intrinsically determined lower proportion of deep sleep, a
higher proportion of light sleep and a higher fragmentation of REM sleep. However, SD
on workdays correlates positively with the proportion of REM sleep on free days. This
suggests that the intrinsically determined individual proportion of REM may predict the
need for longer SD on workdays. Moreover, male biological sex correlates with a lower
proportion of REM sleep on free days. Importantly, subjective tiredness upon waking on
free days and self-reported sleep disturbances correlate negatively with the proportion of
REM sleep and consistently correlate positively with the proportion of light sleep and RFI
on workdays. This suggests that the proportion of light sleep and REM sleep, as well as
RFI, are promising digital markers for general poor sleep quality.
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Figure 8. Heatmap summarizing correlations between measures of objective sleep timing, self-
reported tiredness on waking, sleep disturbances, biological sex and most relevant variables on
sleep architecture. Midpoint of sleep (MS); sleep duration (SD); social jet lag (SJL); sleep loss (SL);
self-reported tiredness on waking (TN); self-reported sleep disturbance (Dis); biological sex (Sex);
proportions of deep sleep, REM sleep and light sleep (in % of total sleep); REM sleep fragmenta-
tion index (RFI). Where applicable, the data are expressed separately for workdays (WD) and free
days (FD).

4. Discussion

This study of longitudinal data on sleep stages in young healthy adults under real-life
condition provides important insight into the relationship between circadian rhythms and
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the composition of sleep under social timing conditions/workdays and biological timing
conditions/days off.

In our cohort, the chronotype showed a normal variation consistent with previous data
for young healthy adults [8,24]. As expected, the midpoint of sleep was significantly earlier
and sleep duration was significantly shorter on workdays than on free days. Consequently,
later chronotype was associated with both higher social jet lag and sleep loss. Students may
nap to compensate for sleep loss [25] and daytime naps affect nocturnal sleep efficiency [26].
Future studies are needed to explore how naps on workdays and free days affect nocturnal
sleep architecture.

Subjective tiredness upon waking was higher on workdays than on free days, which
aligns with the results from a larger cohort study showing higher sleep quality on days
off [11]. Feeling rested upon waking is not only important for defining subjective sleep
quality [27] but also for well-being and performance. Therefore, this study, like our previous
one [21], supports that considering endogenous sleep time in working life can have a
positive impact on performance and general health. In contrast, tiredness on free days,
when the sleep timing is mostly determined by biological/intrinsic factors, correlated
positively with self-reported sleep disturbance. This suggests that tiredness on free days is a
better indicator of sleep quality determined by intrinsic factors than tiredness on workdays.
This highlights the importance of modifying the standardized sleep questionnaires by
differentiating between workdays and free days to improve sensitivity and specificity, as
suggested previously [11].

Circadian rhythm analyses show regular oscillation of sleep stages and wake after
sleep onset around 24 h (circadian) and additional oscillations around 12 h (ultradian),
albeit with lower amplitude, indicating lower robustness. This is consistent with earlier
studies on circadian and ultradian oscillations in sleep [28]. Moreover, the data from this
study are consistent with longitudinal analysis of core body temperature [29], indicating
that under real-life conditions, sleep and other circadian body rhythms are not tightly
entrained to 24 h but oscillate in a circadian manner. The phase of the circadian rhythms in
the sleep stages correlate positively with the midpoint of sleep. Thus, sleep timing affects
the timing of the sleep stages. The phase of circadian rhythm in deep sleep was about
three hours earlier than the phase of REM sleep, consistent with the higher prevalence of
deep sleep and REM sleep during the first and second half of the night, respectively [12,13].
However, little is known about whether the timing of REM and deep sleep is linked to sleep
onset or to usual bedtime and/or to each other. In other words, is the acrophase of REM
sleep a function of the elapsed sleep time, the time of day, or the acrophase of deep sleep?

Correlations of the phases and amplitudes of circadian rhythms in deep sleep and
REM sleep with the proportions and fragmentations of the respective sleep stages suggest
particular relationships. Based on the higher circadian rhythm amplitude and lower
fragmentation, deep sleep appears, overall, to be more robust than REM sleep. However, the
proportion of deep sleep and the amplitude of REM sleep correlated positively, suggesting
that deep sleep supports REM sleep rhythm stability. The amount of light sleep and deep
sleep was higher on free days than on workdays, indicating that the longer sleep duration
on free days is mostly composed of these sleep stages. Interestingly, male sex was associated
with an earlier phase and a lower amplitude of the circadian rhythm of deep sleep, and with
a lower proportion of REM sleep on free days. The data correspond with earlier findings
regarding differences in sleep architecture [20,30,31] and circadian rhythms [32] between
sexes. However, females are still underrepresented in studies on circadian rhythms and
sleep [32]. A recent review discussed the data gap on the effects of sex on human circadian
physiology and sleep physiology, as well as the needs for future research to include sex as
an important factor [33].

Importantly, shorter sleep duration on workdays was associated with a later phase
of circadian rhythm in deep sleep, lower amplitude of circadian rhythm in REM sleep
and shorter proportion of REM sleep on free days. Similarly, sleep loss was associated
with a lower amplitude, a higher fragmentation of REM sleep and a lower proportion
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of deep sleep on free days. In contrast, higher self-reported tiredness on free days and
sleep disturbance were associated with a lower proportion of REM sleep and higher
fragmentation of REM sleep. Thus, in particular RFI, a parameter that has so far been
assessed only by polysomnography in the context of REM sleep behavior disorders [16], is
a promising digital marker for the objective assessment of general poor sleep quality/sleep
disturbances. Our observations are consistent with REM sleep appearing to be the sleep
stage most relevant to sleep quality and cognitive performance [34] but also most sensitive
to disruption [35]. However, further studies on longitudinal sleep stage recordings in larger
cohorts are needed to establish benchmarks for sleep architecture.

In summary, our study suggests that REM sleep proportion and consolidation not
only play a key role in sleep quality but are also affected by the misalignment between
external (workdays) and internal (free days) sleep timing (Figure 9). Our results suggest
that longitudinal recording of sleep stages, particularly REM sleep, represents an exciting
area for research into digital markers of sleep quality.
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Figure 9. Graphic summary. Chronotype-related sleep loss is correlated with the amplitude of the
circadian rhythm and the fragmentation of REM sleep. The amplitude of the circadian rhythm and the
fragmentation of REM sleep are correlated with the proportion of REM sleep. Self-reported tiredness
on free days and sleep disturbances are correlated with the proportion and fragmentation of REM
sleep. Green arrows indicate positive correlations and red arrows indicate negative correlations.

5. Limitations of the Study

As polysomnography does not allow for longitudinal studies under real-life conditions,
the sleep stages were analysed by the proprietary Fitbit algorithms, which have a lower
accuracy. However, we would like to emphasize that this study is not intended to promote
Fitbit sleep analysis as a diagnostic tool in sleep medicine.

The sample of this study is rather small, not representative of the population, and
has biases in many ways, such as age, education, income, biological sex and motivation to
participate in our study.

The study is very special in terms of the study period, which fell within the COVID-19
pandemic. On the one hand, the subjects were relatively flexible about when they started
in the morning. However, all subjects used an alarm clock on weekdays, which is probably
due to the fact that the workload for first-year medical students is very high. Nevertheless,
differences between weekdays and days off are likely to be much larger when working
hours are rigid. On the other hand, confounding factors for midsleep on free days, such as
social gatherings, were largely reduced due to the general closure of most of the restaurants,
bars and nightclubs.
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Correlations were used as a measure of the direction of relationships, but do not
imply causation.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/brainsci13101482/s1, Figure S1: Longitudinal recordings of total
sleep under real-life conditions. Figure S2: Longitudinal recordings of sleep stages under real-life
conditions. Figure S3: Representative analyses of circadian rhythms of total sleep and sleep stages of
one subject.

Author Contributions: Conceptualization, C.v.G., L.H., M.P. and S.E.; methodology, C.v.G., L.H.,
M.P. and S.E.; software, L.H.; formal analysis, C.v.G.; resources, C.v.G.; data curation, C.v.G.;
writing—original draft preparation, C.v.G.; writing—review and editing, C.v.G., L.H., M.P. and
S.E.; visualization, C.v.G.; supervision, C.v.G.; project administration, C.v.G.; funding acquisition,
C.v.G. All authors have read and agreed to the published version of the manuscript.

Funding: The APC was funded by the Open Access Funds of the Heinrich-Heine University and the
Medical Faculty of the Heinrich-Heine University.

Institutional Review Board Statement: The study was conducted in accordance with the Declara-
tion of Helsinki and approved by the Ethics Committee of Medical Faculty of the Heinrich-Heine
University (ChronoSleep study, reference number/approval code: 2019-3786, date of approval 22
July 2019).

Informed Consent Statement: Informed consent was obtained from all subjects involved in the study.

Data Availability Statement: Data are unavailable due to privacy or ethical restrictions.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Zager, A.; Andersen, M.L.; Ruiz, F.S.; Antunes, I.B.; Tufik, S. Effects of acute and chronic sleep loss on immune modulation of rats.

Am. J. Physiol. Regul. Integr. Comp. Physiol. 2007, 293, R504–R509. [CrossRef]
2. Killgore, W.D. Effects of sleep deprivation on cognition. Prog. Brain Res. 2010, 185, 105–129. [CrossRef]
3. Ju, Y.E.; McLeland, J.S.; Toedebusch, C.D.; Xiong, C.; Fagan, A.M.; Duntley, S.P.; Morris, J.C.; Holtzman, D.M. Sleep quality and

preclinical Alzheimer disease. JAMA Neurol. 2013, 70, 587–593. [CrossRef]
4. Roenneberg, T.; Wirz-Justice, A.; Merrow, M. Life between clocks: Daily temporal patterns of human chronotypes. J. Biol. Rhythm.

2003, 18, 80–90. [CrossRef] [PubMed]
5. Lack, L.; Bailey, M.; Lovato, N.; Wright, H. Chronotype differences in circadian rhythms of temperature, melatonin, and sleepiness

as measured in a modified constant routine protocol. Nat. Sci. Sleep 2009, 1, 1–8. [CrossRef] [PubMed]
6. Archer, S.N.; Robillard, D.L.; Skene, D.J.; Smits, M.; Williams, A.; Arendt, J.; von Schantz, M. A length polymorphism in the

circadian clock gene Per3 is linked to delayed sleep phase syndrome and extreme diurnal preference. Sleep 2003, 26, 413–415.
[CrossRef]

7. Viola, A.U.; Archer, S.N.; James, L.M.; Groeger, J.A.; Lo, J.C.; Skene, D.J.; von Schantz, M.; Dijk, D.J. PER3 polymorphism predicts
sleep structure and waking performance. Curr. Biol. 2007, 17, 613–618. [CrossRef]

8. Wittmann, M.; Dinich, J.; Merrow, M.; Roenneberg, T. Social jetlag: Misalignment of biological and social time. Chronobiol. Int.
2006, 23, 497–509. [CrossRef]

9. Van den Berg, J.F.; Kivela, L.; Antypa, N. Chronotype and depressive symptoms in students: An investigation of possible
mechanisms. Chronobiol. Int. 2018, 35, 1248–1261. [CrossRef] [PubMed]

10. Sudy, A.R.; Ella, K.; Bodizs, R.; Kaldi, K. Association of Social Jetlag With Sleep Quality and Autonomic Cardiac Control During
Sleep in Young Healthy Men. Front. Neurosci. 2019, 13, 950. [CrossRef]

11. Pilz, L.K.; Keller, L.K.; Lenssen, D.; Roenneberg, T. Time to rethink sleep quality: PSQI scores reflect sleep quality on workdays.
Sleep 2018, 41, zsy029. [CrossRef] [PubMed]

12. Williams, R.L.; Agnew, H.W., Jr.; Webb, W.B. Sleep Patterns in Young Adults: An Eeg Study. Electroencephalogr. Clin. Neurophysiol.
1964, 17, 376–381. [CrossRef]

13. Williams, R.L.; Agnew, H.W., Jr.; Webb, W.B. Sleep patterns in the young adult female: An EEG study. Electroencephalogr. Clin.
Neurophysiol. 1966, 20, 264–266. [CrossRef]

14. Walther, B.W.; Schulz, H. Recurrent isolated sleep paralysis: Polysomnographic and clinical findings. Somnologie-Schlafforschung
Schlafmed. 2004, 8, 53–60. [CrossRef]

15. Cesari, M.; Christensen, J.A.E.; Muntean, M.L.; Mollenhauer, B.; Sixel-Doring, F.; Sorensen, H.B.D.; Trenkwalder, C.; Jennum,
P. A data-driven system to identify REM sleep behavior disorder and to predict its progression from the prodromal stage in
Parkinson’s disease. Sleep Med. 2021, 77, 238–248. [CrossRef] [PubMed]

https://www.mdpi.com/article/10.3390/brainsci13101482/s1
https://www.mdpi.com/article/10.3390/brainsci13101482/s1
https://doi.org/10.1152/ajpregu.00105.2007
https://doi.org/10.1016/B978-0-444-53702-7.00007-5
https://doi.org/10.1001/jamaneurol.2013.2334
https://doi.org/10.1177/0748730402239679
https://www.ncbi.nlm.nih.gov/pubmed/12568247
https://doi.org/10.2147/NSS.S6234
https://www.ncbi.nlm.nih.gov/pubmed/23616692
https://doi.org/10.1093/sleep/26.4.413
https://doi.org/10.1016/j.cub.2007.01.073
https://doi.org/10.1080/07420520500545979
https://doi.org/10.1080/07420528.2018.1470531
https://www.ncbi.nlm.nih.gov/pubmed/29764217
https://doi.org/10.3389/fnins.2019.00950
https://doi.org/10.1093/sleep/zsy029
https://www.ncbi.nlm.nih.gov/pubmed/29420828
https://doi.org/10.1016/0013-4694(64)90160-9
https://doi.org/10.1016/0013-4694(66)90092-7
https://doi.org/10.1111/j.1439-054X.2004.00017.x
https://doi.org/10.1016/j.sleep.2020.04.010
https://www.ncbi.nlm.nih.gov/pubmed/32798136


Brain Sci. 2023, 13, 1482 13 of 13

16. Rechichi, I.; Iadarola, A.; Zibetti, M.; Cicolin, A.; Olmo, G. Assessing REM Sleep Behaviour Disorder: From Machine Learning
Classification to the Definition of a Continuous Dissociation Index. Int. J. Env. Res. Public Health 2021, 19, 248. [CrossRef]

17. Fitbit. Available online: https://help.fitbit.com/articles/en_US/Help_article/2163.htm (accessed on 7 July 2023).
18. Cook, J.D.; Eftekari, S.C.; Dallmann, E.; Sippy, M.; Plante, D.T. Ability of the Fitbit Alta HR to quantify and classify sleep in

patients with suspected central disorders of hypersomnolence: A comparison against polysomnography. J. Sleep Res. 2019, 28,
e12789. [CrossRef]

19. Moreno-Pino, F.; Porras-Segovia, A.; Lopez-Esteban, P.; Artes, A.; Baca-Garcia, E. Validation of Fitbit Charge 2 and Fitbit Alta HR
Against Polysomnography for Assessing Sleep in Adults With Obstructive Sleep Apnea. J. Clin. Sleep Med. 2019, 15, 1645–1653.
[CrossRef]

20. Weiss, C.; Woods, K.; Filipowicz, A.; Ingram, K.K. Sleep Quality, Sleep Structure, and PER3 Genotype Mediate Chronotype Effects
on Depressive Symptoms in Young Adults. Front. Psychol. 2020, 11, 2028. [CrossRef]

21. von Gall, C.; Muth, T.; Angerer, P. Sleep Duration on Workdays Is Correlated with Subjective Workload and Subjective Impact of
High Workload on Sleep in Young Healthy Adults. Brain Sci. 2023, 13, 818. [CrossRef]

22. Juda, M.; Vetter, C.; Roenneberg, T. Chronotype modulates sleep duration, sleep quality, and social jet lag in shift-workers. J. Biol.
Rhythm. 2013, 28, 141–151. [CrossRef]

23. Leise, T.L. Wavelet-based analysis of circadian behavioral rhythms. Methods Enzym. 2015, 551, 95–119. [CrossRef]
24. Roenneberg, T.; Kuehnle, T.; Pramstaller, P.P.; Ricken, J.; Havel, M.; Guth, A.; Merrow, M. A marker for the end of adolescence.

Curr. Biol. 2004, 14, R1038–R1039. [CrossRef] [PubMed]
25. Rea, E.M.; Nicholson, L.M.; Mead, M.P.; Egbert, A.H.; Bohnert, A.M. Daily relations between nap occurrence, duration, and

timing and nocturnal sleep patterns in college students. Sleep Health 2022, 8, 356–363. [CrossRef]
26. Mead, M.P.; Huynh, P.; Le, T.Q.; Irish, L.A. Temporal Associations Between Daytime Napping and Nocturnal Sleep: An

Exploration of Random Slopes. Ann. Behav. Med. 2022, 56, 1101–1109. [CrossRef]
27. Harvey, A.G.; Stinson, K.; Whitaker, K.L.; Moskovitz, D.; Virk, H. The subjective meaning of sleep quality: A comparison of

individuals with and without insomnia. Sleep 2008, 31, 383–393. [CrossRef] [PubMed]
28. Winnebeck, E.C.; Fischer, D.; Leise, T.; Roenneberg, T. Dynamics and Ultradian Structure of Human Sleep in Real Life. Curr. Biol.

2018, 28, 49–59.e45. [CrossRef] [PubMed]
29. Ekhart, D.; Wicht, H.; Kersken, T.; Ackermann, H.; Kaczmarczyk, M.; Pretzsch, G.; Alexander, H.; Korf, H.W. Dynamics of

core body temperature cycles in long-term measurements under real life conditions in women. Chronobiol. Int. 2018, 35, 8–23.
[CrossRef] [PubMed]

30. Mongrain, V.; Carrier, J.; Dumont, M. Chronotype and sex effects on sleep architecture and quantitative sleep EEG in healthy
young adults. Sleep 2005, 28, 819–827. [CrossRef]

31. Tsai, L.L.; Li, S.P. Sleep patterns in college students: Gender and grade differences. J. Psychosom. Res. 2004, 56, 231–237. [CrossRef]
32. Santhi, N.; Lazar, A.S.; McCabe, P.J.; Lo, J.C.; Groeger, J.A.; Dijk, D.J. Sex differences in the circadian regulation of sleep and

waking cognition in humans. Proc. Natl. Acad. Sci. USA 2016, 113, E2730–E2739. [CrossRef] [PubMed]
33. Spitschan, M.; Santhi, N.; Ahluwalia, A.; Fischer, D.; Hunt, L.; Karp, N.A.; Levi, F.; Pineda-Torra, I.; Vidafar, P.; White, R. Sex

differences and sex bias in human circadian and sleep physiology research. eLife 2022, 11, e65419. [CrossRef] [PubMed]
34. Dijk, D.J.; Landolt, H.P. Sleep Physiology, Circadian Rhythms, Waking Performance and the Development of Sleep-Wake

Therapeutics. Handb. Exp. Pharmacol. 2019, 253, 441–481. [CrossRef] [PubMed]
35. Barbato, G. REM Sleep: An Unknown Indicator of Sleep Quality. Int. J. Env. Res. Public Health 2021, 18, 12976. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.3390/ijerph19010248
https://help.fitbit.com/articles/en_US/Help_article/2163.htm
https://doi.org/10.1111/jsr.12789
https://doi.org/10.5664/jcsm.8032
https://doi.org/10.3389/fpsyg.2020.02028
https://doi.org/10.3390/brainsci13050818
https://doi.org/10.1177/0748730412475042
https://doi.org/10.1016/bs.mie.2014.10.011
https://doi.org/10.1016/j.cub.2004.11.039
https://www.ncbi.nlm.nih.gov/pubmed/15620633
https://doi.org/10.1016/j.sleh.2022.05.002
https://doi.org/10.1093/abm/kaac006
https://doi.org/10.1093/sleep/31.3.383
https://www.ncbi.nlm.nih.gov/pubmed/18363315
https://doi.org/10.1016/j.cub.2017.11.063
https://www.ncbi.nlm.nih.gov/pubmed/29290561
https://doi.org/10.1080/07420528.2017.1375942
https://www.ncbi.nlm.nih.gov/pubmed/29106303
https://doi.org/10.1093/sleep/28.7.819
https://doi.org/10.1016/S0022-3999(03)00507-5
https://doi.org/10.1073/pnas.1521637113
https://www.ncbi.nlm.nih.gov/pubmed/27091961
https://doi.org/10.7554/eLife.65419
https://www.ncbi.nlm.nih.gov/pubmed/35179486
https://doi.org/10.1007/164_2019_243
https://www.ncbi.nlm.nih.gov/pubmed/31254050
https://doi.org/10.3390/ijerph182412976

	Introduction 
	Materials and Methods 
	Ethics, Study Design and Sample Characteristics 
	Assessment of Objective Measures of Sleep Timing, Sleep Architecture and Circadian Rhythms 
	Statistical Analyses 

	Results 
	Subjective Measures of Sleep Quality and Objective Measures of Sleep Timing 
	Circadian Rhythms of Sleep Stages 
	Sleep Architecture 

	Discussion 
	Limitations of the Study 
	References

