
SLEEP, Vol. 38, No. 5, 2015 707 Sleep Extension and Insulin Sensitivity—Leproult et al.

INTRODUCTION
For the past few decades, self-reported sleep duration has 

decreased markedly, especially during workdays.1,2 This de-
crease in sleep duration is paralleled by a higher prevalence 
of diagnosed diabetes, as reported by the Centers for Disease 
Control and Prevention (http://www.cdc.gov/). The Interna-
tional Diabetes Federation recently presented alarming data 
indicating that the number of people with diabetes is estimated 
at 382 million worldwide and that this number will reach 592 
million in 2035.3 Type 2 diabetes represents the most common 
form of diabetes, leading to a vast number of comorbidities, 
such as cardiovascular disease, retinopathy, kidney failure, 
and poor limb circulation.4 In addition, healthcare costs repre-
sent a huge burden that result in a true public health concern.5

Education campaigns to prevent and manage type 2 dia-
betes recommend weight loss through nutrition hygiene and 
increased physical activity.6 However, accumulating evidence 
strongly suggests that habitual sleep curtailment and disturbed 
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sleep are additional factors contributing to the development of 
type 2 diabetes. Several well-controlled laboratory studies de-
signed to address the metabolic and hormonal consequences 
of recurrent partial sleep restriction have demonstrated that 
insulin sensitivity, assessed by a clamp procedure or by intra-
venous glucose tolerance testing, decreases in a state of sleep 
debt as compared to a fully rested condition,7–13 although the 
findings are not uniform.14,15 In a laboratory study that obtained 
one single fasting blood sample, five nights of sleep restric-
tion to four hours lead to a marked increase in insulin levels, 
without significant change in glucose concentration, resulting 
in an elevated insulin-to-glucose ratio, a proposed marker of 
insulin resistance.16 Many epidemiological studies are consis-
tent with these laboratory results.17 A meta-analysis of pro-
spective studies showed that self-reported short sleep (< 5–6 h) 
is associated with a higher risk of developing type 2 diabetes.18 
Whether interventions to extend the time spent asleep in short 
sleepers are feasible under real-life conditions and whether 
they can reduce diabetes risk remain open questions.

Studies investigating the impact of sleep extension in 
healthy individuals on cognitive, biological, and neurophysi-
ological functions19–34 highlight the potential effects of sleep 
extension to recover from deleterious consequences of chronic 
sleep curtailment. Conversely, “banking sleep” (i.e., sleep ex-
tension before sleep restriction) for one week has been shown 
to improve recovery on alertness and on a math test after sleep 
restriction.26,35 Most of these findings are, however, based 
on protocols that include relatively short sleep extension pe-
riods (one to five nights19,23,25,28,30,31 or one week22,26,29,32,35), and/
or often using a between-subject design.20,22,23,26,30,31,33–35 Only 
four studies recruited constrained short sleepers,28,29,32,34 and 
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only five studies included electroencephalographic (EEG) 
data.20–22,26,29 In three of these latter studies, sleep recordings 
were conducted in a sleep laboratory,20,22,26 which involves a 
change in the usual sleeping environment and may lead to 
sleep disturbances. Lastly, none of these studies included mea-
sures of glucose metabolism.

The current study therefore investigates whether increasing 
time in bed in adults with habitual sleep restriction over a rela-
tively long period of time (6 weeks) could have metabolic ben-
efits that are commensurate with the increase in sleep duration.

METHODS

Participants and Protocol
Each participant signed a consent form prior to participating 

in the current study, approved by the Ethical Committee of 
ULB University - Erasme Hospital (Brussels, Belgium).

Healthy non-obese volunteers aged 20–50 years were re-
cruited using advertisements inviting participation in a sleep 
extension study. Potential participants who contacted the in-
vestigator were asked to complete a short questionnaire on 
demographics, occupation, and sleep duration during both 
weekdays and weekends. Individuals who were night workers 
or reported sleeping > 7 h/night during the week or reported 
no difference between weekday and weekend sleep durations 
were excluded. Eligible volunteers had a face-to-face interview 
with the investigator and were asked whether they believed that 
they could extend their sleep time. Those who gave a negative 
response were excluded. The remaining participants were con-
sented and completed validated questionnaires listed below.

Additional exclusion criteria included having a body mass 
index (BMI) > 30 kg/m2; having any known sleep disorder or 
poor sleep quality based on screening interview, Berlin ques-
tionnaire,36 or Pittsburgh Sleep Quality Inventory37; and being 
an extreme chronotype (either morning or evening types) 
based on a circadian typology questionnaire (Morningness-
Eveningness Questionnaire38).

Participants wore a wrist activity monitor (Actiwatch-2, 
Medys, Kappellen, Belgium) and completed a daily sleep 
log39 during the entire time of the study (8 weeks), including 2 
weeks while following their habitual time in bed and 6 weeks 
during the intervention of sleep extension. The intervention 
consisted of increasing time in bed by 1 h/night while fol-
lowing the instructions for sleep hygiene adapted from the rec-
ommendations of the American Academy of Sleep Medicine. 
Participants received information on the deleterious neurobe-
havioral and biological effects of insufficient sleep.

Sleep extension was scheduled individually, in accordance 
with each participant’s lifestyle (habitual sleep/wake cycle, 
work schedules, and hobbies). The only advice concerning 
physical activity consisted of emphasizing to physically active 
participants that exercising < 2 h before bedtime could delay 
sleep onset. Participants were provided with a phone number 
and an email address to contact the investigator whenever they 
had a concern or a question regarding the study. In addition, a 
meeting was scheduled every 2 weeks to discuss the difficul-
ties the participants might have encountered and how the new 
schedule could be improved. These meetings also served to 
encourage compliance with the protocol.

To evaluate sleep architecture, sleep was polygraphically re-
corded during a weekday at the participant’s home toward the 
end of the 2 study periods, i.e., after 12 days of habitual time in 
bed and after 40 days of sleep extension.

At the end of the 2 weeks of habitual time in bed and at the 
end of the 6 weeks of sleep extension, a fasting blood sample 
was obtained at Erasme Hospital, where glucose and insulin 
levels were assayed. On the day that preceded the first fasting 
blood sample (under habitual time in bed), the participants 
were requested to complete a detailed questionnaire reporting 
on food intake, including types and quantities. They were 
asked to follow the exact same diet on the day preceding the 
second session of blood sampling, i.e., at the end of the sleep 
extension intervention.

Sleep Recording and Analysis
Participants pressed an event marker button on their wrist 

activity monitor to mark their bedtimes and their wake times 
without affecting the data collection. They also completed 
daily sleep logs that included timings of lights off, sleep onset, 
sleep offset, and sleep duration. The combination of these 2 
collection methods provided accurate determinations of bed-
times and wake times for analysis of actigraphic recordings 
using the Respironics Actiware 5 software (Medys, Kappellen, 
Belgium). Sleep times and sleep efficiency were computed 
from these analyses.

Polysomnographic (PSG) recordings included EEG (2 cen-
tral, 1 frontal and 1 occipital lead), electrooculography (EOG), 
and electromyography (EMG). Abdominal and thoracic belts, 
nasal pressure transducer, oronasal thermocouple, and sensor 
for oxygen saturation by finger pulse oximetry were placed 
to verify that respiratory events were minor (apnea-hypopnea 
index < 5/h). Each 30-s epoch of recording was scored as stage 
Wake, N1 (NREM stage 1), N2, N3, or REM sleep following 
standard criteria.40 Sleep onset corresponded to the time of the 
first 30-s epoch scored either N2, SWS, or REM. Final awak-
ening was defined as the time corresponding to the last 30-s 
epoch scored N2, SWS, or REM. Sleep period time was defined 
as the time interval separating sleep onset from final awakening. 
Total sleep time was calculated as sleep period time minus the 
duration of intra-sleep awakenings, and sleep maintenance as 
total sleep time, expressed in percent of the sleep period time.

Assays
Glucose levels were assayed using an automate “Modular 

P800” (Roche Diagnostics). The intra-assay coefficient of 
variation was < 1.1%. Insulin levels were assayed using an 
automate “Modular E170” (Roche Diagnostics). The limit of 
sensitivity was 0.2 µU/mL and the intra-assay coefficient of 
variation was < 1.5%.

Statistical Analysis
Results are expressed as mean ± SD when normally distrib-

uted and as median (Q1, Q3) otherwise. Data were log-trans-
formed where appropriate to perform the statistics.

Overnight sleep variables obtained during the habitual time 
in bed period were compared to those obtained during the 
sleep extension intervention using a repeated-measure analysis 
of variance (ANOVA).
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The primary metabolic outcome measures were blood 
levels of glucose and insulin. Additionally, 3 validated in-
dices combining the fasting glucose and insulin levels were 
calculated for each participant: the homeostatic model assess-
ment (HOMA)41,42 and the insulin-to-glucose ratio,16,43 which 
are both markers of fasting insulin resistance, and the Quan-
titative Insulin Sensitivity Check Index (QUICKI),44 which 
is a marker of insulin sensitivity. Glucose, insulin, HOMA, 
insulin-to-glucose ratio, and QUICKI after sleep extension 
were expressed as percent changes from the habitual time in 
bed condition. Sleep variables at the end of the sleep exten-
sion were also expressed as percent change from the habitual 
time in bed condition. Correlations were calculated using 
Pearson coefficients of correlation (r) when data followed a 
normal distribution and Spearman coefficients of correlation 
(rSP) otherwise.

All statistical calculations were performed using JMP soft-
ware (SAS Institute Inc., Cary, NC).

RESULTS

Participants
Seventeen healthy adults were included in the study. One 

dropped out for personal reasons. The remaining 16 partici-
pants (3 men, median [Q1, Q3]: 25 [23, 27.8] years old, 20.8 [19.2, 
23.9] kg/m2) completed the entire study. Thirteen of 16 partici-
pants were of European descent, 2 were of North African eth-
nicity, and one was from Central Africa. Six participants were 
students with classes during the daytime, and 10 had daytime 
employment; all individuals were thus under constraining daily 
schedules. Participants’ scores on the Pittsburgh Sleep Quality 
Inventory averaged 4.8 ± 2.5, indicating that they exhibited 
good sleep quality except for short sleep duration. Fourteen of 
the 16 volunteers were neutral chronotypes (neither morning 
nor evening types), and 2 were moderate morning chronotypes, 
based on the circadian typology questionnaire (Morningness- 
Eveningness Questionnaire). Self-reported time in bed during 
weekly nights averaged 6.5 [5.8, 6.8] h, and self-reported time 
in bed during weekend was increased in comparison to weekly 

nights (7.7 ± 1.1 h, P = 0.0002), indicating that our participants 
were sleep restricted during the week and tried to recover 
during weekends.

Sleep Variables

Sleep logs
Table 1 reports the weekday data derived from sleep logs 

and averaged over the 2 weeks of habitual time in bed and 
each 2-week period during the intervention. Self-reported 
sleep duration increased by about 1 h during the intervention 
of extended time in bed (P < 0.0001) without increase in either 
sleep latency (P = 0.69) or intra-sleep awakenings (P = 0.88 
for number; P = 0.58 for duration). Participants reported a 
better sleep quality (P = 0.031), feeling better after waking up 
(P = 0.027), and dreaming more (P = 0.009) after the inter-
vention. No significant difference was reported for sleep depth 
(P = 0.86), ease of waking up (P = 0.27), or ease of falling 
asleep (P = 0.89).

Wrist Activity Monitoring
Habitual bedtimes and wake times averaged 0h 37 ± 57 min 

and 7h 05 ± 52 min, respectively, whereas extended sleep bed-
times and wake times averaged 23h 49 ± 40 min and 7h 00 ± 47 
min, respectively, based on actigraphic data averaged over the 
2 weeks of habitual bed times and over the last 2 weeks of the 
intervention.

Figure 1 illustrates actigraphic data for the total sleep time 
during weekdays (left panel) and during weekends (right 
panel), averaged over the 2-week habitual time in bed and over 
the three 2-week periods during the intervention. Actigraphic 
data are missing for 2 participants in the block weeks 1–2 and 
for 1 participant in the block weeks 3–4 of the intervention.

During the first 2 weeks of the pre-intervention period (ha-
bitual time in bed), participants slept about 6 h during week-
days (5h 59 min ± 29 min) with an increase by more than one 
hour during weekends (7h 09 min ± 63 min, P = 0.0006). The 
intervention of sleep extension was largely successful, as a clear 
increase in total sleep time during weekdays was observed 

Table 1—Self-reported sleep variables during weekdays.

Habitual Time in Bed 
(n = 16)

Bed Times Extension 
Weeks 1–2 (n = 16)

Bed Times Extension
Weeks 3–4 (n = 16)

Bed Times Extension
Weeks 5–6 (n = 16) P value

Sleep duration (h) 6.3 ± 0.5 7.5 ± 0.7 7.4 ± 0.6 7.4 ± 0.7  < 0.0001
Sleep latency (min) 16.4 (11.9, 24.9) 16.6 (10.2, 22) 13.7 (11, 20.8) 17.5 (11.8, 22.8) 0.69
Intra-sleep awakenings (n) 0.9 (0.6, 1.4) 0.6 (0.1, 1.4) 0.6 (0.2, 1.4) 0.6 (0.2, 1.3) 0.88
Intra-sleep awakenings (min) 5.1 (3.3, 12.8) 3.4 (0.5, 9.1) 2.8 (1.9, 6.7) 3.4 (1.4, 7.4) 0.58
Sleep quality 3.6 ± 0.7 3.9 ± 0.7 3.9 ± 0.7 4 ± 0.6 0.031
Feeling great after waking up 3.2 ± 0.9 3.6 ± 0.8 3.7 ± 1 3.8 ± 0.7 0.027
Sleep depth 3.8 ± 0.6 3.9 ± 0.8 3.9 ± 0.9 4 ± 0.6 0.86
Usual awakening 4.3 (3.7, 4.7) 4.8 (3.4, 5) 4.6 (3.7, 5) 4.8 (3.9, 5) 0.102
Ease to wake up 2.5 (1.9, 3.1) 2.4 (1.6, 3.1) 2.4 (1.6, 2.9) 2.2 (1.5, 3.1) 0.27
Ease to fall asleep 2.1 ± 0.5 1.9 ± 0.6 2 ± 0.5 2 ± 0.6 0.89
Dream quantity 2 (1.4, 2.9) 2.3 (1.6, 3.3) 2 (1.3, 3) 2.7 (1.9, 3.3) 0.009

Weekday data obtained from the sleep logs, averaged over the 2 weeks of habitual time in bed and each 2 weeks of extended time in bed. A bold P value 
indicates statistical significance.
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throughout the 6 weeks of the intervention (P < 0.0001). In-
deed, total sleep time increased by 54 ± 33 minutes over the 2 
first weeks of the intervention, by 48 ± 31 minutes over the 2 
middle weeks of the intervention, and by 44 ± 34 minutes over 
the 2 last weeks of the intervention (P ≤ 0.0001 for all compari-
sons to habitual time in bed and P > 0.25 for the comparisons 
between any 2-week periods of the intervention) without any 
significant change in sleep efficiency (P > 0.35). A large inter-
individual variability emerged as increased sleep time during 
weekdays from habitual time in bed to the three 2-week pe-
riods of the intervention ranged from 13 to 119 minutes, −4 
to 118 minutes, and −15 to +106 minutes, respectively. Total 
sleep time and sleep efficiency during weekends remained un-
changed throughout the entire protocol (P = 0.36 and P = 0.30, 
respectively).

Polysomnography
PSG data are missing for one participant due to tech-

nical failure. The following analyses therefore include 15 
volunteers.

Sleep variables obtained via polysomnography are shown in 
Figure 2. Consistent with actigraphic data, total sleep time was 
increased by 49 ± 68 min (from 5h 48 ± 52 min to 6h 37 ± 54 
min, P = 0.014) during the sleep extension intervention. The 
increase in total sleep time was essentially due to an increase 
in the duration of stage N2 (+35 ± 54 min, from 178 [161, 206] 
min to 224 [199, 260] min, P = 0.021) without a significant 
change in durations of stage N1 (+3 ± 11 min, from 20 ± 9 min 
to 23 ± 12 min, P = 0.26), slow wave sleep (+1 ± 19 min, from 
78 ± 20 min to 79 ± 22 min, P = 0.87) or REM sleep (+9 ± 21 
min, from 61 ± 21 min to 71 ± 26 min, P = 0.11). Importantly, 
the duration of the intra-sleep awakenings did not increase 

after the sleep extension (−4 ± 14 min, from 21 [12, 37] min to 
21 [9, 36] min, P = 0.23). Despite extended time in bed, sleep 
maintenance tended to increase after the intervention (94.9% 
[90.7, 96.9] vs. 95.3% [92.4, 98.2], P = 0.098). A very large 
inter-individual variability in the increase of total sleep time 
after the intervention was observed compared to habitual time 
in bed, ranging from −86 to +142 minutes.

Correlation analyses revealed that percent changes from 
pre- to post-intervention in total sleep time were associated 
with the changes in stage N1 (r = +0.61, P = 0.016), stage N2 
(r = +0.82, P = 0.0002), and REM sleep (rSp = +0.55, P = 0.035), 
but not with those of stage 3 (P = 0.37), indicating that the par-
ticipants who were able to augment their sleep time increased 
the duration of stages N1, N2, and REM sleep.

Correlations between Actigraphic and Polysomnographic Data
Total sleep durations as assessed via PSG recordings were 

compared to sleep durations derived from actigraphic record-
ings obtained during the same nights. This analysis revealed a 
strong association between the 2 measurements on the first ses-
sion, i.e., pre-intervention (n = 13, r = +0.95, P < 0.0001), and 
on the second session, after the intervention (n = 14, r = +0.82, 
P = 0.0003). Changes in sleep time from habitual time in bed 
to extended time in bed were also highly correlated between 
PSG-derived and actigraphic-derived measurements (n = 12, 
r = +0.85, P = 0.0004).

Weight Change
Body weight measurements were obtained at the end of 

both habitual bed times and the intervention of sleep exten-
sion. There were no significant changes in weight between pre 
(60 ± 9.6 kg) and post intervention (60.1 ± 9.7 kg, P = 0.81).

Figure 1—Total sleep time from actigraphic data. Minutes of total sleep time (+SD) derived from actigraphic data, averaged over the 2 weeks of habitual 
time in bed and by 3 blocks of 2 weeks during the intervention period. Data are presented for weekdays (left) and weekends (right). *P < 0.0001.
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Fasting Glucose and Insulin Levels
Fasting insulin level after intervention is missing for one 

participant. No significant difference was detected between 
pre- and post-intervention in fasting glucose and insulin 
levels.

To examine the relationship between the increase in total 
sleep time and the blood levels of glucose and insulin, cor-
relations between the percent changes in sleep and metabolic 
measures were calculated, using the data from 15 participants 
when actigraphy data were considered and from 14 partici-
pants when PSG data were considered.

Correlation analyses between changes in levels of glucose 
and insulin and changes in actigraphic measures obtained 
on the day of PSG revealed significant associations between 
changes in sleep time and changes in fasting glucose (r = +0.65, 
P = 0.017) and insulin levels (r = −0.57, P = 0.053). There was 
no other significant association between glucose-related mea-
sures and actigraphic sleep data.

Percent changes from pre- to post-intervention in PSG total 
sleep time were positively associated with relative changes in 
fasting glucose levels (P = 0.041 Figure 3A, left upper panel) in-
dicating that participants who were able to increase their sleep 
time the most had the highest increases in fasting glucose levels. 
However, sleep extension was beneficial in reducing fasting in-
sulin levels as the changes in total sleep time correlated neg-
atively with the changes in fasting insulin levels (Figure 3A, 
lower left panel, P = 0.025). As reflected by the different scales 
of the glucose and insulin changes in Figure 3A, the decreases 
in insulin were considerably larger than the increases in glucose.

Changes in stage N2 also correlated negatively with changes 
in fasting insulin levels (Figure 3A, lower right panel, P = 0.008).

Indices of Insulin Sensitivity
Significant associations were observed between changes in 

actigraphic sleep time and changes in insulin-to-glucose ratio 
(r = −0.66, P = 0.019) and QUICKI (r = +0.57, P = 0.053).

Figure 2—Sleep variables from polysomnographic data. Mean (+SD) total sleep time, intra-sleep awakenings, stage N1, stage N2, stage N3, and REM 
sleep (in minutes) obtained during one unattended home polysomnography towards the end of the habitual time in bed condition, after 12 days of habitual 
time in bed (white bars), and one toward the end of the intervention period, after 40 days of sleep extension (black bars). *P < 0.04.
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Changes in polysomnographic total sleep time tended to 
be associated with changes in HOMA (Figure 3B, upper left 
panel, P = 0.069) and correlated with changes in insulin-to-
glucose ratio (Figure 3B, middle left panel, P = 0.009) and 
QUICKI (Figure 3B, lower left panel, P = 0.002). Furthermore, 
changes in stage N2 were associated with changes in HOMA, 
insulin-to-glucose ratio, and QUICKI (Figure 3B, right panels, 
P = 0.025, P = 0.003, and P = 0.004, respectively). Other as-
sociations between sleep scores and glucose-related measure-
ments did not reach statistical significance (P ≥ 0.15). Further, 
regression analyses with changes in insulin-to-glucose ratio or 
QUICKI as the dependent variable and changes in both total 
sleep time and body weight as independent variables revealed 
that only changes in total sleep time was significant (ratio: 
P = 0.042 for changes in total sleep time and P = 0.62 for weight 
changes and QUICKI: P = 0.016 for changes in total sleep time 
and P = 0.28 for weight changes).

DISCUSSION
The current study demonstrates that six weeks of sleep ex-

tension at home in adults who habitually restrict their sleep 
time during the week is a feasible intervention with meta-
bolic benefits. There was a high inter-individual variability 
in the amount of sleep extension and increases in objectively 
assessed sleep times were strongly correlated with improve-
ments in indices of insulin sensitivity.

In our study, the additional amount of 
sleep obtained during the intervention 
was mainly achieved by an augmenta-
tion of the time spent in NREM stage 
2 as well as (although modestly) REM 
sleep, without any significant changes 
in either slow wave sleep or intra-sleep 
awakenings. Moreover, sleep efficiency 
as assessed via actigraphy was not modi-
fied, and sleep maintenance evaluated via 
polysomnography tended to be improved 
after sleep extension. These results in-
dicate that sleep quality was not altered 
by extended sleep duration with the in-
tervention of an extra hour of sleep, at 
variance with sleep extension studies that 
have imposed long hours in bed, i.e., 10 
hours in bed 20,21 and/or 2 additional hours 
compared to habitual bed times.20,28,29 In 
these latter studies, long hours in bed re-
sulted in decreased sleep efficiency and/
or increased intra-sleep awakenings, even 
when participants were short sleepers 
and total sleep time was increased by 1.7 
hours during one week of sleep exten-
sion.29 Unaltered sleep efficiency in the 
present study during weekdays and the 
fact that weekend sleep times were not 
modified by the intervention (partici-
pants preserved the extra amount of sleep 
during weekend) suggest that the require-
ment of one additional hour of sleep per 
day in habitually sleep-restricted adults 

is an adequate amount that preserves sleep quality.
Accumulating evidence indicates that reduced sleep dura-

tion in healthy7,8,10–12 and overweight adults9 induces delete-
rious effects on glucose metabolism resulting in a higher risk 
of diabetes. Our study shows, for the first time, that the re-
verse intervention can have beneficial metabolic effects (i.e., 
improvements in insulin sensitivity) in healthy adults who 
are engaged in habitual sleep restriction. In fact, our find-
ings faithfully mirror the elevated insulin resistance observed 
in a recent study of 5 nights of sleep restriction to 4 hours16 
that used the exact same index of insulin resistance, i.e., the 
insulin-to-glucose ratio. Since our study included a homog-
enous group of participants, i.e., relatively young and lean, 
these findings need to be replicated in older, and overweight 
and obese populations.

The duration of the sleep extension intervention could be 
a crucial factor in our positive findings. Indeed, most studies 
that have investigated the potential benefits of sleep extension 
were performed over one to seven nights.19,22,23,25,26,28–32,35 In 
the present study, sleep extension was required for 6 weeks to 
allow enough time for a potential physiological adaptation. It 
is noteworthy that a 6-week intervention designed to increase 
sleep duration in adults with prehypertension or type 1 hy-
pertension was effective in decreasing blood pressure.33 The 
individual design of the daily schedule of sleep extension in 
accordance with the participant’s preferences is an additional 

Figure 3A—Percent changes in sleep variables and in fasting glucose and insulin. Associations 
between the percent changes between pre- and post-intervention in total sleep time and stage N2, 
and the percent changes between pre- and post-intervention in fasting glucose and insulin.
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factor that may have contributed to our 
positive findings. Additionally, the par-
ticipants were encouraged to follow the 
instructions of sleep hygiene and were 
educated in the benefits of adequate 
sleep duration for health. The investi-
gator could be reached by phone or via 
email and individually bi-weekly meet-
ings were programmed to encourage 
compliance. Additionally, inclusion cri-
teria involved being a restricted sleeper 
(< 7 h) who believed that sleep extension 
was compatible with his/her current life-
style. In sum, we believe that three fac-
tors played a role in the success of our 
experimental strategy: first, the fact that 
the participants were individuals who ha-
bitually curtailed their sleep but did not 
consider sleep extension as unfeasible; 
second, the relatively small amount of 
additional sleep requested (i.e., one hour) 
over a long period of time; and third, the 
flexibility provided to the participants 
to implement the extra amount of sleep 
without imposing a fixed schedule. Im-
portantly, limiting the extra amount of 
sleep to one hour seems a reasonable goal, 
as excessive sleep duration is not recom-
mended. Indeed, epidemiological studies 
have demonstrated a U-shape curve for 
the relationship between sleep duration 
and diabetes risk, indicating that long 
sleep is also a risk factor for diabetes.18 
In addition, the mechanisms linking the 
amount of sleep and the risk of diabetes 
are still not fully understood. They most 
likely involve multiple pathways linked 
to each other and (partially) controlled by 
sleep, including counterregulatory hor-
mones, sympatho-vagal balance, and the 
inflammatory system.45 Therefore, future 
sleep extension studies should assess the 
potential benefits of sleep extension using 
an appropriate amount of extra sleep on a 
relatively long period of time, while as-
sessing potential mechanisms.

A potential limitation of the present study is the absence 
of a control group. For this first study of the potential meta-
bolic benefits of sleep extension, based on our experience with 
studies manipulating sleep duration, we expected that there 
would be a wide inter-individual variation in the amount of 
extra sleep obtained and chose to complete the study in a suf-
ficiently large number of participants to examine correlations 
between the success of the intervention and the metabolic 
changes. We indeed observed a high inter-individual vari-
ability with the sleep extension intervention, confirming that 
not all subjects are able to comply with the instructions. The 
highly significant correlations between changes in the amount 
of sleep and changes in metabolic measures are a powerful 

argument for a causal relationship. Nonetheless, future studies 
of sleep extension should include a control group.

A second potential limitation is the assessment of basal 
(i.e., fasting) glucose metabolism without evaluating the re-
sponse to a challenge. The two well-established methods for 
the quantification of insulin sensitivity during a glucose chal-
lenge, the euglycemic-hyperinsulinemic clamp and the min-
imal model analysis of the frequently sampled intravenous 
glucose tolerance test, cannot easily be applied in a field study 
because of their complexity, cost, and invasiveness. We there-
fore focused on surrogate measures of fasting insulin resis-
tance, HOMA,41,42 and the insulin-to-glucose ratio used in van 
Leeuwen et al.,16 as well as the surrogate measure of insulin 

Figure 3B—Percent changes in sleep variables and in fasting glucose and insulin. Associations 
between pre- and post-intervention percent changes in total sleep time and stage N2, and those in 
HOMA, insulin-to-glucose ratio, and QUICKI.
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sensitivity, QUICKI44—these can all be derived from glucose 
and insulin levels obtained in one fasting blood sample and are 
sufficient to show an improvement in basal insulin sensitivity 
after sleep extension, as observed in our study. Of note, these 
indices of fasting insulin resistance/sensitivity could be more 
easily applied in larger population studies.

The lack of control of food intake throughout the protocol 
could be another potential limitation to the study. However, 
body weight was not modified from pre to post intervention. 
In addition, the 16 participants reported no lifestyle modifica-
tions, in particular no changes in physical activities, during the 
bi-weekly meetings other than those related to sleep hours and 
sleep quality.

In conclusion, our study shows that sleep extension over 6 
weeks in sleep-restricted adults has beneficial effects on in-
sulin sensitivity. Further investigations using sleep extension 
paradigms in populations at risk such as pre-diabetic and dia-
betic patients are therefore needed, considering that diabetes 
is currently managed by recommendations of more physical 
activity and less caloric intake to lose weight without any sys-
tematic investigation of sleep habits.
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