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creased lapses (reaction time [RT] > 500 ms) in a manner simi-
lar to acute sleep deprivation. This protocol also demonstrated 
the effect of acute and chronic sleep deprivation on subjective 
measure of sleepiness, but no data were available on a standard-
ized measure of sleepiness such as the multiple sleep latency 
test. In addition, Belenky et al.4 published a study comparing 
the effect of chronic sleep restriction on subjective and objec-
tive sleep deprivation, but they did not examine the relative ef-
fect of acute sleep deprivation versus chronic sleep deprivation. 
Interestingly, objective measures of sleepiness and lapse occur-
rence were similarly affected by chronic sleep deprivation, but 
subjective measures of sleepiness (Stanford Sleepiness Scale) 
were less sensitive to chronic sleep restriction. This finding was 
confirmed by Leproult et al.,5 who showed that subjective and 
objective measures of sleepiness do not systematically evolve in 
a similar manner during extended wakefulness. Leproult et al.5 
also showed that this vulnerability to sleep loss was stable over 
time among individuals. This makes it possible to reproduce 
sleep deprivation paradigms and expect trait-type results. Tail-
lard et al.6 and Galliaud et al.7 showed that homeostatic sleep 
pressure is associated with subjective levels of sleepiness but 
not with an increase in reaction time during extended wake-
fulness. Goel et al.8 showed that PER3 polymorphism predicts 
cumulative sleep homeostatic but not neurobehavioral changes 
observed during chronic sleep deprivation. These authors drew 
attention to a very important question on the physiologic basis 
of performance decrements under sleep deprivation, a finding 

INTRODUCTION
Technologic and societal changes over the past 40 years have 

significantly increased the number of workers facing sleep de-
privation in Western societies.1 In the 1960s, research protocols 
mainly studied the effects of acute sleep deprivation on perfor-
mance, but epidemiologic reports2 showed that more and more 
workers curtail their sleep duration during the week and try to 
recover during the weekend.

Chronic sleep deprivation protocols have appeared in the lit-
erature in the past 10 yr and have confirmed that repeated sleep 
restriction (i.e., 4 hr of sleep for 5 days) could have deleteri-
ous effects not only on daytime alertness but also on cognitive 
performance.3,4 Van Dongen et al.3 mainly focused on cogni-
tive tasks and subjective measures of somnolence comparing 
acute and chronic sleep restriction. Using a sustained-attention 
reaction time task, they found that chronic sleep deprivation in-
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Multiple Sleep Latency Test
As recommended by American Academy of Sleep Medicine 

practice parameters,12 6x20-min MSLT trials were completed. 
This design was chosen to optimize sleepiness measurements. 
The room was shielded from external light. An experienced 
sleep technologist performed the MSLT. Electroencephalogram 
(C3/A2, O2/A1), electromyogram, and electrooculogram were 
recorded according to the recommendations of Rechtschaffen 
and Kales.13 If the participant did not fall asleep, the test was 
stopped after 20 min; if the participant fell asleep, the test was 
stopped after the first sleep epoch occurred (i.e., the participant 
was awake). The sleep latency on the MSLT is the time it takes 
from turning off the light to the onset of the first scored sleep 
epoch (Stages 1, 2, 3 of sleep or rapid eye movement). Data 
were recorded and manually analyzed in 30-sec epochs using 
the TrackIt device (Deltamed, France). Patients were under 
video monitoring throughout the entire test. The mean sleep la-
tency of the 6 MSLT trials was then calculated.

Karolinska Sleepiness Scale
Participants were asked to rate their sleepiness on the KSS 

(a 9-point scale from 1 = “extremely alert” to 9 = “very sleepy, 
great effort to keep alert, fighting sleep”).

Statistical Analyses
Number of lapses (RTs > 500 ms) (converted to √x+√x+1) and 

10% fastest RTs ([1/RT]x1000) on the SRTT, KSS scores, and 
sleep latencies on the MSLT were analyzed through repeated-
measures analyses of variance (rANOVAs) with “Sleep Depri-
vation” (baseline (B), acute sleep deprivation (A SD), recovery 
night (Ra), 5 consecutive sleep restriction nights (SR1, SR2, 
SR3, SR4 and SR5) and recovery night (Rc)) and the “Time of 
Day” (every 2 hr from 8:00 to 22:00 for SRTT and KSS, and 
every 2 hr from 9:00 to 19:00 for MSLT) as within-factors. The 
“Time of Day” factor was included to help determine whether 
the sleep deprivation effect was primarily manifested at particu-
lar times of the day. This possibility would be suggested by the 
interaction Sleep Deprivation*Time of Day. Therefore, in the 
results reported in the following paragraphs, only interactions 
are reported (main effect for “Time of Day” is not reported). 
Nocturnal sleep parameters assessed with polysomnography 
were analyzed with nonparametric paired tests (Wilcoxon test). 
Results for sleep parameters assessed with polysomnography 
are reported as means and standard deviations.

To control any effect of order, supplementary rANOVAs 
were run with an additional between-factor “order of sleep de-
privation period.”

The SPSS statistical package (version 12.0.1, SPSS Inc, Chi-
cago, IL) was used for all analyses.

We applied a mixed-effects regression model for repeated 
measures data.14 It was thought that middle-aged participants 
could adapt to chronic sleep restriction. To take this into ac-
count, we extended the model by Van Dongen et al.3 for 
neurobehavioral variables to a model with sleep adaptation. 
Subjective sleepiness (KSS scores) and SRTT (lapses) data (y), 
expressed as the mean result obtained during day time, were 
modeled as:

yt = (β + γt)(t + 1)θ

that suggests that sleep pressure is not the key factor explaining 
performance loss during sleep deprivation.

Because subjective and objective measures of sleepiness do 
not strictly correlate in healthy sleep-deprived humans, it is in-
teresting to compare both measures with performance and com-
pare them with the differential effects of acute and chronic sleep 
deprivation to better investigate vulnerability to sleep loss.

Here we compared the effects of 1 night of sleep deprivation 
and 5 consecutive nights of 4 hr of sleep on a cognitive task 
versus subjective and objective measures of sleepiness.

METHODS

Patient Selection
All participants filled in questionnaires (Self-report symptoms 

inventory SLC 90, Basic Nordic Sleep Questionnaire, Horne and 
Osberg and Epworth Sleepiness Scale)9,10 and had a clinical inter-
view with a sleep specialist. They performed 1-wk actimetry and 
full polysomnography to rule out any sleep disorder.

Study Design
In this study, 18 healthy middle-aged male participants (age 

(± standard deviation [SD]) = 49.7 ± 2.6 years, range 46-55 yr; 
body mass index [ ± SD] = 24.5 ± 2.2; Epworth Sleepiness Scale 
score [ ± SD] = 6.2 ± 3.1) were deprived of sleep during 2 sleep 
deprivation periods (acute sleep deprivation or chronic sleep re-
striction). Volunteers spent a total of 9 days in residence in the 
laboratory (1 day is defined as the time from the beginning of 1 
scheduled sleep period to the beginning of the next). Prior to each 
condition, participants had 3-day actimetry to rule out any sleep 
deprivation before admission to the laboratory. Participants were 
submitted in a balanced crossover design first to baseline (8 hr of 
time in bed from 23:00 to 07:00) followed by acute total sleep 
deprivation (1 night) or by 5 consecutive nights of chronic sleep 
restriction (4 hr required time in bed). Each sleep deprivation pe-
riod was followed by an 8-hr recovery night and was separated 
by at least 2 wk.

During the night, sleep parameters were recorded by poly-
somnography. During the day, the levels of sleepiness were 
objectively measured every 2 hr from 09:00 to 19:00 with a 
multiple sleep latency test (MSLT) and subjectively measured 
every 2 hr from 08:00 to 22:00 with the Karolinska Sleepiness 
Scale (KSS). Cognitive performance was evaluated with a 10-
mn simple reaction time test (SRTT) every 2 hr from 08:00 
to 22:00.

The study was approved by the local ethics committee (com-
mittee for the protection of persons participating in biomedi-
cal research, CPP Bordeaux A), and participants gave written 
informed consent.

Simple Reaction Time Test
A 10-min SRTT on a Palm personal organizer (Palm, Inc.) 

was performed11. A black square was displayed 100 times on 
the screen at randomized (2–7 s) intervals over 10 min. The par-
ticipant was required to respond to the stimulus by pressing a 
key to turn off the square. The number of lapses (RTs > 500 ms) 
and the 10% fastest RTs (response speed) during the 10-min 
task were calculated. The subset of the fastest 10% of responses 
was not affected by occasional lapses.
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Subjective Sleepiness (KSS)
We found an effect of condition on KSS scores 

[F(8, 136) = 15.611, P < 0.001] (Figure 1C). Post hoc tests 
showed that KSS scores were affected by acute sleep depri-
vation (P < 0.001) and chronic sleep restriction (P < 0.01), 
and that acute sleep deprivation induced higher levels of sub-
jective sleepiness than chronic sleep restriction (P < 0.001). 

where t denotes the number of days of chronic sleep restric-
tion ranging from 0 to 5. We modeled β, the baseline value, 
as a normally distributed random effect. The parameter θ 
represents curvature in the response profile, and γ represents 
the adaptability coefficient. The rate of change in subjective 
sleepiness and cognitive performances, denoted β + γt, var-
ies across days of sleeping restriction (there is adaptation for 
negative gamma). The model reduces to the one proposed by 
Van Dongen et al.3 for γ = 0. Statistical significance of γ was 
tested according to a Wald test at level 5% together with 95% 
normal confidence intervals. The R package “nlme”15 was used 
for all analyses.

RESULTS

SRTT Lapses
An overall effect of sleep deprivation was found on the mean 

number of lapses [F(8, 136) = 2.298, P < 0.05] (Figure 1A). 
Post hoc tests showed that the number of lapses was higher after 
acute sleep deprivation than after the baseline night (P < 0.001). 
Number of lapses did not differ from baseline after the recovery 
night that followed acute sleep deprivation. Number of lapses 
was higher after the second night of chronic sleep restriction 
than after the baseline night (P < 0.05). Number of lapses did 
not differ from baseline after the recovery night that followed 
chronic sleep restriction. Interestingly, number of lapses did not 
significantly differ between acute and chronic sleep restriction 
(from the second night of sleep restriction).

We did not find any interaction Sleep deprivation*Time of 
day [F(56, 952) = 0.908, not significant NS].

No effect of order of sleep deprivation period was found 
[F(1, 16) = 1.393, NS].

Ten Percent Fastest RTs
No effect of sleep deprivation on 10% fastest RTs was found 

[F(8, 136) = 1.736, NS].
We did not find any interaction Sleep deprivation*Time of 

day [F(56, 952) = 1.312, NS].
No effect of order of sleep deprivation period was found 

[F(1, 16) = 0.083, NS].

Objective Sleepiness (MSLT)
We found an effect of condition on mean sleep latencies mea-

sured by the MSLT [F(8, 136) = 25.345, P < 0.001] (Figure 1B). 
Post hoc tests indicated that sleep latencies were both affected 
by acute sleep deprivation (P < 0.001) and chronic sleep restric-
tion (P < 0.001). Moreover, mean sleep latencies did not signifi-
cantly differ after acute sleep deprivation and after the second 
and third nights of chronic sleep restriction. Sleep latencies did 
not differ from baseline after the recovery night that followed 
acute sleep deprivation and chronic sleep restriction.

We found an interaction Sleep deprivation*Time of day 
[F(40, 680) = 2.645, P < 0.001]. We observed that sleep laten-
cies decreased from 9:00 to 15:00 (P < 0.01) and increased from 
15:00 to 19:00 (P < 0.05) (U curve) after the baseline night and 
after the 2 recovery nights, but not after acute sleep deprivation 
or the 5 sleep restriction nights (Figure 2).

No effect of order of sleep deprivation period was found 
[F(1, 16) = 0.598, NS].

Figure 1—Mean number of lapses (A), mean sleep latencies on the 
multiple sleep latency test (MSLT) (B), and mean Karolinska Sleepiness 
Scale (KSS) scores (C) (mean ± standard error of the mean) across days 
after Baseline night (B), Acute Sleep Deprivation (A SD), Recovery night 
after acute sleep deprivation (Ra), 5 consecutive Sleep Restriction nights 
(SR1-SR5) and Recovery night after the 5 sleep restriction nights (Rc). 
Baseline night (B) was the first night of the protocol followed either by 
acute sleep deprivation or chronic sleep restriction. Asterisks indicate 
significant differences with Baseline. *P < 0.05, **P < 0.01, ***P < 0.001. 
Squares indicate significant differences with acute sleep deprivation (only 
for the 5 sleep restriction nights). □P < 0.01, □□P < 0.001.
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P < 0.001 and Z = -2.983, P < 0.01, respectively) and from the 
second sleep restriction night in comparsion with the base-
line night (Wilcoxon test, Z = -3.375, P < 0.001, Z = -3.053, 
P < 0.01, Z = -3.245, P < 0.001, Z = -3.288, P < 0.001, respec-
tively) (Table 1).

Mixed-Effects Regression Models
Concerning the mean number of lapses, the parameter 

estimators were  = 5.23 (IC95% = [4.18; 6.29]),  = 0.31 
(IC95% = [0.21; 0.41]) and  = -0.30 (IC95% = [-0.44; -0.17]). 
Results for KSS scores were  = 2.58 (IC95% = [2.18; 2.97]),  
 = 0.53 (IC95% = [0.41; 0.65]) and  = -0.22 (IC95% = [-0.27, 

-0.16]). Significant adaptations (γ) for lapses and KSS were 
found: improvements in the mean number of lapses and KSS 
scores were noticeable after a few days of chronic sleep restric-
tion (Figure 3).

DISCUSSION
Our findings confirm that chronic sleep restriction in middle-

aged individuals significantly decreases MSLT sleep latencies, 
as described previously.4,16 This study demonstrates that sleep 
propensity is affected after only 1 night of 4 hr of sleep. Sleepi-
ness continues to accumulate until the third day of sleep restric-
tion (after the second and third night of sleep restriction, the 
level of sleepiness is comparable to that observed after acute 
sleep deprivation). Then, sleepiness improves after the fourth 
night of sleep restriction (the latencies are longer than those 

KSS scores did not differ from baseline after the recovery 
night that followed acute sleep deprivation and chronic sleep 
restriction.

Moreover, we found an interaction Sleep deprivation*Time 
of day [F(56, 952) = 1.390, P < 0.05]. We observed a variation in 
KSS scores during daytime (peak of arousal at 16:00 and 20:00) 
after acute sleep deprivation but not after the baseline night or 
the 5 sleep restriction nights (P < 0.01). No effect of order of 
sleep deprivation period was found [F(1, 16) = 0.347, NS].

Sleep Parameters (Nocturnal Recordings)
There was no significant difference between total sleep time 

during the baseline night versus the 2 recovery nights (Wil-
coxon test, Z = -1.189, NS and Z = -0.632, NS, respectively). 
From the second sleep restriction night, sleep efficiency was 
increased in comparison with the baseline night (Wilcoxon 
test, Z = -2.330, P < 0.05, Z = -2.012, P < 0.05, Z = -3.549, 
P < 0.001, Z = -1.764, P = 0.07, respectively). Regarding sleep 
architecture, percentage of stage 2 sleep decreased during the 
2 recovery nights compared to the baseline night (Wilcoxon 
test, Z = -3.724, P < 0.001 and Z = -3.375, P < 0.001, respec-
tively) and from the second sleep restriction night compared 
to the baseline night (Wilcoxon test, Z = -3.070, P < 0.01, 
Z = -2.959, P < 0.01, Z = -2.744, P < 0.01, Z = -2.940, 
P < 0.01, respectively). By contrast, the percentage of sleep 
slow waves increased during the 2 recovery nights in com-
parison with the baseline night (Wilcoxon test, Z = -3.419, 

Figure 2—Sleep latencies during the 6 naps on the multiple sleep latency test (MSLT) across daytime after baseline night (A), acute sleep deprivation (B), 
second sleep restriction night (C), and fifth sleep restriction night (D).
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second day of sleep restriction. The significant adaptation af-
ter a few days of chronic sleep restriction found for the mean 
number of lapses indicated that there was no cumulative effect 
across sleep restriction, contrary to what is observed in popu-
lations consisting essentially of young individuals.3,4,8,16,17 Un-
fortunately we had no group of young participants with which 
we could compare the effect of chronic sleep restriction on 
sleepiness and performances, although middle-aged individu-
als seem to achieve a stabilized response to sleep restriction. 
Optimal performance capacity (i.e., fastest 10% of responses) 
was preserved, suggesting that the performance degradation 
that occurs during sleep deprivation in middle-aged individu-
als is explained solely by an increased incidence of lapses (mi-
crosleeps). Again, we had no group of young participants to 
confirm that middle-aged individuals preserve their fastest per-
formances under sleep loss whereas younger individuals do not, 
but there is evidence in the literature4,18 to show that young in-
dividuals are affected in both slowest and fastest performances 
under sleep loss.

In effect, SRTT (i.e., lapses) significantly decreases after a 
single night of total sleep deprivation but also after the second 

observed after acute sleep deprivation). The effect of chronic 
sleep restriction is evident throughout the waking day: the typi-
cal “U” pattern of the distribution of sleep latency during the 
waking day disappears after chronic sleep restriction and acute 
sleep deprivation.

Like objective sleepiness, subjective sleepiness increases 
immediately in response to sleep restriction and remains stable 
throughout sleep restriction, as described previously.3,4,16 The 
level of sleepiness is not comparable to a full night of sleep loss. 
Using a mixed-effects regression model, we confirm that the 
habituation effect, which has been described by Van Dongen 
et al.3 in a younger population of healthy individuals, is also 
present in older individuals. Interestingly, our study shows that 
this differential effect cannot be explained by lower sleep pres-
sure because MLST scores decreased dramatically after day 3 
of restriction. These results confirm that individuals underesti-
mate the impact of sleep restriction.

With regard to SRTT (lapses) in middle-aged individuals, 
chronic sleep deprivation induced neurobehavioral deficits 
equivalent to those observed after acute sleep deprivation. Un-
like sleepiness, the number of lapses increased only after the 

Figure 3—Mean number of lapses (left) and mean Karolinska Sleepiness Scale (KSS) scores (right) fitted by the mixed-effects regression model. B, baseline; 
SR1-SR5, 5 consecutive sleep restriction nights.
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Table 1—Polysomnographic sleep measures during baseline night (B), recovery night after acute sleep deprivation (Ra), 5 consecutive sleep restriction 
nights (SR1-SR5), and recovery night after the 5 sleep restriction nights (Rc) (mean ± SD) 

Sleep measures B Ra SR1 SR2 SR3 SR4 SR5 Rc
Total sleep time (min) 430.0 ± 23.4 430.6 ± 37.7 219.6 ± 9.8 224.7 ± 12.2 225.8 ± 16.3 228.8 ± 8.1 219.4 ± 23.7 421.4 ± 43.3
Sleep efficiency (%) 90.5 ± 4.8 89.5 ± 7.9 91.8 ± 4.1 94.1 ± 4.9 93.7 ± 6.6 95.5 ± 3.0 91.5 ± 10.0 87.8 ± 9.1
Latency to sleep onset (min) 9.4 ± 6.4 7.4 ± 6.0 9.8 ± 4.8 7.2 ± 8.7 5.9 ± 3.0 5.9 ± 3.7 7.4 ± 6.6 10.9 ± 7.3
Stage 1 (% TST) 6.9 ± 4.2 9.1 ± 7.7 6.9 ± 5.0 5.1 ± 2.9 5.7 ± 2.5 4.9 ± 3.3 5.7 ± 3.7 8.7 ± 5.3
Stage 2 (% TST) 51.1 ± 8.4 38.9 ± 11.6 47.5 ± 13.6 42.4 ± 8.9 39.5 ± 11.0 41.0 ± 14.5 37.9 ± 12.5 41.3 ± 7.2
Stage 3-4 (% TST) 18.8 ± 8.0 29.3 ± 12.4 23.9 ± 13.6 29.5 ± 8.2 29.3 ± 11.8 30.9 ± 14.6 31.4 ± 10.5 26.8 ± 8.5
REM sleep (% TST) 23.2 ± 4.5 22.6 ± 6.9 21.7 ± 6.9 22.9 ± 6.4 23.9 ± 6.7 23.1 ± 7.4 24.9 ± 8.7 23.2 ± 5.8

REM, rapid eye movement; TST, total sleep time.
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night of partial sleep resturction (4 hr/night of sleep) in middle-
aged individuals. This decrement in performance was of the 
same level between acute deprivation and the 2 to 5 consecutive 
nights of chronic sleep restriction. Chee et al.19 have shown that 
the fastest responses after normal sleep and after sleep depri-
vation elicited comparable frontoparietal activation contrary to 
the slowest responses, suggesting that performing a task while 
sleep deprived involves periods of apparently normal neural ac-
tivation interleaved with periods of depressed cognitive control, 
visual perceptual functions and arousal. SRTT is a basic com-
ponent of cognitive performance, so more tests (e.g., Stroop, 
memory, divided attention) should be used under similar condi-
tions in the future.

Full recovery to baseline level after 5 nights of sleep restric-
tion to 4 hr of sleep was obtained on performance and objective 
level of alertness after a single night of 8 hr of sleep for both 
types of sleep deprivation. This demonstrates the beneficial ef-
fect of sleep on recovery in our population, as young individu-
als require several nights of recovery.4,18

On the one hand, our findings confirm that waking brain im-
pairment from chronic sleep restriction in middle-aged individ-
uals rapidly becomes as severe as that resulting from total sleep 
deprivation. On the other hand, complete recovery from chron-
ic sleep restriction in this population is obtained after a single 
night of recovery, and optimal performance capacity (10% fast-
est RT) is preserved in middle-aged individuals. Rapid recovery 
to baseline is typical of performance following acute total sleep 
deprivation and is not observed in young people.

Our findings suggest that some adaptation to chronic sleep re-
striction in middle-aged individuals occurs during consecutive 
nights of moderate sleep restriction (i.e., 4 hr/night of sleep). 
Further studies are needed to compare age-related profiles of 
waking neurobehavioral deficits and recovery to acute sleep de-
privation versus chronic sleep restriction. Crucial implications 
are expected for at-risk sleep-restricted workers.
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