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Summary

Sleep is regulated by complex biological systems and
environmental influences, neither of which is fully clarified. This
study demonstrates differential effects of partial sleep deprivation
(SD) on sleep architecture and psychomotor vigilance task (PVT)
performance using two different protocols (sequentially) that
each restricted daily sleep to 3 hours in healthy adult men. The
protocols differed only in the period of sleep restriction; in one,
sleep was restricted to a 3-hour block from 12:00 AM to 3:00 AM,
and in the other, sleep was restricted to a block from 3:00 AM to
6:00 AM. Subjects in the earlier sleep restriction period showed a
significantly lower percentage of rapid-eye-movement (REM)
sleep after 4 days (17.0 vs. 25.7 %) and a longer latency to the
onset of REM sleep (L-REM) after 1 day (78.8 vs. 45.5 min) than
they did in the later sleep restriction period. Reaction times on
PVT performance were also better (i.e. shorter) in the earlier SR
period on day 4 (249.8 vs. 272 ms). These data support the view
that earlier-night sleep may be more beneficial for daytime
vigilance than later-night sleep. The study also showed that
cumulative declines in daytime vigilance resulted from loss of
total sleep time, rather than from specific stages, and
underscored the reversibility of SR effects with greater amounts

of sleep.
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Introduction

As sleep deficits increasingly characterize
modern civilization, studies of sleep deprivation (SD) or
sleep restriction (SR) are increasingly important (Bonnet
and Arand 1995). Sleep disturbances are associated with
homeostatic imbalance and circadian disorders, and are
related to cognitive, endocrine, immune and
cardiovascular dysfunction. Consequently, research on
sleep and associated mechanisms has grown consistently,
although the roles of sleep remain enigmatic in many
respects.

Although polysomnograms (PSG) have been
used extensively in sleep deprivation and sleep restriction
research, reported changes in sleep architecture under
different sleep conditions are inconsistent. For example,
Elmenhorst et al. (2008) reported decreased non-REM

(NREM) ‘lighter’ sleep stages (defined as NREM stages
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1 and 2), but increased ‘deeper’ NREM sleep stages
(defined as NREM stages 3 and 4) and rapid eye
movement (REM) sleep in healthy males following
reductions of sleep (from 8 to 5 hours) for four
consecutive nights. However, Webb and Agnew (1974)
reported that partial sleep deprivation (PSD) mainly
reduced REM sleep and S2 in the last sleep cycle, with
minimal effects on S4.

Multiple factors regulate and/or influence the
sleep-wake cycle, and are likely to contribute to variation
in experimental results. Sleep is regulated by complex
systems (Borbély and Achermann 1999, Greene and Siegel
2004), which include circadian modulation, homeostatic
influences, ultradian factors, etc. However, the rules of
regulation are not clear. Tilley and Wilkinson (1984)
restricted sleep to 4h in the first or second half of the night,
for two nights, and found that sleep restricted to the second
half of the night resulted in higher amounts of REM and
stage 4 sleep, and lower amounts of stage 2 sleep,
compared to sleep restricted to the first half of the night.
Interpretations of these findings, however, are limited by
the short 2-day SR period. Recently, another study, which
restricted sleep to 4 h per night for 7 days, showed no
significant differences in sleep architecture between
earlier-night and later-night SR groups, but revealed a wide
range of individual differences in response to the
restriction periods (Guilleminault et al. 2003).

We reported previously that early morning
hormonal levels (i.e. cortisol) differed according to the
timing of the sleep restriction period, with larger
reductions in cortisol associated with a 3-hour sleep
restriction period earlier in the night (Wu ef al. 2008). In
the current study, polysomnographic recordings were
obtained to determine whether earlier-night and later-
night sleep restriction differ in their effects on sleep
architecture and on a measure of daytime vigilance
(Anderson and Horne 2006). We examined the effects of
two 3-hour sleep restriction regimens on sleep
architecture, for four consecutive nights (one regimen at a
time, separated by a recovery period). Because total sleep
time is shortened during the 3-hour SR periods, this
report focuses on the relative proportions of each sleep
stage within total sleep time (TST) to clarify levels of
different sleep stages.

Materials and Methods

Subject recruitment and selection
Fourteen healthy, adult Han Chinese males

(mean age of 22.1+1.1 years) were recruited from a
military medical university in China, in part to minimize
heterogeneity due to gender or age differences (Philip et
al. 2004). Subjects’ mean body mass index (BMI) was
22.5+1.7 kg/m*. They were all non-smokers and were in
general good health physically, with similar living habits
and no history of alcohol or other substance dependence.
All participants signed informed consent forms before the
study. The study was approved by the clinical trial ethics
committee of the Hospital.

Before the SR study, subjects were required to
sleep in the polysomnography (PSG) laboratory of the
medical university. This allowed them to adapt to the
environment, and also allowed the researchers to identify
and exclude any subjects with sleep disorders. Four such
subjects were excluded from the study in this manner,
due to sleep-onset insomnia, trouble maintaining sleep, or
early morning wakening. The remaining 10 subjects
completed the study protocol, with one exception. All
PVT data were excluded from one subject who appeared
(behaviorally) to experience brief periods of sleep during
the PVT on SR 4. This behavior was not observed at
other times, and sleep data were not excluded for this
subject. As noted, procedures related to hormonal
assessments and absolute sleep levels were reported
previously (Wu ef al. 2008).

Sleep restriction study design

The timetable and evaluation schedule are
shown in Figure 1. Each subject followed two, one-week
sleep regimens, separated by a one-week, unrestricted
sleep recovery interval. Considering that subjects might
be sleep phase-delayed, and that they were accustomed to
going to bed between 11:00 p.m. and 12:00 a.m., sleep
times of both SR schedules began after midnight
(designated as ‘0:00 a.m.” in this study) to ensure high
sleep efficiency (Guilleminault et al. 2003, National
Sleep Foundation 2003). The SR protocols consisted of
an ‘earlier-night’ SR (ESR) period (with sleep time from
00:00 a.m. to 03:00 a.m.) and a ‘later-night’ SR (LSR)
period (with sleep time from 03:00 a.m. to 06:00 a.m.).
During the SR trials, sleep was not allowed at other
times. The duration of each SR regimen was seven
nights: the night before SR, four nights of SR and two
recovery nights (RN) after SR. Sleep was unrestricted in
the baseline and RN periods. Based on the assumption
that delaying sleep onset gradually would be easier to
tolerate, the earlier-night SR study was conducted first.
Between the two SR trials, there was a seven-day
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Fig. 1. Changes in the percentage of PSG parameters during the 7-day SR regimens. Regimen 1 — earlier-night sleep restriction period
(sleep time 0:00~3:00); Regimen 2 - later-night sleep restriction period (sleep time 3:00~6:00). Unrestricted sleep was recorded in
the baseline night before the SR periods and in the two recovery nights after the SR periods. SR — sleep restriction; RN — recovery
night; S1&S2 — Non-REM sleep stages 1 and 2; SWS — slow wave sleep (Non-REM sleep stages 3 and 4); REM — rapid eye movement
sleep. Symbol * indicates p<0.05 by paired t-test in comparison with the same elapsed time during later-night SR.

recovery period to ensure a complete return to baseline
performance. Overnight polysomnograms (PSG) were
recorded during both SR
Performance on the psychomotor vigilance task (PVT)

continuously regimens.
was measured daily at 12:00 p.m.

During the SR trials, subjects stayed in the PSG
laboratory at room temperature (22-25 “C). All subjects
were instructed to maintain sitting or standing positions
during periods of wakefulness. Lying in bed was
prohibited except for defined sleep periods. Wakefulness
was maintained by exercising physically (walking,
bicycling etc), reading, watching television, playing
card/computer games, etc. Subjects’ activities were under
constant supervision by PSG-recorder and by research
assistants to ensure wakefulness. During the washout
period, subjects continued their normal activities, which
were highly regulated because they were students at a
military medical university. Nutritionally balanced meals
were provided throughout the entire study, and intake of
alcohol, nicotine, caffeine, tea or psychoactive drugs was
prohibited, to avoid potentially confounding influences
on the experimental protocols.

Polysomnographic recording

During the adaptation nights (weeks 1 and 3),
the PSGs included an electroencephalogram (EEG)
(C3/A2, C4/A1, O1-02), an electrooculogram (EOG), a
chin and leg electromyogram (EMG), and an
electrocardiogram (ECG). Respiration was monitored by
measuring nasal flow (nasal cannula/pressure transducer)
and breathing through the mouth (thermistor), by thoracic
and abdominal bands, and by pulse oximetry. During the
experimental nights, only EEG, EOG, chin and leg EMG,
and ECG were recorded. Bio-calibrations were always
performed prior to each SR trial to ensure that electrodes

were positioned properly to record data.
Polysomnographic recordings were analyzed by
an experienced researcher following standard scoring
criteria (Rechtschaffen and Kales 1968). Sleep onset was
defined as the presence of PSG indicators of one or more
sleep stages that persisted for 90 s or longer. The
following parameters were obtained for each subject:
TST (consisting of all NREM+REM sleep), percentage of
total NREM sleep, including all NREM sleep stages
(S1%, S2%, S3% and S4%, which reflects increasing
‘deeper’ sleep stages), percentage of REM sleep
(REM%), REM sleep latency (L-REM, defined as the
time from sleep onset to the beginning of REM sleep),
and sleep efficiency (Sl-eff, defined as the amount of
sleep divided by the amount of bed time). The term ‘slow
wave sleep’ (SWS) will be used to refer to a combination
of the deeper NREM sleep stages 3 and 4. The acronym
‘SOREMP’ refers to sleep onset REM periods.

Psychomotor vigilance task (PVT)

The PVT is a straightforward psychological test
designed to assess sustained vigilance by measuring the
latency to respond to visual signals (Dinges and Powell
1985). Subjects sat in front of the PVT apparatus, about
30-40 cm away. Over the course of three 10-min training
sessions, they learned to respond rapidly (by hitting a
button) to a digital counter that counted in millisecond
(ms) increments. Hitting the button stopped and then
reset the counter. The duration of the test is 10 min.
Reaction time (RT in ms) and lapses (defined as a
reaction time >500 ms) were recorded. The PVT program
generates mean RTs and lapses, and standard deviations
(SD). Subject performance on the PVT was measured
daily at 12:00 P.M. We chose this time because it
typically comes during a break in the subjects’ normal
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routine, in two ways. First, it is a time when the subjects
in this study normally receive a break from their daily
work. Second, it is a time when many Chinese take naps.
It is thus a likely biological nadir for these subjects (Dijk
et al. 1992), and a time when they may be relatively
vulnerable to conditions that impair vigilance.

Data analysis and statistics

Baseline levels of sleep (S1%, S2%, SWS%,
S4%, REM%, L-REM, Sl-eff, TST, SWS) and PVT
parameters (PVT-RT and lapses) prior to the two SR
trials were compared by paired t-tests. Homogeneity of
variance tests were used in all analyses. Dunnett t-tests
were used to compare values from corresponding time
points (SR1~4 and RN1~2) with baseline values in each
SR trial. Pearson correlation analysis was used to analyze
relationships between these parameters and the number of
days of SR for both conditions. Since data were obtained
from (two periodically) repeated measurements of the
same subjects, generalized estimating equations (GEE),
were used to analyze correlations between the two SR
protocols (Hanley et al. 2003). GEEs use a generalized
linear model to estimate relatively unbiased regression
parameters compared to least squares regression, and are
particularly appropriate for these data. This method of
analysis was useful in our previous study (Wu et al.
2008). Paired t-tests were also used to compare specific
SR points in addition to GEE.

Results

Analysis of baseline values

All PSG parameters and PVT scores are shown
in Table 1. Baseline values of all parameters did not
differ significantly from each other at the start of each SR
period, as assessed by paired t-tests. The time courses of
changes in PSG parameters over the two 7-day SR trials
are shown in Figure 1.

Baseline values of TST prior to SR periods were
approximately 400 min (Table 1). These times were
reduced to slightly over 180 min during SR, and
recovered to 482-456 min after the SR period. Changes in
TST did not differ significantly between the two SR
protocols, as assessed with GEE analysis (P=0.875).

Changes of sleep architecture during ESR

S1% values remained low and did not change
significantly during the four SR nights and two recovery
nights (RN1 and RN2). S2% values decreased notably

over the four SR nights, with significant declines from
baseline evident in SR2 through SR4 (P<0.05), before
returning to baseline during the two RNs. Levels of S2%
showed a significant negative correlation with the
duration of SR (r =-0.941, P=0.017).

SWS% increased gradually from the first to the
fourth SR night. Levels of S4% increased significantly to
similar extents during SR nights, while S3% only
increased significantly on SR4 (P=0.004). The net
increase in SWS% by SR4 was 132.2 %, of which 81.8 %
came from the increase in S4%. All SWS%, including
S4% and S3%, recovered to baseline levels in the first
and second recovery nights. The time of SWS changed
very little in the four SR nights from the SWS time of the
normal night sleep, but it was significantly prolonged in
the first recovery night (P=0.006). Significant positive
correlations were obtained between SWS% and days of
SR (r=0.920, p<0.027), and between S4% and days of
SR (r=0.941, p=0.017).

Values of REM% decreased significantly in SR1
and SR4 (P<0.05), but rebounded in the two RN,
especially in the first recovery night (P=0.017), to levels
significantly higher than baseline. The correlation
between REM% and SR duration was not significant.

The L-REM decreased gradually in the four SR
nights, but did not differ significantly from baseline.
However, it decreased significantly in the first RN
(P=0.005). The correlation between L-REM and the SR
duration was significant (r =—-0.893, P=0.041). There was
only one sleep onset REM period (SOREMP) in SR4
during the ESR protocol.

Changes of sleep architecture during LSR

S1% decreased significantly only in the first RN
(P=0.048). S2% decreased markedly during the four SR
nights (P<0.01), recovered to baseline levels in the two
RNs, and showed a significant negative correlation with
days of SR (r =-0.956, P=0.011).

SWS% increased significantly from SR1 to SR4
(P<0.01). S4% showed similar levels of increase in all SR
nights (P<0.01), while S3% increased significantly only
in SR4 (P=0.037). The net increase in SWS% over the
4 days of SR was 128.0 %, of which 74.1 % was
attributable to the increase in S4%. The total SWS time
decreased remarkably only at SR1 (P=0.016). It remained
at baseline level in the next three SR nights and was
significantly prolonged in the recovery nights (P<0.05).
SWS% and S4% recovered to baseline levels in the first
RN. The correlation between SWS% and duration of SR
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was significant (r=0.983, P=0.003), as was the
correlation between S4% and duration of SR (r=0.998,
P<0.001).

REM% changed slightly during the four SR
nights and the two RNs (P>0.05). The L-REM decreased
significantly over the four SR nights (P<0.01), and
recovered to baseline levels in the two RNs. Sleep onset
REM periods (SOREMPs) occurred 11 times in the later-
night SR trial (6 times on SR1; 3 times on SR2; 1 time on
SR3; and once on SR4). Both REM% and L-REM
showed no significant correlation with SR duration.

Statistical comparison between the two SR regimens

Inter-group analysis by GEE showed only a few
significant differences between the two SR regimens,
which included REM% (z = 3.937, P<0.001) and L-REM
(z=-10.132, P=0.001). Paired t-tests showed significant
differences in REM% between the two SR regimens for
every SR night (SRI1: t=-6.906, P<0.001; SR2:
t=-4.380, P=0.002; SR3: t=-3.058, P=0.014; SR4:
t=-2.377, P=0.041), but no significant differences for
either of the RNs. Paired t-tests showed significant
differences in L-REM between the two SR trials (SR1:
t=4.699, P=0.001; SR2: t=1.820, P=0.102; SR3:
t=2237, P=0.052; SR4: t=1.067, P=0.314). The
SOREMP ratio between the two SR trials was 11:1.
Consistent with the Dunnett t-test analyses, intra-group
analysis by GEE showed significant changes from
baseline in S1%, S2%, and SWS% in different SR nights
within each SR protocol.

Changes of PVT performance during the two SR periods

During the ESR period, differences in PVT-RTs
between baseline level and SR1-4 and RN1-2 did not
differ significantly (Dunnett t-test). PVT-lapses only
increased significantly from baseline on SR4 (t=2.900,
P=0.011). The number of days of SR correlated
significantly with PVT-RTs (r = 0.883, P=0.047), but not
with lapses (r = 0.796, P=0.107).

During the LSR period, PVT-RTs increased
significantly on SR4 (t=49.858, P=0.005). PVT-lapses
were significantly higher on SR4 (t=4.700, P=0.019).
Days of SR correlated significantly with PVT-RTs
(r=0.980, P=0.003) and with (r=10.937,
P=0.021).

GEE analyses did not show significant inter-
group differences in PVT-RTs (Z =2.404, P=0.121) or
lapses (Z =-2.311, P=0.128) between the two SR trials.
Paired t-tests showed longer PVT-RTs (t=-3.750,

lapses

P=0.049) in SR4 in the LSR protocol, but no significant
difference between lapses (t=-3.188, P=0.062) in SR4.
The standard deviations of PVT reaction times were
significantly larger on SR4 during LSR than during ESR
(t=-4.573, P=0.041). Both PVT measures returned to
baseline levels after RN1, in both SR regimens.

Discussion

This study showed several consequences of
sleep restriction in healthy adult males. Sleep restriction
produced significant increases in SWS in both restriction
protocols, significant decreases in REM sleep in the ESR
protocol, and longer PVT RTs on the LSR protocol on
SR4. All these impairments were reversible. The major
findings are summarized in more detail, as follows:

First, better sleep efficiency, as shown by
of SWS and
associated decreases in lighter non-REM sleep (i.e. S1
and S2), was in both SR
Consequently, absolute levels of SWS were largely

significantly increased percentages

observed regimens.
preserved. Moreover, SWS% was positively correlated
with the number of SR nights, while S2% was negatively
correlated. During both sleep regimens, increases in S4%
were the main factor underlying increases in SWS%.

A second important consequence of the SR
regimens involves the significant differential effects on
REM sleep. The reduction of REM sleep in earlier-night
SR was more notable than it was in later-night SR.
During the earlier-night SR period, REM% dropped
significantly, but then rebounded to exceed baseline
levels in the first RN. By contrast, REM% was
maintained near baseline levels in the later-night SR and
Similarly, L-REM changed as a
function of the SR regimen. It decreased moderately

recovery periods.

during the earlier-night regimen, with one SOREMP, but
showed a greater decrease during the later-night SR, with
11 SOREMPs.

Sleep architecture is composed of the succession
of cycles, their component stages, and the duration of
each stage and cycle. It is generated by an interplay of
multiple external and internal oscillators, which is
hypothesized to include circadian modulation,
homeostatic systems and ultradian rhythms (Benington
and Heller 1999, Borbély and Achermann 1999, Merica
and Fortune 2004, Sinton and McCarley 2004). These
later rhythms are shorter than circadian rhythms, and are
hypothesized to influence 90-min cycles of NREM and

REM sleep during the night (Capitani et al. 2005,
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Kriauchi ef al. 2006). Nocturnal sleep is artificially
divided into two parts: earlier-night sleep that is rich in
SWS, and later-night sleep that is rich in REM sleep
(Brunner et al. 1990). This phenomenon is consistent
with our division of normal sleep periods for the baseline
preceding SR into two components. Data from our study
also confirmed that, when sleep time had to be shortened,
the remaining percentage of each sleep stage reflected the
need for those stages of sleep. The retention of SWS
during sleep restriction supports the view that SWS
appears to be the ‘core sleep’ (Tilley and Wilkinson
1984). REM sleep is next in importance in sleep
homeostasis, while lighter NREM sleep (S1 and S2) may
be sacrificed when sleep time is restricted. Differences
between two SR protocols on changes of REM% and
L-REM are consistent with this view. It is likely that both
homeostatic and circadian influences contributed to these
findings (Borbély and Achermann 1999). However, the
persistent differences in REM% between the ESR and
LSR conditions from SR1 to SR4 may also reflect
ultradian influences. Moreover, as our earlier study with
the same differences

subjects showed, hormonal

involving cortisol secretion (and probably other
hormones of arousal) likely had direct or indirect
modulating effects as well (Wu et al. 2008).

The third major effect of sleep restriction
involves its negative effects on daytime vigilance. Both
SR regimens were associated with increasingly impaired
daytime vigilance, as measured by increased reaction
times and performance lapses on a straightforward
vigilance task. Cognitive functions are closely related to
the amount and quality of sleep. Some researchers have
proposed that mild sleep restriction does not significantly
affect vigilance (Binks er al. 1999). However, other
researchers proposed that even mild sleep deprivation
impairs cognition significantly (Banks and Dinges 2007,
Belenky et al. 2003, Elmenhorst ef al. 2008, Van Dongen
et al. 2003). Our data supported the view that SR results
in increasingly impaired neurobehavioral performance.
However, the reaction times of PVT performance were
affected more seriously during LSR than during ESR.
Because of more microsleep during LSR, the deviation of
PVT-RTs was significantly larger during LSR than it was
during ESR. Earlier-night sleep may thus play a more
important role in protecting cognition function, although
this hypothesis was not assessed directly in this study.
Moreover, the roughly equal levels of TST and SWS time
in both SR regimens, along with the retention of absolute
levels of SWS, emphasize the importance of TST, rather

than just some of its components (i.e. SWS and REM), in
maintaining normal cognitive performance (see also
Tilley and Wilkinson 1984).

Finally, this study showed that values of sleep
architecture and PVT performance recovered to baseline
levels after one night of recovery sleep. It also shows
significant REM sleep debt in the first recovery night.
Consistent with other studies employing comparable
designs (Elmenhorst et al. 2008), the current findings
emphasize the effectiveness of recovery night sleep in
reversing both sleep and cognitive deficits after one
recovery night. This recovery was evident in both SR
conditions, and also applied to SR-induced changes in
cortisol levels, as we reported previously (Wu et al.
2008). These findings have several implications. One is
to emphasize the importance of sleep in maintaining
normal function across a range of physiological and
cognitive dimensions of function. Similarly, the ability of
recovery sleep to restore function quickly and effectively
suggests that effects of sleep deprivation are due to the
loss of sleep and are not only secondary consequences of
disturbed function in different domains (e.g. hormonal
It will be
effectiveness and parameters of recovery sleep in more

function). important to determine the
chronic sleep restriction paradigms. A second implication
is that the effects of recovery sleep are not only palliative
but are also preventive, which highlights the growing
importance of proper sleep hygiene in modern societies.

The design used in this study has some
limitations, which include, among others, a focus on
males only, and a restricted age range. Moreover, the
number of subjects was relatively small. Because we
intended to establish main effects associated with sleep
and other physiological measures (Wu et al. 2008)
associated with the SR paradigms with this small sample,
we did not also counterbalance the order of the two SR
protocols to assess potential effects of receiving ESR
prior to LSR, or perform corrections for multiple
statistical tests. This limits the extent to which the current
findings can be generalized, and underscores the need for
additional larger studies with adequate statistical power to
assess how order effects and other variables modulate
effects of SR protocols.

Overall, our data show the evidence of both
immediate (i.e. evident in the first night) and progressive
changes in nocturnal sleep in two different SR protocols.
Although some of these effects were modest (e.g. PVT
lapses did not become significant until SR4), they are
clinically significant in the context of societies that are
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increasingly afflicted by chronic partial sleep deprivation.
In this
demonstrated after moderate sleep reductions by SR4

view, the significant lapses in attention
show that cognitive decrements occur relatively soon in
chronic sleep-deprived populations, even in healthy,
young adult individuals. However, these data are equally
important in demonstrating the restorative properties of
recovery sleep.

The current study shows that the timing of SR is
significant, as earlier-night sleep deprivation impaired
than

deprivation. It will be important to establish these effects

daytime vigilance more strongly later-night
on additional, more complex cognitive functions (such as
declarative memory and executive functions such as
organization, problem-solving, resistance to distraction
and fluency, among others), and on daytime sleepiness
and physiological measures of arousal. As noted above,
the current findings will also need to be validated in
larger samples, and in longer SR paradigms. Eventually,
naturalistic designs in vulnerable populations (e.g. shift

workers) may demonstrate the extent to which different
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