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Featured Application: The results of this study may be implemented in recommendations for the
calculation of the delay in clock time for the weekday waking time required to reduce sleep loss
on weekdays.

Abstract: Background: Our work/study culture is biased towards the circadian clocks of “morning
types”, whereas “evening types” are forced to advance their weekday waking times relative to
weekend waking times. Since the experimental research consistently reveals a >2 h difference between
these two chronotypes in the positions of their endogenous circadian phases, we hypothesized the
necessity to permit a >2 h difference between them in weekday waking times to equalize their
irrecoverable loss in sleep on weekdays. Methods: A total of 659 and 1106 participants of online
surveys identified themselves as morning and evening types, respectively. The hypothesis was tested
by applying a model of sleep–wake regulation for simulating sleep times reported by 245 lecturers
of these two types, and by comparison of sleep times of these types among these lecturers and
1520 students. Results: The hypothesis was supported by results showing that, if, on weekdays,
an “average” morning type wakes at 6 a.m., the equalization of the weekday sleep loss of the two
chronotypes would require the waking time of an “average” evening type to be no earlier than 8 a.m.
Conclusions: These results may be implemented in a model-based methodology for the correction of
weekday waking times to equalize weekday sleep loss.

Keywords: morningness–eveningness; two-process model; simulation; sleep–wake cycle; sleep
timing; sleep duration
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1. Introduction

Research in the fields of chronobiology and sleep science distinguishes between people
of two distinct chronotypes: morning and evening types or, in short, M- and E-types [1,2].
If M-types are most alert in the morning, E-types are most alert in the evening, and, in
addition, they prefer early awakening–early bedtime and late awakening–late bedtime,
respectively [3]. Links are presented in the literature between the chronotype and individual
differences in various domains, including the domains of neurophysiology, psychiatry,
cognitive psychology, personality, and mental and physical health (reviewed in [4]).

According to a growing body of experimental research, the positions of endogenous
circadian phases show, at least, a 2 h difference between chronotypes [5–10]. When work-
ers/students work/study Monday to Friday, and then have two days without work/study,
they might be tempted to “catch up” on sleep. However, the simulations of weekday
and weekend sleep times with a sleep–wake regulation model [11] suggest that, despite
complete freedom to sleep in and nap during the two weekend days, the reduction in sleep
during the week cannot be reversed by the extension of weekend sleep beyond its normal,
adequate duration [12–16]. The simulations also suggest a more profound weekday sleep
loss in E-types than M-types because E-types have to advance their weekday times by more
relative to weekend waking times [12,13].

It appears that negative impacts of the disparity between chronotypes in weekday
sleep loss underlie the complaints about “the tyranny of the early risers/birds” (e.g., [17,18]).
This disparity rests upon the tradition of setting working and school start-times too early.
Consequently, given that our work/study culture is biased towards the circadian clocks
of M-types, E-types are forced to sacrifice a larger amount of sleep on weekdays to arrive
at their place of work/study at the M-type-oriented start-times. The recent “natural
experiment” during “lockdown” demonstrated that, when home-workers/students were
suddenly able to choose their own waking times, most slept later. Notably, this “experiment”
also confirmed the model-based prediction of a failure to decrease the weekend sleep
duration during lockdown, in response to the increase in weekday sleep duration leading
to the decrease in weekday sleep loss [14].

Therefore, a question arises of whether the simulations of data on sleep timing of M-
and E-types can help in the overthrowing of such a “tyranny of the early risers” by changing
sleep times of E-types; that is, can the simulations based on a sleep–wake regulating model
be implicated in the development of a method to correct the sleep times of E-types required
to equalize the irrecoverable weekday sleep loss of the two chronotypes?

Consequently, the aim of this paper was to apply the model-based simulations of
sleep times self-reported by M- and E-types for the development of a methodology for
the estimation of the delay in the waking times of E-types relative to the waking times of
M-types required to overthrow the “tyranny of the early risers”. Our hypothesis was that,
since the literature suggested a >2 h difference between the two chronotypes in the positions
of their endogenous circadian phases, such estimates would indicate that permitting a >2 h
difference in weekday waking times of M- and E-types can be recommended to equalize
the irrecoverable sleep losses on weekdays.

2. Materials and Methods

Lecturers from several Russian universities invited their students and colleagues
(and some other workers of their universities) to respond, using their smartphones, to
questions concerning their sleep–wake behavior. To collect such responses, two web
sites were developed in Moscow and Novosibirsk. Table 1 briefly describes the collected
samples. More details on selection, exclusion criteria, and additional chronobiological
and somnological characteristics of these samples are given in Supplementary Materials
(Table S1).
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Table 1. Participants of four online surveys and their divisions into early and late risers.

Site Moscow Novosibirsk Whole Sample

Age Students Lecturers Students Lecturers Students Lecturers Total

Survey 1 3 1 3 2 4 2 4 1–4 1–4 1–4

Age of survey participants, years
Mean 19.3 19.5 41.9 41.1 20.5 18.6 41.4 43.0 19.3 42.1 22.4

Standard
deviation 1.4 1.6 14.4 12.5 1.7 2.5 11.8 12.6 1.8 12.6 9.2

Number of survey participants (n)
Total 1681 1048 77 59 331 752 204 254 3812 594 4406
Male 492 279 23 12 60 280 43 60 1111 138 1243

Female 1189 769 54 47 271 472 161 194 2701 456 3157

From them (n)
MT 213 196 15 24 36 76 41 58 521 138 659
ET 387 329 15 9 115 168 37 46 999 107 1106

RT < 7 372 244 19 25 48 109 42 52 773 138 911
RT ≥ 7 228 281 11 8 103 135 36 52 747 107 854

Notes. Site: The webpage for data collection was developed either in Moscow or Novosibirsk; Age: Either lecturers
(and some of other their colleagues from the staff of universities) or university students; Survey: Four consecutive
online surveys with slightly different sets of questionnaires but always with the SIC and four questions about bed-
and risetimes on weekdays and weekends; MT or ET: Chronotype (CT) self-chosen by a participant of a survey
from 7 options of the SIC (either M- or E-type); RT < 7 or RT ≥ 7: Weekday risetime, the answer to one of four
questions about bed- and risetimes, either earlier than 7:00 or later.

The survey participants were asked to report clock hours for bed- and risetimes on
weekdays and weekends. Single-Item Chronotyping (SIC) was used for the selection of M-
and E-types from the whole sample (Table 1). It was designed for self-choosing chronotype
(CT) from 7 options [19]. The options for M-, E-, and other types were either illustrated by
simple graphs (the first Moscow survey and two Novosibirsk surveys) or accompanied
by short descriptions of daily pattern of activity (the second Moscow survey), e.g., for
the options of M- and E-types: “morning type: high level in the morning, middle in the
afternoon, low in the evening” and “evening type: low level in the morning, middle in
the afternoon, high in the evening”, respectively [19]. Table 1 provides information on the
number of survey participants classified into either “morning type” or “evening type” (they
were included in further analysis; Tables 2–5) and the number of participants of these two
chronotypes who reported either early or late weekday risetime (RT, either before 7 a.m. or
at 7 a.m., or later, respectively).

The Statistical Package for the Social Sciences (SPSS23, IBM, Armonk, NY, USA) was
used for statistical analysis of empirical data. Two-, three-, and four-way ANOVAs of
self-reported sleep times (Tables 3–5) were performed with up to four independent factors,
such as self-chosen chronotype (“CT”, either M- or E-type, Table 3), self-reported weekday
risetime (“RT”, either <7 or ≥7 a.m., Table 3), the combination of these two subdivisions
(“CT&RT”, either MT or ET with RT either <7 or ≥7 a.m., Table 4), “Age” (either lecturers or
university students, Tables 3 and 4), the combination of three subdivisions (“CT&RT&Age”,
either lecturers or university students of either MT or ET with RT either <7 or ≥7 a.m.,
Table 5), and “Survey” (four online surveys, 1–4, see Table 1 and Table S1). Post hoc
pairwise Bonferroni comparisons were applied for testing the significance of the differences
in sleep times between two of four “CT&RT” subdivisions (M-types with early and E-types
with late weekday RT, Table 4) and between several “CT&RT&Age” subdivisions (Table 5).

The simulations of rise- and bedtimes self-reported by M- and E-types, and by early
and late weekday risers, <7 a.m. and ≥7 a.m. (Figures 1–4), were performed with a variant
of the two-process model of sleep–wake regulation postulating the circadian modulation
of the parameters of the sleep homeostatic process, S(t) [11]. If t1 and t2 are the initial
times for the buildup and decay phases of the 24 h sleep–wake cycle (rise- and bedtime,
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respectively), the sleep–wake regulating process S(t) can be simulated using the following
equations:

S(t) = [Su + C(t)] − {[Su + C(t)] − Sb} ∗ e(−(t − t1)/[Tb − k ∗ C(t)]) (1)

S(t) = [Sl + C(t)] − {Sd − [Sl + C(t)]} ∗ e(−(t − t2)/[Td − k ∗ C(t)]) (2)

where:
C(t) = A ∗ sin(2π ∗ t/τ + ϕ0) (3)

is a periodic function with a period τ assigned to 24 h [11].

Table 2. Parameters of the model and output of preliminary and final simulations of sleep times.

Simulation Initial Preliminary RT < 7 RT ≥ 7 MT ET <7 MT ≥7 ET

Shift in ϕmax, t2 and t1, h 0.00 0.00 0.10 1.80 −0.30 1.20 −1.00 1.20

Advance RT on Weekdays, h 3.00 2.00 3.00 2.00 2.00 3.00 2.00 2.00

Sleep times as output of simulations of the sleep–wake regulator, S(t):
Weekday bedtime (BT), clock h 22.69 23.26 22.79 24.06 22.96 23.89 22.26 24.46
Weekend bedtime (BT), clock h 23.98 23.99 24.08 24.79 23.69 1.18 22.99 1.19
Weekday risetime (RT), clock h 6.00 7.00 6.10 7.80 6.70 7.20 6.00 8.20
Weekend risetime (RT), clock h 8.74 8.85 8.84 9.65 8.55 9.94 7.85 10.05
Weekday time in bed (TIB), h 7.31 7.74 7.31 7.74 7.74 7.31 7.74 7.74
Weekend time in bed (TIB), h 8.76 8.86 8.76 8.86 8.86 8.76 8.86 8.86

Initial times for buildup (1) and decay phases (2) of S(t):
t2 (bedtime on free day), clock h 23.00 24.00 24.00 24.10 24.80 23.70 1.20 23.00 1.20
t1 (risetime on free day), clock h 7.00 9.00 9.00 9.10 9.80 8.70 10.20 8.00 10.20

Sine wave-form circadian modulation (3) of S(t):
ϕmax (circadian peak), clock h 15.00 16.00 16.00 16.10 16.80 15.70 17.20 15.00 17.20
A (circadian amplitude), rSWA 0.50 0.50 0.50 0.50 0.50 0.50 0.50 0.50 0.50
τ (entrained circadian period), h 24.00 24.00 24.00 24.00 24.00 24.00 24.00 24.00 24.00
k (twofold impact for this term) 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00

Inverse exponential buildup (1) and exponential decay phases (2) of S(t):
Sl (lower asymptote), rSWA 0.70 0.70 0.70 0.70 0.70 0.70 0.70 0.70 0.70

Sb (lowest decay), rSWA 0.75 0.75 0.75 0.75 0.75 0.75 0.75 0.75 0.75
Sd (highest buildup), rSWA 2.50 2.50 2.50 2.50 2.50 2.50 2.50 2.50 2.50

Su (upper asymptote), rSWA 4.50 4.51 4.51 4.51 4.51 4.51 4.51 4.51 4.51
Td (decay phase constant), h 1.95 2.30 2.30 2.30 2.30 2.30 2.30 2.30 2.30

Tb (buildup phase constant), h 27.04 24.75 24.75 24.75 24.75 24.75 24.75 24.75 24.75

Notes. Parameters of the model of the sleep regulating process, S(t), applied for the simulation of sleep times.
Initial: Parameters of the model derived in the original publication [11] from data on sleep duration after extended
wakefulness and relative Slow-Wave Activity (rSWA) in naps and extended sleep episodes (mean SWA = 1 in a
baseline night episode). Sleep–wake regulating mechanisms were proposed to be identical in all simulations of
lecturers’ data. Preliminary: Sleep times for free days (t2 and t1) were suggested to be identical, with the only
difference between these two simulations in the amount of advance in risetime (RT) on weekdays relative to
free day RT (3.00 h and 2.00 h). In the next 6 (final) simulations, the difference in shift in ϕmax, t2 and t1 was
additionally proposed to account for the differences between two chronotypes (evening and morning types, MT
and ET, respectively), between two weekday RTs (<7 a.m. and ≥7 a.m.), and between both chronotypes and RTs
(MT with RT < 7 and ET with RT ≥ 7, <7 MT and ≥7 ET, respectively). See also illustrations of these 6 simulations
of sleep times of lecturers in Figures 1–3, their fit to data in Figure 4, and more details on these simulated sleep
times in Table 3 (upper part).

In the initial simulations, S(t) was represented by the time course of Slow-Wave Activ-
ity (SWA), in relative SWA (SWA = 1 in the baseline conditions of experiments published by
Dijk et al. [20–22]). All parameters of this model are explained in Table 2. Initial parameters
were derived from data on the durations of recovery sleep after 6 gradually increasing inter-
vals of extended wakefulness [23], and on the levels of SWA obtained during 10 naps [20]
and two recovery sleep episodes [21,22]. The model was validated by comparing a model
prediction [16] with data from the two latest “natural experiments” [14,15].

In order to account for a larger sleep duration reported by the participants of the
present study (Tables 1 and S1) compared to that of the participants of the study of Åkerstedt
and Gillberg [23], the parameters of the model were slightly modified (Tables 2 and 3). The
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sleep times for free days (t1 and t2) in the present simulations resemble the estimates of
rise- and bedtimes on weekends reported by lecturers (Table 2, middle part, and Figure 4).
For the sake of simplicity and clarity, these sleep times in simulations were rounded to yield the
free day sleep duration of 9.0 h (Table 2 and Figures 1–4). The simulations (Tables 2 and 3,
upper part) were performed to account for the differences in: (1) an advance in weekday
risetime (RT) relative to free day RT, of either 2.0 or 3.0 h (Figures 1 and 4, left graphs);
(2) an advance in both weekday RT and chronotype (CT), either 2.0 h advance for M-type
or 3.0 h advance for E-type (Figures 2 and 4, middle graphs); and (3) either M- or E-type
with the same (2.0 h) advance (Figures 3 and 4, right graphs).

3. Results

Table 2 shows the parameters of preliminary simulations based on only one difference
between the two simulations, in the advance shift in weekday RT relative to free day RT, of
either 2.0 or 3.0 h. These simulations are called “preliminary” because they did not account
for the phase-delaying effect of a smaller (2.0 h) advance shift. Such a smaller shift leads
to a later phase of light exposure of the circadian clocks on weekdays that, in turn, leads
to a delayed shift in the phase of these clocks, that, in turn, leads to a shift in weekend
sleep timing at a later hour. Such a shift in weekend sleep timing is a cause of a phase
difference between earlier and later weekday risers (i.e., in the present study we compared
the subdivisions in accord with weekday RT, either earlier than 7:00 or later (i.e., either
RT < 7 or RT ≥ 7, respectively). Therefore, such real-world data on the sleep timing of
lecturers having early and late weekday RTs (Table 3, left columns, and Figure 4, left) were
used to correct sleep timing of the preliminary simulations (Table 2). This correction yielded
a 0.7 h difference in sleep timing on free days between lecturers with RT < 7 and those with
RT ≥ 7 (Figure 1).

The difference between M- and E-types in the position of their circadian phases (>2.0 h),
as mentioned in the Introduction, translates into the difference between their sleep timing
on weekends. However, the difference in weekend sleep timing appears to be smaller than
2.0 h [12,13] (i.e., on average, a 1.8 h difference was obtained in the analysis of data on sleep
times of as many as 50 pairs of samples of M- and E-types reported in the literature [12]). It
seems that the major cause of such a reduction in the phase difference between chronotypes
in weekend sleep timing is their difference in the advance in weekday waking times relative
to weekend waking times. The circadian clocks of E-types are delayed by ≥2.0 h relative to
the clocks of M-types, and, in turn, these types have later weekend waking times, forcing
them to advance their weekday waking times by more. Such a larger advance in weekday
waking times is expected to lead to an earlier phase of light exposure of their circadian
clocks on weekdays that, in turn, can lead to an advancing shift in the phase of these clocks
that, in turn, can lead to a shift in their weekend sleep timing at an earlier hour.

Since such an advance in weekend sleep timing led to a delay of less than 2.0 h in
the sleep timing of E-types relative to the timing of M-types, the real-world data on sleep
timing of lecturers of M- and E-types (Table 3, middle columns, and Figure 4, middle
graphs) were used to correct sleep times of the preliminary simulations that differed only
in the advance in weekday RT, i.e., either a 2.0 or 3.0 h advance in weekday RT relative to
free day RT (Tables 2 and 3, upper part). This correction yielded the 1.5 h difference in sleep
timing on free days between the subdivisions into M- and E-types (Table 2 and Figure 2).
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Figure 1. Simulations of the sleep–wake cycles of early and late risers. Simulations of the whole
sequence of 10 sleep–wake cycles (A), and two subintervals for a weekday and a weekend, (B,C),
respectively, for the participants with different weekday risetime (RT), either <7 or ≥7 a.m. See
Table 3 and Figure 4 (left graphs) for the comparison with sleep times self-reported by lecturers.
The sequence of 10 sleep–wake cycles includes two last free days (e.g., at the end of a hypothetical
vacation), the following week consisting of five weekdays and two weekends, and the first weekday
of the next week (i.e., Sa-Su, Mo-Fr, Sa-Su, and Mo are the days of the week, namely, Saturday, Sunday,
Monday, Tuesday, Wednesday, Thursday, Friday). S(t): Alternations between buildup and decay
phases of the process of sleep–wake regulation. The parameters of these buildups and decays are
modulated by a sine-form function with a 24 h period (i.e., this function represents the circadian
pacemaker). Sd(t) and Sb(t): The time course of predicted highest and lowest buildups and decays
of S(t), respectively. The simulations suggested that, in general, the parameters of the sleep–wake
regulatory processes may be practically identical in two subdivisions with RT either <7 a.m. or
≥7 a.m. The only postulated differences were in sleep times on free days and in an advance in
weekday waking times relative to free day waking times. The latter difference led to the difference in
the timing of light exposure on weekdays and, as a consequence, to the difference in the circadian
phase (0.7 h).
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These two corrections of preliminary simulations enabled the estimation of the dif-
ferences in sleep timing caused by the phase shifts of the circadian phase in two opposite
directions. One of these differences is the difference in an advance in weekday RT relative
to free day RT, of either 2.0 or 3.0 h (Figure 1), and the other difference is the difference
caused by the combination of this effect (i.e., the difference in the advance shift) with the
effect of the difference between two chronotypes, i.e., either M-types with a smaller advance
shift (2.0 h) or E-types with a larger advance shift (3.0 h) (Figure 2). The estimates of the
differences caused by these bidirectional shifts enabled determination of the difference in
the sleep timing of M- and E-types with the same (2.0 h) phase advance in weekday RT
relative to free day RT. As shown in Table 3 (middle columns), this difference between
chronotypes with a 2.0 h advance is expected to be equal to the sum of the difference
caused by a larger weekday advance and the difference caused by the combination of this
larger advance with the effect of chronotype on sleep timing. That is, such summation
allows the subtraction of the effect of a larger advance in weekday RT in E-types for the
estimation of a pure effect of the difference between M– and E-types in the internal circadian
phases of their sleep–wake cycles. The summation of bidirectional differences yielded a
difference of 1.5 + 0.7 = 2.2 h between MT with RT <7 and ET with RT ≥7 in sleep timing
on free days (Table 2 and Figure 3). The sums obtained for other sleep times were the
same: 1.27 + 0.93 = 2.20 h and 0.71 + 1.49 = 2.20 h for weekday and weekend bedtimes, and
1.70 + 0.50 = 2.20 h and 0.81 + 1.39 = 2.20 for weekday and weekend RTs (Table 2, upper
part). These sums (Table 2, upper part) were found to be rather close to the sums obtained
for the simulated lecturers’ self-reports, of 2.20, 2.22, 2.16 and 2.16 h, respectively (Table 3,
middle part). They were also close to the sums obtained for students’ self-reports, of 1.67,
2.03, 2.04, and 2.25 h, respectively (Table 2, lower part).

The same estimates could be obtained by applying another approach for the calculation
of the differences in internal sleep timing of M- and E-types with the identical (2.0 h) phase
advance in weekday RT relative to free day RT. These estimates (Table 3, right columns)
were provided by the calculation of differences between two of four subdivisions of survey
participants (i.e., in accord with two criteria, CT and weekday RT, the first division was
into two CTs, M- and E-types, and the second division was into two weekday RTs, RT < 7
and RT ≥ 7). The differences were calculated between M-types with early weekday RT
and E-types with late weekday RT (see the illustration of simulations of their sleep times
in Figure 3). The last column of Table 3 confirms the expectation of the zero differences
between the estimates of sleep times based on the two methodologies for calculation of
the differences in internal sleep timing of M- and E-types with the identical (2.0 h) phase
advance in weekday RT relative to free day RT (left and right parts of Table 3).



Appl. Sci. 2022, 12, 8092 8 of 17
Appl. Sci. 2022, 12, x FOR PEER REVIEW 8 of 17 
 

 

 

 

 

Figure 2. Simulations of the sleep–wake cycles of morning and evening types. Simulations of the 

whole sequence of 10 sleep–wake cycles (A), and two subintervals for a weekday and a weekend, 

(B,C), respectively, for the morning- and evening-type participants (MT and ET, respectively). See 

Tables 3 and Figure 4 (middle graphs) for the comparison with sleep times self-reported by lecturers. 

The simulations suggested that, in general, the parameters of the sleep–wake regulatory processes 

may be practically identical in MT and ET. The only two suggested differences were in sleep times 

on free days and in an advance in weekday waking times relative to weekend waking times. The 

latter difference led to the difference in the timing of light exposure and, as a consequence, to the 

difference between MT and ET in the weekend sleep phase (1.5 h). This difference was, however, 

shorter than their difference in the endogenous circadian phase (>2.0 h) because a larger advance in 

weekday waking times in ET led to an earlier phase of light exposure of their circadian clocks on 

0

1

2

3

1
0

1
6

2
2

0
4

1
0

1
6

2
2

0
4

1
0

1
6

2
2

0
4

1
0

1
6

2
2

0
4

1
0

1
6

2
2

0
4

1
0

1
6

2
2

0
4

1
0

1
6

2
2

0
4

1
0

1
6

2
2

0
4

1
0

1
6

2
2

0
4

1
0

1
6

2
2

h

S a S u M o Tu We T h F r S a S u M o D a y

S(
t)

(A) 10 days
Sd(t):MT Sd(t):ET Sb(t):MT
Sb(t):ET S(t):MT S(t):ET
BT:MT BT:ET Weekend RT:MT
Weekend RT:ET Weekday RT:MT Weekday RT:ET
7 a.m. on weekday

0

1

2

3

0
4

1
0

1
6

2
2

0
4

1
0

h

T h F r D a y

S(
t)

(B) Weekday 
Sd(t):MT Sd(t):ET Sb(t):MT

Sb(t):ET S(t):MT S(t):ET

BT:MT BT:ET Weekday RT:MT

Weekday RT:ET 7 a.m. on weekday

0

1

2

3

0
4

1
0

1
6

2
2

0
4

1
0

h

S a S u D a y

S(
t)

(C) Weekend 
Sd(t):MT Sd(t):ET Sb(t):MT Sb(t):ET

S(t):MT S(t):ET BT:MT BT:ET

Weekend RT:MT Weekend RT:ET

Figure 2. Simulations of the sleep–wake cycles of morning and evening types. Simulations of the
whole sequence of 10 sleep–wake cycles (A), and two subintervals for a weekday and a weekend,
(B,C), respectively, for the morning- and evening-type participants (MT and ET, respectively). See
Table 3 and Figure 4 (middle graphs) for the comparison with sleep times self-reported by lecturers.
The simulations suggested that, in general, the parameters of the sleep–wake regulatory processes
may be practically identical in MT and ET. The only two suggested differences were in sleep times
on free days and in an advance in weekday waking times relative to weekend waking times. The
latter difference led to the difference in the timing of light exposure and, as a consequence, to the
difference between MT and ET in the weekend sleep phase (1.5 h). This difference was, however,
shorter than their difference in the endogenous circadian phase (>2.0 h) because a larger advance
in weekday waking times in ET led to an earlier phase of light exposure of their circadian clocks on
weekdays that, in turn, led to an advance in the phase of these clocks that, in turn, led to a shift in
their weekend sleep timing at an earlier hour (see Figure 1).
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Figure 3. Simulations of the sleep–wake cycles of early morning types and late evening types.
Simulations of the whole sequence of 10 sleep–wake cycles (A), and two subintervals for a weekday
and a weekend, (B,C), respectively, for the participants with different chronotypes and risetimes
(RTs), MT with early RT and ET with late RT (RT <7 MT and RT ≥7 ET, respectively. See Table 3 and
Figure 4 (right graphs) for the comparison of these simulations with sleep times self-reported by
lecturers. The simulations suggested that, in general, the parameters of the sleep–wake regulatory
processes may be practically identical in these two subdivisions. The only postulated difference was
the difference in sleep times on free days, whereas the advances in weekday waking times were
suggested to become equal in these MTs and ETs due to the early weekday RT of the former and the
late weekday RT of the latter (2.0 h). Therefore, the difference in the circadian phase (2.2 h) was the
only contributor to the difference between these subdivisions of MT and ET in sleep timing.



Appl. Sci. 2022, 12, 8092 10 of 17

Table 3. Differences in sleep times: early and late risers.

Division Two RT Two CT Differences Their RT < 7 RT ≥ 7 Difference With

Sleep Time <7 ≥7 MT ET ≥7-<7 ET-MT Sum MT ET ≥7 ET-<7
MT Sum

Simulation:
Weekday BT 22.79 24.06 22.96 23.89 1.27 0.93 2.20 22.26 24.46 2.20 0.00
Weekend BT 24.08 24.79 23.69 1.18 0.71 1.49 2.20 22.99 1.19 2.20 0.00
Difference BT 1.29 0.73 0.73 1.29 −0.56 0.56 0.00 0.73 0.73 0.00 0.00
Weekday RT 6.10 7.80 6.70 7.20 1.70 0.50 2.20 6.00 8.20 2.20 0.00
Weekend RT 8.84 9.65 8.55 9.94 0.81 1.39 2.20 7.85 10.05 2.20 0.00
Difference RT 2.74 1.85 1.85 2.74 −0.89 0.89 0.00 1.85 1.85 0.00 0.00
Weekday TIB 7.31 7.74 7.74 7.31 0.43 −0.43 0.00 7.74 7.74 0.00 0.00
Weekend TIB 8.76 8.86 8.86 8.76 0.10 −0.10 0.00 8.86 8.86 0.00 0.00
Difference TIB 1.45 1.12 1.12 1.45 −0.32 0.32 0.00 1.12 1.12 0.00 0.00
Lecturers (n): (138) (107) (138) (107) (98) (67)
Weekday BT 23.16 24.17 23.07 24.26 1.01 1.20 2.20 22.65 24.85 2.20 0.00
Weekend BT 23.97 24.73 23.62 1.08 0.77 1.45 2.22 23.13 1.35 2.22 0.00
Difference BT 0.81 0.57 0.56 0.82 −0.24 0.26 0.02 0.49 0.50 0.02 0.00
Weekday RT 6.17 7.84 6.76 7.25 1.67 0.49 2.16 6.01 8.17 2.16 0.00
Weekend RT 8.74 9.50 8.41 9.82 0.76 1.40 2.16 7.98 10.14 2.16 0.00
Difference RT 2.57 1.65 1.65 2.57 −0.91 0.91 0.00 1.97 1.97 0.00 0.00
Weekday TIB 7.01 7.68 7.70 6.99 0.67 −0.71 −0.04 7.36 7.32 −0.04 0.00
Weekend TIB 8.77 8.76 8.79 8.74 −0.01 −0.05 −0.06 8.85 8.79 −0.06 0.00
Difference TIB 1.76 1.09 1.10 1.75 −0.67 0.66 −0.02 1.48 1.47 −0.02 0.00
Students (n): (773) (747) (521) (999) (296) (522)
Weekday BT 23.83 24.22 23.39 24.66 0.40 1.28 1.67 23.24 24.91 1.67 0.00
Weekend BT 24.50 1.04 24.02 1.51 0.54 1.49 2.03 23.87 1.91 2.03 0.00
Difference BT 0.67 0.82 0.64 0.85 0.15 0.22 0.36 0.63 1.00 0.36 0.00
Weekday RT 6.09 7.93 6.90 7.11 1.84 0.21 2.04 6.02 8.06 2.04 0.00
Weekend RT 9.49 10.28 9.16 10.62 0.79 1.46 2.25 8.80 11.05 2.25 0.00
Difference RT 3.41 2.36 2.25 3.51 −1.05 1.26 0.21 2.78 2.99 0.21 0.00
Weekday TIB 6.26 7.67 7.52 6.41 1.40 −1.11 0.30 6.78 7.08 0.30 0.00
Weekend TIB 9.00 9.21 9.14 9.07 0.21 −0.07 0.14 8.93 9.07 0.15 0.00
Difference TIB 2.74 1.55 1.62 2.66 −1.19 1.04 −0.15 2.15 2.00 −0.15 0.00

Notes. RT: risetime; BT: bedtime; TIB: time in bed. Difference BT (or RT or TIB): Difference between weekend and
weekday in BT (or in RT or in TIB). Sleep times from four-way ANOVAs for subdivisions into two weekday RTs
(<7 and ≥7 a.m.), two chronotypes (CTs: morning type and evening type, MT and ET, respectively), and into two
CT × RT (MT with RT <7 and ET with RT ≥7); Differences (≥7-<7, ET-MT, and <7 ET-≥7 MT): difference between
these subdivisions in sleep time; Their sum: sum of two differences for subdivisions into two RTs and into two
CTs; (n): number of participants. The independent factors: “RT” (either <7 or ≥7 a.m.), “CT” (either MT or ET),
“Age” (either lecturers or university students), and “Survey” (see online surveys 1–4, in Table 1 and Table S1). See
also illustrations of the paired simulations in Figure 1 and their fit with data in Figure 4.

Note that, as we expected (see Introduction), only one of the sleep times, i.e., the time
in bed on weekends, did not show any tendency to be significantly different in M- and
E-types or in early and late risers (RT < 7 and RT ≥ 7), indicating that the negative effects
on E-types/early risers of less sleep during the week cannot be reversed by the extension
of their sleep on weekends (Table 4).
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Table 4. Statistical differences in sleep times: early morning types and late evening types.

Division: CT Two MT Two ET Two-way Difference

Division: RT <7 ≥7 <7 ≥7 ANOVA ≥7 ET-<7 MT

Sleep Time Mean SEM Mean SEM Mean SEM Mean SEM F Mean SEM

Lecturers (n): (98) (40) (40) (67)
Weekday BT 22.65 0.13 23.49 0.22 23.67 0.19 24.85 0.19 31.95 *** 2.20 *** 0.18
Weekend BT 23.13 0.14 24.12 0.25 24.80 0.22 1.35 0.22 29.83 *** 2.22 *** 0.20
Difference BT 0.49 0.13 0.63 0.22 1.13 0.19 0.50 0.19 2.80 * 0.02 0.18
Averaged BT 22.78 0.12 23.67 0.21 24.00 0.18 24.99 0.18 37.91 *** 2.21 *** 0.17
Weekday RT 6.01 0.08 7.51 0.15 6.33 0.13 8.17 0.13 80.22 *** 2.16 *** 0.12
Weekend RT 7.98 0.18 8.85 0.31 9.49 0.27 10.14 0.27 17.66 *** 2.16 *** 0.25
Difference RT 1.97 0.18 1.34 0.31 3.17 0.27 1.97 0.27 7.40 *** 0.00 0.25
Averaged RT 6.57 0.09 7.90 0.15 7.23 0.13 8.73 0.13 67.86 *** 2.16 *** 0.12
Weekday TIB 7.36 0.12 8.03 0.20 6.66 0.18 7.32 0.18 8.77 *** −0.04 0.16
Weekend TIB 8.85 0.18 8.73 0.32 8.69 0.28 8.79 0.28 0.08 −0.06 0.26
Difference TIB 1.48 0.21 0.71 0.36 2.04 0.32 1.47 0.31 2.54 −0.02 0.29
Averaged TIB 7.79 0.10 8.23 0.18 7.24 0.16 7.74 0.16 5.97 ** −0.05 0.14

Students (n): (296) (225) (477) (552)
Weekday BT 23.24 0.13 23.53 0.13 24.41 0.09 24.91 0.07 60.94 *** 1.67 *** 0.14
Weekend BT 23.87 0.13 24.17 0.13 1.12 0.10 1.91 0.08 82.19 *** 2.03 *** 0.15
Difference BT 0.63 0.12 0.64 0.12 0.71 0.09 1.00 0.07 4.03 ** 0.36 0.14
Averaged BT 23.42 0.11 23.72 0.11 24.61 0.09 1.20 0.07 82.78 *** 1.78 *** 0.13
Weekday RT 6.02 0.08 7.79 0.07 6.16 0.06 8.06 0.04 356.57 *** 2.04 *** 0.09
Weekend RT 8.80 0.13 9.51 0.13 10.18 0.10 11.05 0.08 86.40 *** 2.25 *** 0.15
Difference RT 2.78 0.14 1.72 0.14 4.03 0.10 2.99 0.08 65.19 *** 0.21 0.16
Averaged RT 6.81 0.07 8.28 0.07 7.31 0.05 8.92 0.04 302.29 *** 2.10 *** 0.08
Weekday TIB 6.78 0.13 8.26 0.13 5.75 0.10 7.08 0.08 84.81 *** 0.30 0.15
Weekend TIB 8.93 0.14 9.35 0.14 9.07 0.10 9.07 0.08 1.68 0.15 0.16
Difference TIB 2.15 0.16 1.09 0.16 3.32 0.12 2.00 0.09 48.51 *** −0.15 0.18
Averaged TIB 7.39 0.11 8.57 0.11 6.70 0.08 7.65 0.06 63.69 *** 0.25 0.13

Notes. Results of two-way ANOVAs of data on either lecturers or students with independent factors “RT&CT”
(self-reported weekday risetime, either <7 or ≥7 a.m., and self-chosen chronotype, CT, either morning or evening
(MT or ET, respectively) and “Survey” (four online surveys, 1–4, see Tables 1 and S1); Sleep times from ANOVAs
for subdivisions: MT and ET with weekday RT < 7 and ≥ 7 a.m.; Difference < 7 ET-≥7 MT: Difference between
two of four such subdivisions; BT: bedtime; TIB: time in bed; Averaged: weekly averaged sleep time. Difference
BT (or RT or TIB): Difference between weekend and weekday in BT (or in RT or in TIB); * p < 0.05, ** p < 0.01,
*** p < 0.001 for F-ratio of independent factor “RT&CT” (F3/229 and F3/1504 for lecturers and students, respectively)
and for t from post hoc pairwise Bonferroni comparisons of two of four subdivisions. See also self-reported sleep
times in Figure 4 and comparisons of ages for these times in Table 5.

Table 5. Differences between lecturers and students in some of the subdivisions.

CT&RT Division The Same CT and RT The Opposite CT and RT

Lecturers-Students <7 MT-<7 MT ≥7 ET-≥7 ET <7 MT-≥7 ET ≥7 ET-<7 MT

Sleep Time Mean SEM Mean SEM Mean SEM Mean SEM

Weekday BT −0.59 0.21 −0.06 0.27 −2.27 *** 0.18 1.61 *** 0.29
Weekend BT −0.74 * 0.22 −0.56 0.28 −2.78 *** 0.20 1.48 *** 0.30
Difference BT −0.15 0.21 −0.49 0.26 −0.51 0.18 −0.13 0.28
Averaged BT −0.64 * 0.19 −0.21 0.24 −2.41 *** 0.17 1.57 *** 0.26
Weekday RT −0.01 0.13 0.11 0.16 −2.05 *** 0.11 2.15 *** 0.17
Weekend RT −0.83 ** 0.23 −0.91 * 0.29 −3.08 *** 0.20 1.34 ** 0.31
Difference RT −0.81 * 0.23 −1.02 * 0.30 −1.02 *** 0.20 −0.82 0.31
Averaged RT −0.24 0.12 −0.18 0.16 −2.35 *** 0.11 1.92 *** 0.17
Weekday TIB 0.58 0.22 0.25 0.28 0.29 0.19 0.54 0.29
Weekend TIB −0.08 0.24 −0.29 0.30 −0.23 0.21 −0.14 0.32
Difference TIB −0.67 0.27 −0.53 0.34 −0.51 0.24 −0.68 0.37
Averaged TIB 0.39 0.19 0.09 0.24 0.14 0.16 0.35 0.25

Notes. Some of the results of post hoc pairwise Bonferroni comparisons of sleep times in lecturers and students
from two-way ANOVAs with independent factors “Survey” (four online surveys, 1–4, see Tables 1 and S1) and
“RT&CT&Age” (self-reported weekday risetime, either <7 or ≥7 a.m., self-chosen chronotype, either MT or ET,
and Age, either lecturers or students); Sleep times from ANOVAs for four pairwise comparisons of lecturers with
students: the same two subdivisions (<7 MT-<7 MT, ≥7 ET-≥7 ET): MT with RT < 7 (n = 98 and 296 for lecturers
and students, respectively), ET with RT ≥7 (n = 67 and 522 for lecturers and students, respectively), and the two
opposite subdivisions (<7 MT-≥7 ET and ≥7 ET-<7 MT): MT with RT < 7 for lecturers and ET with RT ≥ 7 for
students, ET with RT ≥7 for lecturers and MT with RT <7 for students; * p < 0.05, ** p < 0.01, *** p < 0.001 for t
from four pairwise comparisons. In order to calculate the differences shown in this table, sleep times of students
(Table 4, lower part) were subtracted from sleep times of lecturers (Table 4, upper part).
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The right column of Table 4 shows the results of a statistical comparison of sleep
times in two subdivisions with an identical advance in weekday RT relative to free day
RT (e.g., 2.0 h in the simulations). These results indicated that, when the weekday sleep
loss of M- and E-types was similar, none of their times in bed (on weekdays, on weekends,
and averaged over 7 days) statistically differed between them (Table 4, last columns of
upper part). This implies that the equalization of the weekday sleep loss of the two distinct
chronotypes can be achieved by setting a >2 h difference between the chronotypes’ weekday
waking times (Tables 2–4 and Figures 3 and 4).

As shown in Table 5, only non-significant differences were found between times in
bed of young and older adults (university students and lecturers, respectively) from the
same two subdivisions characterized by similar advances in weekday RT. This implies
a possibility to use the estimates obtained either in the simulations (Table 3, upper part)
or in the statistical analysis of the simulated lecturers’ self-reports (Table 3, middle part)
for equalizing the weekday sleep loss of university students of M- and E-types (Table 3,
lower part).
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Figure 4. Simulated and self-reported wake intervals and bed- and risetimes. (A). Wake interval,
(B) bedtime, and (C) risetime self-reported by survey participants (Table 3, middle and lower parts)
in comparison with those obtained as output of simulations of the sequence of 10 sleep–wake cycles
for two intervals, the interval of 5 weekdays, and the interval of two following weekends (Figures 1–3
and Tables 2 and 3, upper part).

4. Discussion

When people wake up earlier on weekdays, they miss out on the last portion of
their sleep, but often believe they can make up for it during the following weekend.
However, there is no way of minimizing the negative effects of insufficient weekday sleep
by relying on a weekend “catch up”. The simulations of weekday and weekend sleep
timing suggested that, if people lose sleep by waking earlier during the week, they cannot
make up for it on the weekends [11–16]. An earlier waking time on weekdays leads to
an earlier start and termination of light exposure of the internal circadian clock. This
earlier exposure, in turn, leads to an advance in sleep timing and a larger loss in sleep
on weekdays. This loss cannot be compensated for by the extension of weekend sleep
duration [15]. Given that our work/study culture is biased towards the circadian clocks of
M-types, the tradition of setting working and school start-times too early forces E-types
to sacrifice a larger amount of sleep on weekdays to arrive at their place of work/study
at the M-type-oriented start-times. As a consequence, E-types cannot simply catch up
on sleep during the weekends, and this might be the major reason for complaints about
“the tyranny of the early risers/birds” [17,18]. Here, we applied a model of sleep–wake
regulation to simulate sleep times of M- and E-types on weekdays and weekends to test
the hypothesis that, since the literature indicates a >2 h difference between chronotypes
in the positions of their endogenous circadian phases [5–10], permitting a >2 h difference
in the weekday waking times between M- and E-types would be necessary to equalize
their irrecoverable loss in weekday sleep. The support for this hypothesis was provided
by the simulations of sleep times reported by lecturers, and by the statistical analyses of
sleep times reported by either lecturers or university students. We found that, to overthrow
“the tyranny of the early risers”, the >2 h difference between M- and E-types in waking
times would ensure the equalization of their irrecoverable loss in sleep on weekdays. If, on
weekdays, an “average” M-type university student or an “average” M-type lecturer wakes
at 6 a.m., equality between the two distinct chronotypes in terms of weekday sleep losses
would be achieved by enabling an “average” E-type university student or an “average”
E-type lecturer to wake up no earlier than 8 a.m.

The estimates of the difference in weekday sleep losses between E- and M-types appear
to be comparable with the estimates reported in the literature for people before and after
retirement [24] and for people living in adjacent counties on either side of a time-zone
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border [25]. The latter study also evaluated the negative consequences for health resulting
from an additional reduction in sleep after a larger advance in weekday waking times
reported by people living on the late sunset side of the border. The health index dropped
by 0.3 standard deviations when people lived on this side of the border compared to the
index of people living on the early sunset side [25]. Moreover, other reports indicated that
these people are at an increased risk of cancer [26,27].

The association of poor health with evening preference and late weekend sleep timing
was previously noted [28,29]. However, little is known about the contribution of a larger
weekday sleep insufficiency in E-types compared to M-types. The association of being
an E-type with poorer health can be a consequence of this type’s tendency to develop
unhealthy behavior [30–33]. By comparison, results recently reported by Maultsby and
co-workers [34] suggested the roles of both scheduled day-sleep duration and chronotype
in shaping health outcomes. Since we did not ask survey participants to report their
health and sleep problems, further studies are required to examine whether weekday sleep
insufficiency is an independent and important contributor to the association of E-type with
poorer health, poorer night sleep quality, etc.

In the light of the reports on negative health outcomes of weekday sleep insufficiency
and delayed weekend sleep timing, the present results may be recommended for calculation
of the desired delay in weekday waking times of an individual having a certain delay in
waking times on weekends and free days.

The limitations of the present study include the method of recruitment of the par-
ticipants of the online surveys (see Supplementary Materials). This approach did not
allow the examination of possible differences between non-responders and responders
in their chronobiological and somnological characteristics. An example of such potential
differences may be an increased proportion of people who have problems with their sleep,
relative to those who do not. Although it is important to recognize this, our aim was not to
report the prevalence of sleep problems and patterns. As mentioned in the Supplementary
Materials, any potential difference between non-responders and responders does not seem
to be critical for achieving the main purposes of the study, i.e., to collect self-reported sleep
times from M- and E-types, and to simulate these times with a two-process model of sleep
regulation for the development of a methodology for equalizing weekday sleep losses
of different chronotypes (e.g., by calculation of the delay in the waking times of E-types
relative to the waking times of M-types).

5. Conclusions

As indicated by our previous research, the negative effects of insufficient sleep during
the week cannot be reversed by the attempt to extend weekend sleep. Given that our
work/study culture is biased towards the circadian clocks of M-types, the irrecoverable
loss in weekday sleep is larger in E- than in M-types. We hypothesized that it would be
necessary to permit a >2 h difference between M- and E-types in weekday waking times to
equalize this loss between the two types. This hypothesis was tested by simulating sleep
times reported by 245 lecturers of M- and E-types using a model of sleep–wake regulation,
and by the statistical analyses of sleep times of these lecturers and 1520 M- and E-type
students. The hypothesis was supported by the results of the simulation and statistical
analyses. As predicted, these results suggested the need for a >2 h difference between
the waking times of M- and E-types to equalize their irrecoverable weekday sleep loss.
Such results may be implemented in a methodology for reducing the inequality of the
loss between chronotypes via the development of model-based recommendations for the
correction of weekday waking times of E-types.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/app12168092/s1, Supplementary Materials contains more de-
tails on selection, exclusion criteria, and chronobiological and somnological characteristics of the
participants from 8 samples briefly described in Table S1. Refs. [11,12,14–16,19,35–41] are cited in the
Supplementary Materials.
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