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Abstract

Sleep is regulated by a homeostatic process which in the two-process model of human sleep regulation is represented by
electroencephalogram slow-wave activity (SWA). Many studies of acute manipulation of wake duration have confirmed the
precise homeostatic regulation of SWA in rodents and humans. However, some chronic sleep restriction studies in rodents
show that the sleep homeostatic response, as indexed by SWA, is absent or diminishes suggesting adaptation occurs.

Here, we investigate the response to 7 days of sleep restriction (6 hr time in bed) and extension (10 hr time in bed) as well
as the response to subsequent total sleep deprivation in 35 healthy participants in a cross-over design. The homeostatic
response was quantified by analyzing sleep structure and SWA measures. Sleep restriction resulted primarily in a reduction
of rapid eye movement (REM) sleep. SWA and accumulated SWA (slow-wave energy, SWE) were not much affected by sleep
extension/restriction. The SWA responses did not diminish significantly in the course of the intervention and did not
deviate significantly from the predictions of the two-process model. The response to total sleep deprivation consisted of an
increase in SWA and rise rate of SWA and SWE and did not differ between the two conditions. The data show that changes
in sleep duration within an ecologically relevant range have a marked effect on REM sleep and that SWA responds in
accordance with predictions based on a saturating exponential increase during wake and an exponential decline in sleep of
homeostatic sleep pressure during both chronic sleep restriction and extension.

Statement of Significance

Both chronic short and long sleep are associated with negative health consequences. It is therefore important to understand sleep regu-
lation during sleep restriction and extension. Sleep homeostasis refers to the sleep-wake dependent aspect of sleep regulation and slow-
wave sleep is often considered of particular importance. We observed that 1 week of sleep restriction primarily leads to deficits in rapid
eye movement sleep while slow-wave activity is little affected throughout the week long sleep restriction and sleep extension in accord-
ance with predictions of the two-process model. The data imply that there is no significant adaptation to insufficient or excessive sleep.
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Introduction

Altered sleep patterns such as short, long, irregular, and mis-
timed sleep are all implicated in a variety of adverse health con-
ditions [1, 2]. Chronically restricted sleep is probably the most
widely cited condition associated with negative health conse-
quences, but long self-reported sleep duration also increases the
risk of conditions such as type 2 diabetes, cardiovascular dis-
ease, and increased risk of all-cause mortality [2—4]. In addition,
laboratory studies of altered sleep duration have documented
changes in waking performance, primarily in response to sleep
restriction [5, 6]. It is therefore relevant to investigate how sleep
is affected and regulated under such conditions. A question of
particular interest is whether sleep regulatory processes adapt
to restricted or extended sleep opportunities. According to the
two-process model of sleep regulation, sleep is regulated by a cir-
cadian process and a homeostatic process, and slow-wave sleep
(SWS) or slow-wave activity (SWA) is thought to be reflecting the
homeostatic process. This process depends on the duration of
waking and sleep. The homeostatic process has been described
by a saturating exponential increase during wakefulness and
exponential decrease during sleep. The parameters of the expo-
nential functions were estimated from electroencephalogram
(EEG) SWA, defined as the EEG power between 0.75 and 4.5 Hz
in nonrapid eye movement (NREM) sleep at baseline and after
total sleep deprivation [7-10]. Many studies of acute manipula-
tion of wake duration have confirmed the precise homeostatic
regulation of SWA in accordance with the saturation exponen-
tial increase and exponential decrease of sleep pressure during
wakefulness and sleep, respectively, in rodents and humans
[11-13]. It is assumed that the parameters of these exponen-
tial functions are invariant to the history of sleep and wakeful-
ness, i.e. adaptation to chronically restricted or extended sleep
does not occur and the effects of acute sleep deprivation do not
depend on prior sleep history [7-9].

In humans, the effects of repeated sleep restriction on SWA
has been investigated for restriction periods ranging from 2 to
14 days [5, 14-17]. In these studies, sleep opportunity was 4 hr
per night [14-16], 5 hr per night [17], and 4, 6, or 8 hr per night
[5], and in most of these experiments, a homeostatic response
in SWA was observed. The response to sleep restriction stabi-
lizes quickly [5, 18], which is in accordance with the exponen-
tial parameters of the homeostatic process in the two-process
model. In fact, in 2 to 4 day restriction experiments in which the
sleep opportunity was 4 hr, the SWA response to sleep restric-
tion did not deviate significantly from the predictions from the
two-process model of sleep regulation [14, 15]. It is however
unknown how the homeostatic responses develop during longer
sleep restriction and quantitative analyses of the time course of
SWA in various EEG derivations, and comparisons with the pre-
dictions of the two-process model during chronic sleep exten-
sion are not available.

Sleep restriction studies in animals have yielded heteroge-
neous results. In a study by Leemburg et al. in which rats were
sleep restricted for 5 days (4 hr sleep opportunity and 20 hr sleep
restriction during the day), SWA increased above baseline levels
throughout the restriction period [19]. This is in agreement with
the homeostatic regulation of NREM sleep during sleep restric-
tion. However, in this study, it was also shown that the SWA
response is derivation dependent (no increase in the occipital
derivation). In another study of Deurveilher et al., rats were

chronically sleep restricted (4 days of 3 hr of sleep deprivation
followed by 1 hr of sleep opportunity repeated over 24 hr) [20].
SWA increased initially, but then gradually declined during the
following protocol days while staying above baseline values dur-
ing the entire protocol. This time course was interpreted as evi-
dence for homeostatic regulation and adaptation or allostasis.
Within this context, allostasis refers to an adaptive response to
a change in an environment, which maintains stability through
physiological or behavioral changes [21]. Other animal stud-
ies reported an initial increase in SWA after which SWA values
were maintained at or fell below baseline [22, 23]. This attenu-
ated or missing homeostatic response to sleep restriction was
implicitly assumed to reflect an allostatic response [20, 22, 23].
Whether this interpretation is in line with the original definition
of allostasis can be discussed (see Discussion) [21, 24]. These ani-
mal studies and the paucity of quantitative comparisons of data
and model predictions in human studies led us to revisit sleep
homeostasis during chronic changes in sleep opportunity. We
not only investigated sleep restriction but also sleep extension.

Sleep extension studies in humans have been reported to lead
to an increase in sleep latency, an increase in total sleep time
(TST), and a reduction in sleep efficiency, as well as to increased
waking towards the end of the night [25, 26]. In these studies,
SWS and SWA appear to follow a homeostatic response but
quantitative comparisons with predictions of the two-process
model of sleep regulation have not been reported. Comparable
animal studies on the effect of sleep extension on sleep struc-
ture are not available although variations in TST per 24 hr can be
induced by varying access to a running wheel [27, 28].

One other aspect of sleep homeostasis which is rarely inves-
tigated is how the response to acute total sleep deprivation
depends on initial conditions, i.e. prior sleep history. Studies
investigating the effects of acute total sleep deprivation on cog-
nitive performance have indicated that the sleep loss-related
deterioration of cognitive performance during acute total sleep
loss depends on prior sleep history. Thus, prior sleep extension
(sleep banking) attenuates the negative effects of sleep loss on
performance [29], whereas sleep restriction exacerbates these
effects [6, 30, 31]. However, how and whether prior sleep history
affects the changes in sleep structure and SWA induced by total
sleep deprivation has not been studied extensively.

Discussions about sleep homeostasis and accuracy of model
predictions, etc., are marred by the use of various markers/
measures for sleep homeostasis. Thus, discrepancies in the
data and divergent interpretations of the data may be related
to the measure used for quantifying the homeostatic process
and the homeostatic response. SWS is a measure of time in
deep sleep. SWA is an intensity (or density) measure describ-
ing slow waves (amplitude squared) per time unit. Slow-wave
energy (SWE) is the product of time in NREM sleep and SWA
(cumulative SWA, i.e. how much SWA was obtained in a sleep
period). One additional measure that has been used to describe
changes in the homeostatic (NREM) process is the rise rate of
SWA in the initial part of NREM episodes. All these measures
describe slightly different aspects of the homeostatic process
but are rarely all presented and their interpretation within the
context of sleep homeostasis is sometimes opaque. Although
sleep homeostasis in the two-process model is often related to
SWA, other aspects of sleep, such as REM sleep and sleep conti-
nuity, are also affected by sleep restriction or extension [15, 32],
and we therefore report some of these measures as well. Sample



sizes in many of the published human and animal sleep restric-
tion studies were rather small which may also contribute to the
reported discrepancies.

In this study, we investigated sleep regulation in humans
undergoing 7 days of sleep restriction and 7 days of sleep exten-
sion in 35 participants. Both conditions were followed by total
sleep deprivation. Several markers of sleep homeostasis were
quantified, some of which were compared with predictions of
the two-process model of sleep regulation [11, 12, 14, 16, 33, 34].
We aimed to test whether adaptation to the imposed conditions
occurred and whether this resulted in deviations from predic-
tions based on a sleep homeostasis model. Thus, to facilitate the
interpretation, empirical data were compared with model pre-
dictions of the homeostatic process.

Methods
Study protocol

The study was conducted at the Surrey Sleep Research Centre of
the University of Surrey. The study protocol was approved by the
Institutional Review Board of the Air Force Research Laboratory,
United Kingdom and was also reviewed by the University of
Surrey Ethics Committee.

The study was conducted according to a single-center, two-
way crossover design with two laboratory sessions: sleep restric-
tion and extension. Each participant took part in both laboratory
sessions in randomized order, and each session was separated
by a minimum of 10 days. Each laboratory session lasted 11 days
and consisted of a habituation night (8 hr), a baseline night (8 hr),
seven condition nights of either restricted (6 hr) or extended
(10 hr) sleep opportunities, followed by a ~40 hr total sleep dep-
rivation period under constant routine conditions (Figure 1), and
ended with recovery sleep (12 hr sleep opportunity). At night,
participants slept in windowless, sound attenuated, tempera-
ture controlled rooms and during the day participants remained
within the unit.

A total of 36 individuals were selected to participate in the
laboratory study (see Supplementary Table S1 for demograph-
ics), out of which one participant withdrew from the restriction
condition session and was excluded from the analysis, resulting
in 35 participants. Depending on artifacts and sleep measures
(see below), 25-35 participants contributed to the results pre-
sented here, and the number of participants contributing to a
particular analysis is provided in figure and table legends and in
Supplementary Table S3.

Participants were in good health, were not taking any medi-
cation (except oral contraceptives), were nonsmokers, did
not consume more than five caffeinated beverages per day
(< approximately 500 mg of caffeine), did not consume more than
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14 units of alcohol per week, did not suffer from any self-reported
sleep disorders or sleep complaints such as apnea or insomnia,
were not shift workers, and had not travelled across more than
one time zone in the 2 months preceding the laboratory phase.

For 3 weeks prior to the laboratory phase and for the dura-
tion of the study, participants were asked to refrain from all
medications and recreational drugs. For 3 days prior to each lab-
oratory session, participants were asked to refrain from alcohol,
chocolate, food supplements, and strenuous exercise. Medical
screening was carried out approximately 1 week before admis-
sion to the center and on the day of admission in order to assess
general physical health and to perform toxicological screening
of blood and urine samples. A pregnancy test was also required
for female participants.

Participants were asked to wear an actiwatch (Actiwatch-L
or Actiwatch 4, Cambridge Neurotechnology Ltd., Cambridge,
UK) on their wrist for 2 weeks prior to the first admission to the
center. The first week of actigraphy data was used to determine
an average habitual sleep-wake schedule for each participant.

During the second week of actigraphy, participants were
requested to maintain their calculated average sleep-wake
schedule and a deviation of more than 30 min twice in the week
preceding the laboratory session would result in that partici-
pant being replaced with a reserve. Participants were required to
wear the actiwatch for 1 week prior to the second admission to
the center and were required to sleep at their calculated average
sleep-wake schedule, unless there was a particularly long time
period between the two visits (>4 weeks), in which case partici-
pants’ habitual sleep-wake schedule was reassessed, and there-
fore, two full weeks of actigraphy were required. Participants
were also asked to complete the Karolinska Sleep Diary [35] on
a daily basis for approximately 2 weeks prior to each admission
to the center.

A buccal swab was obtained from each participant to deter-
mine their PER3 genotype. The buccal swabs were processed by
extracting the cells from the swabs, performing a polymerase
chain reaction (PCR) protocol to extract the DNA and then run-
ning the DNA in an electrophoresis gel, the exact procedures are
those previously described variants of the genotype including
homozygosity for the 4-repeat allele (PER3%*), homozygosity for
the 5-repeat allele (PER3%°), or a heterozygous genotype (PER3*").
For details, see Ref. 6.

Sleep schedule and polysomnographic recordings

The individual sleep-wake schedule was calculated by taking
each participant’s habitual sleep time midpoint and calculating
4 hr either side to determine the individual 8 hr sleep opportu-
nity. Sleep was restricted by removing 1 hr from either side of
their calculated sleep period and extended by adding 1 hr either
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Figure 1. Study protocol. Each subject participated in two laboratory sessions: sleep restriction and extension, in randomized order. Each session consisted of habitua-
tion night (HN, 8 hr of sleep opportunity), baseline night (BE or BR, 8 hr of sleep opportunity), 7 condition nights (sleep extension EN1-EN7 with 10 hr of sleep opportu-
nity; sleep restriction RN1-RN7 with 6 hr of sleep opportunity), followed by ~ 40 hr of total sleep deprivation during a constant routine, and a recovery night (RE or RR;

12 hr of sleep opportunity). EN1-EN7 or RN1-RN7 are numbered 1-7 in the figures.
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side of their calculated sleep periods. The timing of the midpoint
of extended and restricted sleep opportunities was scheduled
according to the participants’ habitual sleep schedule. Following
the week of sleep restriction and sleep extension, participants
underwent total sleep deprivation under constant routine con-
ditions (see Ref. 6). Total sleep deprivation lasted 39 hr after
sleep extension, and 41 hr following sleep restriction. Total sleep
deprivation was followed by 12 hr recovery sleep, starting at par-
ticipants’ habitual time (same clock time as in baseline). During
all wake episodes, participants completed a battery of perfor-
mance tests and these results have been reported elsewhere [6].
Polysomnographic (PSG) measures comprising the EEG (fron-
tal, central, parietal, and occipital derivations referenced to con-
tralateral mastoids), electromyogram (EMG), electrooculogram
(EOG), and electrocardiogram (ECG) were recorded. EEG elec-
trodes were placed according to the internationally standard-
ized 10-20 electrode placement system [36]. Impedance values
were at or below 5 kQ at the beginning of the recordings. PSG
data were recorded using Siesta 802 devices (Compumedics Ltd.,
Abbotsford, Victoria, Australia). The sampling and storage rates
were 256 Hz. The following filters were applied: a high-pass filter
at 0.3 Hz, a low-pass filter at 70 Hz, and a notch filter at 50 Hz.

Data processing and signal analysis

Sleep EEG data were visually scored by experienced scorersin 30 s
epochs according to the standard criteria. Artifacts within the EEG
derivations were manually highlighted. If there was an artifact
in a 30 s epoch, this epoch was excluded from the quantitative
analysis of the corresponding derivation. In the case when less
than 67 per cent of the data were available for one night (arbi-
trary threshold), that night was excluded from our analysis. The
amount of available data was calculated as the number of epochs
without artifacts from lights off until lights on, relative to the
expected number of epochs for the corresponding study night. In
case a baseline night had to be excluded, all other nights of this
condition and derivation were also excluded. See Supplementary
Table S3 for the number of participants included in the analyses.

All recordings were exported in European Data Format (EDF)
and further analyzed in Matlab (The Math Works Inc., Natick,
MA, USA).

Sleep latency and efficiency

Sleep latency was measured as the time from lights off until the first
occurrence of stage 2 sleep. In two restriction nights, sleep onset REM
sleep episodes occurred, and in these nights latency was measured
until the first occurrence of REM sleep. In case the first occurrence
of stage 2 lasting less than 6 min was followed by a wakefulness
and stage 1 period longer than 30 min, the next occurrence of stage
2 was selected as sleep onset (occurred in 2 nights). Sleep efficiency
was calculated as the number of epochs spent in sleep (NREM sleep:
stages 1-4 and REM sleep) in the period from lights off until lights on,
relative to the total number of epochs in that period.

Sleep structure, and cumulative curves, quantifying
deficits, and rebounds

TST, time spent in sleep stages 1, 2, SWS, and REM sleep were cal-
culated, as well as time spent awake after sleep onset (WASO). To

quantify the deficit or surplus resulting from the restriction and
extension protocol and the influence of prior sleep history on
acute total sleep deprivation, cumulative differences from base-
line of TST, SWS, and REM sleep were determined. These measures
were obtained by cumulating the differences from baseline over
the entire protocol. Missing values were interpolated by the aver-
age of the night prior to and the one following the missing night
for condition nights (N1-N7). Recovery nights were not interpo-
lated. A night of sleep that was skipped during total sleep dep-
rivation was considered as a loss corresponding to the amount
present during baseline (i.e. subtracting the baseline value).

Slow-wave activity, rise rate of slow-wave activity,
and slow-wave energy

Spectral analysis of EEG channels was performed on consecu-
tive 30 s epochs (FFT, Tukey window [r = 0.5], average of ten 4 s
epochs overlapping by 1 s; matched with sleep stages), resulting
in a 0.25 Hz frequency resolution.

SWA (power in the 0.75-4.5 Hz range) was determined for
30 s epochs. Average SWA is assumed to reflect the level of
sleep pressure, but since SWA decreased during sleep, a unbi-
ased comparison of sleep pressure between different conditions
requires that the same number of NREM sleep epochs per night
is included for the calculation of average SWA as a measure of
NREM sleep pressure (i.e. the maximal number of NREM sleep
epochs common to all nights, 331 epochs—2.8 hr [14, 16]). The
data obtained from the left and right hemisphere were averaged.
To obtain a standardized measure, SWA of each night was nor-
malized with SWA of the corresponding baseline night.

Another possible measure reflecting the homeostatic process
underlying SWS is the rate of the buildup of SWA (SWA rise rate)
in the first NREM sleep episode [11, 37]. The SWA buildup was
determined by measuring the rise rate of the smoothed SWA in
the first NREM sleep episode (see Supplementary Methods and
Supplementary Figure S1 for details). The rise rate was normal-
ized to the rise rate of the corresponding baseline night.

To quantify the dissipation of sleep pressure during a night and
to obtain a measure of total SWA produced, SWE was calculated
as cumulative SWA [12, 38-40]. SWE was obtained by cumulating
mean SWA of artifact-free NREM sleep epochs in 30 min segments
multiplied by the number of NREM sleep epochs in that segment
[34]. The values of SWE at the end of sleep are indicators of the level
of dissipated sleep pressure during the night. The data obtained
from the left and right hemisphere were averaged. They were nor-
malized to the corresponding level at the baseline night.

Cumulative differences from baseline were calculated for
SWE (relative data) in order to estimate the SWE deficit or excess
at the end of the restriction and extension protocol, as well
as after recovery sleep following total sleep deprivation. This
was calculated by cumulating the difference from baseline (in
baseline equivalents) over the protocol nights. Missing values
were interpolated as described before. A night of sleep that was
skipped during total sleep deprivation was considered to corre-
spond to the baseline value (i.e. 1 was subtracted).

Simulations

To compare empirical data with predictions of two-process
model of sleep regulation, we simulated Process S using the
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average timing of sleep and average sleep duration across indi-
viduals of the extension and restriction conditions as well as
of recovery sleep following total sleep deprivation (Figure 2).
We applied the time constants and asymptotes estimated for
C3A2 according to Rusterholz et al.: time constant of increase T,
19.9 hr, time constant of decrease T, 2.16 hr, upper asymptote UA
371%, and lower asymptote LA 40%.

SWA and SWE were also calculated from the simulations:
SWE as the area under the curve (Process S) from sleep onset to
sleep end, and SWA as the mean of Process S over the first 331
30 s epochs of sleep (Supplementary Figure S2). They were nor-
malized to the corresponding values at baseline.

Statistical analysis

We applied five different models for statistical analysis, denoted
as “large model,” “small model,” “simulation model,” “deriva-
tion model,” and “adaptation model.” All five models were linear
mixed-effect models, they were fitted by restricted maximum
likelihood method, and type III sum of squares tests were used
to estimate significance of the effects (procedure MIXED, IBM
SPSS, version 23). The models included intercepts. The only ran-
dom factor was “subject.” An autoregressive first-order covari-
ance matrix was used for repeated effects. Large and small
models were also used for sleep variables derived from visual
scoring. Scaled identity matrix was used for random effects. In
all models, the effects of extension and restriction were evalu-
ated separately from the effects of total sleep deprivation at the
end of the protocol. All power values were logl0 transformed,
as were sleep latency, TST, and time in REM sleep. Cumulative
differences from baseline in TST, time in SWS, time in REM
sleep, and SWE were not transformed. In case p-values are not
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presented in the tables, they are indicated in the text. Mean val-
ues, standard errors of the mean, and 95% confidence intervals
provided in the text, tables, and figures were calculated from the
data (not from statistical models below).

Large model

Differences between conditions were assessed with this model
(relative data). Repeated factors were condition (extension or
restriction) and night (baseline nights, and either condition
nights or recovery nights), whereas fixed factors were night,
condition, order (first extension or restriction), and interactions
condition*night and condition*order. The effects of order and
condition*order interaction were assessed with this model, and
since they were not significant, they were not considered in the
reduced model (“small model”).

Small model

The small model was constructed to evaluate extension and
restriction condition separately (relative data) to test for differ-
ences to baseline. Night (baseline nights, and either condition
nights or recovery nights) was a repeated and fixed factor. Post
hoc analysis for the comparison of all condition nights with
corresponding baseline nights was performed using Sidak cor-
rection for multiple comparisons. For the cumulative curves,
post hoc tests were only performed for condition nights N7 and
recovery nights.

Simulation model

Comparisons between empirical data and simulations (SWA and
SWE) were performed by analyzing the difference of the relative
values (normalized to baseline) between each subject’s empirical
value and the averaged simulated one (deviation from 0). This was

Simulations Process S
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Figure 2. Simulation of Process S for baseline (BL: BE or BR), sleep extension (blue; EN1-EN7) and restriction (red; RN1-RN7) and recovery from total sleep deprivation
(RC: RE or RR). Simulations were performed with average timing derived from the data: average time of falling asleep (lights off plus latency to fall asleep) and average
duration of sleep for extension, restriction, and recovery sleep. Parameters for the simulation: time constant of increase T, 19.9 hr, time constant of decline Td 2.16 hr,
upper asymptote UA 371%, and lower asymptote LA 40% [10]. Process S is scaled as in Rusterholz et al. [10].
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first tested with a linear mixed model with the repeated and fixed
factor night. If the effect of night was significant, a post hoc test
was performed for each night (two-tailed t-test; difference data-
simulations). For the cumulative curves (SWE), post hoc tests were
only performed for condition nights N7 and recovery nights.

Derivation model

Differences between derivations were assessed separately for
extension and restriction conditions (relative data). Repeated
factors were night and derivation, and subject was a random
factor. Fixed factors were derivation (frontal, central, and occipi-
tal), night, order (first extension or restriction session), and the
interaction derivation*night. Post hoc analysis was performed
with Sidak correction for multiple comparisons between differ-
ent derivations.

Adaptation model

With this model, we tested deviations from the expected home-
ostatic response in three ways: (1) whether empirical data and
predictions differ (“simulation model”); (2) whether deviations
from the model predictions showed a consistent temporal evo-
lution, i.e. increasing deviations with time (“simulation model”
with experimental nights 2 to 7, post hoc testing); (3) whether
the temporal evolution of the empirical homeostatic variables
(SWA, SWE) showed a trend in their response to the challenge,
i.e. a decreasing response over experimental nights (“small
model” with experimental nights 2 to 7, post hoc testing). We
excluded the baseline from the analyses as we were interested
in the temporal change of the response and restricted the analy-
ses to experimental nights 2 to 7 as the first night does not show
a full response to the manipulation.

Results
Sleep variables derived from visual scoring

Sleep latency and sleep efficiency are depicted in Figure 3; TST,
time in SWS (hr), and REM sleep (hr) in Figure 4; and further
sleep variables derived from visual scoring in Table 1.

The employed protocol was effective as TST was different
from baseline in both conditions in all extension and restric-
tion nights, as well as during recovery nights, except for the last
night of the extension condition (EN7; Figure 4 and Table 1). TST
was increased in the extension protocol from 7.46 + 0.1 hr in
baseline to, e.g., 8.40 + 0.1 hr in EN4 and decreased during sleep
restriction from 7.48 + 0.1 hr at baseline to, e.g.,5.76 + 0.0 hr (RN4;
Figure 4 and Table 1). The cumulative difference from baseline in
TST after the last condition night (N7) differed between exten-
sion and restriction (p < 0.001) and reached a surplus of +6.75 hr
during sleep extension (p < 0.001) and a deficit of -12.60 hr dur-
ing sleep restriction (p < 0.001) which equates to +0.90 and -1.69
baseline equivalents, respectively. After recovery sleep following
total sleep deprivation, the cumulative difference from base-
line in TST differed between the two conditions (p < 0.001) and
showed a deficit of -16.56 hr after RR (-2.21 baseline equiva-
lents, p < 0.001), whereas it was close to baseline levels after RE.

During the extension protocol, sleep latency gradually
increased from baseline (16.73 + 1.9 min) to EN7 (61.25 + 6.3 min),
and reverted to baseline in recovery sleep (RE) (Figure 3; Table 1).
During sleep restriction, sleep latency stayed at baseline levels
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Figure 3. Sleep latency and sleep efficiency for sleep restriction (red) and exten-
sion (blue). Mean values + SEM are shown (n = 32-35). Asterisks mark signifi-
cant differences to the baseline (linear mixed model, post hoc comparison to
baseline with Sidak correction for multiple comparisons, p < 0.05). n = 32-35 (E);
n = 34-35 (R). BL = baseline; 1-7 = experimental conditions (extension or restric-
tion); SD = total sleep deprivation; RC = recovery after 39 (E) and 41 hr (R) of
prolonged wakefulness.

(14.91 + 2.1 min) and was below baseline in recovery sleep (RR,
9.60 + 1.3 min).

WASO was increased in the extension condition (EN2-EN7);
it increased from 15.07 + 2.9 min at baseline to 83.38 + 10.0 min
in EN7 (Table 1). During sleep restriction, WASO was decreased
during RN2-RN6 (17.01 + 3.0 min at baseline and 3.37 + 0.5 min in
RN4). During recovery nights after total sleep deprivation, WASO
was increased in both conditions compared with baseline.
However, one has to keep in mind that the sleep opportunity
differed between the nights (BE, BR, EN, RN, RE, RR).

Sleep efficiency was decreased during sleep extension in EN2-
EN7, decreasing from 93.35 + 0.7% at baseline to 75.72 + 1.8% in EN7
and remained below baseline at recovery (RE) (Figure 3; Table 1). In
the restriction condition, sleep efficiency stayed at a similar level as
at baseline (93.36 + 0.7%) and increased only in RN4 (96.06 + 0.3%),
also remaining at baseline levels during recovery sleep (RR).

The percentage of time spent in sleep stage 1 (%TST) was
increased during sleep extension in EN2, EN4, EN6 and decreased
in RE. It was reduced during sleep restriction in RN2-RN7 and RR
(Table 1). During sleep extension, the percentage of time spent
in sleep stage 2 remained at baseline level (40.15 + 1.0%) in all
nights (EN1-EN7, RE). However, during sleep restriction stage 2
was reduced in RN1, RN3-RN6 (e.g. to 32.67 + 1.3% in RN4) com-
pared with 38.98 + 1.2% at baseline, returning to baseline levels
in RN7 and RR.
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Figure 4. TST, time spent in SWS, and time spent in REM sleep (REMS) during the sleep period (left column), and cumulative difference from baseline (right column)
for sleep restriction (red) and extension (blue). Mean values + SEM (n = 32-35). The cumulative curves are displayed on two y-axes: as absolute values (h, left axis) and
as relative values (right axis, baseline equivalent, i.e. -3 means a reduction of 3 times the baseline value). SEM relates to absolute values (left axis). Asterisks mark
significant differences to the baseline (linear mixed model, post hoc comparison to baseline with Sidak correction for multiple comparisons, p < 0.05). n = 32-35 (E) and
n = 34-35 (R) for TST, SWS, and REMS in hours; n = 33-35 (E) and n = 35 (R) for cumulative TST, SWS, and REMS. BL = baseline; 1-7 = experimental conditions (extension
or restriction); SD = total sleep deprivation; RC = recovery after 39 (E) and 41 hr (R) of prolonged wakefulness.

The percentage of time spent in REM sleep (%TST) did not
differ between the two conditions and did not differ from
the baseline except for being increased in the recovery night
of the restriction condition (RR, Table 1). However, total time
spent in REM sleep differed from baseline; it was increased
during sleep extension (EN1-EN6), from 2.01 + 0.1 hr at base-
line to, e.g., 2.21 + 0.1 hr (EN4) and reduced during sleep
restriction (RN1-RN7) from 2.04 + 0.1 hr at baseline to, e.g,,
1.62 + 0.1 hr in RN4 (Figure 4). The cumulative difference
from baseline in REM sleep was different between extension
and restriction (p < 0.001), reaching an excess of +1.71 hr in
extension (EN7, +0.85 baseline equivalents, p = 0.003) and a
deficit of -3.59 hr in restriction (RN7, -1.76 baseline equiva-
lents, p < 0.001). Total sleep deprivation resulted in increased
REM sleep in both conditions. The cumulative difference
from baseline in REM sleep after recovery sleep remained
different between the conditions (p < 0.001), reaching base-
line levels in extension, and a deficit of -4.43 hr (equiva-
lent to a loss of -2.17 baseline equivalents) in restriction
(p < 0.001, Figure 4).

The time spent in SWS as a percentage of TST decreased during
sleep extension (EN1-EN6) from 23.09 + 1.4% at baseline to a stable
level of, e.g., 18.77 + 1.0% in EN4, and it increased during sleep restric-
tion (RN1-RN7), from 24.64 + 1.2% in baseline to 31.95 + 1.4% (RN4).
It returned to baseline values in RR after total sleep deprivation and
was elevated in RE (Table 1). A similar picture emerged when SWS
was expressed as percentage of the first 331 epochs of NREM sleep
with lower values in extension than restriction (Supplementary
Table S2). Absolute time in SWS (hr) was different between exten-
sion and restriction with slightly lower values in extension and did
not deviate from baseline during condition nights (except for being
decreased in RN1) and was increased in recovery sleep during both
conditions (not different between conditions). The cumulative dif-
ference from baseline in SWS did not differ between conditions,
and there was a loss in SWS in both conditions (deficit of -0.74 hr,
-0.43 baseline equivalents, p = 0.014, extension; -0.56 hr, -0.30
baseline equivalents, n.s., restriction; Figure 4, right column). After
recovery sleep, the accumulated deficit in SWS was -1.49 hr in both
extension (-0.86 baseline equivalents, p = 0.001) and restriction
(-0.81 baseline equivalents, p < 0.001).
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Table 1. Sleep variables derived from visual scoring (mean + SEM; n = 32-35)

SLEEPJ, 2018, Vol. Vol. 41, No. 7

Large model cond. nights

Large model RC

Small model

BL 1 2 3 4 5 6 7 RC C N C'N RCC RCN N RCN

total sleep time (h) 7.46 9.18 8.72 8.53 8.40 8.34 8.42 7.50 10.66 <0.001 <0.001 <0.001 n.s. <0.001 <0.001 <0.001
+01 +£01 =+01 =+01 =+01 =+£02 =01 =+02 =02
7.48 5.63 5.63 5.70 5.76 5.69 5.69 5.61 11.00 <0.001 <0.001
+01 +£00 =+01 =+00 =+00 =+00 =00 =+00 0.2

sleep latency (min) 16.73 23.18 37.39 4254 47.89 58.66 5294 61.25 13.02 <0.001 <0.001 <0.001 0.005 0.003 <0.001 ns.
+19 +£29 x40 +42 +42 +£82 +48 x63 =14
1491 1346 14.84 1281 10.81 12.10 1349 13.19 9.60 n.s. 0.006
+21 +£18 +23 =+x14 +10 =+19 15 =+13 =13

WASO (min) 15.07 26.02 38.43 45.27 46.05 40.69 40.30 83.38 57.97 <0.001 <0.001 <0.001 ns. <0.001 <0.001 <0.001
+29 +43 6.0 =x79 +66 +£80 =+75 £10.0 =10.2
17.01 8.60 6.14 5.61 3.37 5.31 5.40 10.21 43.87 <0.001 0.005
+30 +£23 +17 =+=11 =+05 =12 +0.9 =17 +9.3

sleep efficiency (%) 9335 9180 87.28 85.50 84.25 83.41 84.42 7572 90.04 <0.001 <0.001 <0.001 ns. n.s. <0.001 0.017
+07 =09 =+10 =+=13 =x12 =17 +14 =18 1.4
93.36 93.81 9432 94.89 96.06 95.15 94.76 93.50 9245 0.006 ns.
+07 =+08 08 =+05 =+03 =+06 +05 =*=06 =13

stage 1 (%TST) 9.92 10.79 1220 12.09 12.60 11.89 12,50 11.86 7.52 <0.001 n.s. <0.001 ns. <0.001 0.002 0.004
+08 =+07 06 =+07 =+07 =x06 =07 =x06 =04
9.11 8.33 7.49 7.00 7.25 7.57 7.00 7.34 6.32 <0.001 <0.001
+06 =+06 =05 =+04 =+05 =+05 =05 =x=05 =04

stage2 (%TST) 40.15 40.81 4197 4246 4238 4131 4277 4142 4092 <0.001 ns. <0.001 ns. n.s. n.s. n.s.
+10 =+11 09 =+09 +10 =+=10 =+10 =+=09 =11
38.98 34.56 3583 34.62 32.67 33.86 34.10 3690 3931 <0.001 ns.
+12 +£12 +15 =+16 =+13 =+x13 =+14 =+16 =13

SWS (%TST) 23.09 20.19 18.46 1852 18.77 1878 18.61 20.98 24.60 <0.001 n.s. <0.001 ns. n.s. <0.001 0.047
+14 +10 09 =+09 +x10 =+=10 =10 =+=1.0 =12
2464 30.06 30.64 31.71 31.95 30.98 31.04 30.50 2498 <0.001 ns.
+12 +15 +15 =x16 =+14 =+=15 =+15 =+=15 13

REMS (%TST) 26.83 2821 2737 2693 2625 2802 26.11 2574 2695 ns. 0.022 n.s. 0.040 0.046 0.040 n.s.
+08 +£08 09 =+09 +06 =+£10 +07 =+08 =038
27.28 27.05 26.04 26.67 2813 2759 27.86 2526 29.39 n.s. 0.015
+08 +£08 09 =+£10 09 =+£08 +08 =+09 =09

TST, sleep latency (first occurrence of stage 2), WASO, sleep efficiency, percentage of time spent in sleep stages 1 and 2, SWS (stages 3 and 4), and REM sleep (REMS)
for extension (E) and restriction (R) conditions.
BL = baseline; RC = recovery. Linear mixed model (“large model”, see Methods) performed with factors: condition (E, R), night (BL, EN1-EN7 or RN1-RN7), order and

interactions condition*night, and condition*order. C = condition (E, R); N = night (BL, EN1-EN7 or RN1-RN7); C*N = interaction condition*night; RC C = condition for

recovery night (E, R); RC N = recovery night (BL, RE, or RR), RC.
Effect of order as well as the interaction condition*order was not significant for condition as well as for the recovery nights, except for condition*order during

condition nights for stage 1 (%TST) and during recovery nights for stage 2 (%TST) and REM sleep (%TST). Linear mixed model (“small model”, see Methods) performed
separately for sleep extension and restriction with factor night (N: BL, EN1-EN7 or RN1-RN7, or RC N: BL, RE or RR). n.s. not significant. Bold values indicate significant

difference to baseline (Sidak correction).

Markers of sleep homeostasis predicted by the
two-process model

We performed simulations of Process S based on the average
timing of sleep and average sleep duration of the entire pro-
tocol (Figure 2) and extracted the homeostatic variables from
the simulation (SWA and SWE, see Supplementary Figure S2
and Methods). As expected, the simulations revealed lower ini-
tial levels of Process S during sleep extension and higher ones
during restriction although, due to the exponential nature of
Process S, these changes were small (Figure 2) compared with
the large change in TST (approximately +1 hr in extension,
-1.8 hr in restriction) induced by the protocol.

Predicted SWA in EN1 was 97.6 per cent of the baseline level,
remaining below baseline in EN2-EN7 at, e.g., 96.8 per cent in E4
(Figure 5). Sleep restriction resulted in a predicted increase of
SWA to 102.6 per cent compared with baseline (=100%) in RN1,
remaining increased at a stable level in RN2-RN7 (e.g. 105.9%
in R4).

For SWE, the predicted pattern was opposite to the pattern
predicted for SWA (Figure 5). In sleep extension, predictions
were higher than baseline at 108.9 per cent of the baseline

level in the EN1, being stable in EN2-EN6 (e.g. 103.5% in EN4),
and 98.1 per cent in E7. Predictions of SWE for sleep restriction
were at 88.8 per cent of the baseline in RN1 and remaining at
a stable level below baseline in RN2-RN7 (e.g. at 92.4% of the
baseline in RN4). The predicted cumulative difference from
baseline in SWE showed an excess of +0.26 baseline equivalents
in extension (EN7) and a deficit of -0.60 baseline equivalents in
restriction (RN7).

Increased SWA and SWE were predicted for recovery sleep
after total sleep deprivation in both conditions (Figure 5). SWA
was 138.4 and 139.3 per cent of the baseline, and SWE 150.6 and
153.2 per cent of the baseline in RE and RR, respectively. The pre-
dicted cumulative difference from baseline in SWE after recov-
ery sleep was a deficit of -0.23 baseline equivalents in extension,
and of -1.07 in restriction.

SWA in the first 331 epochs of NREM sleep

To obtain a fair comparison between different conditions [16,
17], SWA was averaged over the first 331 30 s epochs of NREM
sleep (2.8 hr, i.e. the maximum number of NREM sleep epochs
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Figure 5. SWA, SWE, and cumulative difference from baseline in SWE derived from simulations and empirical data (frontal, central, and occipital derivations).
Simulations of Process S based on the average sleep timing derived from the data; average SWA (EEG power in 0.75-4.5 Hz range) during first 331 30 s epochs of NREM
sleep, SWE (cumulative SWA across the entire night), and cumulative difference from baseline in SWE relative to baseline (in baseline equivalent, i.e. -3 means a
reduction of 3 times the baseline value). All values are expressed as mean and standard error of the mean, relative to the baseline (represented as 1). Data of left and
right derivations were averaged (e.g. C3A2 and C4A1). *p < 0.05, significant differences from baseline (linear mixed model repeated measures, post hoc comparison to
baseline). #p < 0.05, significant differences between data and simulations (linear mixed model, post hoc t-test). n = 27-33 (E) and n = 32-34 (R) for SWA and SWE; n = 27-34

(E) and n = 30-33 (R) for cumulative difference from baseline in SWE.

common to all nights; see Methods). The composition of these
331 epochs differed between the two conditions, with a higher
percentage of SWS in restriction (Supplementary Table S2). After
total sleep deprivation, the percentage of SWS was increased in
both conditions.

SWA in the first condition nights (EN1 and RN1) did not
differ from baseline in any of the EEG derivations (Figure 5,
Table 2). In sleep extension, SWA was below baseline in EN2,
EN3, and EN5 (e.g. 91.9 + 3.4% of the baseline in EN3) of frontal
derivations, in EN2-EN7 (e.g. 93.7 + 3.2% of the baseline in EN4)
of central derivations, whereas no difference to baseline was
observed in occipital derivations. The adaptation model did not
reveal any effect for sleep extension, i.e. temporal trend was
not observed.

Mixed-model analysis of sleep restriction revealed signifi-
cant differences from baseline in frontal and central derivations,
and no difference in occipital derivations. Post hoc tests showed
no deviation from baseline in the two derivations, despite
increased SWA in some nights (e.g. 105.1 + 2.6% in RN4 of central
derivations). The adaptation model revealed a significant effect
of night in central derivations (Table 2), which might point to a
temporal trend. However, none of the experimental nights devi-
ated significantly from baseline. Also, baseline nights of sleep
extension and restriction did not differ.

After ~40 hr of total sleep deprivation, SWA in the recov-
ery nights was increased in all derivations in both conditions
and did not differ between the two conditions (Table 2). In RE,
SWA was at 152.4 + 7.2% in frontal, 139.6 + 5.1% in central, and
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Table 2. Markers of sleep homeostasis: SWA, rise rate of SWA and SWE (mean + SEM) for extension (E) and restriction (R) conditions, for

frontal, central, and occipital derivations (average of left and right hemisphere)

Large model cond. nights and RC ~ Small model All. m.
BL 1 2 3 4 5 6 7 RC C N C'N RCCRCN N RCN N
SWA frontal (nV?) E 9365 940.8 831.9 844.5 8657 858.3 8305 8247 1407.6 <0.001 0.028 0.014 n.s. <0.001 0.001 <0.001 n.s
+110.1 £103.5 +88.7 +£96.0 +989 =+109.2 +100.6 +107.0 +178.4
R 9043 869.6 889.6 9384 977.0 9837 9168 9414 1388.2 0.011 <0.001 ns
+972 +946 +913 %999 +994 =+109.0 +94.6 =+1053 +=172.4
SWA central (pV?) E 6419 6383 571.0 5884 577.2 564.6 5589 569.1 899.9 <0.001 0.010 0.003 n.s. <0.001 <0.001 <0.001 n.s
+679 =+645 +552 %621 619 =*624 =634 =68.1 +108.9
R 6498 621.0 6226 6476 6654 6795 6277 6351 933.2 0.024 <0.001 0.039
+676 =*62.7 +61.1 %652 =+627 =*711 =+632 =+64.0 =+=102.4
SWA occipital (uV?) E 3150 3289 3350 289.0 309.3 287.8 2850 3033 4448 ns. ns n.s ns. <0.001 ns. <0.001 ns
+345 +39.0 +465 %329 +£392 =£353 +394 =£36.7 +522
R 3236 3294 3057 3256 3351 3264 3223 339.0 445.1 n.s. <0.001 n.s
+31.8 +356 +31.2 %339 +331 %368 +358 =+404 =459
rise rate of SWA frontal E 596 66.6 61.4 62.8 59.7 62.4 57.8 57.5 87.6 n.s n.s n.s n.s. <0.001 n.s. <0.001 ns
(nV?%30s) +82 +78 x84 x87 +81 +13.0 80 +90 121
R 583 56.6 57.7 62.2 58.8 65.5 59.3 61.7 90.6 n.s. <0.001 n.s
+70 =+71 +71 +82 +65 +100 +85 +93 +11.0
rise rate of SWA central E 4038 41.1 40.1 413 40.1 40.2 394 40.0 57.2 n.s n.s n.s n.s. <0.001 n.s. <0.001 ns
(nV%/30s) +47 +49 51 55 x50 +69 49 58 £59
R 4038 40.7 38.2 40.9 413 43.0 38.8 38.1 61.1 n.s. <0.001 0.049
+49 +45 +41 +53 +41 +59 +56 *49 6.7
rise rate of SWA occipital E 21.7 213 24.0 214 20.0 21.0 221 19.7 29.4 n.s n.s n.s n.s. <0.001 n.s. <0.001 ns
(nV%/30s) +27 +26 x40 25 +22 +34 +37 26 £36
R 207 213 18.3 20.2 211 18.9 19.6 215 30.7 n.s. <0.001 n.s
+22 +25 20 =+27 +23 x27 +29 x36 +37
SWE frontal (x10% E 4009 4326 3789 3830 3861 3851 3809 3533 689.9 <0.001 <0.001 <0.001 n.s. <0.001 <0.001 <0.001 n.s
pV#30s) +473 +47.0 +417 =+452 +438 =+50.3 +464 =+46.2 ==90.0
R 3864 336.3 3485 369.8 3805 374.2 3515 3642 662.0 <0.001 <0.001 n.s
+391 %383 +£382 x41.2 +402 =+42.7 +36.8 *41.0 +80.7
SWE central (x10% E 281.1 3009 2654 277.0 2636 260.9 2630 2514 462.7 <0.001 <0.001 <0.001 n.s. <0.001 <0.001 <0.001 n.s
pV#30s) +303 %301 +262 =*30.5 +277 %296 +299 =+314 =579
R 2822 243.6 246.3 2579 2636 260.8 242.8 248.1 463.9 <0.001 <0.001 0.043
+278 %258 +26.1 *27.3 +260 %284 +24.8 =x25.0 =505
SWE occipital (x10% E 1387 156.9 1556 1379 1403 1342 1343 1345 2375 <0.001 n.s. 0.002 n.ss. <0.001 ns. <0.001 ns
pV#30s) +155 +183 +209 =+161 =+160 =165 =+176 =+16.6 =+29.1
R 1430 1285 121.2 129.0 131.8 125.0 125.5 131.6 226.5 <0.001 <0.001 n.s
+136 +£14.3 +13.0 *14.1 +135 =+145 +143 =+154 =226

Statistical evaluation of experimental nights and recovery nights was performed separately. Linear mixed model (“large model”, relative values, see Methods) with
factors condition C (E, R), night N (BL, EN1-EN7 or RN1-RN7; or BL, RE or RR), order (first extension or restriction), and interactions condition*night and
condition*order. Factor order and the interaction condition*order are not significant, except for the rise rate of SWA in occipital derivations. Linear mixed model
(“small model”, relative values, see Methods) performed separately for the two conditions (E, R), with factor night N (BL, EN1-EN7 or RN1-RN7; or BL, RE or RR).

RC: recovery night. Linear mixed model (“adaptation model” (All. m.), see Methods) performed separately for the two conditions (E, R), with factor night

N (EN2-EN7 or RN2-RN7). n=27-34 (SWA and SWE), n=25-32 (rise rate). n.s. not significant. Significant differences to the baseline (post hoc tests) are indicated in bold.

149.4 + 9.2% in occipital derivations, and in RR at 152.5 + 6.0%,
145.3 £ 4.8%, and 145.5 + 7.7%.

Individual data are provided in Supplementary Figure S5,
and the number of subjects contributing to the analyses in each
night is listed in Supplementary Table S3.

Slow-wave energy

With the purpose of quantifying the total of SWA produced dur-
ing the night, SWE was calculated over the entire sleep opportu-
nity (cumulative SWA in 30 min bins, see Methods).

In central and frontal derivations of sleep extension, a sig-
nificant effect of night was obtained in the mixed-model analy-
sis. No differences were present at occipital derivations (Table 2).
However, post hoc tests did not reveal significant differences in
SWE from baseline in any of the condition nights (EN1-EN7,
Figure 5). The adaptation model did not reveal significances in
any of the derivations.

In sleep restriction, SWE was lower than in baseline in all
derivations in all condition nights except RN4, e.g. SWE in RN3

was at 92.5 + 2.3% of the baseline in frontal, 91.1 + 2.3% in cen-
tral, and 88.7 + 3.7% in occipital derivations (Figure 5, Table 2).
The adaptation model revealed a significant effect of night in
central derivations, although no systematic temporal evolution
indicative of adaptation was observed.

SWE in recovery nights after total sleep deprivation was
increased compared with baseline in all derivations and did not
differ between the two conditions (Table 2). In RE, SWE was at
171.0 + 6.4% of the baseline, 161.8 + 4.9% and 177.6 + 9.6%, and
in RR at 168.0 + 6.1%, 165.0 + 5.0%, and 167.4 + 9.1% in frontal,
central, and occipital derivations, respectively.

Individual data are shown in Supplementary Figure S5, and
the number of subjects contributing to the analyses of each
night in Supplementary Table S3.

The cumulative difference from baseline in SWE did not dif-
fer from baseline in the last condition night (EN7) in the exten-
sion condition for any of the EEG derivations. In restriction (RN7),
a deficit of -0.61 baseline equivalents in frontal (p < 0.001), -0.78
in central (p < 0.001), and -0.80 in occipital (p < 0.001) derivations
was observed. The cumulative difference from baseline in SWE
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was different between conditions in all derivations (Figure 5,
p =0.0301in frontal, p = 0.001 in central and occipital derivations).

In sleep extension, the cumulative difference from baseline
in SWE after recovery sleep was -0.54 below baseline in fron-
tal (p = 0.015) and -0.53 in central derivations (p = 0.009) and
reached baseline levels in occipital derivations (Figure 5). In the
restriction condition, the cumulative difference from baseline
in SWE after recovery sleep revealed a deficit of -0.99 baseline
equivalents in frontal (p < 0.001), of -1.18 (p < 0.001) in cen-
tral, and of -1.09 in occipital (p < 0.001) derivations. The defi-
cit in cumulative SWE at the end of the entire protocol differed
between the two conditions in central (p = 0.006) and occipital
(p < 0.001) derivations (Figure 5).

Rise rate of SWA after sleep onset

The rise rate of SWA after sleep onset was determined by calculat-
ing the median first derivative of the smoothed SWA time course
after sleep onset (see Supplementary Figure S1 and Supplementary
Methods for details). The rise rate of SWA in extension and restric-
tion nights did not differ from baseline nights in any derivation
(Supplementary Figure S3, Table 2). The adaptation model revealed
a significant effect of night in central derivations (Table 2), but
none of the experimental nights deviated from baseline.

In recovery sleep after ~40 hr of sustained wakefulness, the
rise rate of SWA was increased to 169.3 + 18.3%, 158.7 + 14.9%,
and 158.7 + 14.2% of the baseline in RE and to 160.6 + 10.7%,
162.5 £ 10.0%, and 158.2 + 11.8% in RR in frontal, central, and occip-
ital derivations, respectively (Supplementary Figure S3, Table 2).

Individual data are given in Supplementary Figure S5, and
the number of subjects contributing to the analyses of each
night in Supplementary Table S3.

Homeostatic response is derivation dependent

The homeostatic response to sleep extension and restriction
was brain region specific. SWE differed between the deriva-
tions (“derivation model”) both in response to sleep extension
(p = 0.006) and restriction (p = 0.002). In sleep extension, the
SWE response was stronger in occipital derivations (larger rela-
tive values) compared with frontal and central ones (p = 0.023,
p = 0.014), and in sleep restriction the SWE response in occipital
derivations was weaker (smaller relative values) than in fron-
tal derivations (p = 0.002). The rise rate of SWA had a weaker
response in occipital derivations compared with frontal ones
during sleep restriction (p = 0.035). Although the factor deriva-
tion was significant for SWA in sleep extension (mixed model,
p = 0.045), post hoc tests revealed no differences between
derivations.

In recovery sleep after total sleep deprivation, there were no
differences between derivations.

Comparison of model predictions and empirical data
and tests for adaptation

Figure 5 illustrates both model predictions and empiri-
cal SWA and SWE of the entire protocol. Time periods over
which empirical and model-derived homeostatic markers
were calculated were identical. However, a direct comparison
between predictions and empirical data is difficult. Thus, in
Figure 6 a direct comparison is shown, empirical data with
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the corresponding 95% confidence interval are plotted against
the predictions. The black line indicates equality of empirical
data and predictions. Values above the line reflect that empiri-
cal data are larger than predictions (underestimation by the
model), values below the line that they were lower (overesti-
mation by the model).

In general, there was good agreement between predicted SWA
and SWE and empirical data during both sleep extension and
restriction (for linear mixed model and post hoc tests, see Table 3,
Figures 5 and 6). Only during sleep extension, differences between
predicted and empirical SWA were observed in the last 3 nights
of central derivations (EN5-EN7, Figures 5 and 6), where empiri-
cal SWA was lower (e.g. 91.3% of baseline in EN6) than the values
predicted by the model (e.g. 97.0% in EN6). No systematic temporal
evolution indicative of adaptation was observed (Table 3, Figure 5).

In recovery sleep after total sleep deprivation, SWE was gen-
erally underestimated by the model (Figures 5 and 6). Empirical
SWE was higher than predicted in all derivations of RE, with
prediction of 150.6% of the baseline, and empirical SWE of
171.0 = 6.4% of the baseline, 161.8 + 4.9% and 177.6 + 9.6% in
frontal, central, and occipital derivations, respectively, and
168.0 + 6.1% and 165.0 + 5.0% in frontal and central derivations
of RR. SWA was 9.5 per cent higher than predicted only in frontal
derivations of RR. We investigated whether these underestima-
tions were due to sex or PER3 polymorphisms (Supplementary
Figure S4). Although data from PER3 polymorphism differed
from predictions in some nights, it did not reveal systematic
picture. However, discrepancies between data and model pre-
dictions were mainly found in males (Supplementary Figure S4).

Simulations predicted a surplus of SWE after 7 days of sleep
extension and a deficit after sleep restriction. The cumulative
difference from baseline in SWE at the end of sleep restriction
(RN7) was significantly different from zero in all derivations and
did not differ significantly from the predictions in any of the der-
ivations (Figure 5). After sleep extension, no significant surplus
was observed for any of the derivations. Only at the occipital
derivation was a surplus observed, but this was not significantly
different from baseline. Empirical data were significantly below
the predicted values for frontal (p = 0.021) and central deriva-
tions (p = 0.022). After recovery sleep, the observed deficit in SWE
did not differ from predictions in either of the conditions and
any of the derivations (Figure 5).

Discussion

The data show that the response to extending or restricting the
nocturnal sleep opportunity varies across sleep parameters and
the different measures of sleep homeostasis. Only limited evi-
dence for adaptation to the altered sleep opportunities emerged
and the response to total sleep deprivation was not significantly
different between the sleep history conditions.

Sleep structure

Measures of sleep duration confirmed that the protocol
was successful in extending (increased TST) and restricting
(decreased TST) sleep by altering participants’ window of sleep
opportunity. Following chronic sleep restriction, time spent in
SWS (%TST) increased, and time spent in stages 1 and 2 (%TST)
and WASO decreased, indicating that there was an increased
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Figure 6. Comparison of model predictions and empirical SWA and SWE for extension, restriction, and recovery sleep after ~40 hr of sustained wakefulness (average
data, normalized to baseline). Lines indicate the 45 degrees lines, i.e. empirical data = model predictions. Error bars depict 95% confidence interval of the mean.

homeostatic drive for sleep. During sleep extension, sleep laten- more time was spent asleep, the sleep was lighter pointing to
cies, WASO, and time in stage 1 increased, and sleep efficiency a reduced homeostatic sleep drive. These data are in general in
and time spent in SWS decreased, indicating that although accordance with previous studies [14, 16, 41, 42]. Computations
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Table 3. Comparison of empirical and simulated data (SWA and SWE) of frontal, central, and occipital derivations for nights 1 to 7: night
(EN1-EN7 or RN1-RN7) and for nights 2 to 7: night* (EN2-EN7 or RN2-RN7)

SWA frontal SWA central SWA occipital
Factor E R E R E R
Night 0.034 n.s. 0.036 n.s. n.s. n.s.
night* n.s. 0.048 n.s. 0.033 n.s. n.s.
SWE frontal SWE central SWE occipital
Factor E R E R E R
Night n.s. n.s. n.s. n.s. n.s. n.s.
night* n.s. n.s. n.s. n.s. n.s. n.s.

Linear mixed model (“simulation model”, see Methods) with factor night.
n = 27-33 (E); n = 32-34 (R); n.s. = not significant.

of cumulative deficits/surpluses revealed that sleep extension,
compared with the 8 hr baseline sleep opportunity, leads to a
surplus in TST and REM sleep and, maybe surprisingly, also to a
deficit in SWS, whereas sleep restriction leads to a large deficit
in TST and REM sleep, no deficit in SWS and a deficit in accu-
mulated SWE.

Effect of chronic sleep restriction and extension on
homeostatic sleep measures

In this study, four different homeostatic measures were calcu-
lated: time spent in SWS (%TST; Table 1), SWA (mean SWA in
the first 331 epochs of NREM sleep), rise rate of SWA after sleep
onset, and SWE (cumulative SWA across entire night) (Figure 5
and Supplementary Figure S3). SWS, SWA, and the rise rate of
SWA are supposed to reflect sleep pressure, and SWE is reflect-
ing the dissipation of sleep pressure across the entire sleep epi-
sode [12, 40].

The time spent in SWS (%TST) was lower than baseline
during sleep extension, and higher during sleep restriction,
reflecting the change in homeostatic sleep drive induced by the
experimental manipulation. This is in agreement with other
restriction studies also showing increased amounts of SWS [14,
16, 41, 42].

SWA was lower than baseline during sleep extension in the
last 3 nights in central derivations, and in one night in frontal
derivations, while during sleep restriction no significant change
from the baseline was observed in any derivation. The observed
changes are in the expected direction (Figure 5) but did not reach
significance. Other sleep restriction studies [14-16] reported an
increase of SWA after sleep restriction (4 hr time in bed [TIB]).
However, these subjects were exposed to a stronger challenge
with 4 hr TIB.

The rise rate of SWA after sleep onset was not affected by
sleep extension and restriction. Possibly, this measure is not sen-
sitive enough to moderate changes in sleep pressure but might
reflect adequately stronger challenges. Indeed, we observed a
significant increase in the rise rate of SWA in recovery sleep
after ~40 hr of sleep deprivation, both after sleep restriction and
extension (Supplementary Figure S3). Brunner et al. [14] reported
a faster buildup of SWA in the first NREM sleep episode after
sleep restriction although they did not determine the rise rate;
they reported the temporal evolution of SWA in the first 24 min.

It seems, however, that the main change occurred within the
first 2 min after sleep onset, i.e. higher SWA values than in base-
line (see Figure 3 in Ref. 14).

SWE did not differ from baseline during sleep extension
reflecting an adequate dissipation of the sleep drive with a pro-
longed sleep opportunity, while during sleep restriction SWE
was lower than baseline in most nights and all derivations
indicating an insufficient dissipation of sleep pressure during a
shortened sleep opportunity. Please note that the deficit in SWE
was only around 10 per cent. This is in agreement with previ-
ous findings by Brunner et al. [14] and Banks et al. [42] where
the authors observed decreased levels of SWE compared with
baseline during a 4 hr TIB protocol. Thus, from a sleep regula-
tion perspective, SWE might be considered as the best meas-
ure reflecting the homeostatic response to sleep extension and
restriction.

Few studies have investigated changes in sleep under sleep
restriction over prolonged periods of time in humans. Previous
studies with sleep restriction for 2-5 days typically report an
increase above baseline levels of SWS and SWA in restriction
nights [14-17]. Our protocol did not elicit an increase of SWA in
sleep restriction; however, SWE was below baseline. In contrast,
Plante et al. [17] performed a sleep restriction over 4 days with
5 hr TIB and did not observe a significant change in SWE. A fur-
ther study did impose sleep restriction of 6 and 4 hr for 14 days
and surprisingly did not observe any significant deviation of
SWE from baseline [S]. However, they reported that chronic
restriction of sleep to 6 hr or less per night resulted in cognitive
performance deficits equivalent of up to 2 nights of total sleep
deprivation. Belenky and colleagues [43] observed that cognitive
deficits in chronic sleep restriction of 7 hr or less per night were
not recovered even after 3 nights of recovery sleep. Outcomes
from these two studies and the present results are implying that
even relatively moderate sleep restriction which does not lead to
large changes in SWA or SWE can seriously impair waking neu-
robehavioral functions in healthy adults. This is in agreement
with the cognitive performance deficits elicited by sleep restric-
tion in our participants [6]. However, looking at the cumulative
deficit might be more revealing. Indeed, 7 days of sleep restric-
tion led to a cumulative deficit in SWE corresponding to 0.6 to
0.8 baseline equivalents. This may explain the differences in
cognitive performance observed during total sleep deprivation
(constant routine) between the two conditions [6].
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Two-process model of sleep regulation predicted
response to sleep extension, restriction, and total
sleep deprivation

Markers of sleep homeostasis were derived from frontal, central,
and occipital brain regions throughout the protocol and com-
pared with predictions from the two-process model of sleep reg-
ulation. In general, there was good agreement between model
predictions and empirical data.

According to the two-process model [7, 8], sleep restriction
leads to higher initial levels of Process S and lower ones during
sleep extension (Figure 2). We simulated the Process S based on
the average timing of sleep and average sleep duration of the
entire protocol (Figure 2), and derived SWA and SWE from the
simulations (see Supplementary Figure S2 and Methods). To the
best of our knowledge, this is the first study which extracted
SWA and SWE from simulations of Process S and compared the
predictions with the empirical data. The simulations show that
in the restriction condition despite 24 per cent reduction in TST
compared with baseline the theoretical increase in SWA/Process
S was only around 6 per cent, and the theoretical decrease in
SWE around 9 per cent. Likewise, in extension despite a 13 per
cent increase in TST compared with baseline the predicted
reduction in SWA/Process S was only around 3 per cent, and
the predicted increase in SWE around 4 per cent. Substantial
changes in TST in extension and restriction lead to only small
changes in homeostatic markers, due to the properties of the
exponential functions (Figure 2 and Supplementary Figure S2)
underlying sleep homeostasis. Thus, it is important to realize
the magnitude of the response of homeostatic variables that
can be expected with a given challenge, before making conclu-
sions about the effectiveness of a homeostatic model. Subjective
overestimation of the expected response might lead to misinter-
pretations. Thus, looking at the induced deficits or surplus may
thus help interpreting the results (see below).

Comparison of model predictions with empirical data pro-
vides a better understanding of sleep regulation. Applying these
comparisons to chronic studies also allows for an assessment
of adaptation, i.e. to evaluate whether the response to a chal-
lenge fades off over time. In case there are no or only minor
differences between predictions and empirical data and devia-
tions from the model predictions do not show increasing devia-
tions over time, it would mean that sleep regulation can be
accurately described by a homeostatic process. Furthermore,
the homeostatic response to the experimental manipulation
would decrease across nights in case of adaptation [44]. Based
on the above-mentioned signs, there was only limited evidence
of adaptation in our data. Thus, we conclude that sleep homeo-
stasis remains operative during chronic sleep restriction (2 hr
shorter sleep opportunity) and extension (sleep opportunity
prolonged by 2 hr).

During sleep restriction, no differences between the data and
predictions were observed. Similarly, the simulations of Brunner
et al. [14, 15] of sleep restriction (2 or 4 days) predicted empirical
SWA well. During sleep extension, the observed SWA was below
the predicted values but only so during the last 3 days of sleep
extension and only in central derivations.

The cumulative differences from baseline in SWE were cal-
culated across the entire protocol and compared with simula-
tions after the last condition nights (EN7 and RN7), and after
recovery sleep. There was a good agreement between empirical
and predicted levels of the cumulative difference from baseline,

with an exception only in the extension condition (EN7) in fron-
tal and central derivations, where the predicted surplus was
not observed. Furthermore, the deficit in SWE increased in the
course of sleep restriction (RN1-RN7, Figure 5), which is in line
with sleep homeostasis. If a deviation from sleep homeostasis
would occur, one would expect the deficit to level off, i.e. reach-
ing a plateau in the course of the protocol. For sleep extension,
the two-process model predicted a cumulative excess of SWE
during extension nights. However, empirical data did not differ
from baseline, except for the occipital derivation which showed
the predicted surplus although not significantly different from
baseline.

Overall, these findings indicate that homeostatic processes
remain operative during both short-term (1 week) sleep restric-
tion and extension and that in the applied experimental proto-
col, adaptive responses were not very prominent. However, we
cannot rule out the possibility that restricting the sleep oppor-
tunity to 6 hr might not be a strong enough challenge to trigger
deviations from a homeostatic response or whether it general-
izes to longer periods (months to years).

Most discrepancies between empirical data and predictions
were observed in the response to total sleep deprivation. After
both sleep restriction and extension, the observed homeostatic
responses to total sleep deprivation were larger than predicted
in most derivations. We tested whether these underestima-
tions by the model were related to sex or PER3 polymorphisms
(Supplementary Figure S4). Discrepancies between predictions
and empirical data were most pronounced for males.

However, the cumulative difference from baseline at the end
of the protocol (after recovery sleep) was accurately predicted by
simulations in both the extension and restriction conditions in
all derivations. This implies that sleep homeostasis accurately
keeps track of altered sleep opportunities over longer time
periods.

Response to total sleep deprivation: affected by prior
sleep history?

The total sleep deprivation (~40 hr of sustained wakefulness)
following the 7 days of sleep restrictions or extension resulted
in the expected homeostatic response. TST, SWA, SWE, and time
spent in REM sleep (hr) were increased compared with baseline
and did not differ between the two conditions.

Previous sleep history influenced recovery sleep following
total sleep deprivation, whereby sleep latency was significantly
shorter in recovery nights following sleep restriction than those
following sleep extension. It had previously been reported that
extended sleep prior to periods of sleep deprivation has a pro-
tective effect against performance and alertness decrements,
also referred to as “sleep banking” [29]. Cognitive performance of
our participants was poorer during total sleep deprivation (con-
stant routine) when the prior sleep history was sleep restriction
[6]. Despite rather small reductions in SWE compared with base-
line during restriction, if these changes are accumulated over
several nights, they lead to substantial deficits, i.e. after 7 nights
of sleep restriction, the cumulative deficit in SWE was 0.6-0.8
baseline equivalents, whereas no difference to baseline was
observed after 7 days of sleep extension. This large difference
in cumulative deficit between sleep restriction and extension
conditions in N7 may explain differences in cognitive perfor-
mance during the subsequent ~40 hr of sustained wakefulness
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[6]. Mathematical models have been developed to predict the
build-up of neurobehavioral impairment across chronic sleep
restriction, describing lapses in behavioral alertness as a func-
tion of cumulative additional wakefulness across the protocol
[5]. In an extended version of the model, a bifurcation occurred
and if wakefulness extended beyond a critical level (20.2 hr), per-
formance impairments escalated [45].

Clasadonte et al. [22] reported an attenuated response to
acute sleep deprivation in sleep restricted mice. In our study,
however, participants showed an intact homeostatic response
to total sleep deprivation (sustained wakefulness for 41 hr after
sleep restriction).

Although homeostatic markers (SWA, SWA rise rate, and
SWE) in recovery night after ~40 hr of total sleep deprivation did
not differ between the two conditions, the cumulative difference
in SWE from baseline across the entire protocol showed that lev-
els of SWE after 12 hr recovery sleep were different in the two
conditions in central and occipital derivations and did not lead
to a full recovery (Figure 5).

SWS: a measure of sleep pressure?

Absolute time spent in SWS and time in SWS as a percentage
of TST or of a common sleep duration are different measures.
Although absolute time in SWS may remain rather constant
during different sleep opportunities (Figure 4) and thus not
reflecting sleep pressure, relative SWS might be considered as a
homeostatic marker. Moreover, it has been postulated that abso-
lute time in SWS cannot explain waking neurobehavioral impair-
ments [5]. In our study, relative SWS was increased in restriction
and decreased in extension, both expressed as %TST (Table 1),
and as percentage of first ~2.8 hr of NREM sleep (Supplementary
Table S2). Furthermore, SWS suffers from the artificial thresh-
old of its definition. Thus, the decrease of SWS (Figure 4) in the
extension condition may be related to a decrease in amplitude
of slow waves, as reflected in the decreased SWA (Figure 5).

Controversies related to allostasis

Allostasis refers to an adaptive response to a change in an
environment, which maintains stability through physiological
or behavioral changes [21, 46]. There are, however, some con-
troversies with the concept of allostasis in the context of sleep
research: although allostasis was proposed to refer to changes
in biological processes that promote adaptation so that homeo-
stasis is preserved (e.g. Ref. 24), in some rodent studies allosta-
sis was referred to as an additional process needed in order to
explain the absence or attenuation of a homeostatic response
under chronic sleep restriction conditions [20, 22, 23]. In our
study, we investigated whether a deviation from a homeo-
static response (adaptation) could be observed, similar to the
allostasis concept of Kim et al. [23]. However, we basically did
not observe deviations from sleep homeostasis. It is conceivable
that mechanisms of allostasis acted to maintain homeostasis,
and that these processes are not reflected at the level of the
sleep EEG. McCauley et al. [47] proposed that prior sleep history
affects adenosine receptor regulation, namely, adenosine recep-
tor upregulation during chronic sleep restriction and downregu-
lation across multiple recovery nights. Furthermore, adenosine
receptor upregulation increases vulnerability to performance
impairment during waking [47]. In rodents, sleep deprivation led
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to adenosine-dependent inhibition of synaptic activity, and this
effect was attenuated during the 3 days of sleep restriction [22].
It is also conceivable that allostatic changes are different bio-
logical responses to chronic sleep restriction which act to adjust
the set point of the homeostatic equilibrium to keep homeosta-
sis functional [48].

Brain region-specific response

In the study of Leemburg and colleagues, the SWA response to
sleep restriction in rodents was derivation dependent, i.e. a SWA
rebound was present in frontal and central, but not in occipi-
tal derivations. This finding is in agreement with our results
in so far as we also observed topographical differences in the
response to sleep restriction and extension in the rise rate of
SWA and SWE. It contrasts, however, with Plante et al. [17] who
did not observe topographic differences in response to sleep
restriction in SWE in a high-density EEG study. Cajochen et al.
[49] and Finelli et al. [50] observed that the SWA response to
acute sleep deprivation was most pronounced in anterior brain
regions. Lazar et al. [51] investigated topographical aspects of
homeostatic and circadian regulation of slow waves and dem-
onstrated that the sleep-dependent modulation of slow-wave
characteristics was most prominent in frontal brain areas. In our
study, we observed smaller deficits in SWE in frontal and cen-
tral derivations compared with the occipital ones during chronic
sleep restriction. This suggests that sleep homeostasis is better
preserved in frontal brain regions; thus, frontal regions are more
protected from effects of sleep loss. This could explain why
cognitive deficits are less apparent when solving more com-
plex tasks (e.g. decision making). Furthermore, the dynamics of
Process S has been shown to be brain region specific, both for
the dynamics of the buildup and the dissipation of sleep pres-
sure [52]. Thus, all together, it is important to take topographical
aspects into account when investigating sleep regulation.

Sleep extension: sufficient or excess sleep?

During sleep extension, sleep latency was increasing, and sleep
efficiency decreasing over the course of the protocol. This indi-
cates that 10 hr TIB may be too long for this age group. During
this condition, participants obtained, e.g., 8.5 hr of sleep in EN3,
whereas they slept 7.5 hr during baseline. However, 8 hr of TIB
may be interpreted as an insufficient sleep opportunity, since
participants slept 1 hr longer when TIB was extended, and cog-
nitive performance did not change over the course of the exten-
sion protocol [6].

Implications

The current data, and previous sleep restriction studies [5] and
studies comparing short and long sleepers [53] imply that sleep
restriction as experienced by many in society leads to a large REM
sleep deficit and a smaller SWS deficit. Thus, in the search for
the mechanisms underlying the negative health consequences
of insufficient sleep, the implication of a REM sleep deficit should
be considered. Furthermore, in the search of mechanisms under-
lying the negative consequences of long sleep duration, the
consequences of reduced sleep continuity and SWS should be
taken into account. We previously reported that sleep restriction
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leads to a deterioration of waking performance in this protocol,
whereas during sleep extension no changes from baseline were
observed [6]. Although SWA and SWE were not much affected
by changes in sleep opportunities, in the restriction condition,
the accumulated loss of SWE across the protocol revealed sub-
stantial deficits. This implies that the observed deficits in waking
performance after the chronic sleep restriction may be related to
the accumulated deficits in SWE, but the contribution of deficits
in TST or REM sleep should also be considered.

Conclusion

There was a good agreement between predictions from the two-
process model of sleep regulation and empirical markers of sleep
homeostasis derived from frontal, central, and occipital brain
regions. Thus, sleep homeostasis was preserved under chronic sleep
restriction (reduction by 2 hr) and extension (increase by 2 hr); there
was only a limited indication for adaptation under these experi-
mental conditions, but responses differed across brain regions.

Supplementary Material

Supplementary material is available at SLEEP online.

Acknowledgments

P.A. and ].S. would like to thank Thomas Rusterholz for his valu-
able inputs, as well as Alexander Borbély, Irene Tobler, and Leila
Tarokh for fruitful discussions. D-.J.D. and E.A. thank June Lo,
Alpar Lazar, Sibah Hasan, and the staff of the Surrey Clinical
Research Centre for clinical conduct of the study.

Funding

This project was supported by the Swiss National Science Foundation,
grant 32003B_146643 (to P.A.), the Clinical Research Priority Program
Sleep and Health of the University of Zurich (to P.A.), the Air Force
Office of Scientific Research Grant FA9550-08-1-0080 (to D-.J.D.),and a
Royal Society Wolfson Research Merit Award (to D-J.D.).

Notes
Conflict of interest statement. None declared.

References

1. Luyster FS, et al.; Boards of Directors of the American
Academy of Sleep Medicine and the Sleep Research Society.
Sleep: a health imperative. Sleep. 2012;35(6):727-734.

2. Tan X, et al. Association between long sleep duration and
increased risk of obesity and type 2 diabetes: a review of
possible mechanisms. Sleep Med Rev. 2018, in press. doi:
10.1016/j.smrv.2017.11.001.

3. Chaput JP, et al. Sleep duration as a risk factor for the
development of type 2 diabetes or impaired glucose tol-
erance: analyses of the Quebec Family Study. Sleep Med.
2009;10(8):919-924.

4. Alvarez GG, et al. The impact of daily sleep duration on
health: a review of the literature. Prog Cardiovasc Nurs.
2004;19(2):56-59.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

Van Dongen HP, et al. The cumulative cost of additional
wakefulness: dose-response effects on neurobehavioral
functions and sleep physiology from chronic sleep restric-
tion and total sleep deprivation. Sleep. 2003;26(2):117-126.
Lo JC, et al. Effects of partial and acute total sleep depriva-
tion on performance across cognitive domains, individuals
and circadian phase. PLoS One. 2012;7(9):e45987.

Borbély AA. A two process model of sleep regulation. Hum
Neurobiol. 1982;1(3):195-204.

Daan S, et al. Timing of human sleep: recovery process
gated by a circadian pacemaker. Am ] Physiol. 1984;246(2 Pt
2):R161-R183.

Achermann P, et al. Sleep homeostasis and models of sleep
regulation. In: Kryger MH, Roth T, Dement W, eds. Principles
and Practice of Sleep Medicine. 6th ed. Philadelphia, PA:
Elsevier; 2017:377-387.
Rusterholz T, et al
in the dynamics of
2010;33(4):491-498.
Achermann P, et al. Dynamics of EEG slow wave activity
during physiological sleep and after administration of ben-
zodiazepine hypnotics. Hum Neurobiol. 1987;6(3):203-210.
Dijk DJ, et al. Quantitative analysis of the effects of slow
wave sleep deprivation during the first 3 h of sleep on sub-
sequent EEG power density. Eur Arch Psychiatry Neurol Sci.
1987;236(6):323-328.

Franken P, et al. Sleep homeostasis in the rat: simulation
of the time course of EEG slow-wave activity. Neurosci Lett.
1991;130(2):141-144.

Brunner DP, et al. Repeated partial sleep deprivation pro-
gressively changes in EEG during sleep and wakefulness.
Sleep. 1993;16(2):100-113.

Brunner DP, et al. Effect of partial sleep deprivation on sleep
stages and EEG power spectra: evidence for non-REM and
REM sleep homeostasis. Electroencephalogr Clin Neurophysiol.
1990;75(6):492-499.

Akerstedt T, et al. Sleep homeostasis during repeated sleep
restriction and recovery: support from EEG dynamics. Sleep.
2009;32(2):217-222.

Plante DT, et al. Effects of partial sleep deprivation on
slow waves during non-rapid eye movement sleep:
a high density EEG investigation. Clin Neurophysiol.
2016;127(2):1436-1444.

Van Dongen HPA, et al. Sleep debt: Theoretical and empiri-
cal issues. Sleep Biol Rhythms. 2003;1(1):5-13.

Leemburg S, et al. Sleep homeostasis in the rat is preserved
during chronic sleep restriction. Proc Natl Acad Sci USA.
2010;107(36):15939-15944.

Deurveilher S, et al. Time-of-day modulation of homeo-
static and allostatic sleep responses to chronic sleep
restriction in rats. Am ] Physiol Regul Integr Comp Physiol.
2012;302(12):R1411-R1425.

McEwen BS. Sleep deprivation as a neurobiologic and phys-
iologic stressor: allostasis and allostatic load. Metabolism.
2006;55(10 Suppl 2):520-523.

Clasadonte J, et al. Chronic sleep restriction disrupts sleep
homeostasis and behavioral sensitivity to alcohol by reduc-
ing the extracellular accumulation of adenosine. ] Neurosci.
2014;34(5):1879-1891.

KimY, et al. Repeated sleep restriction in rats leads to home-
ostatic and allostatic responses during recovery sleep. Proc
Natl Acad Sci USA. 2007;104(25):10697-10702.

McEwen BS, et al. Sleep deprivation and circadian disrup-
tion: stress, allostasis, and allostatic load. Sleep Med Clin.
2015;10(1):1-10.

Inter-individual differences
sleep homeostasis. Sleep.



25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

Dijk DJ, et al. Sleep extension in humans: sleep stages,
EEG power spectra and body temperature. Sleep.
1991;14(4):294-306.

Klerman EB, et al. Age-related reduction in the maximal
capacity for sleep-implications for insomnia. Curr Biol.
2008;18(15):1118-1123.

Edgar DM, et al. Influence of running wheel activity on free-
running sleep/wake and drinking circadian rhythms in
mice. Physiol Behav. 1991;50(2):373-378.

Vyazovskiy VV, et al. Running wheel accessibility affects the
regional electroencephalogram during sleep in mice. Cereb
Cortex. 2006;16(3):328-336.

Rupp TL, et al. Banking sleep: realization of benefits dur-
ing subsequent sleep restriction and recovery. Sleep.
2009;32(3):311-321.

Cohen DA, et al. Uncovering residual effects of chronic
sleep loss on human performance. Sci Transl Med.
2010;2(14):14ra3.

Dinges DF, et al. Cumulative sleepiness, mood disturbance,
and psychomotor vigilance performance decrements dur-
ing a week of sleep restricted to 4-5 hours per night. Sleep.
1997;20(4):267-277.

Beersma DG, et al. REM sleep deprivation during 5 hours
leads to an immediate REM sleep rebound and to sup-
pression of non-REM sleep intensity. Electroencephalogr Clin
Neurophysiol. 1990;76(2):114-122.

Tarokh L, et al. Dissipation of sleep pressure is stable across
adolescence. Neuroscience. 2012;216:167-177.

Lassonde JM, et al. Sleep physiology in toddlers: effects of
missing a nap on subsequent night sleep. Neurobiol Sleep
Circadian Rhythms. 2016;1(1):19-26.

Akerstedt T, et al. The subjective meaning of good sleep, an
intraindividual approach using the Karolinska Sleep Diary.
Percept Mot Skills. 1994;79(1 Pt 1):287-296.

Klem GH, et al. The ten-twenty electrode system of the
International Federation. Electroencephalogr Clin Neurophysiol.
1999;52(3):3-6.

Dijk DJ, et al. Time course of EEG power density during long
sleep in humans. Am ] Physiol. 1990;258(3 Pt 2):R650-R661.
Beersma DG, et al. Sleep intensity and timing: a model for
their circadian control. Lect Math Life Sci. 1987;19:39-62.
Daan S, et al. Kinetics of an hourglass component involved
in the regulation of human sleep and wakefulness. Adv
Biosci. 1988;73:183-193.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

Skorucak etal. | 17

Achermann P, et al. Simulation of human sleep: ultradian
dynamics of electroencephalographic slow-wave activity. J
Biol Rhythms. 1990;5(2):141-157.

Webb WB, et al. Sleep: effects of a restricted regime. Science.
1965;150(3704):1745-1747.

Banks S, et al. Neurobehavioral dynamics following chronic
sleep restriction: dose-response effects of one night for
recovery. Sleep. 2010;33(8):1013-1026.

Belenky G, et al. Patterns of performance degradation
and restoration during sleep restriction and subse-
quent recovery: a sleep dose-response study. ] Sleep Res.
2003;12(1):1-12.

McEwen BS. Sleep deprivation as a neurobiologic and phys-
iologic stressor: allostasis and allostatic load. Metabolism.
2006;55(10 Suppl 2):520-523.

McCauley P, et al. A new mathematical model for the home-
ostatic effects of sleep loss on neurobehavioral perfor-
mance. ] Theor Biol. 2009;256(2):227-239.

Sterling P, et al. Allostasis: a new paradigm to explain arousal
pathology. In: Fisher K, Reason ], eds. Handbook of Life Stress,
Cognition and Health. New York: Wiley; 1988:629-649.
McCauley P, et al. Dynamic circadian modulation in a bio-
mathematical model for the effects of sleep and sleep
loss on waking neurobehavioral performance. Sleep.
2013;36(12):1987-1997.

Grant DA, et al. Individual differences in sleep duration
and responses to sleep loss. In: Shaw P, Tafti M, Thorpy MJ,
eds. The Genetic Basis of Sleep and Sleep Disorders. New York:
Cambridge University Press; 2013:189-196.

Cajochen C, et al. Frontal predominance of a relative
increase in sleep delta and theta EEG activity after sleep
loss in humans. Sleep Res Online. 1999;2(3):65-69.

Finelli LA, et al. Functional topography of the human
nonREM sleep electroencephalogram. Eur ] Neurosci.
2001;13(12):2282-2290.

Lazar AS, et al. Circadian regulation of slow waves in
human sleep: topographical aspects. Neuroimage. 2015;116:
123-134.

Rusterholz T, et al. Topographical aspects in the dynamics of
sleep homeostasis in young men: individual patterns. BMC
Neurosci. 2011;12:84.

Aeschbach D, et al. Homeostatic sleep regulation in habit-
ual short sleepers and long sleepers. Am J Physiol. 1996;270
(1 Pt 2):R41-R53.



