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Adult humans exhibit high interindividual variation in habitual sleep durations, with short sleepers typ-
ically sleeping less than 6 h per night and long sleepers typically sleeping more than 9 h per night.
Analysis of the time course of homeostatic sleep drive in habitual short and long sleepers has not iden-
tified differences between these groups, leading to the hypothesis that habitual short sleep results from
increased tolerance to high levels of homeostatic sleep drive. Using a physiologically-based mathematical
model of the sleep-wake regulatory network, we investigate responses to acute sleep deprivation in sim-
ulated populations of habitual long, regular and short sleepers that differ in daily levels of homeostatic
sleep drive. The model predicts timing and durations of wake, rapid eye movement (REM), and non-
REM (NREM) sleep episodes as modulated by the homeostatic sleep drive and the circadian rhythm,
which is entrained to an external light cycle. Model parameters are fit to experimental measures of base-
line sleep durations to construct simulated populations of individuals of each sleeper type. The simulated
populations are validated against data for responses to specific acute sleep deprivation protocols. We use
the model to predict responses to a wide range of sleep deprivation durations for each sleeper type.
Model results predict that all sleeper types exhibit shorter sleep durations during recovery sleep that
occurs in the morning, but, for recovery sleep times occurring later in the day, long and regular sleepers
show longer and more variable sleep durations, and can suffer longer lasting disruption of daily sleep pat-
terns compared to short sleepers. Additionally, short sleepers showed more resilience to sleep depriva-
tion with longer durations of waking episodes following recovery sleep. These results support the
hypothesis that differential responses to sleep deprivation between short and long sleepers result from
differences in the tolerance for homeostatic sleep pressure.

� 2020 Elsevier Ltd. All rights reserved.
1. Introduction

The American Academy of Sleep Medicine recommends that
adults sleep at least 7 h per night to promote optimal health and
wellbeing, but there is a lot of interindividual variation in sleep
need (Badr et al., 2015; Van Dongen, 2006). Recently, genetic fac-
tors that influence sleep need have been identified (Dauvilliers
and Maret, 2005; Franken et al., 2006), but there are likely many
other factors including age, sex, and activity levels that affect an
individual’s sleep requirements. Typically, ‘‘short” sleepers have
been classified as individuals who habitually sleep less than 6 h
per night, and ‘‘long” sleepers as those who habitually sleep more
than 9 h per night. However, formal criteria for the characteriza-
tion of habitual short and long sleeper types are yet to be deter-
mined (Van Dongen et al., 2005). Experiments suggest that
differences between total sleep time for habitual short and long
sleepers are primarily caused by different amounts of stage 2 sleep
and rapid eye movement (REM) sleep (Rusterholz et al., 2010;
Aeschbach et al., 1996). However, sleep architecture, including
cycling between REM and non-REM (NREM) sleep, is generally con-
served across sleeper types. Indeed, it has been shown experimen-
tally that the length of the REM-NREM cycle does not differ
between habitual short and long sleepers, but habitual short sleep-
ers have 3-4 REM-NREM cycles per sleep episode while habitual
long sleepers have 4-7 REM-NREM cycles per sleep episode
(Aeschbach et al., 1996).

There is also evidence that interindividual variability in baseline
sleep need affects responses to sleep deprivation. Specifically, sleep
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deprivation experiments have documented large variation in
interindividual need for recovery sleep as well as metrics of perfor-
mance and alertness with shorter sleepers typically showing
greater resilience to sleep deprivation compared to longer sleepers
(Van Dongen, 2006; Aeschbach et al., 2001). However, the connec-
tions between baseline sleep need and tolerance for acute or
chronic sleep deprivation are not well-understood.

Our modeling study was motivated by two published experi-
ments comparing the responses of different sleeper types under
acute sleep deprivation conditions (Benoit et al., 1980;
Aeschbach et al., 1996). These studies varied in the behavioral
types tested and in the duration of the acute sleep deprivation
administered. Namely, Benoit et al. (1980) measured sleep in the
first recovery night following 24 and 36 h of wake (i.e., correspond-
ing to approximately 8 and 20 h of sleep deprivation from usual
sleep onset, respectively) in participants exhibiting habitual long,
regular, and short sleep behaviors. Aeschbach et al. (1996) studied
recovery over the first two nights following 24 h of sleep depriva-
tion in participants exhibiting habitual short and long sleep
behaviors.

Under baseline conditions, both studies reported consistent
total sleep times (TST) and REM sleep durations for each observed
sleeper type (Benoit et al., 1980; Aeschbach et al., 1996). Mean val-
ues of REM sleep durations for long and short sleepers varied
between studies (long: 91:8� 21:4 mins (Benoit et al., 1980) vs
125:4� 26:2 mins (Aeschbach et al., 1996); short: 48:9� 18:8
mins (Benoit et al., 1980) vs 66:7� 14:4 mins (Aeschbach et al.,
1996)) although there was overlap within their standard devia-
tions. Taken together, these studies characterize baseline sleep
and various aspects of sleep-wake behavior during recovery from
sleep deprivations of 8, 20, and 24 h from usual sleep onset.

Sleep duration and timing are controlled by interactions
between circadian propensity for sleep and homeostatic regulation
of sleep need that increases with time awake. Homeostatic regula-
tion is likely composed of multiple physiological substrates includ-
ing adenosine, prostaglandin, and neuronal nitric oxide synthase
(Basheer et al., 2004; Huang et al., 2007; Morairty et al., 2013).
Slow wave activity (SWA) in the EEG has been correlated with
sleep need, and studies measuring SWA under different conditions
have provided many of our current insights into the dynamics of
the homeostatic sleep drive. Based on these dynamics, mathemat-
ical models typically describe the homeostatic sleep drive as a sin-
gle variable with exponential growth and decay (Daan et al., 1984;
Phillips and Robinson, 2007; Diniz Behn et al., 2007; Diniz Behn
and Booth, 2010; Booth and Diniz Behn, 2014; Gleit et al., 2013;
Rempe et al., 2010; Kumar et al., 2012).

Interestingly, measures of SWA dynamics in habitual short
sleepers and habitual long sleepers suggest that the time constants
of the growth and decay of homeostatic sleep drive are similar
between sleeper types (Aeschbach et al., 1996). Similarly, in an
experiment where the time constant for the increase of the home-
ostatic sleep drive was estimated from wake EEG, no difference
between habitual short and long sleepers was found (Aeschbach
et al., 2001). Instead, it has been suggested that differential
responses to sleep deprivation between short and long sleepers
result from differences in the tolerance for homeostatic sleep pres-
sure (Aeschbach et al., 2001) with short sleepers living under
higher homeostatic sleep pressure and experiencing a shorter bio-
logical night (e.g., shorter duration of melatonin secretion) com-
pared to long sleepers (Aeschbach et al., 2003).

In this paper, we use computational modeling to investigate
this hypothesis regarding differential levels of homeostatic sleep
pressure in different habitual sleeper types, and we explore impli-
cations of sleeper type on recovery from acute sleep deprivation.
We fit a physiologically-based model of sleep-wake regulation to
data of baseline sleep behavior from long, regular, and short sleep-
ers to construct populations of individual sleepers of each type. We
validated the sleep deprivation responses of the modeled popula-
tions with data on recovery sleep from acute sleep deprivation
experiments (Benoit et al., 1980; Aeschbach et al., 1996). We then
applied the model to predict differences between sleeper types in
response to acute sleep deprivations for a wide range of durations.
Model results predict that sleeper types display similar trends in
first recovery sleep episodes, however, they demonstrate some
key differences in response to some specific sleep deprivation chal-
lenges and in the durations of waking episodes following recovery
sleep.
2. Methods

In this section, we review model equations for the sleep-wake
regulation network model for human sleep. This model was devel-
oped to describe typical human sleep (Gleit et al., 2013), but here
we construct distinct ensembles of parameter sets to simulate
experimental data on sleep behavior for long, regular and short
sleepers. We additionally extend the model to include external
wake-promoting inputs for simulation of sleep deprivation.

2.1. Model equations

2.1.1. Wake, REM, NREM, and SCN neuronal populations
The sleep-wake regulatory network model introduced in Gleit

et al. (2013) is based on current hypotheses for the interactions
of hypothalamic and brainstem neural populations that influence
behavioral state. A schematic of the model summarizes the mod-
eled connectivity among neuronal populations that have been
identified to promote wake (W), NREM sleep (NREM), and REM
sleep (REM) states, a suprachiasmatic nucleus population (SCN)
that propagates the intrinsic circadian rhythm (C) to the other neu-
ronal populations, and the homeostatic sleep drive variable (H)
which modulates activity of the NREM population (Fig. 1A). Synap-
tic interactions among the populations are mediated by neuro-
transmitter concentrations expressed by the populations. In the
model, the wake population represents the joint activity of the
LC and dorsal raphe and their neurotransmitters norepinephrine
and serotonin (represented by NE); the NREM population
represents the ventrolateral preoptic nucleus and its gamma-
aminobutyric acid (GABA)-mediated signalling; and the REM pop-
ulation represents the cholinergic REM-on areas of the LDT and
PPT. For simplicity, we model the multi-synaptic pathway from
the SCN to the sleep-wake regulatory populations as direct projec-
tions with the net effect of SCN signalling acting to promote wak-
ing and suppress sleep consistent with SCN activity profiles and
human sleep-wake behavior. Thus, while we refer to the SCN neu-
rotransmitter as GABA, since it is the primary neurotransmitter in
SCN neurons, the net influence of SCN signaling on sleep- and
wake-promoting populations may be mediated by other
neurotransmitters/neuromodulators. For more details of the
model, we refer the reader to Gleit et al. (2013).

In our model formalism, we assume that the mean firing rate (in
Hz) of a presynaptic neuronal population, FY tð Þ (Y = Wake, NREM,
REM and SCN) drives the release of neurotransmitter at the postsy-
naptic population to affect its firing rate FX tð Þ (X =Wake, NREM and
REM). Thus, the rate of change of FX is given by:

dFX

dt
¼ FX1

P
igi;XRi1 FYð Þ� �� FX

sX
; ð2:1Þ

where FX1 is the firing rate response function, gi;X is a non-
dimensional weight parameter, Ri1 is the neurotransmitter release
function, and sX is the time scale at which FX tð Þ evolves. Whether
a connection between populations X and Y is inhibitory or



Fig. 1. Model schematic and simulation results for 16 h of sleep deprivation. A. Model schematic indicating neuronal populations (i.e., Wake, SCN, NREM, and REM), their
respective neurotransmitters (NE, GABA, and ACh), and the sites of action of the homeostatic sleep variable (H) and the circadian drive (C) included in the human sleep-wake
regulatory network model (Gleit et al., 2013). Projections among neuronal populations are denoted with arrows when excitatory and circles when inhibitory. Wake-
promoting inputs associated with simulating sleep deprivation affect both the Wake and NREM populations. Full equations describing the time evolution of the average firing
rate of each neuron population are provided in the Supplemental Material. B. Numerical simulation results of the sleep-wake network model with parameter values for a
regular sleeper during a 16 h sleep deprivation and the immediate recovery period. (The three panels share the x-axis, see vertical ticks in each subpanel.) (Top panel) Average
firing rates of the Wake, NREM, REM, and SCN populations with arrow and dashed vertical line indicating the timing of usual sleep onset; (middle panel) the homeostatic
sleep drive variable H tð Þ with arrow indicating the time of sleep onset after 16 h of sleep deprivation; and (bottom panel) the circadian drive variable C tð Þ. Sleep and wake
episodes are indicated with a gray or white background, respectively.
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excitatory depends on the sign of the weight g: For g > 0 (g < 0),
the neurotransmitter released by neuronal population Y excites (in-
hibits) X. Thus, the function FX1 takes a weighted sum of neuro-
transmitter concentrations Ri1 (released because of the activity in
presynaptic neuronal population Y) as its argument. This function
has a sigmoidal form which saturates for high levels of total input
r as follows:

FX1 rð Þ ¼ Xmax

2
1þ tanh r � bXð Þ=aXð Þð Þ; ð2:2Þ

where Xmax is the maximum firing rate, bX is the half-activation
threshold, and aX is the sensitivity of the response of population
X. The neurotransmitter concentration released as a result of the
activity in the presynaptic neuronal population depends on the
mean firing rate of the presynaptic neuronal population FY . This
dependency is determined by the steady state neurotransmitter
release function, Ri1 (i = NE, GABA, ACh and S (for SCN released neu-
rotransmitter)), for a presynaptic firing rate f as follows:

Ri1 fð Þ ¼ tanh f=cið Þ; ð2:3Þ
where ci is the sensitivity of the release. In the reduced version of
the model, we make the simplifying assumption of instantaneous
neurotransmitter release by the presynaptic neuronal population,
that is, F 0

X � R0
i. This simplification reduces the dimensionality of

the model, and based on numerical simulations, does not qualita-
tively affect model dynamics. For the model equations describing
the time evolution of the firing rates FWake, FREM, FNREM, and FSCN
and a listing of model parameter values, see Supplemental Material.

2.1.2. Circadian oscillator model
Twenty-four hour variation in the SCN population firing rate,

FSCN , is driven by the human circadian clock model previously
introduced in (Forger et al., 1999; Serkh and Forger, 2014) and
based on a modified version of the Van der Pol oscillator. Its pri-
mary output variable C tð Þ replicates the 24-h rhythm observed in
human circadian markers, such as the body temperature, and its
response to external light input has been fit to human data
(Forger et al., 1999; Kronauer et al., 1999). The dynamics of C tð Þ
and a complementary variable, xC , are governed by:
dC
dt

¼ p
12

� �
xC þ Bð Þ ð2:4Þ

dxC
dt

¼ p
12

� �
l xC � 4x3C

3

� �
� C

24
0:99669sx

� �2

þ kB

 !" #
; ð2:5Þ

where l ¼ 0:23 represents the stiffness of the oscillator, sx ¼ 24:2 h
is the period of the oscillator, and k ¼ 0:55 modulates the effect of
the light input B. We follow (Forger et al., 1999) and incorporate a
circadian sensitivity modulation to external light input

B ¼ bB 1� 0:4Cð Þ 1� 0:4xCð Þ; ð2:6Þ
withbB ¼ G 1� nð Þa Ið Þ; ð2:7Þ
where G ¼ 33:75 and variables n and a govern the external light
intensity I as follows:

a Ið Þ ¼ a0
I
I0

� �p

; ð2:8Þ
dn
dt

¼ 60 a Ið Þ 1� nð Þ � bnð Þ; ð2:9Þ

where I0 ¼ 9500 lux, a0 ¼ 0:05min�1;p ¼ 0:5, and b ¼ 0:0075min�1.
This circadian model generates oscillations in C between�1 and

1 that can be entrained to a 24-h light:dark schedule given by I tð Þ.
This drives oscillations in the average firing rate of the SCN popu-
lation, FSCN , between 1 and 7 Hz which is in agreement with exper-
imental data on the neuronal activity in SCN in mammals (Deboer
et al., 2003). For the light schedule, we simulate an 14-h:10-h envi-
ronmental light:dark cycle with light intensity 5000:0 lux. Actual
light input to the circadian model is gated by sleep-wake behavior
such that if the model is awake during the dark period, light inten-
sity is 500 lux and if the model is asleep during the light period,
light intensity is 100 lux.

2.1.3. The homeostatic sleep drive H
Activity of the NREM population is influenced by the homeo-

static sleep drive, H, which represents the power of slow wave
activity (SWA) (i.e., electroencephalogram (EEG) power in the



Fig. 2. Simulating habitual long and short sleepers. A. Numerical simulation of habitual long (top panel) and short (bottom panel) sleepers. The sleep homeostat H for each
sleeper type (middle panel) attains higher homeostat values for short sleepers (solid line) compared to long sleepers (dashed line). B. The homeostatic sleep drive acts by
modulating the half-activation threshold, bNREM Hð Þ of the NREM response function FNREM1 as a function of H. Different sleeper types are simulated by varying the parameter
bHb in the half-activation threshold: bNREM Hð Þ ¼ �0:0045H þ bHb , thereby changing the H dependence (top panel). This affects the H values associated with sleep and wake
onsets for each sleeper type (bottom panel).
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range between 0.75 and 4.5 Hz) during slow wave sleep in humans
(see, e.g., (Rusterholz et al., 2010). The dynamics of H are given by
the following equation

dH
dt

¼ Hmax � Hð Þ
sHw

H FW � hW½ � � H
sHs

H hW � FW½ �; ð2:10Þ

where H is a Heaviside function,1 Hmax is the maximum % of the
mean SWA, and sHw and sHs are the time constants for the exponen-
tial increase during wake and decrease during sleep in the power of
the SWA, respectively. Our choice of values for these three parame-
ters is based on experimental results of EEG recordings in humans
done by Rusterholz et al. (2010). We assume that the state of
decrease (sleep) or increase (wake) of the homeostatic sleep drive
is governed by the mean firing rate of the wake population. That
is, the homeostatic sleep drive starts to increase (decrease) (and
the model is in wake (sleep) state) when FWake crosses its threshold
value hW from below (above). H influences the transitions between
wake and sleep states through its modulation of the excitability of
the NREM population. Specifically, H varies the half-activation
threshold of the NREM population response function FNREM1 as fol-
lows: bNREM Hð Þ ¼ �0:0045H þ bHb. In this way, high (low) values of
H promote activation (deactivation) of the NREM promoting
population.
2.2. Simulating sleep deprivation

In numerical simulations of the sleep-wake model, behavioral
states are determined by the neuronal populations that have the
highest firing rates, with REM sleep occurring when both FREM

and FNREM are high (Fig. 1B). To simulate sleep deprivation, an addi-
tional external input is applied to the wake and NREM populations
(Fig. 1A) that increases the activity of FWake and inhibits that of
FNREM. Biologically, such an input can be considered as a process
or effect of behavior that promotes waking and suppresses sleep
beyond the time when sleep would occur under normal conditions.
Wake-promoting behaviors, which may involve dopamine or
orexin signaling, or consumption of caffeine near the usual bed
time are examples of such processes. In the model, we represent
the wake-promoting (sleep-suppressing) input as an additional
constant input (of value 10) that increases (decreases) the total
input to the Wake (NREM) population starting an hour before the
1 That is, H z½ � ¼ 0 if z < 0 and H z½ � ¼ 1 if z P 0.
usual sleep onset (as occurs around 23 h of the 2nd day in
Fig. 1B). We denote the number of hours (beyond the usual sleep
onset) when this additional input is active as tsd, and we consider
1 6 tsd � 24.

As described above, we fix the light level to be I ¼ 500 lux if the
model is in the wake state during the dark period of the light:dark
cycle. This mimics a more realistic light environment during sleep
deprivation in experimental settings in which the participants
were engaged in watching movies or studying during their sleep-
deprivation period (Aeschbach et al., 1996).
2.3. Constructing model populations for different sleeper types

We represented long, regular, and short sleepers by varying the
levels of homeostatic sleep pressure at which sleep-wake transi-
tions occur, with short sleepers exhibiting the highest sleep pres-
sures. In our model, values of the homeostatic sleep drive H at
sleep-wake transitions are determined by the H-modulation of
the NREM population activation response. Specifically, H values
associated with state transitions are governed by the half-
activation threshold, bNREM Hð Þ, of the NREM response function
FNREM1 where bNREM Hð Þ ¼ �0:0045H þ bHb. By varying the baseline
half-activation threshold, bHb, simulated sleep durations and
ranges of H values varied as predicted by sleeper type (Fig. 2). In
particular, low or high values of bHb varied the sensitivity of the
NREM population to increases in H and thus produced simulated
sleep-wake episodes with longer or shorter sleep periods, respec-
tively, and lower or higher ranges of H values, respectively
(Fig. 2A).

To optimize model parameters to replicate experimentally
reported sleep-wake patterns of the three sleeper types, we took
a model population approach. For each sleeper type, we con-
structed an ensemble of � 20;000 parameter sets that yielded sta-
tistically equivalent fits to experimental measurements of the
baseline sleep-wake behavior in habitual long, regular, and short
sleepers (Aeschbach et al., 1996; Benoit et al., 1980). Model ensem-
bles were constructed using a Markov chain Monte Carlo algorithm
(Chib and Greenberg, 1995), implemented in Sloppycell (Myers
et al., 2007 (sourceforge.net/p/sloppycell)), by varying bHb and five
weight parameters (i.e., gS;Wake; gS;NREM; gGABA;Wake; gNE;REM and
gGABA;REM). Through parameter sensitivity analysis, these parame-
ters were determined as the minimal set of parameters that
exerted independent effects on the timing and durations of sleep



Fig. 3. Distributions of parameter values in the parameter ensembles for each sleeper type. Six parameters were varied in the parameter ensembles representing each sleeper
type. A. The baseline activation threshold of the NREM-promoting neuronal population, bHb was the key parameter affecting sleep duration and showed distinct parameter
ranges for each sleeper type. B.–F. Parameters governing the strengths of interactions between populations also contributed to the fitting for each sleeper type. In particular,
we varied projections from the SCN to the wake- and NREM-promoting populations, gS;Wake (B) and gS;NREM (C), respectively; from the NREM- to wake-promoting populations,
gGABA;Wake (D); and from the wake- and NREM-promoting populations to the REM-promoting population gNE;REM (E) and gGABA;REM (F) across sleeper types. For the long sleeper
parameter ensemble, gS;Wake was not varied due to constraints associated with REM sleep durations during recovery from sleep deprivation (see Section 3.1).
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and wake episodes (Fig. 3). Remaining parameters were set to val-
ues appropriate for human sleep as previously identified (Gleit
et al., 2013; Booth et al., 2017) (see Supplemental Material). We
note that other model parameters such as activation thresholds,
bX , of the response functions, FX1 can have similar effects on sleep
timing and duration. However, these changes can be compensated
by variation in the weight constants, thus they do not result in
independent effects on model solutions.

To capture interindividual variability within sleeper types, we
then constructed model populations of 20 individual sleepers of
each type by randomly choosing 20 bHb values from normal distri-
butions centered at the median bHb values of the ensembles, and
setting the other varied parameters to their ensemble median val-
ues. For these normal distributions, we chose standard deviations
of 0.03 in order to capture more variability than is present in the
ensemble distributions for bHb (Fig. 3). This choice additionally
maintained distinct sleeper types as the overlap between groups
was limited to the 1% tails of the distributions (see Fig. 4). For
model results shown in Figs. 5–7, we simulated the model with
the parameter values for the 20 ‘‘individuals” of each sleeper type.
3. Results

3.1. Modeling populations of long, regular and short sleepers

In the simulations of the different sleeper groups, we focus on
the model parameter bHb that significantly affected the mean val-
ues of H across the sleep-wake cycle and the duration of sleep epi-
sodes (see Section 2.3 and Fig. 2 for details). In particular, we
optimized model parameters, varying the minimal number that
had independent effects, to fit experimental measurements of
baseline sleep-wake behavior in habitual long, regular and short
sleepers (Aeschbach et al., 1996; Benoit et al., 1980) by construct-
ing ensembles of parameter sets that exhibited statistically similar
fits (for more details, see Section 2.3). Indeed, the optimized
parameter ensembles showed clear separation in bHb values for
long, regular and short sleepers (Fig. 3).

In general, responses to simulated sleep deprivation were not
used to fit model parameters. However, we found that the weight
parameter for the influence of the SCN population on the wake-
promoting population, gS;Wake, strongly affected the amount of
REM sleep during recovery sleep from sleep deprivation, but had
less effect on REM sleep durations during baseline sleep. Thus, in
order to capture the appropriate REM sleep behavior during recov-
ery sleep, this parameter was fixed for the long sleeper parameter
ensembles (Fig. 3B).

For each sleeper type, sleep deprivation was simulated for the
20 ‘‘individual” sleepers with different bHb values (see symbols in
Fig. 4) to generate baseline and recovery sleep-wake behavior.
Thus, with this model population approach, we accounted for
interindividual variability within sleeper types and generated
model results appropriate for comparison to experimental data
from a cohort of individuals.
3.2. Comparing sleep deprivation simulations with experimental data

We validated our model populations of sleeper types by com-
paring model simulations and published experimental data on
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Fig. 4. Interindividual variability in the key parameter bHb . We accounted for
interindividual variability within sleeper types by generating 20 values (symbols)
for the parameter bHb from normal distributions (with standard deviation 0.03)
centered around the ensemble median value for each sleeper type. These values
were used to construct parameter sets representing 20 ‘‘individuals” of each sleeper
type (all other parameters were fixed to their ensemble median values, to facilitate
comparison with experimental data from the three sleeper types (see Figs. 5 and 6).

Fig. 5. Experimental data and model simulations for total sleep times (TST) in
baseline conditions and in response to acute sleep deprivation for 3 sleeper types.
Published experimental data (filled symbols; black symbols representing long,
regular, and short sleepers from Benoit et al. (1980); gray symbols representing
long and short sleepers from Aeschbach et al. (1996) and model simulation results
(open symbols) for long (squares), regular (circles), and short (triangles) sleepers
are compared. For each condition, model results show the mean and standard
deviation from simulations of 20 ‘‘individuals” of each sleeper type. A. Total sleep
time (TST) under baseline conditions. B. Recovery sleep after sleep deprivations of
24 (left column) and 36 (right column) h after wake onset for long (B1), regular (B2),
and short (B3) sleepers. Horizontal lines denote the baseline sleep duration reported
in Benoit et al. (1980). C. Recovery sleep after sleep deprivations of 24 h after sleep
onset for long (C1) and short sleepers (C3) on the first (left column) and second
(right column) recovery nights. Horizontal lines denote the baseline sleep duration
reported in Aeschbach et al. (1996). Since this experimental study did not report
data for regular sleepers (Aeschbach et al., 1996), only simulation results are shown
for regular sleepers in this condition (C2).

Fig. 6. Experimental data and model simulations for REM sleep (REMS) times in
baseline conditions and in response to acute sleep deprivation for 3 sleeper types.
Published experimental data (filled symbols; black symbols representing long,
regular, and short sleepers from Benoit et al. (1980); gray symbols representing
long and short sleepers only from Aeschbach et al. (1996) and model simulation
results (open symbols) for long (squares), regular (circles), and short (triangles)
sleepers are compared. For each condition, model results show the mean and
standard deviation from simulations of 20 ‘‘individuals” of each sleeper type. A.
REMS time under baseline conditions. B. REMS time during recovery sleep after
sleep deprivation of 24 (left column) h and after 36 h (right column) after wake
onset for long (B1), regular (B2), and short (B3) sleepers. Horizontal lines denote the
baseline REM sleep duration reported in Benoit et al. (1980). C. REMS time during
recovery sleep after sleep deprivations of 24 h from sleep onset for long sleepers
(C1) and short sleepers (C3) on the first (left column) and second (right column)
recovery nights. Horizontal lines denote the baseline REM sleep duration reported
in Aeschbach et al. (1996). This experimental study did not report data for regular
sleepers (Aeschbach et al., 1996) so only model results are shown (C2).
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baseline sleep and sleep deprivation recovery for habitual long,
regular and short sleepers (Aeschbach et al., 1996; Benoit et al.,
1980) (Figs. 5 and 6). Model results for the 20 simulated individu-
als fell in the ranges of variability of the experimental data for each
sleeper type. Specifically, for total sleep times, our model simula-
tions for all three sleeper types were within the standard devia-
tions of both data sets (Fig. 5). For REM sleep time, there was
more variability between published experimental results, but
model results were within the overlap ranges of the standard devi-
ations of the data sets (Fig. 6).

We validated our model by comparing the total and REM sleep
durations after acute sleep deprivation with the experimental data
for the three reported deprivation durations. Namely, when recov-
ery sleep occurs i) 24 or ii) 36 h after wake onset (Benoit et al.,
1980) (Figs. 5B1-B3 and 6B1-B3), or iii) 24 h after previous sleep
onset (Aeschbach et al., 1996) (Figs. 5C1-C3 and 6C1-C3). Model
simulations of the three sleep deprivation protocols generally
replicated, both qualitatively and quantitatively, total recovery
sleep durations for each sleeper type (Fig. 5). The length of recov-
ery sleep predicted by the model fell within the error margins
reported in the data, with two exceptions: 1) overestimation of
the long sleepers’ recovery sleep when recovery sleep was initiated
36 h after previous wake onset (Fig. 5B1, right) and 2) overestima-
tion of the short sleepers’ recovery sleep after 24 h of sleep depri-
vation (Fig. 5C3, left).

Similarly, model simulations of REM sleep durations during
recovery sleep showed good agreement, both qualitatively and
quantitatively, with REM sleep data across the three sleeper types
(Fig. 6). Specifically, model results reproduced trends or fell within
the error margins of the data, except for an underestimation of
REM sleep duration for the long sleepers’ second recovery night
(Fig. 6C1, right) and an overestimation of short sleepers’ recovery
after 24 h of sleep deprivation (Fig. 6C3, left).



Fig. 7. Predicted sleep, REM sleep, and wake times during recovery from 0–24 h of sleep deprivation for 3 sleeper types. Simulated durations of total sleep time (TST) during
recovery sleep (A1, B1, and C1); REM sleep time (REMS) during recovery sleep (A2, B2, and C2); and wake time following recovery sleep (TWT) (A3, B3, and C3) for 0–24 h of sleep
deprivation (x-axis) for simulated populations of long (A), regular (B), and short (C) sleepers. TST, REMS, and TWT are represented with respect to the hours of sleep
deprivation from typical sleep onsets. Black dots indicate TST, REMS, and TWT durations computed for the ensemble median parameter values for each type; gray dots
indicate TST, REMS, and TWT computed for each of the 20 ‘‘individuals” in each population and represent interindividual variability within each group.
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The experimental data and model results showed strong trends
that have been previously reported for durations of recovery sleep
following sleep deprivation. In particular, recovery sleep was
shorter than baseline sleep when sleep was delayed until 24 h after
wake onset but longer than baseline sleep if sleep was allowed
36 h after wake onset. This phenomenon occurred for both total
and REM sleep durations and in both experimental data and model
simulations, across all three sleeper types. These cases correspond
to sleep deprivation of 8 and 20 h, respectively, after usual sleep
onset, and a similar pattern has been observed previously in both
human data (Akerstedt and Gillberg, 1981) and modeling studies
(Rempe et al., 2010; Kumar et al., 2012; Phillips and Robinson,
2008) (see Discussion).

3.3. Predicted recovery sleep and subsequent wake durations

While the experiments only reported recovery from a few sleep
deprivation durations, using the model we predicted the length of
recovery sleep and subsequent wake for sleep deprivations of 0 to
24 h from usual sleep onset for the simulated populations of long,
regular, and short sleepers. Durations of recovery TST, recovery
REM sleep, and total wake time (TWT) following recovery sleep
are represented with respect to the number of hours of sleep depri-
vation from typical sleep onset (Fig. 7). Both simulated results for
the ensemble median parameter values and ‘‘interindividual” vari-
ability within the simulated populations are presented. All sleeper
types had shorter recovery TST and REM sleep durations, relative to
baseline, for sleep deprivations less than approximately 17 h when
recovery sleep would be occurring when circadian drive for wake-
fulness was high. For all sleeper types, the shortest recovery sleep
(approximately 4–5 h) occurs when sleep onset takes place
between 6 and 15 h after the usual sleep onset. There was also sig-
nificant variability in REM sleep during recovery sleep among slee-
per types. Although the shortest REM sleep duration occurred
following 9–15 h of sleep deprivation for all types, regular sleepers
had longer REM sleep times compared to other types, and long
sleepers had much less REM sleep relative to baseline durations
compared to other types. These findings were consistent with
experimental results (see Discussion) (Benoit et al., 1980).

For between 16 and 18 h of sleep deprivation, recovery TST and
REM sleep durations started to increase with long and regular
sleepers showing a sharp increase or jump in durations. These
increases in recovery sleep correspond to sleep onset occurring
during the waning phase of the circadian rhythm and sleep epi-
sodes continuing through the circadian phases when sleep usually
occurred. Interindividual variability in TST and REM sleep dura-
tions was greatest around these jumps for long and regular sleep-
ers, with ‘‘individuals” exhibiting different numbers of REM sleep
episodes. Long sleepers showed the largest jumps in recovery TST
and REM sleep with the longest rebound sleep durations above
baseline sleep duration. On the other hand, short sleepers dis-
played reduced variability in TST and REM sleep durations.

TWT following recovery sleep also showed similar qualitative
changes for all sleeper types with wake periods shorter than base-
line wake periods for sleep deprivations up to 12–15 h and a sharp
increase in TWT, that was longer than baseline wake periods for
regular and short sleepers, for longer sleep deprivations. However,
the jump to longer wake periods occurred with shorter amounts of
sleep deprivation (~9–12h) for short sleepers compared to the
other types. Short sleepers also showed longer recovery wake peri-
ods compared to other types across the range of sleep deprivation
durations with up to 24 h of wake predicted for short sleepers



Fig. 8. Predicted latencies to sleep and to REM sleep following 0–24 h of sleep deprivation for 3 sleeper types. Latency to sleep (dots, left vertical axis) and to REM sleep (open
circles, right vertical axis) was computed from simulated sleep deprivations of 0–24 h from sleep onset for long (A), regular (B) and short (C) sleepers as represented by the
ensemble median parameters for each sleeper type.
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following sleep deprivation of 12 h with a recovery sleep of less
than � 4 h. By contrast, both regular and long sleepers were pre-
dicted to have wake times less than 12 h following a similar sched-
ule of 12 h sleep deprivation and less than 6 h recovery sleep.
These differences in resilience to short recovery sleep are conse-
quences of the differences in levels of homeostatic sleep drive
among the three sleeper types (see Discussion).

Latencies to sleep and to REM sleep during recovery sleep epi-
sodes also were affected by the amount of sleep deprivation
(Fig. 8). We defined sleep latency as the difference in time between
when the external wake-promoting input ended (i.e., tsd, see Sec-
tion 2.2) and the time of sleep onset. We defined REM sleep latency
as the difference in time between the start of the first REM bout
and sleep onset. All sleeper types showed longer sleep and REM
latencies compared to baseline for 1–2 h of sleep deprivation, but
latencies then decreased as the number of sleep deprivation hours
increased. This is expected due to increases in homeostatic sleep
drive with delayed sleep onset. However, sleep latency then
increased for ~8–12 h of deprivation coinciding with sleep onset
occurring when circadian drive for wakefulness was highest. REM
sleep latency, on the other hand, remained low for all sleeper types
without showing a circadian effect. Long sleepers showed the
shortest sleep latencies, but the longest REM latencies compared
to other sleeper types.

3.4. Predicted return to baseline sleep behavior

It has been suggested that full recovery from acute sleep depri-
vation typically requires 1–3 nights of usual sleep (Bonnet, 2000).
To assess the time course of recovery to baseline behavior over
multiple days, we simulated recovery sleep and wake behavior
for 5 days following the acute sleep deprivation. For most dura-
tions of sleep deprivations, our model simulations showed recov-
ery within 3 nights, however, there were some differences
among sleeper types (Fig. 9). For simulated long and regular sleep-
ers, TST and REM sleep of recovery sleep, and TWT following recov-
ery sleep return to baseline durations by the third recovery episode
for almost all hours of sleep deprivation. However, both of these
sleeper types showed long-lasting effects for 16–17 h of sleep
deprivation such that durations of sleep, REM and wake episodes
did not return to baseline by the 5th recovery episode. Interest-
ingly, these hours of sleep deprivation coincided with the jump
in recovery TST and REM sleep, and thus represent the border
between sleep deprivation regimes that produce initial recovery
sleep periods that are shorter than baseline sleep durations from
those that are longer than baseline sleep durations. The conver-
gence back to baseline behavior following the first recovery sleep
episode differed between these two regimes with successive sleep
durations lengthening for sleep deprivations less than 16 h and
shortening for sleep deprivations greater than 17 h. The slower
convergence back to baseline behavior for sleep deprivation
between 16–17 h suggests a more complicated recovery pattern
that may include shorter and longer than baseline sleep durations.
By contrast, simulated short sleepers achieved full recovery to
baseline by the fifth recovery episode for all sleep deprivation
hours. However, short sleepers also showed slower recovery for
certain sleep deprivation durations with TST, REM, and wake epi-
sodes above baseline levels at the 3rd recovery episode for sleep
deprivations of 10–15 h.

4. Discussion

In this work, we applied a physiologically-based mathematical
model to investigate the responses to acute sleep deprivation in
simulated populations of habitual long, regular and short sleepers
with a focus on effects of differences in homeostatic sleep drive
levels among sleeper types. After fitting the model to experimental
data of baseline sleep behavior in different sleeper types, model
results accurately replicated responses to data from specific sleep
deprivation protocols (see Benoit et al., 1980; Aeschbach et al.,
1996) and general trends in sleep deprivation responses that have
been reported in experimental and modeling studies (Akerstedt
and Gillberg, 1981; Daan et al., 1984). Model results predicted
the responses of long, regular, and short sleepers to 0–24 h of acute
sleep deprivation and provided insight into differences in recovery
sleep across sleeper types.

In general, we found that the relative contributions of circadian
and homeostatic effects on sleep varied with the timing of recovery
sleep. Since modeled homeostatic, but not circadian, effects
depended on sleeper type, the sleeper type-dependent differences
in recovery sleep also varied with the timing of recovery sleep. For
example, the short recovery sleep durations that occurred during
morning hours (following 6–15 h of sleep deprivation) is primarily
dictated by the strong circadian waking drive at these times and
was similar for all sleeper types. This suggests that differences in
homeostatic sleep drive have little effect on recovery sleep at these
times, consistent with experimental measurements showing that
recovery sleep was essentially the same duration for all sleeper
types after 24 h of sleep deprivation from previous wake onset
(equivalent to approximately 6–9 h of sleep deprivation from
habitual sleep onset) (Benoit et al., 1980). By contrast, after
approximately 16 h of sleep deprivation, all sleeper types showed
a sudden increase in recovery sleep duration for sleep onsets of 12
to 18 h past habitual bedtime with longer and more variable sleep
durations in simulated long and regular sleepers. These results,
including high inter-individual variability in timing and magnitude



Fig. 9. Predicted time course for recovery to baseline behavior following acute sleep deprivation for 3 sleeper types. Model results for the differences between behavior
during recovery following 0–24 h of sleep deprivation and baseline behavior during the first (R1, triangles), third (R3, circles), and fifth (R5, dots) recovery episodes for long
(A), regular (B) and short (C) sleeper types. Differences are shown between total sleep time (TST) in recovery sleep and baseline TST (TSTBL) (first column), between REM sleep
time and baseline REM (REMBL) (second column); and between total wake time (TWT) and baseline TWT (TWTBL) (third column). Durations are presented for the ensemble
median parameters for each sleeper type and reported as a function of the sleep deprivation (SD) hours relative to the baseline sleep onset time.
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of simulated recovery sleep, are consistent with experimental data
(Akerstedt and Gillberg, 1981) and suggest that homeostatic sleep
drive has a stronger effect on recovery sleep duration at these
times.

Furthermore, our simulations predicted interactions between
overall recovery sleep and the recovery of REM sleep. It is well doc-
umented that the propensity for REM sleep is modulated by the
circadian rhythm with the lowest propensity occurring when the
circadian waking drive peaks (Czeisler et al., 1980; Sat Bir et al.,
2002). Model results replicated this effect with the lowest amount
of REM sleep observed in recovery sleep during morning hours
(after 9–15 h of sleep deprivation). For sleep deprivations longer
than 16 h, a lower circadian waking drive allowed more REM sleep
to occur and contributed to the variability of recovery sleep dura-
tions across sleeper types with different numbers of REM episodes
occurring across the simulated populations of long and regular
sleepers.

Interestingly, REM sleep durations in simulated recovery sleep
for both short and long sleepers were shorter compared to those
for regular sleepers. In addition, model results indicated that long
sleepers showed the shortest latencies to sleepbut the longest laten-
cies to REM sleep during recovery sleep. A reduction in REM sleep
during recovery for long sleepers has been reported in experimental
studies, particularly when recovery sleep occurred in the morning
(Benoit et al., 1980). This may reflect the competitive recovery of
NREMandREM sleep. There is evidence that NREM sleep need is ful-
filled before REM sleep need during recovery sleep following sleep
deprivation (Carskadon et al., 2011), and experimental data for
different sleeper types indicate that long sleepers may be particu-
larly susceptible to differences in rates of REM and NREM recovery
sleep (Aeschbach et al., 1996; Benoit et al., 1980).

In addition, our simulation results indicated that the duration of
waking episodes following recovery sleep reflects the different
habitual levels of homeostatic sleep drive across sleeper types.
Specifically, simulated short sleepers showed much longer subse-
quent wake durations than simulated regular and long sleepers.
Although the homeostatic sleep drive H was highest for the short
sleepers after sleep deprivation, it decayed quickly during recovery
sleep due to its exponential behavior. Since simulated short sleep-
ers habitually experienced higher levels of homeostatic sleep drive,
they were able to maintain long periods of wakefulness after
shorter recovery sleep.

Simulated short sleepers also showed faster returns to baseline
sleep behavior compared to other groups. While experiments sug-
gest that recovery from sleep loss typically occurs within 1 to 3
nights (Bonnet, 2000), model results predicted longer lasting
effects of sleep loss for certain lengths of sleep deprivation and
sleeper types. For example, for 16–17 h of sleep deprivation, nei-
ther the regular nor the long sleeper types had converged back to
their baseline sleep or REM sleep durations by the fifth recovery
sleep episode. These sleep deprivation durations were associated
with a transition in which the first recovery sleep went from
shorter to longer than the baseline sleep duration. The recovery
response might be particularly variable in this case due to compet-
ing influences of circadian promotion for waking and high homeo-
static sleep drive. By contrast, short sleepers returned to baseline
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durations by the fifth recovery episode for all durations of depriva-
tions. Furthermore, the range of deprivations associated with long
recovery periods was smaller for short sleepers compared to long
and regular sleepers. These differences may reflect differences in
the circadian phases of sleep onsets among the sleeper types dur-
ing recovery sleep. In particular, short sleepers’ resiliency to high
homeostatic sleep drive produced longer recovery wake episodes
that allowed subsequent sleep to occur during usual circadian
phases, thereby hastening convergence back to baseline sleep
behavior.

To explore the hypothesis that differences in habitual levels of
homeostatic sleep drive produce differences in sleep-wake behav-
ior and sleep deprivation in long, regular and short sleepers, we
used the parameter bHb to vary the activation threshold of the
NREM-promoting population. We found that the optimized param-
eter ensembles for the three sleeper types showed clear separation
in bHb values (i.e., short sleepers were associated with higher bHb

values which cause higher activation thresholds of the NREM-
promoting population) and resulted in different habitual ranges
for the homeostatic sleep drive. As a result, short sleepers dis-
played the highest H values at wake and sleep onsets, and long
sleepers the lowest H values. This suggests that habitual short
sleepers may be more tolerant of sleep pressure because the acti-
vation of NREM sleep-promoting brain areas, such as the VLPO, is
less sensitive in these individuals. Physiologically, this difference
may reflect lower adenosine receptor density, reduced adenosine
release, or other properties of individual neurons or networks.
For example, hypocretin (also known as orexin) neurons promote
and consolidate sleep throughmodulation of several neuronal pop-
ulations represented in our modeled sleep-wake network (Saper
et al., 2001; Sakurai, 2007; Adamantidis et al., 2007; Behn et al.,
2008; Blumberg et al., 2007). Recent results investigating geneti-
cally equivalent fish that display either short or long sleep episodes
suggest that increased signaling in the hypocretin system causes
habitual short sleep durations (Alié et al., 2018; Jaggard et al.,
2018; Leung and Mourrain, 2018). Although we do not explicitly
include hypocretin neurons in our model, the action of hypocretin
to suppress activation of sleep-promoting neural populations
would increase the activation threshold of the NREM-promoting
population (bHb), thereby leading to increased homeostatic sleep
drive levels. Other parameters that varied among sleeper types
were associated with the strength of projections among neuronal
populations in the networks and did not show consistent patterns
of differences between the three sleeper types.

Responses to acute sleep deprivation have been modeled previ-
ously in the classic Two-Process model of sleep regulation (Daan
et al., 1984; Achermann et al., 1993; Mallis et al., 2004;
Aeschbach et al., 2001) and in other physiologically-based mathe-
matical models of the sleep-wake regulatory network (Phillips and
Robinson, 2008; Kumar et al., 2012; Rempe et al., 2010; Postnova
et al., 2018). Additionally, modeling has investigated responses to
different types of sleep disruption and restriction such as shift
work schedules, forced desynchrony protocols and transmeridian
flight travel (Postnova et al., 2012; Postnova et al., 2014;
Postnova et al., 2016; Gordon et al., 2018). Predicted durations of
recovery sleep in response to acute sleep deprivation in the Two
Process Model (Daan et al., 1984) identified the strong qualitative
trends that our model results showed, and have been observed in
other models (Phillips and Robinson, 2008; Rempe et al., 2010).
For example, simulations with the Two Process Model exhibit a
jump in recovery sleep durations in response to 16–18 h sleep
deprivation past the usual bedtime (Daan et al., 1984). This agrees
with our model simulations (see Fig. 7) with recovery sleep dura-
tions predicted by the Two Process Model being more consistent
with our predictions for long sleepers, rather than regular sleepers
(Benoit et al., 1980; Aeschbach et al., 1996). To our knowledge, our
model results are the first to consider effects of differing homeo-
static sleep drive levels for different sleeper types on durations of
recovery sleep and subsequent wake periods.

In this study we showed that long, regular and short sleeper
phenotypes can be produced by differential habitual levels of
homeostatic sleep drive and demonstrate distinct responses to
acute sleep deprivation. Although acute sleep deprivation com-
monly occurs, many real-world situations involve chronic sleep
deprivation with approximately 30% of adult workers in the U. S.
population reporting sleep durations less than 6 h (Badr et al.,
2015). Such chronic sleep deprivation can seriously impair waking
neurobehavioral function (Van Dongen et al., 2003) and has been
associated with poor health outcomes including diminished cogni-
tive performance, diabetes, cardiovascular disease, inflammation
and increased all-cause mortality risk (Tobaldini et al., 2017;
Knutson et al., 2007; Mullington et al., 2009), though these effects
may be sensitive to sleeper type. Future work is needed to explore
how different sleeper types respond to chronic sleep deprivation
and to investigate potential differential vulnerabilities to many of
the negative consequences of recurrent short sleep durations based
on interindividual differences in sleep need.
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