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Neurobehavioral Dynamics Following Chronic Sleep Restriction:
Dose-Response Effects of One Night for Recovery
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Objective: Establish the dose-response relationship between increasing sleep durations in a single night and recovery of neurobehavioral func-
tions following chronic sleep restriction.

Design: Intent-to-treat design in which subjects were randomized to 1 of 6 recovery sleep doses (0, 2, 4, 6, 8, or 10 h TIB) for 1 night following 5
nights of sleep restriction to 4 h TIB.

Setting: Twelve consecutive days in a controlled laboratory environment.

Participants: N = 159 healthy adults (aged 22-45 y), median = 29 y).

Interventions: Following a week of home monitoring with actigraphy and 2 baseline nights of 10 h TIB, subjects were randomized to either sleep
restriction to 4 h TIB per night for 5 nights followed by randomization to 1 of 6 nocturnal acute recovery sleep conditions (N = 142), or to a control
condition involving 10 h TIB on all nights (N = 17).

Measurements and Results: Primary neurobehavioral outcomes included lapses on the Psychomotor Vigilance Test (PVT), subjective sleepiness
from the Karolinska Sleepiness Scale (KSS), and physiological sleepiness from a modified Maintenance of Wakefulness Test (MWT). Secondary
outcomes included psychomotor and cognitive speed as measured by PVT fastest RTs and number correct on the Digit Symbol Substitution Task
(DSST), respectively, and subjective fatigue from the Profile of Mood States (POMS). The dynamics of neurobehavioral outcomes following acute
recovery sleep were statistically modeled across the 0 h-10 h recovery sleep doses. While TST, stage 2, REM sleep and NREM slow wave energy
(SWE) increased linearly across recovery sleep doses, best-fitting' neurobehavioral recovery functions were exponential across recovery sleep
doses for PVT and KSS outcomes, and linear for the MWT. Analyses based on return to baseline and on estimated intersection with control condi-
tion means revealed recovery was incomplete at the 10 h TIB (8.96 h TST) for PVT performance, KSS sleepiness, and POMS fatigue. Both TST
and SWE were elevated above baseline at the maximum recovery dose of 10 h TIB.

Conclusions: Neurobehavioral deficits induced by 5 nights of sleep restricted to 4 h improved monotonically as acute recovery sleep dose in-
creased, but some deficits remained after 10 h TIB for recovery. Complete recovery from such sleep restriction may require a longer sleep period
during 1 night, and/or multiple nights of recovery sleep. It appears that acute recovery from chronic sleep restriction occurs as a result of elevated
sleep pressure evident in both increased SWE and TST.
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RECOVERY OF NEUROBEHAVIORAL FUNCTIONS
FROM CHRONIC CURTAILMENT OF SLEEP DURATION
AS A RESULT OF WORK, MEDICAL CONDITIONS, OR
lifestyle' is not well understood. It has been rarely studied, de-
spite the fact that a common sleep pattern for millions of people
involves sleep restriction for 5 weekdays/workdays, followed
by sleep extension on at least one weekend night (or day off
from work).>* Much of what is known about recovery from
sleep loss has been based on total sleep deprivation experi-
ments, where robust NREM EEG slow wave activity (SWA,
0.5-4.5Hz) responses are the norm.> Experiments in chroni-
cally sleep-restricted rats revealed increased recovery sleep du-
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ration, NREM and REM sleep durations, and elevated SWA,
while only a small portion of the chronically lost sleep was ac-
tually recovered.'®!!

Experiments in healthy humans have confirmed that chronic
reduction of sleep can result in waking neurobehavioral deficits
that become progressively worse over days;'*'* that the rate of
accumulation of waking deficits is a function of the magnitude
of the sleep restriction;'>!*!¢ and that measures of sleepiness,
performance lapsing, and cognitive slowing can accumulate to
deficit levels found for total sleep deprivation.'* These findings
indicate that waking brain impairment from chronic sleep loss
is sleep dose-dependent, that it can be as severe as that result-
ing from total sleep deprivation, and that the “sleep debt” is a
result of prior sleep-wake history extending back in time more
than a day. Thus, chronic sleep restriction appears to induce
slow changes (spanning days to weeks) in neural processes
mediating alertness, attention and other aspects of cognitive
functioning, including learning and memory.'” How these slow
(cumulative) changes are reversed via the dynamics of recovery
sleep is not known.

Kleitman suggested “sleep debts” are “liquidated” by extend-
ing recovery sleep duration (p. 317)."® However, the primary
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model of human sleep homeostasis, the two-process model,'*°
posits that the intensity and temporal dynamics of NREM EEG
SWA, more so than sleep duration, reflect the recovery process.
For example, the two-process model predicts only an initial
modest (~10%-20%) elevation in SWA over the first few days
of sleep restricted to 4 h per night, which has been experimen-
tally confirmed,'>*' although increases of 50% have been re-
ported for a broader EEG frequency band (1.25-7.75 Hz).?? The
relatively modest increment in SWA during and following sleep
restriction is not congruent with the large cumulative neurobe-
havioral deficits that develop across days of sleep restriction. '
The apparent uncoupling during chronic sleep restriction of the
putative marker of homeostatic sleep drive (SWA) and wak-
ing neurobehavioral functions suggests that sleep duration and/
or other aspects of sleep (e.g., REM sleep) may also have a
critical role in recovery of neurobehavioral capability following
chronic sleep restriction. On the other hand, the high degree of
colinearity among SWA, TST and the duration of sleep stages
may prevent attributing recovery from chronic sleep restriction
to a specific physiological feature of sleep.

The dynamics of recovery of human waking alertness and
neurobehavioral functions following chronic sleep restriction
have not been systematically investigated. Experiments in
healthy adults scheduled to 7 nights of sleep restricted to 3 h-7
h TIB' or 5 nights of sleep restricted to 4 h TIB* yielded data
suggesting that some neurobehavioral functions may not return
to baseline following up to 3 recovery sleep periods limited to 8
h TIB."* Studying the dynamics of recovery from cumulative
sleep loss is critical to a range of behavioral guidelines (e.g.,
days off duty for recovery from work schedules),* biological
questions (e.g., mechanisms and rates of homeostatic sleep
drive build-up and dissipation),” and theoretical issues (e.g.,
processes to instantiate into mathematical models predicting
sleep and alertness).”**The present experiment was designed
to provide the first systematic, randomized, sleep dose-response
data on the dynamic recovery of neurobehavioral functions
when a single recovery sleep opportunity follows 5 days of
nocturnal sleep restriction to 4 h TIB. The study tested the hy-
pothesis that following sleep restriction, recovery of primary
measures of neurobehavioral alertness would increase mono-
tonically in relation to the duration of time allowed for recovery
sleep. We also sought to determine the features of sleep that
parallel this recovery.

METHODS

A total of 159 healthy adults completed a 12-day laboratory
protocol (i.e., a total of 1,908 experimental days in the labo-
ratory). The study was approved by the Institutional Review
Board of the University of Pennsylvania, and all subjects were
compensated for their participation. There were no serious ad-
verse events during the study.

Subjects

Healthy individuals, aged 22-45 y, were recruited to the
study in response to study advertisements. They reported ha-
bitual nightly sleep durations between 6.5 h and 8.5 h, and ha-
bitual morning awakenings between 06:00 and 09:00, with no
evidence of habitual napping and no sleep disturbances (i.e.,
no complaints of insomnia, daytime sleepiness, or other sleep-
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wake disturbances). They were free of acute and chronic medi-
cal and psychological conditions, as established by interviews,
clinical history, questionnaires, physical exams, and blood and
urine tests. Subjects were monitored at home with actigraphy,
sleep-wake diaries, and time-stamped phone records for time to
bed and time awake during the week immediately before the 12-
day laboratory phase and for 1 week after the laboratory phase.
A behavioral estimate of circadian phase position was obtained
with a morningness/eveningness questionnaire.” Subjects re-
cruited to the study were nonsmokers and had a body mass in-
dex (BMI) between 19 and 30. They did not participate in shift
work, transmeridian travel, or irregular sleep/wake routines in
the 60 days prior to the study. Sleep health was established by
a night of laboratory PSG and oximetry measurements. Sub-
jects were not permitted to use caffeine, alcohol, tobacco, and
medications (except oral contraceptives) in the week before the
laboratory experiment, as verified by blood and urine screens.
Out of a total of 171 eligible subjects empanelled into the 12-
day laboratory protocol, n = 6 (3.5%) withdrew before the pro-
tocol was completed for personal reasons (primarily related to
time commitment required), and n = 6 (3.5%) were withdrawn
for non-serious health reasons (e.g., gastrointestinal problems,
headache, etc.).

Laboratory Protocol

Subjects were studied in small groups for 12 consecutive
days (continuously for 288 h) in the Sleep and Chronobiol-
ogy Laboratory at the Hospital of the University of Pennsyl-
vania, with daily clinical checks of vital signs and symptoms
by nurses (with an independent physician on call). They were
randomized as a group (n =4 to 5 per group) to either the sleep
restriction condition (N = 142) or control condition (N = 17).
In the sleep restriction condition, subjects had 2 initial baseline
nights (B1, B2) of 10 h TIB per night (22:00-08:00), followed
by 5 nights (SR1-SR5) of sleep restricted to 4 h TIB per night
(04:00—-08:00). Sleep restriction to 4 h for 5 consecutive nights
was selected because this degree of sleep restriction produces
cumulative neurobehavioral deficits in most healthy adults'
and it is within the range of sleep restriction that can occur as a
result of lifestyle factors.

To model recovery of neurobehavioral measures of alertness
across a dynamic range of recovery sleep opportunities, subjects
were then randomized to one of 6 doses of sleep on the recovery
(REC) night: 0 h TIB (no sleep), 2 h TIB (06:00-08:00), 4 h TIB
(04:00-08:00), 6 h TIB (02:00-08:00), 8 h TIB (00:00-08:00),
or 10 h TIB (22:00-08:00). The remaining 4 nights of the study
involved other conditions not reported here. The control condi-
tion involved all the same procedures as the sleep restriction
condition, except that subjects were allowed 10 h TIB (22:00—
08:00) every night of the protocol. Subjects were informed of
their randomization to the sleep restriction or control condition
on the second baseline night (B2), and if they were assigned to
the sleep restriction condition they were informed of their re-
covery sleep dose during the afternoon of sleep restriction day
4 (SR4). Subjects were behaviorally monitored by trained staff
continuously throughout the protocol to ensure adherence to the
experimental protocol. They had daily contact with the Project
Manager and/or the Principal Investigators. Demand character-
istics were controlled by ensuring subjects remained blinded to
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their recovery condition, by continuous monitoring of subjects’
performance for adherence, and by sustained encouragement of
subjects to perform to the best of their ability at all times.
Subjects wore a wrist actigraph throughout the 12-day labo-
ratory protocol (as well as 1 week before and after the labora-
tory protocol). On protocol days B1, B2, SR1, SRS, and REC,
they wore ambulatory EEG and ECG recording equipment
throughout the day and night. During the days without EEG,
subjects were given shower opportunities between 14:30 and
16:00. Meals were provided at regular times throughout the
protocol (08:30-10:00; 12:30-14:00; 18:30-20:00). The light
levels in the laboratory were held constant at < 50 lux during
scheduled wakefulness and < 1 lux during scheduled sleep pe-
riods. Ambient temperature was maintained between 22°-24°C.

Neurobehavioral Outcomes

Subjects completed 30-min bouts of computerized neurobe-
havioral assessments every 2 h during scheduled wakefulness,
beginning at 08:00 each day. Those randomized to the sleep
restriction condition had additional, abbreviated test bouts (20
min) after 20:00 during the sleep restriction phase of the study,
and also on the day before recovery sleep if they were random-
ized to a sleep dose < 10 h TIB. The 30-min neurobehavioral
assessment bouts included a 10-min Psychomotor Vigilance
Test (PVT; ISI 2-10s),’*3*% a 3-min Digit Symbol Substitution
Task (DSST),* the Karolinska Sleepiness Scale (KSS),** and
the Profile of Mood States (POMS).* Daily averages of out-
come variables (see below) were computed over the test bouts
administered during a 12-h period from morning to early eve-
ning (08:00, 10:00, 12:00, 14:00, 16:00, 18:00, 20:00). Be-
tween neurobehavioral test bouts, subjects were permitted to
read, watch movies and television, play card/board games, and
interact with laboratory staff to help them stay awake, but no
naps/sleep or vigorous activities (e.g., exercise) were allowed.

A modified MWT, used to measure the ability to stay awake
in a soporific environment, was completed on baseline day 2
(B2), sleep restriction day 5 (SR5) and on the recovery day
(REC). The MWT procedure was modified from that described
in earlier studies,*** in that a single MWT trial limited to 30
min was conducted between 14:30 and 16:00. All other aspects
of the test including EEG montage (C3/A2, O2/Al), environ-
ment, and sleep onset definition were as previously described.*
Before each trial, subjects were instructed to “keep eyes open
and try not to fall asleep,” and the lights were dimmed to 10 lux.
Each trial was terminated at the first occurrence of a microsleep
(10 s of EEG theta activity) or at 30 min if sleep onset was not
achieved.’*¥ The latency to the onset of the microsleep was
measured, or if sleep onset was not reached, a value of 30 min
was recorded.

Neurobehavioral outcomes for this study were selected for
their representativeness of different waking functional domains
of alertness and for their known sensitivity to sleep-wake dy-
namics, including chronic partial sleep deprivation.! Primary
outcomes for hypothesis testing included well-validated behav-
ioral, subjective, and physiological measures of alertness. The
behavioral measure was the number of lapses of attention (RT >
500ms) on the PVT; the subjective measure was sleepiness on
the KSS; and the physiological measure was latency to the first
microsleep on the modified MWT. Secondary neurobehavioral
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outcomes addressed additional functional domains that were
less well validated for sensitivity to chronic sleep restriction.
These included psychomotor speed as measured by the mean of
the PVT fastest 10% RTs (PVTf10), cognitive speed (number
correct) measured by the DSST, and subjective fatigue from the
POMS (POMSY).

Sleep Physiology

PSG recordings (EEG derivations C3-A2, Fz-Al, O2-Al;
EOG LOC/ROC; submental EMG) were conducted with the
Sandman Suzanne portable digital recording system (128-Hz
sampling) on B1, B2, SR1, SRS, and REC. The EEG from the
C3-A2 derivation was scored according to the criteria of Re-
chtschaffen and Kales* by trained technicians. Sleep onset was
conservatively defined by the occurrence of > 3 consecutive
30-s epochs of stage 2-4 or REM sleep. Total sleep time, sleep
efficiency (TST percentage of TIB), REM sleep, stage 2 sleep,
and slow wave sleep (SWS; stages 3+4) were determined for
each recorded night. Subjects with missing or artifact-ridden
PSG data on the final baseline night or the recovery night were
not included in the PSG analyses, which yielded a total of N
= 118 sleep-restricted subjects and N = 17 control subjects for
PSG analyses.

Slow wave energy (SWE) was calculated as integrated pow-
er in the delta band (0.5-4.5 Hz) totaled over all 30-s epochs of
NREM sleep (stages 2-4). The NREM sleep EEG was analyzed
in 5-s bins using fast Fourier transform, after visually deter-
mined EEG artifacts were removed. Only data from the C3-A2
derivation are presented here. Total SWE for each night was
expressed as percentage of the B2 night for each subject. Inn =
16 subjects the EEG quality prevented reliable SWE analysis,
and in n = 23 subjects B2 data were missing, leaving a total of
N = 104 sleep-restricted subjects and N = 16 control condition
subjects for SWE analyses.

Statistical Methods

Data analyses were performed using the intent-to-treat
framework* in order to retain the bias-reducing benefits of
randomization and to maximize relevance of the experiment
to the practical question of recovery sleep scheduling. Before
proceeding with linear and non-linear dose-response analyses
of recovery sleep duration, the effects of the 5-day sleep re-
striction protocol were characterized by estimation of relevant
parameters including standardized effect sizes. Mixed model
repeated measures (MMR) analyses were used to demonstrate
the effects of restricting sleep-induced changes on neurobehav-
ioral outcomes as compared to the control condition. To avoid
making any assumptions concerning the shape of changes
across days, time was considered a categorical variable.

Analyses of recovery involved formal testing of the existence
of a dose response relationship (for the 0 h to 10 h TIB recov-
ery sleep doses) for 3 primary neurobehavioral outcomes (PVT
lapses, KSS score, and modified MWT sleep latency) followed
by: (a) assessment of non-linearity of dose responsiveness; (b)
prediction of minimum recovery sleep duration necessary to
reach pre-sleep restriction baseline; and (c¢) prediction of mini-
mum recovery sleep duration necessary to reach performance
levels exhibited by sleep-satiated controls treated similarly in
the laboratory but with no sleep restriction. The study design

Neurobehavioral Recovery Dynamics from Sleep Restriction—Banks et al



Table 1—Demographic and subject characteristics by group and sleep dose.
All Control Sleep Recovery Sleep Dose
Subjects 10h TIB Restricted 0h TIB 2hTIB 4h TIB 6h TIB 8hTIB 10h TIB
n=159 n=17 n=142 n=13 n=27 n=29 n=25 n=21 n=27

Age (y)' 304+£70 298+68 30670 313+71 321+82 31.9+69 300+67 295+59 28767
Females (%) 49.1 52.9 48.6 61.5 40.7 48.3 48.0 52.4 48.1
BMI 251+£35 255+33 24736 256.0x42 249+38 241+28 245+36 244+43 253%35
Caucasian (%) 36.5 17.6 38.7 53.8 40.7 414 36.0 38.1 29.6
AA? (%) 57.2 64.7 56.3 23.1 55.6 55.2 64.0 61.9 63.0
Hispanic (%) 3.8 5.9 3.5 15.4 3.7 34 0 0 3.7
Asian (%) 25 1.8 1.4 7.7 0 0 0 0 3.7
Pre-lab TST (h)' 7906 7804 8107 83+0.6 80+04 8.0+1.0 8205 8106 8007
MEQc' 389+56 382+56 397x56 392+67 405+57 404+£53 382+65 38754 40949
"Mean + SD. ?African American. BMI, body mass index; Pre-lab TST, actigraph + sleep diary estimated mean nightly sleep duration during the week prior to
the laboratory study. MEQc, Morningness-Eveningness Composite Score (all means are intermediate between evening and morning types).%

was optimized to test the primary research hypothesis that fol-
lowing sleep restriction to 4 h TIB for 5 nights, recovery of
neurobehavioral function would increase monotonically in
relation to the duration of time allowed for recovery sleep. A
linear dose-response was assumed for the purpose of testing
the overall experiment-wise primary hypothesis. This approach
was selected for its generally good statistical power under a va-
riety of underlying monotonic shapes. For the purpose of type 1
error control, the primary null and alternative hypotheses were
formulated in terms of absence versus presence of a significant
linear recovery-sleep dose-response relationship. Subsequent
analyses assessed theory-driven hypotheses relative to whether
the shape of the predicted recovery dose-response relationships
could be better characterized through the use of exponential and
sigmoidal models.

The primary hypothesis implied that a significant percentage
of variance in each of the primary neurobehavioral outcomes
(PVT lapses, KSS score, and modified MWT sleep latency)
would be explainable by a linear association with duration of
recovery sleep. For each of these outcomes, least squares esti-
mation was used to determine parameters of an analysis of co-
variance (ANCOVA) regression model that included a fixed set
of a priori chosen covariates. Appropriate model modifications
were made for the MWT data, which were acquired only at B2
and SRS. Covariates included the pre-sleep restriction baseline
value of the outcome variable, a factor reflecting the cumula-
tive effects of the sleep restriction protocol (determined as the
area under the curve of changes from baseline during the sleep
restriction days—i.e., subjects’ individual rates of accumulat-
ing sleepiness during 5 days of sleep restriction), age and sex.
One set of a priori covariates was chosen for all analyses in
order to maximize generalizability. Continuous covariates were
centered on their grand means, and sex was centered on male
so as to make model intercepts interpretable as the predicted
value for a representative enrolled male. Since three primary
outcomes were tested, overall experiment-wise significance re-
quired P < 0.05/3 = 0.0167 for at least one of the 3 primary
endpoints. The ANCOVA models used to test the primary hy-
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potheses incorporated recovery sleep dose (0 h, 2 h, 4 h, 6 h,
8 h, 10 h) as a single degree-of-freedom continuous variable.
Shapes of the recovery sleep dose-response curves were deter-
mined in subsequent analyses. Four candidate models were com-
pared for each parameter including linear (model 1), exponential
(models 2 and 3), and sigmoidal (model 4) functional forms.
Exponential forms were specified with (model 3) and without
(model 2) restricting the asymptote to be equal to baseline (a
difference of one parameter). Maximum likelihood estimation
(MLE, SAS Proc NLMIXED) was used to evaluate parameters
for each dose response functional form. Akaike’s information
criterion*! (AIC) was used to select the best-fitting functional
form for each outcome variable. AIC penalizes the better fit of
more complex models (i.e., those with more parameters) by a
factor proportional to the number of additional parameters. AIC
is scaled such that the model with the minimum AIC is identi-
fied as the one that most adequately fits the data. The functional
forms of the models and summaries of the AIC model compari-
sons are provided in the Supplement Tables (supplementary ma-
terial is available online only at www.journalsleep.org).
Analyses were performed to determine the duration of re-
covery sleep necessary for predicted performance to return to
pre-deprivation levels (i.e., baseline) levels. Separate analyses
that included controls were performed to determine the dura-
tion of recovery sleep necessary for those who underwent 4 h
TIB for 5 days to reach a predicted performance level equal to
that of control subjects (10 h TIB per night) in the same exper-
imental context on the same day of the protocol. Models in-
volving comparisons to controls did not include the covariate
for the subject-specific cumulative effects of prior sleep loss
since controls did not undergo experimental sleep restriction.
The same analyses were performed on secondary neurobehav-
ioral outcomes (DSST, PVTf10, POMSY). Analyses were also
performed for all 6 neurobehavioral outcomes by replacing
TIB with TST as the primary independent variable. There was
a statistically significant correlation between TIB and TST on
all nights of the study (all r > 0.95, all P < 0.001), and no
new findings were observed using TST that were not found
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using TIB. Therefore, this report 9 1A 5
emphasizes primarily TIB-based _ 260 |
analyses and results. TST results _§ 1 'g
are reported for some analyses to ;J 7 1 = 230
present the amount of physiologi- E g %
cal sleep acquired during recovery g;':' o 180 1
TIB following sleep restriction. @ 5 g
Adjusted linear dose-response § 4 @ 130 1
ANCOVA models, in which covari-
ates included baseline sleep, age, 3 8
and gender, were used to evaluate 100 1 ¢ D
sleep parameters across recovery = _
nights. Categorical sleep duration = % g
was used to avoid making linear- § 90 | 2 10
ity assumptions when testing these ,g ® 50 |
models. Shapes of the recovery 'S 85 =
sleep-dose response curves were % = 60 |
determined in subsequent analy- 801
ses, as described above, across the 75 40
2 h-10 h TIB recovery conditions. 80 1E .
= 12571
RESULTS £ &£ ] ,l _____ l
Subjects were 304 y = 7.0y | & £ =
(mean + SD) of age (median =29 | & 60 S 9%
y). They had a BMI of 25.1 3.5, | 2 ° 4
and pre-laboratory nocturnal sleep § 5 - ‘s
durations of 7.9 h + 0.6 h; 49% ‘% o 651
were female; and 63% were from 0 EN 5
racial/ethnic minorities. Table 1 B2 SR1 SRS B2 SR SR5
shows the demographics of subjects Protocol Night
randomized to the control and sleep
restriction conditions, and among Fjgure 1—Mean * SE'M for sleep variables at baseline (B2 = 10 h TIB) ang on the first (SR1') apd fifth (SR5)
the latter, of subjects randomized nights of sleep restriction to 4 h TIB (04:09-08:00) for N = 118 sleep-restricted subject§ (solid line), and .N =
o each of the recovery sleep dos- 17 control subjects (dashgd line) Whp repewed 10hTIB (22:00-98:00) on all protocol nights. The effect sizes
77 . for the sleep parameters illustrated in Figure 1 are summarized in Supplement Table S1. As expected, sleep
es. There were no statistically sig- | regyriction decreased TST (graph A, P < 0.0001), stage 2 sleep (B, P < 0.0001), REM sleep (D, P < 0.0001),
nificant differences in age, BML | sws (E, P <0.0001), SWE (F, P < 0.0006), and increased sleep efficiency (C, P < 0.0001). There were small
pre-laboratory sleep duration, or but reliable increases from SR1 to SR5in TST (A, P < 0.0001), sleep efficiency (C, P <0.0001), REM sleep (D,
Morningness-Eveningness — scores P < 0.0001), SWE (F, P < 0.0006), and SWS (E, P < 0.0006) but not stage 2 sleep (B, P > 0.05). The control
among the randomized subgroups. group did not differ from the sleep restriction group on any of the sleep variables at baseline (all P > 0.2).
Subjects in the control condition had a reduction in mean TST from 8.74 h on B2 to 7.95 h (P = 0.02) on the
Effect of Sleep Restriction on Sleep sgventh night of 10 h TIB (quiyalent night to SR5), ar.1d thus an 8% decrease in sleep efficiency across these
Physiology n!ghts, P =0.02. No one specific aspect of sleep physiology accounted for the decreased TST across protocol
Figure 1 displays the sleep re- nights (stage 2 sleep, P = 0.26; REM sleep, P = 0.85; SWS, P = 0.38; and SWE, P = 0.96).

sponses at baseline (B2; 10 h TIB)

and on the first (SR1) and fifth (SR5) nights for N = 118 sub-
jects in the sleep restriction condition (solid line), and N = 17
control subjects (10 h TIB on all nights) on equivalent protocol
nights. The effect size analyses for the sleep parameters illus-
trated in Figure 1 are summarized in Table S1 of the Supple-
ment. Figure 1A shows the expected reduction in TST from
8.47 h at baseline to 3.72 h on SR1 and 3.85 h on SRS5. The
mean changes from baseline to first and fifth restriction nights
were 4.73 h and 4.64 h, respectively, corresponding to standard-
ized effect sizes (ES) of —4.57 and —4.31, respectively (both P
<0.0001; see Supplement Table S1). The mean increase in TST
from SR1 to SR5 was 7.51 minutes (ES = 0.46, P < 0.0001).
The pattern for stage 2 sleep (Figure 1B) was similar to that
of TST except that there was no significant change in stage 2
time from SR1 to SRS. Sleep efficiency (Figure 1C) had a mean
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increase from 84.6% at baseline to 93.0% on the first restric-
tion night (ES = 0.88, P < 0.0001), and increased further from
SR1 to SRS by 3.8%, (ES =0.52, P <0.0001). REM sleep time
(Figure 1D) significantly decreased from 117.3 min at baseline
to 51.0 min on SR1, then increased from SR1 to SRS by 7.3 min
(ES=0.41, P<0.0001).

SWS (Figure 1E) showed a pattern unlike other sleep vari-
ables. Although it decreased from a mean of 69.0 min at base-
line to 59.5 min at SR1 (ES =-0.41, P <0.0001), and increased
to 64.9 min at SRS (ES = 0.32, P < 0.0006), the mean change
from baseline to SRS was not significantly different from zero
(ES=-0.14, P=0.14), due to an increase in SWS from SR1 to
SRS (ES =0.32, P <0.0006).

SWE (Figure 1F) was by definition 100% at baseline. It de-
creased to a mean of 64.8% on SR1 (ES =-2.15, P <0.0001),
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Figure 2 displays the cumula-
tive effects on neurobehavioral
outcomes of 5 nights of sleep re-
stricted to 4 h TIB relative to the
control condition (i.e., 10 h TIB
each night). Sleep restriction ef-
fects were evident in the inter-
action between condition (sleep
restriction vs. control) and time

Protocol Day

Figure 2—Daily means (+ SEM) of 6 neurobehavioral assessments in the sleep restriction group (N = 142, 4
h TIB for 5 nights [SR1-SR5], solid line), and the control group (N =17, 10 h TIB on all nights, dashed line). All
subjects had 10 h TIB (22:00-08:00) on baseline day 2 (B2). Sleep restriction on SR1 to SR5 was from 04:00
to 08:00. Data are plotted to show deficits in neurobehavioral functions increasing (upward) on the ordinate.
Relative to the control condition, sleep restriction degraded all neurobehavioral functions over days (graph A,
increased PVT lapses, P < 0.0001; B, increased KSS scores, P < 0.0001; C, decreased MWT sleep latency
[assessed on B2 and SR5], P < 0.0001; D, decreased DSST number correct, P < 0.0001; E, increased PVT
fastest RTs, P < 0.0001; F, increased POMS fatigue, P = 0.01). Control group performance on the DSST
improved significantly (P = 0.002) across days due to learning (D), while MWT sleep latency increased
significantly (P = 0.02) across days due to the extended (10h) TIB provided to control subjects each day (C).

301 (across protocol days). These in-
63 teractions were statistically signifi-
201 E 81F cant for all primary and secondary
neurobehavioral outcomes shown
g 220 6 1 in Figure 2 (PVT number of laps-
=Y 5 es, F s = 12.6, P < 0.0001; KSS
"l;' 210 3 sleepiness score, F o5 10.3,
e o - ——T~~ P < 0.0001; MWT sleep latency,
200 —_T\\T”T\\ //T 21 //T' T T F 5 =4.8,P<0.0001; DSST num-
T ”Y/ ber correct, F, .= 4.8, P<0.0001;
190 L PVT fastest 10%, F, . = 144,

B2 SR1T SR2 SR3 SR4 SRS B2 SR SR2 SR3 SR4 SRS ’

P < 0.0001; POMS fatigue score,
F . =29, P =0.01). The main
effect of time was also significant
(P<0.0001) for all outcomes in Fig-
ure 2, except for DSST number cor-
rect (P =0.052). This was the result
of learning countering the effects
of sleep restriction on DSST per-
formance across days. The control
group displayed this performance
improvement due to learning over
time (F., = 5.5, P=0.002; Figure

5,80

then increased to 77.8% on SRS (ES = 0.50, P < 0.0001). Un-
like SWS, SWE remained significantly below baseline levels at
SR5 (ES =—-0.91, P < 0.0001), although there was an increase
in SWE from SR1 to SR5 (ES =0.50, P <0.0001)—see Supple-
ment Table S1.

The control group did not differ from the sleep restriction
group on any of the sleep variables at baseline (all P>0.2). TST,
stage 2 sleep, REM sleep, and SWE were significantly greater
in the control group relative to the sleep restriction group on
both nights SR1 and SRS (all P < 0.001). Sleep efficiency was
higher in the sleep restriction group than in the control group
on both SR1 and SRS nights (P < 0.001). SWS did not differ
significantly between the 2 groups on any night (P > 0.05).

Subjects in the control condition slept a mean of 8.74 h of the
10 h TIB on baseline night B2, but by the eighth night of 10 h
TIB (equivalent to SRS in the sleep-restricted condition), they
slept on average 7.95 h, a mean decrease of 46 min (P = 0.02).
No other control group sleep variable exhibited a significant
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2D). Changes across days were not
significant in control subjects for any other variables except the
MWT, which displayed a significant increase in sleep latency
from B2 to SR5 (P = 0.02) in response to the extended (10 h)
TIB provided to controls each day (Figure 2C).

Neurobehavioral Outcomes as a Function of Recovery Sleep
Dose

Figure 3 displays the 0 h-10 h recovery sleep dose ef-
fects on neurobehavioral responses. For comparison, the
mean baseline values for the sleep restriction group and the
mean values for the control group (on the day equivalent to
REC) are shown as horizontal lines. Controlling for base-
line performance, cumulative deficit during sleep restriction,
age, and sex, the estimated linear slope (standard error over
sleep doses) for PVT lapses was —1.38 (0.10), shown in Fig-
ure 3A (¢, = —8.89, P < 0.0001, R* = 74.98%). KSS ratings
had an adjusted slope of —0.32 (0.04), shown in Figure 3B
(t,,.=—8.41, P <0.0001, R* = 67.89%). MWT latencies had

1s
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an adjusted slope of 1.47 (0.21),
shown in Figure 3C (¢, = 6.99,
P < 0.0001, R? = 34.33%). Thus,
for the primary outcome vari-
ables, a significant linear recovery
sleep dose response was found
beyond chance (i.e., a Bonfer-
roni corrected type 2 threshold
of P < 0.0167). The same results
were obtained for the second-
ary neurobehavioral outcomes.
DSST number correct had an ad-
justed slope (SE) of 1.34 (0.12),
shown in Figure 3D (¢, = 11.20,
P < 0.0001, R? = 89.79%). PVT
fastest 10% RTs had an adjusted
slope of —2.67 (0.38), shown in
Figure 3E (¢,,,=—7.04,P <0.0001,
R? = 81.86%). POMS fatigue had
an adjusted slope of —0.60 (0.10),
shown in Figure 3F (¢, = —6.05,

115

P <0.0001, R* = 64.59%).

Analyses of Non-Linearity of Dose
Response Curves

To determine the functional
shape of how recovery sleep dose
affected the response curves for
each of the neurobehavioral out-
comes, four models that included
the recovery sleep dose condition
were estimated—Ilinear dose re-
sponse (model 1), exponential dose
response (model 2), exponential
dose response restricting the as-
ymptote to baseline (model 3) and
sigmoidal dose response (model 4).
The model that best approximated
the reality of the functional recov-
ery of each neurobehavioral out-
come was identified as the one with
the smallest value for Akaike’s
information criterion*' (AIC). The
functional forms of the four mod-
els, and the null model (no recovery
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Recovery Time in Bed Sleep Dose Following 5 Nights of Sleep Restriction to 4h TIB
Figure 3—Neurobehavioral outcomes as a function of increasing TIB dose (0 h-10 h) following the acute
recovery (REC) night. N = 142 sleep restricted subjects were randomized to either Oh TIB (n=13),2h TIB (n =
27),4hTIB(n=29),6 hTIB (n=25),8hTIB(n=21),0r 10 h TIB (n = 27). Least squares means (+ SEM) are
shown as diamonds for each REC sleep dose subgroup, controlling for covariates (i.e., baseline, cumulative
deficits during sleep restriction, age, and sex). For comparison, horizontal dotted lines show baseline night
(B2, 10 h TIB) values, and horizontal dashed lines show control group (N = 17) means on day 8 (10 h TIB),
which is the day equivalent to REC. All neurobehavioral outcomes showed improvement as recovery sleep
doses increased (graph A, PVT lapses decreased, P < 0.0001; B, KSS sleepiness decreased, P < 0.0001; C,
MWT latencies increased, P < 0.0001; D, DSST number correct increased, P < 0.0001; E, PVT fastest RTs
shortened, P < 0.0001; F, POMS fatigue decreased, P < 0.0001). Best-fitting recovery sleep dose-response
functions (from AIC) are shown as the solid lines in each graph (see Supplement Tables S2 to S8). These
functions are exponential with asymptote set to baseline (graphs A, B, E), linear (graphs C, D) and sigmoidal
(graph F). Least squares means (diamonds) represent the overall covariate-controlled group means; best-
fitting functions are shown for males with the other covariates set to the sample means.

condition effect included), which was estimated for comparison
purposes, are provided in Supplement Table S2, and AIC com-
parisons are provided for the primary (Tables S3 to S5) and
secondary outcomes (Tables S6 to S7).

Models fit to PVT lapses revealed that the exponential dose
response function with asymptote set to baseline (i.e., model
3) had the lowest (most adequate) AIC = 750.4 (R? = 70.3%;
Supplement Table S3). The R? value for the null model that
included only covariates for the mean recovery and change
from baseline was 57.8% (model 0; Supplement Table S3).
The difference between the R? values of models 0 and 3 re-
flects the incremental predictive capacity of the exponential
dose response function with asymptote set to baseline (i.c.,
model 3) when accounting for the recovery dose response.
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The corresponding squared partial correlation for model 3
was computed as (0.703-0.587)/(1-0.587) = 0.281, which
indicates that exponential model 3 accounted for 28.1% of
the unexplained variance in PVT lapses relative to the null
hypothesis model. Figure 3A presents the predicted values
from model 3 as a smooth line plotted over the least squares
estimates (means + SEM) from an unrestricted categorical
dose response relationship. Although the best fitting model
was the exponential dose response with asymptote set to pre-
sleep-restriction baseline, the squared partial correlation for
the linear model 1 accounted for 41.1% of the unexplained
variance in the recovery dose-response function. Thus, while
the pattern of unrestricted least square means as well as the
AIC analyses suggest an exponential recovery dose response,
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Table 2—Pairwise comparison of each recovery sleep dose (REC) subgroup condition to their baseline (B2) values on each neurobehavioral outcome.
RECTIB = Oh 2h 4h 6h 8h 10h
M' sD? P? M SD P M SD M SD P M SD P M SD P
22 27 18 1.9 28 30 1.7 16 34 62 31 35
PvT B2 <0.001 <0.001 <0.001 <0.001 0.004 0.008
lapses* REC 21.3 11.0 152 132 130 96 69 6.3 76 8.1 56 7.2
. . . . A1 0 11 . 1. 0 1
KSS* B2 442 161 <0.001 35 1 <0.001 3 > <0.001 3.0 <0.001 33 3 <0.001 3015 0.007
REC 7.68 1.33 71 18 55 21 45 19 43 17 38 16
. . 221 107 19.3 10. 18. . 16.9 104 18. .
MWT* B2 204 101 <0.001 0 <0.001 93 103 <0.001 85 96 0.009 6.9 10 0.072 88 99 0.558
REC 1.7 11 58 46 88 89 15 98 128 9.2 17.3 10.9
B2 3 13, . . 4. 4 3 1. g 142 56.0 8.5
DSSTS 60.3 138 <0.001 %6 88 0.013 548 8 <0.037 5.3 110 0.225 % 0.026° <0.001°
REC 42.3 10.07 515 104 520 11.8 57.0 11.6 60.8 132 60.0 9.3
PYTHO? B2 198 159 <0.001 199 193 <0.001 207 24.9 <0.001 200 174 <0.001 196 164 <0.001 197 209 0.005
REC 245 24.0 234 341 230 333 220 258 215 235 207 279
. . . . . . . . . . 09 12
POMSf® B2 21 16 <0.003 1114 <0.001 1624 <0.001 07 15 0.002 1416 0.006 0.021
REC 7.5 598 92 6.0 72 65 37 38 35 35 22 29
'Mean, 2Standard Deviation, *P value from pairwise t-test between B2 and REC. “Primary outcome. *Secondary outcome. SREC > B2. PVT lapses,
Psychomotor Vigilance Test number of lapses; KSS, Karolinska Sleepiness Scale scores; MWT, Maintenance of wakefulness test sleep latency; DSST,
Digit Symbol Substitution Task number correct, PVTf10, Psychomotor Vigilance Test fastest 10% of reaction times; POMSH, Profile of Mood States fatigue
subscale. Pairwise comparisons were made between baseline and each recovery dose conditon (Ohn=13,2hn=27,4hn=29,6 hn=25,8hn =21,
10 hn=27).

on an individual basis, the assumption of linear dose response
appears to perform at least as well for PVT lapses.

The model with the lowest AIC value for KSS scores was
also the exponential function with asymptote set to baseline
(model 3, Supplement Table S4). The R? for exponential
model 3 was 67.6%, and the R? for linear model 1 was 67.9%.
The R? for null hypothesis model 0 was 48.2%. Thus, after
accounting for baseline KSS, age, gender, and the subjects’
individual rates of accumulating sleepiness during 5 days
of sleep restriction (4h/day), the duration of recovery sleep
modeled exponentially with asymptote to baseline, explain-
ing 37.6% (squared partial correlation) of the unexplained
variance in KSS scores. As for PVT lapses, the squared par-
tial correlation for the KSS linear model 1 also explained a
comparable portion of the residual variance (i.e., 37.9%) in
the recovery sleep dose-response function. Figure 3B dis-
plays the predicted values from model 3 as a smooth line
plotted over the least squares estimates (means + SEM) from
an unrestricted categorical sleep dose-response relationship.

The linear model had the lowest AIC for MWT sleep la-
tency (model 1; Supplement Table S5). The R? for this model
was 34.3%. The R? for null hypothesis model 0 was 10.7%.
The squared partial correlation revealed the additional vari-
ance explained by the linear model over the null model was
26.4%. Figure 3C displays the predicted values from model
1 relative to the least squares estimates (means = SEM) from
an unrestricted categorical sleep dose-response relationship.

The models with the lowest AIC values for the secondary
outcomes of DSST number correct (Figure 3D), PVT fastest
10% (Figure 3E), and POMS fatigue (Figure 3F) were linear
(model 1), exponential with asymptote set to baseline (model
3), and sigmoidal (model 4), respectively (see Supplement
Tables S6, S7, S8). The additional variance explained in
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DSST performance by linear model 1 over null model 0 was
52.1%. The additional variance explained in PVT fastest 10%
RTs by exponential model 3 over null model 0 was 20.6%.
The additional variance explained in POMS fatigue scores
by sigmoidal model 4 over null model 0 was 31.9%. As with
all 3 primary outcomes, for DSST and PVT fastest 10% the
proportion of total variance explained by linear model 1 was
larger than or only slightly smaller than the optimal model
selected by AIC (see Supplement Tables S6, S7, S8).

Analyses of Neurobehavioral Recovery to Baseline and Control
Levels

The extent of recovery from the chronic sleep restriction
conditions was assessed in two ways: (1) by comparing the
neurobehavioral outcomes after each recovery sleep dose to
the pre-sleep-restriction baseline values (within-subjects com-
parisons), and (2) by projecting the linear sleep-dose recovery
model to determine an intersection of each neurobehavioral
outcome with the control group’s data after the same number of
days in the laboratory. Linear models (rather than exponential
models) were used to ensure intersection values could be ex-
trapolated for neurobehavioral dose-response functions (except
POMS fatigue), because intersection with control group values
was not guaranteed with exponential models.

Post Recovery Neurobehavioral Outcomes Relative to Baseline
Table 2 displays the results of pairwise comparisons be-
tween each recovery (REC) sleep dose subgroup (condition)
and the subjects’ respective baseline values (B2). These com-
parisons revealed that among the 10 h TIB recovery group,
PVT lapses and KSS ratings remained elevated above base-
line (P = 0.008 and P = 0.007, respectively). This was also
the case for the secondary outcomes of PVT fastest 10%
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RTs (P = 0.005) and POMS fatigue scores (P =
0.021). MWT sleep latency was the third pri-
mary outcome, but as revealed in Table 2, unlike
PVT lapses and KSS scores, it was not signifi-
cantly different from baseline at the § hand 10 h
TIB recovery conditions. The final (secondary)
outcome—DSST number correct—showed ap-
parent recovery to baseline at 6 h TIB, but the
recovery function on this outcome was affected
by substantial learning over days, making the
comparisons to baseline uninterpretable.

Post recovery neurobehavioral outcomes relative
to the control condition.

Linear functions fit to the recovery sleep
dose-adjusted means from the ANCOVA analy-
ses (which controlled for baseline performance,
cumulative deficit during sleep restriction, age,
and sex) yielded estimated slopes that were ex-
trapolated to find the point of intersection with

Table 3—Predicted recovery sleep dose at which sleep-restricted subjects would intersect
the levels of neurobehavioral function of control subjects on each outcome.

Time in Bed Total Sleep Time

intersection with control group intersection with control group

Intersection (h) Cl (h) Intersection (h) Cl (h)
PVT lapses 10.66 7.97-13.34 10.00 7.32-12.68
KSS score 10.62 7.80-13.44 10.29 7.10-13.51
MWT sleep latency 15.16 10.41-19.90 15.76 10.10-21.44
DSST # correct 8.07 5.99-10.15 7.69 5.45-9.93
PVT fastest 10% 13.09 8.64-17.54 11.75 7.75-15.75
POMS fatigue 8.95 4.95-12.96 8.32 4.47-14.18

Intersection (h) refers to the projected recovery sleep time at which the linear model (fit to
the sleep dose adjusted means from the ANCOVA analyses) intersects with the non-sleep-
restricted control group (10 h TIB/night) for each outcome. CI (h), 95% confidence intervals
on the intersection points. PVT lapses, Psychomotor Vigilance Test number of lapses; KSS,
Karolinska Sleepiness Scale scores; MWT, Maintenance of Wakefulness Test sleep latency;
DSST, Digit Symbol Substitution Task number correct, PVTf10, Psychomotor Vigilance Test
fastest 10% of reaction times; POMSH, Profile of Mood States fatigue subscale.

the levels of neurobehavioral functioning ob-

served in the non-sleep-restricted control group
(10 h TIB/night) on the equivalent day in the laboratory.

As summarized in Table 3, for the 3 primary outcomes
(PVT Ilapses, KSS sleepiness, and MWT sleep latency) the
estimated dose of sleep (both TIB and TST) necessary to in-
tersect the functional levels of the control group exceeded the
maximum recovery dose of sleep provided in the experiment
(i.e., > 10 h TIB). For all 3 primary outcomes, the intersection
point estimated using TIB was close to that found using TST.
While PVT lapses and KSS scores resulted in similar intersec-
tion points for TIB (10.66 h and 10.62 h, respectively) and for
TST (10.00 h and 10.29 h, respectively), MWT sleep latency
was projected to require much more sleep time for recovery
to intersect with the control levels. It is noteworthy, however,
that the control condition (10 h TIB) showed increasing MWT
latencies from B2 to SRS (i.e., control subjects were more
alert near the end of the experiment than at baseline; Figure
2C). Among the 3 secondary outcomes, DSST number correct
and POMS fatigue had intersection points of less than 10 h
TIB, indicating that recovery to control group levels occurred
at a sleep dose within the range of conditions examined in this
study. PVT fastest reaction times were projected to require a
sleep dose of more than 13 h TIB (11 h TST) to intersect the
control condition. However, the confidence intervals for inter-
section with control group levels were large for all outcomes
presented in Table 3.

Sleep Architecture as a Function of Recovery Sleep Dose

Figure 4 displays the adjusted mean (= SEM) physiological
sleep characteristics (from ANCOVA analyses controlling for
baseline performance, cumulative effect of the sleep restric-
tion, age, and sex) as a function of sleep dose (TIB) on the
recovery night (REC) in the sleep restriction condition, with
horizontal lines showing the baseline and control condition
(on the equivalent day of the protocol to REC). Total sleep
time was 1.88 h (0.04 h) in the 2-h TIB group, 3.84 h (0.03
h) in the 4-h TIB group, 5.74 h (0.04 h) in the 6-h TIB group,
7.51 h (0.10 h) in the 8-h TIB group, and 8.96 h (0.18 h) in
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10-h TIB group. Raw mean sleep efficiencies were 96.4% (2
h group), 95.9% (4 h group), 95.7% (6 h group), 93.9% (8 h
group), and 89.6% (10 h group), which were above the mean
sleep efficiencies of sleep-restricted subjects at baseline (B2 =
84.6%), and above the control group’s mean sleep efficiency
on the day equivalent to REC (protocol day 8 = 77.2%) (Fig-
ure 4C). (Note that the values listed above are the raw means,
while those shown in Figure 4 are the adjusted means from
the ANCOVA.)

Sleep-restricted subjects randomized to 10 h TIB on REC had
amean (= SEM) of 51.5 min (12.3 min) more TST than on their
10 h baseline night B2 (¢,, = 4.17, P <0.001) and 7.2% (1.86%)
higher sleep efficiency than at B2 (¢,, = 3.87, P = 0.001). They
also had an average of 31.2 min (10.2 min) more stage 2 sleep
(t,;=3.05, P=0.005) than at baseline, but not more REM sleep
(mean difference = 12.5 min [7.1 min], £,, = 1.76, P = 0.091).
They did not average significantly more SWS relative to base-
line (7.4 min [5.5 min], ¢, = 1.46, P = 0.16), but they averaged
29.6% (11.3%) more SWE than at B2 (z,, = 2.60, P = 0.016).

As expected, increasing recovery sleep dose had an ef-
fect on all sleep parameters (see Supplement Table S9). The
TIB condition effect in the ANCOVA models was signifi-
cant for TST, stage 2 sleep, SWS, REM sleep, and SWE (all
P<0.0001). Decreasing sleep efficiency with increasing sleep
dose was significant at P = 0.0039. Although the effects of
age and gender were generally small and not significant (ex-
cept for sleep efficiency, which decreased with age), baseline
sleep contributed significantly to recovery sleep architecture
for all sleep variables (Supplement Table S9)—the exception
was SWE for which the covariate was irrelevant since SWE
was already normalized to baseline (i.e., set to 100% on B2).

The best-fitting functions to the recovery dose response
curves (from 2 h to 10 h TIB) for each of the physiological
sleep variables shown in Figure 4 were established for 3 mod-
els used to evaluate the shape of the neurobehavioral recovery
sleep dose functions (linear; exponential; and exponential re-
stricting the asymptote to baseline; see Supplement Table S2).
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DISCUSSION

This was the first experiment to
systematically examine the relation-
ship of the duration of sleep dose
to the recovery of neurobehavioral
deficits from sustained sleep re-
striction. It offers original data, in a
large cohort of healthy adult sleep-

ers, aged 22-45 y, on the dynamics
of functional recovery relative to
sleep duration. Our hypothesis that

the degree of recovery of neurobe-
havioral functions would increase
monotonically in relation to the du-
ration of time allowed for recovery
sleep, as tested on primary outcome
measures of alertness and sleepiness
(i.e., PVT lapses, KSS, MWT), was

supported by the results of linear and
exponential recovery functions for 5
of 6 neurobehavioral outcomes (all

but POMS fatigue). However, for the
level of sleep restriction used in this
experiment (5 days at 4 h TIB), re-
covery to either subjects’ own base-
line values, or to values recorded
for the sleep-satiated control group,
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other covariates set to the sample means.

Recovery Time in Bed Sleep Dose Following 5 Nights of Sleep Restriction to 4h TIC

Figure 4—Recovery night (REC) sleep variables as a function of increasing TIB dose from 2 h to 10 h. Least
squares means (+ SEM; data from N = 118 subjects with complete PSG data) are shown as diamonds for
each REC sleep dose subgroup, controlling for covariates (i.e., baseline, age and sex). For comparison,
horizontal dotted lines show baseline night (B2, 10 h TIB) data, and horizontal dashed lines show the control
group (N = 17) means on day 8 (10 h TIB), which is the day equivalent to REC. Increasing REC TIB dose
increased TST (graph A, P < 0.0001), stage 2 sleep (B, P < 0.0001), REM sleep (D, P < 0.0001), SWS
(E, P < 0.0001), and SWE (F, P < 0.0001). Sleep efficiency decreased with increasing TIB (C, P = 0.039).
Best-fitting recovery sleep dose-response functions (from AIC) are shown as the solid lines in each graph
(see Supplement Table S10). These were linear for TST, stage 2, sleep efficiency, REM sleep, and SWE
(graphs A, B, C, D, F, respectively) and exponential for SWS (graph E). Least squares means (diamonds)
represent the overall covariate-controlled group means; best-fitting functions are shown for males with the

was not achieved at the maximum
recovery sleep dose examined (i.e.,
10 h TIB, ~9 h TST) for measures
of behavioral alertness (PVT lapses
and fastest 10% RTs) and for subjec-
tive measures of sleepiness (KSS).
We deliberately used both within-
subject (comparison to baseline) and
between-subject (comparison to con-
trol condition) to evaluate at what
sleep dose recovery was achieved, in
order to determine if there was agree-
ment between these two approaches
on the sleep dose needed to achieve

4h 6h 8h  10h

The smallest AIC was the linear model 1 for TST (Figure 4A),
stage 2 sleep (Figure 4B), sleep efficiency (Figure 4C), REM
sleep (Figure 4D), and SWE (Figure 4F). Exponential model
2 best fit SWS (Figure 4E)—AIC values are shown in Supple-
ment Table S10.

Across recovery sleep-dose conditions, TST, stage 2, REM
sleep, and SWE were intercorrelated (r > 0.59, P < 0.001), but
these parameters had lower correlations with SWS (r = 0.02 to
r = 0.36, P < 0.001)—see Supplement Table S11. Partial cor-
relations among the sleep variables were calculated, controlling
for recovery (REC) night categorical sleep dose (i.e., 2 h-10
h). Colinearity among sleep parameters decreased but remained
statistically significant for TST and REM sleep (r = 0.36,
P<0.001), TST and SWS (r=0.32, P=0.002), SWS and stage
2 sleep (r = —0.68, P < 0.001), and SWS and SWE (r = 0.22,
P =0.027)—see Supplement Table S12.
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recovery. We reduced the sleep debt
subjects may have had coming into
the laboratory by providing 10 h TIB on the 2 baseline nights,
and evaluated the effects of the laboratory procedures without
sleep debt by sleep-satiating the control group via 10 h TIB
per night and comparing them on the same day in the labora-
tory. Despite these differences, the two comparison standards
resulted in remarkably similar results.

Our findings that the recovery functions for PVT and KSS
outcomes were statistically projected to intersect with baseline
and control group values when TST was 10 h or longer would
suggest that the sleep period would have to be > 10 h TIB to
achieve recovery, although it is uncertain whether circadian con-
straints on sleep duration would permit enough sleep to achieve
recovery within 1 night. If this were not possible, we speculate
that the residual neurobehavioral deficits still present after a
single recovery sleep could potentiate the effects of a subse-
quent sleep restriction period. Some support for this speculation
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comes from a report on chronic sleep loss in a 42.85-h forced
desynchrony protocol, which found that being awake during the
circadian night exposed the cumulative detrimental effects of
prior chronic sleep loss on PVT performance that were not ap-
parent during the first several hours of wakefulness.*

Results for the third primary outcome—the modified MWT
measure of physiological sleepiness—indicated recovery to
baseline was nearly complete by 8 h TIB (~7.5 h TST) and defi-
nitely complete by 10 h TIB. However, relative to the control
group, recovery was projected to require a much longer sleep
period (~15.7 h TIB). This large discrepancy in MWT recovery
dynamics relative to baseline versus controls, not seen for other
outcomes, was due to the sensitivity of the MWT to repeated 10
h TIB sleep periods in the control condition, which produced
increased latencies to the occurrence of the first microsleep. It is
noteworthy that the MSLT—another measure of physiological
sleepiness—also has been reported to be sensitive to extend-
ing TIB in normal subjects (from 6.5 h to 10 h per night).*
This suggests that physiological measures based on the latency
to microsleep or sleep onset may have sensitivity to variations
within what is widely regarded as the normal range of behav-
ioral alertness.

Historically, it has not been clear what scientific or clinical
significance should be given to sleep restriction within what is
considered to be a normal range of behavioral alertness. How-
ever, a recent experiment found that the extent to which sleep
restriction generated (and recovery sleep reversed) deficits in
behavioral alertness (PVT lapses) and physiological sleepiness
(modified MWT) was influenced by the amount of nightly sleep
in the range from 7 h to 10 h TIB obtained prior to the sleep
restriction period.* Consequently, 10 h TIB periods not only
resulted in more TST than 7 h-8 h TIB periods, but these lon-
ger sleep opportunities further reduced physiological sleepiness
and improved behavioral alertness during subsequent sleep re-
striction (whether or not subjects experienced the benefits sub-
jectively).*

In our experiment, cognitive throughput performance, as
measured by DSST number correct, showed dynamic improve-
ments in the control condition, but these were due to learning.
Relative to control group performance, DSST performance
in the sleep-restricted group was comparable by the 8 h TIB
recovery condition (~7.7 h TST). Thus cognitive throughput,
which is primarily a measure of neurocognitive speed in healthy
adults, recovered more quickly than did measures of behavioral
alertness (PVT) and sleepiness (KSS, MWT). This finding also
suggests that DSST learning was occurring during sleep restric-
tion, and that the DSST deficit was one of slowed cognitive pro-
cessing (more so than a learning deficit), which was improved
by increasing sleep duration to 8 h TIB, and which normalized
at a lower recovery sleep dose than other neurobehavioral out-
comes.

A key goal of this experiment was to statistically model the
most parsimonious shape of the relationship between recovery
sleep dose and neurobehavioral functions. Akaike’s informa-
tion criterion indicated exponential models with asymptote set
to baseline best characterized recovery sleep dose-response
profiles for the primary outcomes of PVT lapses and KSS
scores, and for the secondary outcome of PVT fastest 10% RTs
(Supplement Tables S3, S4, S7), while a linear relationship best

SLEEP, Vol. 33, No. 8, 2010

1023

captured the recovery of MWT and DSST outcomes (Supple-
ment Tables S5, S6). AIC parsimoniously models the functional
form of the recovery data by penalizing the better fit of more
complex models (i.e., those with more parameters) by a factor
proportional to the number of additional parameters. Although
for all primary and secondary neurobehavioral outcomes, the
proportion of total variance explained by a linear model was
modestly larger than the optimal model selected by AIC, the
exponential models with asymptote set to baseline provided
a more parsimonious fit to the results for PVT and KSS out-
comes. It is noteworthy that the PVT and KSS outcomes had
significant advantages over the other neurobehavioral mea-
sures. In addition to reflecting functional alertness and subjec-
tive sleepiness, both measures are uncontaminated by aptitude
and learning, and the values of these measures were virtually
identical between baseline in the sleep-restricted group and the
control group, despite increased sleep time in the latter. Based
on the PVT and KSS outcomes, we conclude that recovery was
incomplete at 10 h TIB in this experiment.

In contrast to exponential models selected by AIC for three
of the six neurobehavioral variables, linear models selected by
AIC best described the following four recovery sleep variables
as increasing relative to increasing recovery sleep duration from
2 h to 10 h TIB: TST, stage 2 sleep, REM sleep, and NREM
SWE as a percentage of baseline. When considered relative
to the neurobehavioral outcomes, this suggests that the more
time one has available for sleep following sleep restriction, the
greater the likelihood of recovery, and that additional time for
sleep beyond habitual sleep duration has significant recovery
benefits. The increases in TST, stage 2, REM sleep time, and
SWE that we observed as recovery dose was increased from
2 h to to 10 h TIB are consistent with recovery sleep findings
from experiments in chronically sleep-restricted rats.'™!" We
observed a high degree of co-linearity among these sleep pa-
rameters across recovery sleep doses, although this was mark-
edly reduced when we controlled for categorical sleep dose.
Importantly, the 10 h TIB recovery condition had significantly
more TST, stage 2 sleep, and percentage of SWE on the re-
covery night (post chronic sleep restriction) than at the 10 h
TIB baseline night (pre chronic sleep restriction). These find-
ings suggest caution in assuming that sleep intensity (measured
by NREM EEG slow wave dynamics) and sleep duration are
only “marginally related,” and in generalizing the observation
that “sleep loss is primarily recovered by increasing sleep inten-
sity and not necessarily by sleep duration.” Our data suggest
that sleep intensity and sleep duration are intimately related
in recovery sleep following chronic sleep restriction, and that
sleep intensity from the prior sleep restriction may be reflected
in both variables. This is similar to recovery sleep after total
sleep deprivation, which results in increases in multiple sleep
variables including TST, NREM and REM sleep time, sleep ef-
ficiency and SWE relative to baseline.***

Since we were interested in the cumulative integrated pow-
er in the delta band as a function of different recovery sleep
durations, we focused our data analyses on SWE rather than
SWA. Using SWA could give a skewed perspective on the
recovery process when nights of different TIB/TST are com-
pared (i.e., the longer the night, the less the marginal increase
in delta power with increasing time of NREM sleep, and thus
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the smaller SWA). SWA could therefore lead one to conclude
that the longer the TIB, the less sleep homeostatic recovery
occurs as judged by delta power. In contrast, SWE reflects the
actual delta power cumulatively across each sleep dose, reveal-
ing the continued presence of slow wave activity in the longer
recovery sleeps. Similarly, the Oh condition was not included
in the recovery sleep physiology data analyses (i.c., Figure 4)
because no sleep was allowed in that condition. To include it
would produce a nonvariant (artificial) anchor point on the
dose response functions for sleep variables, which would dis-
tort model fit and potentially the theoretical interpretation of
the modeled function.

The two-process model of sleep regulation posits that the
time constant for the elevation of homeostatic pressure for sleep
during deprivation is much longer than the decline in homeo-
static pressure during recovery sleep, due to the rapid inten-
sification and exponential decay rate of sleep homeostasis as
expressed in slow wave activity.”**® The model predicts only
an initial modest (~10%-20%) elevation in slow wave activity
(SWA) over the first few days of sleep restricted to 4 h TIB per
night, which we found in SWE in this study, and others have
also observed.'>*' Following chronic sleep restriction to 4 h
TIB, during which SWE was in deficit on SRS (mean =—-22.2%
relative to baseline), delta power accumulated linearly as recov-
ery sleep duration increased, ultimately reaching 29.6% above
baseline when recovery sleep duration was extended to 10 h
TIB. We speculate that this SWE increase may also serve to
prolong sleep? for 1 or more hours past habitual sleep dura-
tion, depending on the severity of the prior deprivation (e.g.,
recovery sleep can extend to 14 h TST under extreme condi-
tions of deprivation).?**® Therefore the prolongation of sleep
duration by 1 h-2 h following chronic sleep restriction should
be considered part of the sleep homeostatic response, which is
further supported by the fact that a few hours of additional sleep
contributed substantially to increasing normalization of wak-
ing neurobehavioral functions, at least for the diurnal portion
of the day after the recovery sleep. We believe this conceptu-
alization is consistent with the original two-process model of
sleep regulation.” Thus SWE may not only serve to protect the
continuity and intensity of the first 4 h-6 h of sleep, but also to
extend the continuity (duration and efficiency) of sleep beyond
the habitual (basal) sleep duration following chronic partial
sleep deprivation. This conclusion does not abrogate the possi-
bility that REM sleep homeostasis—evident in linear increases
in REM sleep time as a function of recovery sleep dose—may
also have a role in recovery of neurobehavioral capability fol-
lowing chronic sleep restriction.

It is noteworthy that the maximum extended recovery sleep
period we studied (10 h TIB) could not fully normalize behav-
ioral alertness and subjective sleepiness. Either a longer recov-
ery sleep period, or one or more additional night(s) of recovery
sleep would be needed to fully recover neurobehavioral func-
tioning. This suggests that any model of sleep recovery based
on the intensity and temporal dynamics of NREM EEG slow
waves'*?*3 needs to also include extended sleep duration (and
possibly repeated sleep periods) for recovery from chronic sleep
restriction. An exclusive focus on sleep intensity without regard
for sleep duration would miss the critical role of sleep homeo-
static processes in extending sleep duration. Furthermore, this
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perspective suggests that when modeling sleep regulation it
should not be assumed that recovery of waking neurobehav-
ioral functions is complete when the exponential function for
the dissipation of homeostatic pressure approaches zero.

Our results indicate that a period of recovery sleep time
greater than 10 h TIB would be needed for full recovery after
5 nights of sleep restriction to 4 h TIB per night. This finding
is consistent with the conclusion of Belenky and colleagues, '
who provided 3 recovery nights of 8 h TIB to subjects who
had their sleep chronically restricted for a week to between 3
h and 7 h TIB. Other recent experiments have also found that
following 5-7 nights of sleep restriction to 3 h-6 h TIB, aspects
of performance similar to the PVT were not normalized when
recovery sleep TIB was less than 9 h TIB.*##* This is in agree-
ment with predictions from a new model of the homeostatic
effects of sleep loss on neurobehavioral performance?” based on
the findings of our earlier study of chronic sleep restriction.'

It is worth noting that our study involved restricting the sleep
of the largest number of subjects (N = 142) in a single laborato-
ry-based experiment conducted to date, and that the effects of 5
nights at 4 h TIB per night on neurobehavioral functions mea-
sured between 08:00 and 20:00 were consistent with what we
reported in the past on smaller sample sizes.'*'> Thus, increases
of PVT lapses and decreases on fastest RTs were cumulative
and exhibited near-linear profiles across days, while increases
in KSS sleepiness and POMS fatigue were cumulative but dis-
played nonlinear (saturating) profiles. The robustness of this in-
consistency between objective and subjective outcomes during
chronic sleep restriction suggests the need to find ways to help
people identify their behavioral vulnerability to chronic sleep
restriction,'>3? as their self-evaluation of sleepiness and fatigue
during chronic sleep restriction may not reflect the continuing
development of deficits in neurobehavioral functions.

At a theoretical level, our results provide some support for
the idea that the effects of chronic sleep loss and the effects of
recovery sleep on waking neurobehavioral functions should be
interpreted in the context of shifts in physiologic balance that
occur over much longer periods than a day or two.?” This per-
spective encompasses both the idea of sleep debt and the theory
of homeostatic recovery responses to sleep loss, but emphasizes
that equilibrium between these dynamics is what determines
integrity of waking neurobehavioral functions.”’

Finally, some limitations of this experiment need to be rec-
ognized. Our conclusions are based on one type of sleep re-
striction (i.e., 4 h TIB for 5 nights). There is ample evidence
in healthy adults that more severe sleep restriction (i.e., less
sleep time and/or more nights of restriction at 4 h TIB) would
result in greater waking deficits.'>!* Under such circumstances,
we speculate that the same dynamic range of recovery sleep
doses would yield a monotonic relationship between TST and
neurobehavioral improvements, but make acute recovery even
less likely in a single night. Similarly, less severe sleep restric-
tion would be expected to yield a monotonic relationship but
make acute recovery more likely in a single night.

We averaged waking neurobehavioral measures of alertness
between 08:00 and 20:00, but did not report data for specific
times of day. Assessments made for individual hours of the day,
as well as at other times of day, may yield additional insights
into the recovery of neurobehavioral functions following sleep
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restriction.’® Moreover, our study design resulted in subjects
randomized to the longer duration recovery sleep doses going
to bed earlier during the recovery night than during the sleep
restriction nights, so that all neurobehavioral assessments could
be kept at the same times each day. Subjects may have been
somewhat phase delayed by the chronic sleep restriction pro-
tocol since it was conducted in dim light.>> However, this did
not noticeably affect sleep onset for those randomized to an ex-
tended recovery sleep dose.

Our data generalize to healthy adults aged 22 y-45 y who
habitually sleep from 6.5 h to 8.5 h per night. It is not known
whether our findings generalizable to those who need less than
6.5 h or more than 8.5 h habitual sleep, to younger (< 22 y)
or older (> 45 y) subjects, or to those suffering from insom-
nia or other sleep disorders. Our recovery responses may have
been influenced by the degree of sleep debt prior to restriction.*
While control group decreases in TST across days of 10 h TIB
suggest that some sleep pressure was present even after 2 base-
line nights of 10 h TIB, the degree of this debt was small and
it was not evident in waking neurobehavioral outcomes during
baseline. Lastly, this experiment did not reveal whether subjects
could have slept longer than they did in the 10 h TIB recovery
condition if we had permitted even more TIB, and whether any
additional sleep would have led to further recovery—although
the recovery dose-response functions we found predict this
might be possible.

In conclusion, in healthy adults between 22 y and 45 y of
age, objective and subjective neurobehavioral functions fol-
lowing 5 nights of sleep restricted to 4 h TIB (04:00-08:00)
improved monotonically as sleep duration, sleep stages, and
sleep intensity (SWE) increased across recovery sleep doses
from 2 h to 10 h TIB. However, behavioral alertness and sub-
jective sleepiness did not fully recover even with an extended
night of sleep (10 h TIB resulting in ~9 h TST). It appears,
therefore, that a simulated workweek with 5 nights of chronic
partial sleep loss can continue to adversely affect waking neu-
robehavioral functions even after a night of extended duration
recovery sleep. This suggests the presence of residual sleep
pressure that may potentiate neurobehavioral deficits if ex-
posed to a subsequent period of sleep restriction. It highlights
the importance of ensuring recovery sleep periods are suffi-
cient in occupations and lifestyles where chronic partial sleep
loss is frequent or cyclic.
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SUPPLEMENTAL MATERIAL

Effect of Sleep Restriction Protocol on Sleep Architecture

Figure 1 in the published paper displays the sleep responses
at baseline and on the first and fifth sleep restriction nights for
N = 118 sleep-restricted subjects (solid line) and N = 17 control
subjects (dashed line). Tables S1 displays the effect sizes (ES)
for the effect of 5 nights of sleep restriction to 4 h TIB, relative
to the control group with 10 h TIB nightly, for the sleep param-
eters illustrated in Figure 1.

Table S1—Standardized effect sizes (ES) for chronic sleep restriction
changes in physiological sleep parameters

BLto SR1 BLtoSR5 SR1to SR5
TST -4.57** -4.31™ +0.46*
Stage 2 -3.83" -3.44* -0.10
Sleep Efficiency ~ +0.88™ +1.18" +0.52*
REM (minutes) -2.38** -2.01* +0.41*
SWS (minutes) -0.41* -0.14 +0.32*
SWE -2.15* -0.91* +0.50*

BL, baseline sleep (10 h time in bed [TIB]); SR1, sleep restriction (4 h
TIB) night 1; SR5, sleep restriction (4 h TIB) night 5; TST, total sleep time;
SWE, slow wave energy during NREM sleep. *paired t-test P < 0.0006;
**paired t-test P < 0.0001.

Neurobehavioral Outcomes as a Function of Recovery Sleep
Dose

To determine the best-fitting function to the recovery sleep
dose-response curves for each of the neurobehavioral outcomes
shown in Figure 3 in the published paper, 4 models were eval-
uated. Table S2 provides details of functional forms of the 4
models (1-4) and of the null (0) model estimated for compari-
son purposes. Models evaluated included linear (model 1), ex-
ponential (models 2 and 3), and sigmoidal (model 4) functional
forms. Exponential forms were specified with (model 2) and
without (model 3) restricting the asymptote to be equal to base-
line (thereby reducing the number of parameter estimates by 1
for model 2 relative to model 3).

Table S2—Summary of the four models considered to describe the
recovery sleep dose-response curves, and the null model estimated for
comparison purposes.

Model Model description* df
0 Null model, constant (mean) plus 4 covariates 1+4=5
1 Linear dose response 2+4=6
2 Exponential dose response 3+4=7
3 Exponential dose response with asymptote set 2+4=6
to baseline
4 Sigmoidal dose response 4+4=8

*The following 4 covariates were used: Baseline level, cumulative
changes in the prior days of sleep restriction (neurobehavioral responses
only, except MWT), age, and sex.

Maximum likelihood estimation (MLE, SAS Proc NL-
MIXED) was used to estimate the parameters of each dose re-
sponse functional form. Akaike’s information criterion' (AIC)
was used to select the most adequately fitting functional form
for each outcome variable. AIC is scaled such that the model
with the minimum AIC is identified as “best-fitting.” Tables
S3-S8 summarize the AIC model comparisons for each neu-
robehavioral outcome examined in the published paper.

Table S3—Akaike’s information criterion (AIC) for the Models in Table
S2 fit to Psychomotor Vigilance Test (PVT) lapses across recovery sleep
doses (smallest AIC values are shown first as they indicate the most
adequately fitting models).

Model AIC  Estimate R R?
3 7504 25743  0.8387 0.7034
2 752.1 25.687  0.8737 0.7635
4 753.1 25458  0.8750 0.7656
1 756.9  27.167  0.8659 0.7498
0 818.1 45804  0.7604 0.5783

Table S4—Akaike’s information criterion (AIC) for the Models in Table S2
fit to Karolinska Sleepiness Scale (KSS) scores across recovery sleep
doses (smallest AIC values are shown first as they indicate the most
adequately fitting models).

Model AIC  Estimate R R?
3 406.4 1.502 0.8224  0.6764
2 408.5 1.501 0.8283  0.6862
1 409.3 1.536 0.8239  0.6789
4 410.8 1.504 0.8279  0.6855
0 465.3 2.480 0.6939  0.4815

Table S5—Akaike’s information criterion (AIC) for the Models in Table S2
fit to Maintenance of Wakefulness (MWT) sleep latency scores across
recovery sleep doses (smallest AIC values are shown first as they
indicate the most adequately fitting models).

Model AIC  Estimate R R?
1 998.2 59937  0.5860 0.3433
3 999.2  60.343 0.5642 0.3184
2 10011  60.718  0.5823 0.3391
0 1039.8 81479  0.3277 0.1074

*Model 4 was not estimable.

Table S6—Akaike’s information criterion (AIC) for the Models in Table
S2 fit to Digit Symbol Substitution Test (DSST) number correct across
recovery sleep doses (smallest AIC values are shown first as they
indicate the most adequately fitting models).

Model AIC  Estimate R R?
1 692.6 15967  0.9476 0.8979
3 696.7 16.519  0.9171 0.8411
0 779.9 33381  0.8869 0.7867

*Models 2 and 4 were not estimable.
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Table S7—Akaike's information criterion (AIC)
for the Models in Table S2 fit to Psychomotor
Vigilance Test (PVT) fastest 10% RTs across
recovery sleep doses (smallest AIC values are
shown first as they indicate the most adequately

fitting models).

Model  AIC Estimate R R?
3 9725 16130 0.8910 0.7939
1 9759 166.02 0.9047 0.8186
2 9770 163.48 0.9055 0.8199
0 1017.3 23755 0.8604 0.7404

*Model 4 was not estimable.

Table S9—ANCOVA results for time in bed (TIB) dose response effect on sleep parameters across
the recovery night (REC).

Effect Covariates
of TIB Baseline  Age Sex
Variable F ratio (df)! P R? P P P P

TST 98.36 (7, 106)  <0.0001  0.867 <0.0001  0.018 0.066 0.246
SE 8.44(7,106)  <0.0001  0.358 0.0039 <0.001 0.022 0.079
S2 12468 (7,106)  <0.0001  0.892 <0.0001 <0.001 0.130 0.054
SWS 27.93(7,106)  <0.0001  0.648 <0.0001 <0.001 0.055 0.060
REM 46.38 (7,106)  <0.0001  0.754  <0.0001  0.006 0.435 0.117
SWE 1217 (7,106)  <0.0001 0429  <0.0001 —* 0.094 0.822

*SWE was normalized to baseline (i.e., set to 100% on B2).

Table S8—Akaike’s information criterion (AIC)
for the Models in Table S2 fit to Profile of Mood
States (POMS) fatigue subscale scores across
recovery sleep doses (smallest AIC values are
shown first as they indicate the most adequately

fitting models).

Model AIC  Estimate R R?
4 6426 10214 0.8257 0.6819
1 6515 11.369 0.8037 0.6459
3 6540 11.602 0.7900 0.6242
0 683.0 14993 0.7301 0.5330

*Model 2 was not estimable.

Table S10—Akaike’s information criterion (AIC) for Models 1-3 in Table S2 fit to sleep physiology
outcomes across REC recovery sleep doses (lowest AIC = best-fitting model).*

TST SE S2 SWS REM SWE
AIC model AIC model AIC model AIC model AIC model AIC model
12675 17 7303 1 11364 1 1079.9 28 10291 1 10445 1
12705 2 7309 3 1136.8 2 1084.0 1 10344 2 1046.8 2
15835 3 7348 2 11493 3 10869 3 11457 3 1069.6 3

*See Table S2 for model definitions. Results based on only those subjects with complete
polysomnographic data on protocol nights B2, SR1, SR5, and REC: REC =2 h (n =25),REC=4h (n
=23),REC=6h(n=21),REC=8h(n=16), REC=10h (n =23).

Sleep Architecture as a Function of Recovery
Sleep Dose

Figure 4 in the published paper displays the
physiological sleep characteristics as a function
of TIB sleep dose on the recovery night (REC)
in the sleep restriction condition. Adjusted lin-
ear dose-response ANCOVA models, in which
covariates included baseline sleep, age and gen-
der, were used to evaluate each of the 6 sleep
parameters considered. Significance levels
are reported for the categorical sleep duration
model to avoid the necessity of making as-
sumptions about functional relationships when
testing these models. Table S9 reveals that, as
expected, increasing recovery sleep dose (TIB)
significantly increased all 6 physiological sleep
parameters.

Best-fitting functions to the recovery sleep
dose-response curves for each of the physio-
logical sleep variables shown in Figure 4 in the
published paper were established for 4 models
that included linear and the 2 exponential mod-
els—the sigmoidal model did not fit any recov-
ery sleep parameter (see Table S2). The “best
fitting” model was identified as the one with
the smallest AIC. Tables S10 summarizes the
results of these analyses, which revealed that a
linear model best fit TST, sleep efficiency, stage
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Table $11—Pearson correlations among physiological sleep variables on the recovery night
(REC) for N=100 to 120* subjects randomized to between 2 h and 10 h TIB following chronic
sleep restriction.

Stage 2
r (P) r

REM
(P) r

SWS
(P)

SWE
(P)

r

TST 0.921(<0.0001) 0.866 (<0.0001) 0.346 (< 0.0001) 0.651 (<0.0001)
Stage 2 0.765(<0.0001) 0.021 (0.819) 0.608 (<0.0001)
REM sleep 0.278 (<0.002)  0.593 (< 0.0001)
SWs 0.362 (< 0.0001)

*Correlations between SWE and all other variables based on N = 100; correlations among
TST, stage 2, REM sleep, and SWS based on N = 120. The sample size difference was due an
inability to extract reliable SWE data from N = 20 records, for technical reasons.

Table S12—Partial correlations among physiological sleep variables, controlling for recovery
night (REC) categorical sleep dose (TIB), for N = 93 subjects randomized to between 2 h and 10
h TIB following chronic sleep restriction.

Stage 2 REM SWS SWE

r (P r (P r (P) r (P
TST 0.089 (0.39)  0.369 (0.0003) 0.320 (0.002) 0.144 (0.16)
Stage 2 -0.087 (0.40)  -0.688 (<0.0001) 0.039 (0.70)
REM sleep 0.027  (0.79) 0.113 (0.27)
SWS 0.226 (0.027)
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2 sleep, REM sleep, and SWE as percent of B2. An exponential ~ of partial correlations among the sleep variables, controlling for

model best fit SWS time. recovery (REC) night categorical sleep dose (i.e., 2 h-10 h).
Table S11 shows the results of Pearson correlations among

physiological sleep variables on the recovery night (REC) for N REFERENCES

=100 to 120 subjects randomized to between 2 h and 10 h TIB 1. Akaike H. A new look at the statistical model identification. In: Childers

following chronic sleep restriction. Table S12 displays the results DG, ed. Modern spectrum analysis. New York: IEEE Press, 1978:234-41.
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