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Study Objectives: To investigate the effects of sleep restriction (7 nights of 5 h time in bed [TIB]) on cognitive performance, subjective sleepiness, and 
mood in adolescents.
Methods: A parallel-group design was adopted in the Need for Sleep Study. Fifty-six healthy adolescents (25 males, age = 15–19 y) who studied in top 
high schools and were not habitual short sleepers were randomly assigned to Sleep Restriction (SR) or Control groups. Participants underwent a 2-w 
protocol consisting of 3 baseline nights (TIB = 9 h), 7 nights of sleep opportunity manipulation (TIB = 5 h for the SR and 9 h for the control groups), and 3 
nights of recovery sleep (TIB = 9 h) at a boarding school. A cognitive test battery was administered three times each day.
Results: During the manipulation period, the SR group demonstrated incremental deterioration in sustained attention, working memory and executive 
function, increase in subjective sleepiness, and decrease in positive mood. Subjective sleepiness and sustained attention did not return to baseline 
levels even after 2 recovery nights. In contrast, the control group maintained baseline levels of cognitive performance, subjective sleepiness, and mood 
throughout the study. Incremental improvement in speed of processing, as a result of repeated testing and learning, was observed in the control group but 
was attenuated in the sleep-restricted participants, who, despite two recovery sleep episodes, continued to perform worse than the control participants.
Conclusions: A week of partial sleep deprivation impairs a wide range of cognitive functions, subjective alertness, and mood even in high-performing 
high school adolescents. Some measures do not recover fully even after 2 nights of recovery sleep.
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INTRODUCTION
Sleep curtailment in adolescents is a serious problem in many 
societies, but insufficient action is being taken to stem this tide. 
Approximately 75% of adolescents in the US1 and more than 
90% in Korea2 and Japan3 sleep less than the recommended 
8–10 h a night.4 Previously, the maturational delay in bed-
time combined with early morning school were the principal 
reasons for shortened sleep in adolescence.5 In recent years, 
increased electronic media use, higher homework load, and 
reduced parental control have contributed to further sleep cur-
tailment in this age group.6 In highly competitive societies in 
East Asia where voluntary sleep curtailment is most prevalent, 
there is widespread belief that greater effort and more time 
spent studying, perhaps at the expense of sleep, is mandatory 
for acceptable academic performance.7 This viewpoint is sus-
tained by the higher scores achieved on standardized tests by 
students from East Asian countries8 who, on average, sleep 1 
to 2 h less than their European9,10 or Australian10 counterparts. 
Although three decades of observational and experimental 
studies on sleep curtailment in adolescents have provided 
clear evidence for increased daytime sleepiness, the case for 
objective cognitive performance degradation following par-
tial sleep deprivation has been less compelling,6,11 prompting 
the current study.
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Significance
Some of the world’s most sleep deprived students live in East Asia where students excel in standardized academic tests. This might reinforce the notion 
that ‘mind over matter’ can overcome negative effects of chronic sleep restriction. We found that in adolescents, partial sleep deprivation of comparable 
duration and severity to that examined in studies on young healthy adults elicited equivalent or greater neurobehavioral deficits across several cognitive 
domains. Residual effects on sustained attention, speed of processing, and subjective alertness can still be observed even after 2 nights of recovery 
sleep. That even students from top high schools are susceptible to neurobehavioral deficits should cause policymakers and parents to reconsider if sleep 
should continue to be sacrificed for the sake of academic achievement.

Effects of Partial Sleep Deprivation on Subjective Sleepiness 
and Mood
Sleep restricted adolescents have been consistently found to 
be more sleepy. Results of observational studies have revealed 
shorter sleep duration to be associated with higher levels of 
subjective sleepiness.12,13 Moreover, experimental studies have 
shown that just 1 night of 4- to 5-h sleep opportunity reduces 
sleep latency in the Multiple Sleep Latency Test14–16 and in-
creases levels of subjective sleepiness.15 After 5 nights of 6.5 h 
of time in bed (TIB), higher levels of subjective sleepiness have 
been corroborated by parental assessment.17

Short sleep duration has also been associated with greater 
emotional lability.18 Compared to a well-rested condition, 2 
nights of sleep restriction lowered self-reported positive af-
fect.19 Elevated negative affect ratings were observed after 5 
nights of restriction to 6.5 h of TIB for sleep.20

Cognitive Consequences of Partial Sleep Deprivation
In comparison to adults, the effects of shortened sleep on 
objectively measured cognitive performance in children and 
adolescents have been found to be relatively modest, leading 
some to suggest that adolescents may be more resistant to sleep 
loss.21 Although several observational studies have found that 
speed of processing, sustained attention, working memory, 
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and executive function are poorer in children and adolescents 
who report shorter sleep,22–24 other studies have failed to find 
a significant relationship between sleep duration and speed of 
processing,23,25 working memory, or executive function.12,23,25

Experimental studies on the cognitive consequences of par-
tial sleep deprivation in children and adolescents have yielded 
heterogeneous findings, possibly because of differences in the 
extent of partial sleep deprivation and the cognitive tasks used 
across studies. In relation to partial sleep deprivation, both 
the severity of sleep restriction each night and the number of 
nights sleep was restricted have generally been lesser than in 
adult studies. Most partial sleep deprivation studies in chil-
dren and adolescents have either reduced TIB by only 1 h for a 
few nights26 or have restricted sleep opportunity to 4 to 5 h for 
only 1 night.14–16,27 Although partial sleep deprivation has been 
observed to impair attention,26 working memory,26 executive 
function,16 and verbal creativity16 in some studies, others have 
not found any significant decrement in attention,14,15,27 execu-
tive function,27 or speed of processing.14,16,26

Two studies investigated the cognitive effects of a longer pe-
riod of sleep restriction. In one, 5 nights of sleep restricted to 6.5 
h TIB resulted in increased student and parent reports of inat-
tention, as well as problems with metacognition.17 However, in a 
subset of these participants who underwent functional magnetic 
resonance imaging, the investigators found no objective deficit 
in working memory or executive function. These adolescent 
participants might have modulated task-related activation to 
mitigate any potentially deleterious effects of sleep restriction.28

In a second study,21 participants restricted to 5, 6, 7, 8, or 
9 h of TIB for 4 nights did not exhibit any deficit in attention, 
speed of processing, executive function, or working memory. 
Although total sleep time (TST) was reduced in each of the 
sleep-restricted groups, the duration of slow wave sleep was not 
affected, leading the investigators to propose that adolescents 
may be resilient to cognitive impairment following substantial 
sleep restriction because of the preservation of slow wave sleep.21

A recent meta-analysis29 on both observational and ex-
perimental studies found that in school-age children, the 
correlation between short sleep duration and poor cognitive 
performance was very modest (r = 0.08). When various cogni-
tive domains were analyzed separately, shorter sleep duration 
was only modestly associated with poorer executive function, 
and not at all with sustained attention – a cognitive domain 
highly sensitive to partial sleep deprivation in adults.30,31

In the current study, we evaluated the effect of 7 nights of 
partial sleep deprivation on adolescents, seeking to fill gaps 
left by previous studies. First, we recruited students from top 
high schools – the type of students many lay persons expect to 
transcend the need for sleep when motivated to attain desired 
goals. Second, the modest effects of partial sleep deprivation 
in prior experiments could have resulted from insufficiently 
severe sleep restriction compared to similar studies in adults. 
In addition, these milder degrees of sleep restrtiction are not 
representative of the sleep schedules encountered by students 
living in highly competitive societies. To examine this possi-
bility, sleep was restricted to 5 h TIB for 7 consecutive nights. 
Third, to facilitate comparison with similar studies on adults, 
our test battery comprised tests commonly used in adults. An 

example is the Psychomotor Vigilance Task (PVT),32 which is 
widely used in sleep deprivation studies on adults33 but has not 
been used in studies on children and adolescents. Fourth, to 
enhance ecological validity of our findings, the current study 
was conducted in a dormitory instead of in a sleep laboratory. 
Although a natural setting was used, the instrumentation, tests, 
and test frequency were similar to those used in laboratory-
based studies. In particular, sleep was evaluated using both 
actigraphy and polysomnography (PSG).

METHODS

Participants
Sixty participants were invited to participate in the Need for 
Sleep Study, a 2-w protocol aimed at characterizing changes 
in cognitive performance, subjective sleepiness, and mood as-
sociated with sleep curtailment in adolescents. Participants 
were between 15 and 19 y of age; had to have no history of 
any chronic medical condition, psychiatric illness, or sleep 
disorder; had a body mass index ≤ 30; were not habitual short 
sleepers (i.e. had an average actigraphically estimated TIB 
of < 6 h and no sign of sleep extension on weekends); had to 
consume fewer than five cups of caffeinated beverages a day; 
and must not have traveled across more than two time zones 1 
mo prior to the experiment.

Participants were randomized into the sleep restriction (SR) 
and the control groups. They were not informed about their 
grouping until the first day of the 2-w protocol. Two partici-
pants withdrew several days prior to the study and one during 
the study for personal reasons. One participant did not comply 
with the experimental procedures and was excluded from all 
the analyses.

The resulting sample consisted of 56 participants (25 males, 
mean ± standard deviation of age = 16.6 ± 1.1 y). The SR 
(n = 30) and the control groups (n = 26) did not differ in age, 
sex distribution, body mass index, consumption of caffeinated 
beverages, nonverbal intelligence, levels of anxiety and de-
pression, morningness-eveningness preference, levels of day-
time sleepiness, symptoms of chronic sleep reduction, global 
score of the Pittsburgh Sleep Quality Index, and self-reported 
and actigraphically assessed sleep habits (Table 1; refer to the 
next section for details of screening instrumentation). Data 
from actigraphy during term time indicated that on weekdays, 
these participants slept less than the recommended 8–10 h,4 
and TIB and TST increased by more than 2 h from weekdays 
to weekends (Table 1).

Recruitment and Screening
This study was approved by the Institutional Review Board 
of the National University of Singapore. Participants were re-
cruited through sleep education talks in two high-ranking high 
schools (see endnote A), advertisements on the laboratory and 
social networking websites, as well as by word of mouth. All 
interested participants and their legal guardians were invited 
to attend a briefing session. Written informed consent was ob-
tained from each participant and a legal guardian.

The Pittsburth Sleep Quality Index34 was used to assess 
self-reported sleep timing, duration, and quality, whereas the 
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Morningness-Eveningness Questionnaire35 evaluated morn-
ingness-eveningness preference. Participants completed the 
Chronic Sleep Reduction Questionnaire36 to evaluate symptoms 
of chronic sleep restriction, the Epworth Sleepiness Scale37 to 
examine levels of daytime sleepiness, and the Berlin Question-
naire38 to screen for obstructive sleep apnea. The Beck Anxiety 
Inventory39 and the Beck Depression Inventory40 were used to 
probe for anxiety and depression respectively. Nonverbal in-
telligence was assessed using the Raven’s Advanced Progres-
sive Matrices.41 Participants wore an actiwatch (Actiwatch 2, 
Philips Respironics, Inc., Pittsburg, PA) for 1 w during term 
time to evaluate sleep patterns. They also filled in a sleep diary 
during that week, which provided additional information for 
identifying bedtime and wake time on the actogram.

Each participant who met the inclusion criteria was inter-
viewed by JCL or RLL to ensure they would be comfortable 
interacting with other participants and research staff, as well 
as living away from home during the 2-w study period.

Two-Week Study Protocol
One week prior to the study, participants were required to ad-
here to a sleep-wake schedule that provided a 9-h nocturnal 
sleep opportunity (23:00–08:00). This was verified using 
wrist-worn actigraphy and was intended for circadian entrain-
ment and for minimizing any effect of prior sleep restriction on 
sleep and cognitive performance.

The 2-w protocol (Figure 1A) was conducted in a boarding 
school after the school year had ended. In the first 3 nights 
(B1–B3), both SR and control participants had a 9 h nocturnal 
sleep opportunity (23:00–08:00) for adaptation and baseline 
characterization purposes. This was followed by a 7-night ma-
nipulation period (M1–M7) in which the SR group had 5 h 
(01:00–06:00) and the control group had 9 h (23:00–08:00) 
sleep opportunities. The protocol ended with 3 nights of 9-h 
recovery sleep (R1–R3: 23:00–08:00) for both groups.

All participants slept in twin-share, air-conditioned rooms, 
each with its own en-suite bathroom. Males and females were 

Table 1—Characteristics for the sleep restriction and the control groups.

Sleep Restriction Group Control Group
t / χ2 PMean SD Mean SD

n 30 – 26 – – –
Age (y) 16.43  0.94  16.81 1.17 1.33 0.19
Sex (% males) 46.70 –  42.30 – 0.11 0.74
Body mass index 20.43  2.88  20.38 2.55 0.07 0.94
Caffeinated drinks per day  0.75  0.55  0.54 0.79 1.18 0.25
Raven’s Advanced Progressive Matrices score  9.77  1.98  10.38 1.06 1.43 0.16
Beck Anxiety Inventory score  7.80  6.45  6.58 4.83 0.79 0.43
Beck Depression Inventory score  6.90  5.49  5.19 4.68 1.24 0.22
Morningness-Eveningness Questionnaire score 47.90  7.43  49.96 7.15 1.05 0.30
Epworth Sleepiness Scale score  7.77  3.59  6.19 3.57 1.64 0.11
Chronic Sleep Reduction Questionnaire
 Total score 34.50  5.77  33.81 5.13 0.47 0.64
 Shortness of sleep 12.37  2.39  12.50 2.30 0.21 0.83
 Irritation  6.97  1.85  6.77 1.58 0.43 0.67
 Loss of energy  7.43  1.94  7.00 1.65 0.89 0.38
 Sleepiness  7.73  1.66  7.54 1.75 0.43 0.67
Pittsburgh Sleep Quality Index
 TIB on weekdays (h)  6.12  1.03  5.94 1.14 0.63 0.54
 TIB on weekends (h)  8.70  1.23  9.20 1.30 1.50 0.14
 TIB on average (h)  6.86  0.87  6.87 0.87 0.07 0.95
 TST on weekdays (h)  5.91  1.02  5.78 1.15 0.45 0.66
 TST on weekends (h)  8.48  1.24  9.04 1.30 1.65 0.11
 TST on average (h)  6.64  0.87  6.71 0.88 0.28 0.78
 Global score  5.17  2.32  4.58 2.58 0.90 0.37
Actigraphy
 TIB on weekdays (h)  6.40  0.94  6.09 0.85 1.24 0.22
 TIB on weekends (h)  8.46  1.08  8.45 1.25 0.99 0.99
 TIB on average (h)  6.98  0.72  6.76 0.77 1.08 0.29
 TST on weekdays (h)  5.61  0.86  5.37 0.73 1.11 0.27
 TST on weekends (h)  7.46  1.10  7.53 1.14 0.21 0.84
 TST on average (h)  6.14  0.66  5.99 0.62 0.89 0.38
 Sleep efficiency (%) 87.86  5.46 88.45 4.66 0.42 0.68

SD, standard deviation; TIB, time in bed; TST, total sleep time.



SLEEP, Vol. 39, No. 3, 2016 690 Sleep and Cognition in Adolescents—Lo et al.

housed in different buildings. The SR and the control groups 
were housed on different floors. Windows in each bedroom 
were fitted with blackout panels to prevent participants from 
being woken up by sunlight. Participants were provided with 
earplugs and allowed to adjust room temperature according 
to their own comfort. Apart from scheduled sleep periods, 
meal times, and cognitive testing periods, participants spent 
most of their time in a common room that received natural 
as well as artificial lighting. Participants were allowed to play 
board games, read, study, watch movies, and play games on 
their own electronic devices, in addition to interacting with 
research staff and other participants. Participants were under 
constant supervision of the research staff. Three main meals 
were served each day, and snacks were provided upon request. 

Caffeinated drinks, napping, and strenuous physical exercise 
were prohibited.

Sleep-wake patterns were continuously assessed with wrist-
worn actigraphy, except for the first night, i.e. night B1, when 
all the actiwatches were charged. Each day, a computerized 
cognitive performance test battery was administered at 10:00, 
15:00, and 20:00 (except for the first day [i.e. day B0]; Figure 1; 
see endnote B). Polysomnographic recordings were obtained 
on 7 nights: B1 and B3 for adaptation and baseline assessment, 
M1, M4, and M7 to monitor sleep changes from the begin-
ning to the end of the manipulation period, and R1 and R3 
for characterizing recovery sleep. Pulse oximetry was used on 
the first night to evaluate oxygen desaturations that might indi-
cate undiagnosed obstructive sleep apnea. Here, we will report 

Figure 1—(A) Experimental protocol. The 2-w experimental protocol is illustrated in a double raster plot. Both the sleep restriction (SR) and the control 
groups had three adaptation and baseline nights (B1 to B3; time in bed [TIB] = 9 h), followed by 7 nights of sleep opportunity manipulation (M1 to M7; 
TIB = 5 h for SR [black bars] and 9 h for control [gray bars]), and 3 nights of recovery sleep (R1 to R3; TIB = 9 h). On most days, a cognitive performance 
test battery (purple bars) was administered at 10:00, 15:00, and 20:00. (B) Actigraphically and (C) polysomnographically assessed total sleep time (TST) 
of the SR (red lines) and the control (blue lines) groups from the adaptation and baseline period to the manipulation and recovery periods. Standard errors 
are illustrated. **P < 0.01; ***P < 0.001 for group contrasts.
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findings regarding TST, whereas the sleep macrostructure and 
microstructure findings will be published separately.

Cognitive Performance Test Battery
A computerized cognitive performance test battery was ad-
ministered on 57 identical laptop computers (Acer Aspire E11, 
Acer Inc, Taipei, Taiwan). All tests were programmed in E-
Prime 2.0 (Psychology Software Tools, Inc., Sharpsburg, PA). 
Each test battery lasted for approximately 25 min. Participants 
were required to wear earphones throughout the test battery to 
minimize distractions and for tone presentation during certain 
tasks. The test battery comprised 7 tasks presented in the fol-
lowing order: the Karolinska Sleepiness Scale (KSS)42 the Sus-
tained Attention to Response Task (SART),43 the Symbol Digit 
Modalities Test (SDMT),44 the verbal 1 and 3-back tasks,31 the 
Mental Arithmetic Test (MAT),45 the Positive and Negative Af-
fect Scale (PANAS),46 and the PVT.32

In the KSS,42 participants rated their current level of subjec-
tive sleepiness using a nine-point Likert scale (1 very alert, 9 
very sleepy, great effort to keep awake).

The SART43 was used to assess sustained attention. Num-
bers ranging from 0 to 9 were presented sequentially on the 
screen for 250 msec, and participants were required to re-
spond by pressing the spacebar on every trial, except when the 
target number ‘8’ appeared. The target to non-target ratio was 
15:85, and the inter-stimulus interval was fixed at 900 msec. 
Two nonparametric measures of sensitivity (A’ ) and response 
bias (B”D) were used to quantify performance. A’ is a mea-
sure of a participant’s ability to discriminate between targets 
and non-targets, and is computed using the hit rate (number 
of non-target trials responded to × 100/85) and false alarm 
rate (number of target trials responded to × 100/15). A’ ranges 
from 0 to 1, with 0.5 indicating performance at chance level. 
B”D is a measure of a participant’s tendency toward liberal 
(B”D < 0) or conservative (B”D > 0) response behavior, where 
the former favors more responses and so is more likely to 
lead to responses when they are not required; the latter favors 
withholding responses, and as a result is less likely to result 
in false alarms when responses are not required. Neutrality is 
centered at 0 (B”D = 0).

The two measures were derived with the following 
formula.47,48

For hit > fa,  A’ =     +1
2

(hit − fa) × (1 + hit − fa)
4 × hit × (1 − fa)

For fa > hit,  A’ =     +1
2

(fa − hit) × (1 + fa − hit)
4 × fa × (1 − hit)

B”D = (1 − hit) × (1 − fa) − (hit × fa)
(1 − hit) × (1 − fa) + (hit × fa)

The SDMT44 was used to measure speed of processing. In this 
task, participants were shown a key displaying nine pairs of 
digits and symbols. On every trial, a symbol appeared below 
the key, and participants were required to respond by inputting 
its corresponding digit (ranging from 1 to 9 on the keyboard) 
as quickly as possible. If participants did not respond in 15 sec, 
a beeping tone was presented until a response was recorded. 

This task lasted for 2 min. The total number of correct trials 
was used as the critical measure.

Verbal n-back tasks31 were used to assess working memory 
and executive function. In this task, alphabets were presented 
sequentially for 1,000 msec with 3,000 msec inter-stimulus in-
terval. Participants were required to decide whether the current 
stimulus matched with the one shown one (1-back) or three (3-
back) items ago. The match to mismatch ratio was 8:24. We 
used the formulas stated above to derive measures of sensi-
tivity (A’ ) and response bias (B”D) to quantify performance.

The MAT45 was used to measure speed of processing. This 
took the form of addition problems involving pairs of two-digit 
numbers that were shown on screen, and participants were re-
quired to solve them as quickly as possible. A beeping tone 
was presented if participants did not respond within 15 sec. 
The total number of correct trials in this 4-min task was used 
as the critical measure.

The PANAS46 was used to assess positive and negative af-
fect. Participants were shown 20 adjectives with 10 describing 
positive mood and 10 describing negative mood. Participants 
needed to respond using a five-point Likert scale (1 very 
slightly, 5 extremely).

A 10-min PVT32 was used to measure levels of sustained at-
tention. At random intervals varying from 2,000 msec to 10,000 
msec, a counter on the computer screen started counting, and 
participants were required to respond as quickly as possible by 
pressing a key. A beeping tone was presented if no response 
was detected 10,000 msec after stimulus onset. The number of 
lapses (responses exceeding 500 msec) recorded during each 
PVT test was used as a measure of sustained attention.

Actigraphy
Participants wore an actiwatch (Actiwatch 2, Philips Respi-
ronics, Inc., Pittsburgh, PA) around the wrist of their non-dom-
inant hand during term time for screening purposes, during 
the 1-w pre-study period for verifying their compliance with 
the specified sleep schedule, as well as during the 2-w pro-
tocol. Data were collected at 2 min resolution and were scored 
with the Actiware software (version 6.0.2). TST was calculated 
using a medium sensitivity algorithm, with which an activity 
count greater than or equal to 40 was defined as waking. Par-
ticipants also kept a sleep diary during the actigraphically 
monitored periods at home.

Polysomnography
Electroencephalography (EEG) was performed using a SOM-
NOtouch recorder (SOMNOmedics GmbH, Randersacker, 
Germany) from two channels (C3 and C4 in the international 
10–20 system) referenced to the contralateral mastoids. The 
common ground and reference electrodes were placed at Cz 
and FPz. Electrooculography (EOG) and submental elec-
tromyography (EMG) were also used. Impedance was kept 
below 5 kΩ for EEG electrodes and below 10 kΩ for EOG 
and EMG electrodes. Signals were sampled at 256 Hz and fil-
tered between 0.2 and 35 Hz for EEG and between 0.2 and 10 
Hz for EOG.

Sleep scoring analyses were performed using the FASST 
toolbox (http://www.montefiore.ulg.ac.be/~phillips/FASST.html). 
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EEG signals were band-pass filtered between 0.2 and 25 Hz. 
Scoring was performed visually by trained technicians following 
the criteria set by the American Academy of Sleep Medicine 
Manual for the Scoring of Sleep and Associated Events.49

Statistical Analyses
Statistical analyses were performed with SAS 9.3 (SAS Insti-
tute, Cary, NC). We used a general linear mixed model with 
PROC MIXED to determine the effects of group, day (from 
day B3 to R2), and the group × day interaction on cognitive 
performance, sleepiness, and mood averaged across the three 
test batteries each day. We included performance on day B2 
(see endnote C) as a covariate to control for group differences 
in baseline performance. To quantify the local effect size of 
partial sleep deprivation on each measure, we used a similar 
statistical model but excluded the recovery days to compute 
Cohen f 2 of the group × day interaction.50 The cutoffs for small, 
medium, and large effect sizes were 0.02, 0.15, and 0.35, re-
spectively.51 We excluded data from the first five test batteries 
on days B0 and B1 in all the analyses to minimize influence of 
practice effects.

To assess the efficacy of our manipulation of sleep opportu-
nities, we also used a general linear mixed model to determine 
the effects of group, day (from night B2 to R3 for actigraphic 
data, and from night B3 to R3 for PSG data), and group × day 
interaction on TST. PSG data from night B1, i.e., the adapta-
tion night, was not included in the analysis. To ensure that 
the two groups followed the 9-h sleep schedule and did not 
differ in sleep duration the week prior to the 2-w protocol, we 
performed independent-samples t tests on actigraphically esti-
mated TIB and TST.

RESULTS

Sleep Duration before and during the Protocol
One week before the 2-w protocol, both groups complied with 
the 9-h sleep schedule at home (mean ± standard error of the 
mean of TIB of the SR group: 8.78 ± 0.07 h versus control 
group: 8.84 ± 0.04 h, t(53) = 0.68, P = 0.50). There was no 
significant group difference in actigraphically estimated TST 
(SR: 6.89 ± 0.16 h versus control: 6.94 ± 0.11 h, t(53) = 0.25, 
P = 0.80), suggesting that sleep history did not differ between 
the two groups. The actigraphically estimated TST of 6.9 h 
appears short but is readily explained by actigraphy underes-
timating TST by approximately 1 h relative to PSG (see next 
section). As such, it is likely that our participants were well 
rested prior to the study.

We found that (1) the SR and the control groups had similar 
TST at baseline, (2) the partial sleep deprivation manipulation 
resulted in a large reduction in daily TST, and (3) the SR group 
had greater TST during the recovery nights. In the ensuing 
material, we provide a detailed breakdown of these points.

Actigraphy during the 2-w protocol revealed a significant 
group × day interaction on TST (F(11,466) = 54.58, P < 0.001). 
The two groups had similar actigraphically estimated TST on 
baseline nights (e.g., on B3, SR: 6.98 ± 0.15 h versus control: 
7.24 ± 0.16 h, P = 0.23). During the manipulation period, TST 
was reduced to 4.01–4.41 h in the SR group and remained at 

approximately 7 h for the control group (Figure 1B). On the 
first 2 recovery nights, the SR group slept for 7.61 ± 0.15 h and 
7.46 ± 0.15 h respectively, both longer than the last baseline 
night (P < 0.001 and P = 0.008) and significantly longer than 
the control group (R1: 7.02 ± 0.16 h, P = 0.01; R2: 6.78 ± 0.16 h, 
P = 0.002). On the third recovery night, TST of the SR group 
approached baseline level (P = 0.07), and the group difference 
disappeared (6.62 ± 0.16 h versus 6.38 ± 0.16 h, P = 0.23).

Actigraphy underestimated sleep duration by approxi-
mately 1 h relative to PSG. This systematic bias was less 
with higher sleep efficiency (i.e., as TST approached TIB) 
(Figure S1, supplemental material), and this was indepen-
dent of the duration of sleep opportunity (TIB). Nevertheless, 
polysomnographic assessment of TST in response to sleep 
curtailment was, in general, congruent with the actigraphy 
findings (Figure 1C). The group × day interaction was statisti-
cally significant on TST (F(5,179) = 572.14, P < 0.001). TST in 
the last baseline night did not significantly differ between the 
two groups (SR: 7.95 ± 0.07 h versus control: 8.09 ± 0.07 h, 
P = 0.16). TST was maintained between 7.99 h and 8.18 h for 
the control group. The SR group showed a significant increase 
in TST from the beginning to the middle of the manipulation 
period (4.57 ± 0.07 h and 4.82 ± 0.07 h, P = 0.001). This was 
then maintained until the end of the sleep opportunity manipu-
lation period (4.81 ± 0.07 h). In the first recovery night, not only 
was the SR group’s TST significantly longer than the control 
group’s (8.58 ± 0.07 h versus 8.09 ± 0.07 h, P < 0.001), it was 
significantly elevated from the baseline level (P < 0.001). On 
the third recovery night, TST of the SR group remained above 
baseline (P = 0.004) and significantly longer than the control 
(8.19 ± 0.07 versus 7.85 ± 0.08 h, P = 0.001).

Effects of Partial Sleep Deprivation on Subjective Sleepiness, 
Cognitive Performance, and Mood
Cognitive performance, subjective sleepiness, and mood in 
the SR group were affected by partial sleep deprivation, as 
evidenced by a decrement in performance or reduced rate of 
improvement. Two nights of recovery sleep were insufficient 
to return performance to baseline levels on measures of sus-
tained attention and subjective sleepiness (Figure 2). Although 
recovery sleep might have restored performance improvement 
in speed of processing tasks, performance of individuals with 
prior sleep restriction remained poorer than the well-rested 
control group. In general, the control group showed relatively 
stable cognitive performance, levels of subjective sleepiness, 
and mood throughout the protocol.

In evaluating sustained attention, we found a group × day 
interaction on the number of lapses in the PVT (F(9,456) = 9.09, 
P < 0.001). The SR group showed a monotonic increase in 
the number of lapses throughout the partial sleep deprivation 
period. The number of lapses was significantly reduced after 
the first recovery sleep episode (P < 0.001), but remained el-
evated relative to baseline after the first two nights of recovery 
sleep (P < 0.001; left panel in Figure 2A). Performance on the 
SART was less affected by partial sleep deprivation. Although 
the group × day interaction was also significant for A’ in the 
SART (F(9,457) = 2.02, P = 0.04), a noticeable decrease in 
A’ was found only after 4 nights of partial sleep deprivation. 
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Figure 2—Effects of partial sleep deprivation on cognitive performance, subjective sleepiness, and mood. Daily average and standard errors of the sleep 
restriction (SR) (red lines) and the control (blue lines) groups from the days after the last baseline night (B3), after 1 to 7 nights of sleep manipulation (M1 
to M7), and after 2 nights of recovery sleep (R1 and R2) were plotted for (A) sustained attention as indicated by the number of lapses in the Psychomotor 
Vigilance Task (PVT) and the sensitivity measure (A’ ) in the Sustained Attention to Response Task (SART), (B) working memory and executive functions as 
indicated by A’ in the verbal 1- and 3-back tasks, (C) speed of processing as indicated by the number of correct responses in the Mental Arithmetic Test (MAT) 
and the Symbol Digit Modalities Test (SDMT), (D) subjective sleepiness level as indicated by score on the Karolinska Sleepiness Scale (KSS), and (E) positive 
and negative mood as indicated by the score on the Positive and Negative Affect Scale (PANAS). *P < 0.05; **P < 0.01; ***P < 0.001 for group contrasts.
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Performance returned to baseline levels after only 1 night of 
recovery sleep (P = 0.17; right panel in Figure 2A). This decre-
ment in discriminability between targets and non-targets could 
not be explained by changes in response bias as B”D was not 
affected at all by partial sleep deprivation (group × day interac-
tion: F(9,457) = 1.30, P = 0.23; Figure S2A, supplemental mate-
rial). In terms of effect size, performance in the PVT was the 
most sensitive to partial sleep deprivation of all the tests in this 
study ( f 2 = 1.48; Figure 3). In comparison, the A’ in SART, was 
much less affected by sleep restriction ( f 2 = 0.20; Figure 3).

In terms of working memory and executive function, we 
observed a significant group × day interaction on A’ in the 
verbal 1-back task (F(9,456) = 2.45, P = 0.01). A’ declined after 
4 nights of sleep restriction and returned to baseline levels after 
one recovery sleep episode (P = 0.06; left panel of Figure 2B). 
The group × day interaction on B”D in the verbal 1-back task 
was not statistically significant (F(9,457) = 1.70, P = 0.09), and 
no significant group difference in the tendency toward con-
servative response behavior was observed throughout the pro-
tocol (left panel of Figure S2A). Hence, the decrement in A’ in 
the SR group could not be accounted for by response bias. In 
the verbal 3-back task, there was also a significant group × 
day interaction on A’ (F(9,457) = 3.20, P < 0.001). A’ decreased 
after 4 nights of partial sleep deprivation and returned to base-
line level after 1 night of recovery sleep (P = 0.15; right panel 
of Figure 2B) as observed in the verbal 1-back task. B”D in 
the verbal 3-back task did not reveal a statistically significant 
group × day interaction (F(9,457) = 1.51, P = 0.14; right panel of 
Figure S2B) and hence, could not explain the decrease in A’ in-
duced by sleep loss. The size of the partial sleep deprivation ef-
fect on 1- and 3-back was similar in magnitude ( f 2 = 0.63 and 
0.70; Figure 3), suggesting that cognitive decrement induced 
by partial sleep deprivation did not change with executive load.

In both the MAT and the SDMT, which are tests of speed 
of processing, performance improved with repeated testing, 
but this was attenuated in the SR group relative to the control 
group (group × day interaction for the MAT: F(9,456) = 4.33, 
P < 0.001; for the SDMT: F(9,456) = 4.02, P < 0.001). Interest-
ingly, the largest improvement in both tasks was demonstrated 
by the SR group across the first recovery night (P < 0.001 for 
both tasks; Figure 2D). Nevertheless, after 2 nights of recovery 
sleep, performance of the SR group remained significantly 
poorer than the control group (P < 0.003 for both tasks). Al-
though both speed of processing tasks revealed a similar pat-
tern, performance in the MAT was a more sensitive measure of 
sleep loss than the SDMT ( f 2 = 1.14 and 0.72; Figure 3).

Subjective sleepiness evaluated using the KSS showed a sig-
nificant group × day interaction (F(9,457) = 9.32, P < 0.001). 
KSS score was elevated after only 1 night of partial sleep de-
privation (P < 0.001), progressively increased thereafter, and 
plateaued toward the end of the manipulation period. Although 
KSS score in the SR group decreased after 1 night of recovery 
sleep (P < 0.001), it was still higher than the baseline value 
(P < 0.001) and at the level observed after 1 night of partial 
sleep deprivation (P = 0.61). This remained so even after the 
second recovery night (versus baseline: P < 0.001; versus M1: 
P = 0.65; Figure 2D). The effect of partial sleep deprivation 
on subjective sleepiness was in the medium range ( f 2 = 0.50; 
Figure 3).

We found a significant group × day interaction on positive 
mood (F(9,456) = 4.71, P < 0.001). Positive mood decreased 
progressively during partial sleep deprivation, leveled off to-
ward the end of the manipulation period, and returned to the 
baseline level after 1 night of recovery sleep (P = 0.36; left 
panel of Figure 2E). In contrast, the group × day interaction on 
negative mood was not statistically significant (F(9,457) = 1.15, 
P = 0.33). Negative mood appeared to stay at a low level 
throughout the protocol for both the SR and the control groups 
(main effect of day: F(9,457) = 0.61, P = 0.79; right panel of 
Figure 2E). Effect size measures showed that partial sleep de-
privation had a medium effect on positive affect ( f 2 = 0.17), 
but only a small effect on negative affect ( f 2 = 0.07; Figure 3).

DISCUSSION
Restricting adolescents’ sleep to 5 h TIB for 7 nights led to cu-
mulative degradation of sustained attention, working memory, 
executive function, and speed of processing. In contrast, the 
increase in subjective sleepiness and the reduction in positive 
mood leveled off in the course of the experiment. Residual ef-
fects on sustained attention and subjective sleepiness persisted 
after 2 nights of 9 h recovery sleep opportunity. Adolescents 
in the control condition consistently slept approximately 8 h 
each night, maintained their baseline levels of cognitive per-
formance, subjective sleepiness, and mood, and even demon-
strated improvement in speed of processing.

Partial Sleep Deprivation Affects Even Academically Strong 
Students
Perhaps the most important finding of the current work is 
that even students from top schools who regularly sleep 2 to 
3 h less than recommended for their age on weekday nights 

Figure 3—Effect size of partial sleep deprivation on cognitive 
performance, subjective sleepiness, and mood. Effect size is indicated 
by the local effect size (Cohen f 2) of group × day interaction on 
each cognitive measure (refer to the Methods section for further 
details). KSS, Karolinska Sleepiness Scale; MAT, Mental Arithmetic 
Test; PANAS, Positive and Negative Affect Scale (+, score on the 
positive affect subscale; −, score on the negative affect subscale); 
PVT, Psychomotor Vigilance Task; SART, Sustained Attention to 
Response Task; SDMT, Symbol Digit Modalities Test.
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experience significant neurobehavioral deficits when exposed 
to partial sleep deprivation.

Prior studies on adolescents with perhaps one exception21 
have used less harsh sleep restriction than that used here. Ex-
perimental studies of partial sleep deprivation in adults have 
used 3 to 6 h TIB for a minimum of 7 nights.31,52,53 This con-
stitutes about 2 to 4 h less actual sleep a night, assuming a 
norm of 7 to 8 h.54 For adolescents, studies using 5 h TIB are 
in theory comparable to adult studies. A meta-analysis sum-
marizing sleep duration data in the past century has shown 
that sleep in children and adolescents has decreased by about 
75 min from the 20th century, with Asia showing one of the 
fastest rates of reduction.55 This perhaps can be due to a dis-
proportionately larger amount of time spent on school work 
in East Asia than in Western developed countries.56 A survey 
in Korea involving a nationally representative sample of over 
130,000 adolescents found that 43% reported sleeping less than 
6 h each night.2 Preliminary data from students of one of the 
feeder schools to the current work showed that on average, the 
actigraphically estimated TST was below 5.5 h during week-
days (unpublished data). As such, the severity and duration of 
sleep restriction used here has real-world relevance.

The severity of neurobehavioral deficits we observed in ado-
lescents is comparable to if not greater than that observed with 
adults exposed to a similar degree of partial sleep deprivation. 
For example, young adults showed about 10 lapses in the PVT 
after 7 nights of 4 h TIB,53 whereas an average of 18 lapses were 
found after 7 nights of 5 h TIB in the current study. Although 
many students seek to emulate elite performers who sleep little, 
the current data show that even students from the top per-
forming country in a global test on reading, mathematics and 
science8 are not spared and experience significant neurobehav-
ioral deficits when undergoing partial sleep deprivation.

Sustained Attention is the Most Affected Cognitive Domain, as 
in Adults
Previous studies have suggested that executive function and 
not attention is the cognitive domain most affected in par-
tially sleep deprived children and adolescents.11,16,57 These prior 
studies may not have found strong effects on attention because 
of differences in tests used to measure attention. The PVT is 
the most widely used test of sustained attention in adults. We 
detected monotonic deterioration in vigilance over the 7 nights 
of sleep restriction. The SART was less sensitive ( f 2 = 0.20) 
than the PVT ( f 2 = 1.48; Figure 3) highlighting the differential 
sensitivity to multi-night sleep restriction across tasks evalu-
ating the same cognitive domain.

In terms of effect size, decline in speed of processing was 
the next most affected cognitive domain. This was slightly sur-
prising given the absence of significant effects on this domain in 
prior studies on partial sleep deprivation in children and adoles-
cents.14,16,21,26 As in the case of sustained attention, we speculate 
that difference in task selection and severity of sleep restriction 
could explain these discrepancies. Although 1 night of recovery 
sleep might have restored the learning ability of the SR group, 
their performance failed to catch up with that of the control group. 
Whether additional nights of sufficient sleep can eliminate this 
group difference in performance remains to be investigated.

Working memory and executive function evaluated with 1- 
and 3-back tests were significantly affected by sleep restric-
tion with an effect size of about half of that observed with the 
PVT. Interestingly, there was no additional decline in perfor-
mance with increasing executive load (3 back versus 1 back). 
The absence of an incremental effect of load is similar to that 
observed with adults undergoing partial sleep deprivation31 
as well as visual short term memory and total sleep depriva-
tion58–60 and suggests that perceptual and attentional degrada-
tion61 independently or together with maintenance failure62 
could underlie the performance decline attributed to executive 
function in the sleep deprived state.

Two Nights of Recovery Sleep may not be Enough but 
Cognitive Domain Matters
Two nights of recovery sleep may not be sufficient to achieve a 
complete recovery in sustained attention, speed of processing, 
and alertness after 1 w of relatively severe sleep restriction in 
adolescents. These findings are reminiscent of a study where 
healthy young adults were restricted to 4 h TIB for 5 nights 
and the duration of recovery sleep was varied. Even 10 h of 
recovery sleep for a single night was insufficient to completely 
restore sustained attention to baseline levels, although speed of 
processing was restored.63

Particularly relevant to hard driving students, the residual 
effects of sleep deprivation may cumulate and subsequent ex-
posure to sleep restriction following incomplete recovery may 
result in disproportional decline in performance (Dinges, un-
published data). Relevant to this point, the relative plateauing 
of subjective sleepiness compared to monotonically declining 
sustained attention and reduced improvement in speed of pro-
cessing53,64 could cause adolescents to underestimate the extent 
of their objective neurobehavioral deficit. Of particular concern 
in societies where sacrificing sleep for academic success is 
prevalent is that chronic fatigue becomes a new societal norm.65

Poorer Positive Mood with Sleep Restriction 
A decline in positive mood was observed after 2 nights of sleep 
restriction, similar to one previous study.19 However, unlike 
another study,20 we did not find an effect on negative mood. 
Although negative mood appeared to remain unaffected, many 
students remarked that the test items, e.g., guilty, scared, and 
afraid, were irrelevant to them. Sleep has been shown to 
modulate the processing of emotional memory.66–68 Although 
this may have survival value, it could have negative effects 
on mental health. Indeed, a large behavioral risk factor survey 
found that shorter self-reported sleep duration in adolescents 
was associated with higher likelihood of reporting depressive 
symptoms and suicidal ideation.2

Differences in Adolescent Sleep Assessed by Wrist Actigraphy 
and PSG
The Bland-Altman plot (Figure S1) indicates that when sleep 
efficiency was high (i.e., when TST approached TIB), there was 
overall good concordance between sleep duration measured 
by both actigraphy and PSG, but when sleep efficiency was 
low, there was a systematic underestimation of TST for actig-
raphy. The underlying reasons for the underestimation, rather 
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than overestimation,69 of TST by actigraphy in our sample of 
adolescents and for the increased discrepancy between sleep 
duration assessed by PSG and wrist actigraphy as a function 
of sleep efficiency are unknown and remain to be investigated.

Limitations and Future Studies
Sleep restriction was achieved by delaying bedtime and ad-
vancing wake time by 2 h so that the midpoints were aligned for 
both the sleep periods and the wake periods throughout the pro-
tocol to minimize circadian phase shifting. However, because 
test batteries were run at the same clock times, the duration of 
preceding wakefulness was always 2 h longer for the SR group 
during the manipulation period. The cognitive decrement asso-
ciated with partial sleep deprivation might thus be accentuated 
by a longer duration of prior wakefulness before testing.

Our 7-night sleep restriction period was longer than the typ-
ical 5 study nights of 1 w when students curtailed their sleep. 
Although this might potentially limit the generalizability of 
our findings, it is not uncommon for highly competitive stu-
dents to continue sleeping less than recommended on week-
ends in order to study. Furthermore, our finding that some 
cognitive functions failed to return to baseline levels after 2 
nights of recovery sleep strongly signal the need to systemati-
cally evaluate the long-term effects of repeated cycles of sleep 
restriction and recovery on neurobehavioral deficits. Although 
we have unequivocally demonstrated neurobehavioral deficits 
using a standardized cognitive battery, the effect on ability 
to learn, to retain information, and to creatively reorganize 
learned material was not assessed. These higher-order cogni-
tive functions are of critical interest and remain to be evaluated 
in future studies.

CONCLUSION
Partial sleep deprivation in adolescents of comparable dura-
tion and severity to that examined in studies on young healthy 
adults elicited equivalent or greater neurobehavioral deficits 
across several cognitive domains. Residual effects on sus-
tained attention, speed of processing, and subjective alertness 
can still be observed even after 2 nights of recovery sleep. That 
even students from top high schools are susceptible to neu-
robehavioral deficits following partial sleep deprivation should 
cause policymakers and parents to reconsider if sleep should 
continue to be sacrificed for the sake of academic achievement.

ENDNOTES
A: Singapore was the top-ranked country out of 65 countries 
in the 2012 PISA examinations.8 Most of our participants 
came from top ranked schools. All participants stayed in the 
boarding school during the 2-w protocol. 

B: The label of day indicates the wake period after the corre-
sponding sleep period. For example, day B2 refers to the day 
after the second baseline night, but before the third baseline 
night. This highlights the effect of sleep history on subsequent 
cognitive performance.

C: Performance on day B3 was not used as a covariate because 
these data were included in the effect of day in the statistical 

model. This model allows the evolution of cognitive perfor-
mance, subjective sleepiness, and mood from the last baseline 
day (day B3) to be depicted.
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