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Study Objectives: Sleep deprivation is known to be associated with insulin resistance and diabetes risk. This study investigated whether 2-week sleep
extension in chronically sleep-deprived individuals would improve glucose metabolism.

Methods: A crossover study was conducted in volunteers without diabetes who reported sleeping < 6 h/night. They were randomized to maintain their
habitual sleep or extend sleep time for 2 weeks, then crossed over after a washout period. Sleep was monitored by actigraphy. Oral glucose tolerance
tests (75 g) with insulin levels was performed at the end of each period. Mixed-effect linear regression analysis, adjusting for sequence and period

effects, was applied.

Results: A total of 21 participants (19 females) with mean (standard deviation) age of 33.1 (6.1) years completed the protocol. Mean sleep duration during
habitual sleep was 318.7 (44.3) minutes and the participants extended their sleep by 36.0 (45.2) minutes during sleep extension. The average washout period
was 21 (11) days. There were no significant effects of sleep extension on any metabolic parameters. The per-protocol analysis included eight participants who
could sleep more than 6 hours during sleep extension (mean sleep duration 396 [25] minutes, extended by 60.1 [28.5] minutes). Among these individuals,
sleep extension improved Homeostatic Model Assessment of Insulin Resistance (adjusted mean difference -0.50 [95% confidence interval [CI] -0.89, -0.11,

P =.013]), early insulin secretion (insulinogenic index; mean difference 0.39 [95% CI 0.15, 0.63, P = .001]), and B-cell function (disposition index, mean

difference 1.07 [95% CI 0.17, 1.97, P = .02]).

Conclusions: Sleep extension in chronically sleep-deprived individuals improved glucose metabolism in only those who could objectively extend their sleep
to more than 6 h/night. Our findings suggest that a critical amount of sleep is needed to benefit metabolic outcomes.
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BRIEF SUMMARY

Current Knowledge/Study Rationale: Insufficient sleep has been linked to insulin resistance in experimental sleep restriction studies, and to incident
diabetes in epidemiological studies. Scant data exist regarding the benefit of sleep extension in habitual short sleepers.

Study Impact: Sleep extension in habitual short sleepers is feasible, but more effective means are needed to help these individuals reach a
physiologically meaningful amount of sleep. Glucose metabolism improved only in those who could sleep more than 6 h/night as measured objectively
during sleep extension, suggesting that a critical amount of sleep is needed to benefit metabolic health.

INTRODUCTION

Type 2 diabetes is a major health problem worldwide. In 2015,
an estimated 30.3 million in the United States had diabetes,!
with the cost of care estimated at $327 billion in 2017.> Glob-
ally, the prevalence of diabetes is expected to rise 48% by 2045
with an unequal geographic disease burden resulting in one in
three adults with diabetes living in the Western Pacific region.?
Although rising obesity contributes significantly to the increas-
ing prevalence of diabetes, sleep disturbances are emerging as
novel risk factors for disease development.*
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Over the past decades, sleep duration has been declining
in the United States, with one-third of adults reporting insuf-
ficient sleep.’ Increasing social and work obligations, along
with the availability of electronic media, likely contribute to
sleep curtailment in modern society. Prospective studies have
demonstrated that sleeping < 6 hours was associated with 18%
to 48% increase in the risk of the development of diabetes.*
The causal association between insufficient sleep and altered
glucose metabolism was confirmed in several well-conducted
sleep restriction experiments in healthy volunteers in which
restricting sleep to 4 to 5.5 hours in bed decreased insulin
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sensitivity by 16% to 24%.5° Conversely, several experimen-
tal studies have found that a few nights of sleep recovery can
at least partially reverse the adverse metabolic effects of sleep
restriction.®!!"" These data support the role of sleep duration
in glucose metabolism. Furthermore, mounting evidence
suggests that insufficient sleep is also linked to obesity, hy-
pertension, and cardiovascular disease as well as mood distur-
bances.'”” " As a result, in 2015, a Joint Consensus Statement of
the American Academy of Sleep Medicine and Sleep Research
Society recommended that adults should sleep 7 or more hours
per night on a regular basis to promote optimal health."

Despite the aforementioned experimental and epidemiologi-
cal data, as well as clinical practice recommendations, the ef-
fects of sleep extension on glucose metabolism in chronically
sleep-deprived adults have only been examined in two studies.
The first employed a crossover trial in 19 healthy men with
chronic, repetitive lifestyle-driven sleep restriction.” Three
nights of catch-up sleep in the laboratory (from 6 to 10 hours)
improved insulin sensitivity, as assessed by an oral glucose
tolerance test (OGTT)."” The second study was a single-arm
home sleep extension study in 16 healthy volunteers who were
chronic short sleepers during work days but were able to ex-
tend sleep time during non-work days. After 6 weeks, mean
sleep duration increased by 44 min/d, with associated improve-
ments in insulin sensitivity that correlated with the increase in
sleep duration.”® Although limited, these early data suggested
the benefits of sleep extension on glucose metabolism. How-
ever, whether a shorter duration of sleep extension in the home
environment, with a crossover design, will similarly improve
glucose metabolism has not been studied.

Therefore, the purpose of this study was to explore the ef-
fects of a 2-week sleep extension on glucose metabolism in
healthy volunteers with short habitual sleep duration using a
crossover design.

METHODS

Participants

Healthy participants age 20 to 55 years were recruited through
local advertising. This study was conducted between Au-
gust 2016 and July 2017. Eligibility criteria included:(1) self-
reported sleep duration on weekdays < 6 h/night; (2) desired
sleep duration > 7 h/night on weekends; (3) belief that time
spent in bed could be increased by at least 1 h/night for 2
weeks; (4) absence of diabetes as assessed by fasting blood
glucose < 126 mg/dL within the past 3 years; (5) being at low
risk for obstructive sleep apnea as assessed by Berlin ques-
tionnaire'*?’; (6) reported habitual sleep time before 3:00 AMm.
Exclusion criteria were: (1) presence of pulmonary, cardio-
vascular, or kidney disease; (2) presence of active psychiatric
and/or neurological disorders; (3) presence of insomnia symp-
toms (ie, reported sleep latency > 30 minutes, wake time after
sleep onset > 30 minutes or early awakening > 30 minutes);
(4) performing shift work or traveling across time zones; (5)
receiving systemic corticosteroids; (6) using sedative drugs
or stimulants; (7) cigarette smoking and/or alcohol drinking;
and (8) caffeine consumption > 400 mg/d. All participants gave
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written informed consent. The protocol was approved by the
Committee on Human Rights Related to Research Involving
Human Subjects, Faculty of Medicine Ramathibodi Hospital
and registered at clinicaltrials.gov (NCT02854709).

Screening and Ascertainment of Habitual Sleep
Duration and Glycemic Status

After meeting initial eligibility criteria, a general physical ex-
amination was performed and medical history was obtained.
Work history, including numbers of d/wk and number of h/d,
was obtained. The participants then had a 1-week run in period
during which habitual sleep duration was measured using actig-
raphy (described in the following “sleep monitoring” section).
They were asked to keep a sleep diary during this time. After |
week, the participants underwent a 75-g OGTT after an over-
night fast to ensure that they did not have diabetes. Those with
average sleep duration > 7 h/night and sleep efficiency < 70%
or fasting glucose levels > 126 mg/dL or 2-hour glucose levels
after an OGTT > 200 mg/dL were excluded from the study.

Study Protocol

The study was conducted using a crossover design. The partic-
ipants were assigned by alternate sequence to either maintain
their habitual sleep for 2 weeks or extend their time in bed by
at least 1 h/night for 2 weeks. Modifying bedtime, rather than
wake time, was chosen because participants were working, and
it was not possible for them to wake up later on work days. Af-
terward, the participants entered a washout period for at least 2
weeks before being crossed over. General sleep hygiene recom-
mendations were given to all participants at randomization.”

Sleep Extension Intervention

Participants were advised to extend their time in bed by 1 hour.
Because all participants worked and could not delay their wake
time, they were asked to go to bed earlier by 15 to 20 minutes
each day until their bedtime was 1 hour earlier than their ha-
bitual bedtime. They then maintained that bedtime throughout
the 2-week intervention. We interviewed each participant re-
garding their evening activities and discussed possible modi-
fications in order to achieve increased time in bed. Specific
instructions on scheduled bedtimes and when to turn off elec-
tronic devices (1 hour before scheduled bedtime) were indi-
vidualized to each participant.

Sleep Monitoring

Objective sleep assessment was obtained using Actiwatch 2
(Philips Respironics, Bend, Oregon, United States), which the
participants wore for the entire 2 weeks during the habitual
and sleep extension periods. These monitors use highly sen-
sitive omnidirectional accelerometers to count the number of
wrist movements in 30-second epochs. The software scores
each 30-second epoch as sleep or wake based on a threshold of
activity counts that is estimated using activity within the epoch
being scored as well as the epochs 2 minutes before and after
that epoch. Bedtime and wake time are set by the researcher
using the event markers, sleep log data, as well as an in-person
review of sleep timing with the participants upon return of
the watch. Sleep duration was defined as the amount of actual
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sleep obtained at night. Sleep efficiency was the percentage of
time in bed spent sleeping. Both parameters were calculated
using Actiware 6.0 software, supplied by the manufacturer.
Mid-sleep time was calculated as the midpoint between sleep
start and sleep end times.

Primary Outcome of Interest

Primary outcomes of interest were metabolic parameters ob-
tained from a 75-g OGTT. At the end of each sleep period and
after an overnight fast, participants were given 75 g of glucose
orally. Blood samples were obtained at 0, 30, 60, 90, and 120
minutes for glucose and insulin measurements. Glucose levels
were assayed in the clinical laboratory of Ramathibodi Hospi-
tal using the hexokinase enzymatic method. Serum insulin was
measured by an electrochemiluminescence immunoassay on a
Cobase 411 analyzer (Roche Diagnostics GmbH, Mannheim,
Germany). The assays have intra-assay and interassay preci-
sion of 2.0% and 2.8%, respectively.

The following markers of glucose metabolism were calcu-
lated. Area under the curve for glucose and insulin response
to glucose challenge was calculated using the trapezoidal
rule. Homeostatic Model Assessment of Insulin Resistance
(HOMA-IR), an index of fasting insulin resistance, was calcu-
lated using the following formula®*:

fasting glucose (mg/dL) x fasting insulin (WU/mL)
405

The Insulinogenic Index, an estimate of early insulin secretion,
was calculated by dividing the increment in insulin during the
first 30 minutes by the increment in glucose over the same pe-
riod (Al3/AG3). The Matsuda index, an index of whole body
insulin sensitivity, was calculated from the glucose and insulin
levels during the glucose challenge as previously described.*
Finally, the disposition index, an indicator of B-cell function
adjusted for insulin sensitivity, was calculated as a product of
the insulinogenic index and the Matsuda index.*

Secondary Outcomes of Interest

Secondary outcomes of interest included self-reported sleep
assessment, dietary intake, and weight. Self-reported sleep as-
sessments were obtained at the end of each period (habitual
sleep and sleep extension). Daytime sleepiness was assessed
using a validated Thai version of the Epworth Sleepiness
Scale (ESS),? with higher score reflecting greater daytime
sleepiness. Self-reported sleep quality was assessed using a
validated Thai version of the Pittsburg Sleep Quality Index
(PSQI),*” with higher scores reflecting poorer sleep quality.
Self-reported sleep assessments were done at the end of each
randomization period.

For dietary assessment, participants were asked to main-
tain a food diary for 3 days each week (I weekend day and
2 weekdays), for a total of 6 days during each sleep period.
Daily caloric consumption was calculated by a dietician us-
ing a Thai food database (INMUCAL-Nutrients V3, Institute
of Nutrition, Mahidol University). Weight was obtained in the
morning, fasting, in light clothing after each sleep period using
a calibrated electronic scale (seca 767, Hamburg, Germany).
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Figure 1—Flow chart of the study.
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OGTT = oral glucose tolerance test, OSA = obstructive sleep apnea.

Sample Size

The sample size was estimated based on testing two means of
HOMA-IR of 0.25, which was a difference in the HOMA-IR
after 1 night of sleep restriction.®® A total of 16 participants
were required and the probability was 81% that the study will
detect a treatment difference at a two-sided .05 significance
level. Twenty participants were planned to account for a 20%
dropout rate.

Statistical Analysis

Data are expressed as mean (standard deviation) for continu-
ous variables or frequency (%). Mixed-effect linear regression
analysis was applied to assess intervention effect by fitting
intervention on each outcome variable. In addition, sequence,
and period effects are taken into account in the model to ac-
count for crossover design effects. Analyses were performed
using STATA version 14 (StataCorp LLC, College Station,
Texas, United States). A value of P < .05 was considered
statistically significant.

RESULTS

Figure 1 illustrates the flow of the study. Of a total of 78 indi-
viduals who were initially screened, 35 were found to be eli-
gible and 28 consented to the study and underwent a baseline
screening. After completion of the screening, 6 participants
were excluded (3 changed their mind, 1 became pregnant, 1
had sleep duration > 6 h/night according to actigraphy and 1
could not tolerate glucose solution during an OGTT), and 22
were then randomized. One participant was subsequently ex-
cluded due to the use of an antihistamine during the protocol,
resulting in 21 participants with valid data for the analysis.
Table 1 describes the participants’ characteristics. In
this study, we employed two analyses. The intention to treat
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Table 1—Characteristics of all participants.

Intention-to-Treat Analysis

Per Protocol Analysis (Sleep Duration > 6 hours

Parameters (n=21) During Sleep Extension) (n = 8)
Age (years) 33 6 (6.1) 32.4 (4.6)
Female, n (%) 19 (90.0) 7 (87.5)
BMI (kg/m?) 22.6(3.2) 22.0(2.7)
Weekly work hours 49.6 (14.1) 47.7 (13.7)
Sleep duration (minutes)

Control 318 (44) 335 (32)

Intervention 354 (41) 396 (25)
Sleep efficiency (%)

Control 86.3 (5.2) 88.3(2.7)

Intervention 84.8 (5.4) 85.9(3.9)
Mid-sleep time (hh:mm)

Control 02:39 (00:38) 02:38 (00:29)

Intervention 02:22 (00:37)* 02:22 (00:39)
Washout period (days) 21 (1) 20 (11)

Data are presented in mean (standard deviation) or n (%) where indicated. * P =.001 compared to control condition. BMI

= body mass index.

Table 2—Results of sleep extension on metabolic parameters, intention-to-treat analysis (n = 21).

Control Intervention  Adjusted Mean Randomization
Mean (SE) Mean (SE) Difference P 95% CI Sequence Coefficient* P

Primary Outcomes

Fasting glucose (mg/dL) 86.80 (2.10) 86.10 (2.10) -0.80 505 -3.30, 1.60 -0.10 .980

AUC glucose (mg/dL<h) ~ 261.80(11.90)  253.50 (11.90) -8.30 404 -27.80, 11.20 32.20 140

HOMA-IR 1.78 (0.18) 1.56 (0.18) -0.22 130 -0.50, 0.06 0.52 110

Matsuda index 5.38 (0.67) 5.48 (0.68) 0.04 .938 -1.02,1.10 -1.39 263

Insulinogenic index 1.02 (0.25) 1.58 (0.25) 0.53 .081 -0.07,0.12 -0.45 252

Disposition index 5.14 (1.20) 7.75(1.20) 244 107 -0.52, 5.41 0.84 654
Secondary Outcomes

PsQl 4.81(0.42) 4.33(0.42) -0.47 430 -1.63, 0.69 0.23 696

ESS 4.91(0.67) 3.91(0.67) -0.99 147 -2.33,0.35 0.01 .99%4

Weight (kg) 56.17 (2.11) 56.60 (2.11) 0.44 234 -0.28,1.15 0.97 .786

Daily calorie intake 1,257 (83) 1,384 (83) 126.80 .067 -9.10, 262.80 102.30 .500

* = reference was first allocated to habitual sleep. AUC = area under the curve, Cl = confidence interval, ESS = Epworth Sleepiness Scale, HOMA-

IR = Homeostatic Model Assessment of Insulin Resistance, PSQI

= Pittsburgh Sleep Quality Index, SE = standard error.

analysis included all 21 participants who completed the proto-
col. In addition, a per-protocol analysis was performed, includ-
ing only those who could sleep more than 6 hours during the
sleep extension period (n = 8). Sleep efficiency did not change
after sleep extension (P > .05 in both analyses). There was a
significant shift in mid-sleep time in the intention to treat anal-
ysis of approximately 17 minutes earlier during sleep exten-
sion. The change in mid-sleep time was not significant for the
per-protocol analysis.

Table 2 demonstrates the primary and secondary out-
comes of the intention to treat analysis. The participants ex-
tended their sleep by an average (standard deviation) of 36.0
(45.2) minutes, from a mean habitual sleep duration of 318
(44) minutes to 354 (41) minutes during sleep extension. The
participants maintained their sleep efficiency throughout the
protocol. For primary outcomes of glucose metabolism, there
were no significant differences in any glycemic parameters
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between the two sleep conditions. Self-reported sleep qual-
ity, daytime sleepiness, caloric intake, and weight were also
not different. Randomization sequence did not affect glycemic
outcomes, that is, glycemic parameters did not differ between
participants allocated first to sleep extension versus habitual
sleep (all P > .05). In addition, sleep duration on sleep exten-
sion also did not differ between participants allocated first to
sleep extension versus habitual sleep (P = .949).

Table 3 demonstrates the results of the per-protocol analy-
sis including only those who could sleep more than 6 hours
during sleep extension (n = 8). Participants in this group ex-
tended their sleep by 60.2 (28.5) minutes to achieve an aver-
age sleep duration of 396 (25) minutes (6.6 [0.4] h/night). This
was accompanied by significant improvements in glycemic
parameters during sleep extension compared to habitual sleep
including reduced fasting insulin resistance (HOMA-IR, ad-
justed mean difference [MD] —0.50 [95% confidence interval
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Table 3—Results of sleep extension on metabolic parameters, per-protocol analysis (sleep duration > 6 hours during sleep

extension (n = 8).

Control Intervention  Adjusted Mean Randomization
Mean (SE) Mean (SE) Difference P 95% CI Sequence Coefficient* P
Primary Outcomes
Fasting glucose (mg/dL) 87.60 (4.20) 84.50 (4.20) -3.10 272 -8.70, 2.50 -6.30 440
AUC glucose (mg/dL+h)  271.40(23.0) 272.90 (23.0) 1.50 921 -28.80, 31.80 8.80 .845
HOMA-IR 1.76 (0.21) 1.43(0.21) -0.50 013 -0.89, -0.11 1.23 .002
Matsuda index 6.48 (1.35) 5.86 (1.35) 0.17 .862 -1.69, 2.03 -1.09 278
Insulinogenic index 0.69 (0.13) 1.01(0.13) 0.39 .001 0.15, 0.63 0.01 975
Disposition index 4.69(0.78) 4.95(0.78) 1.07 .020 0.17,1.97 -2.14 167
Secondary Outcomes
PsQl 3.66 (0.58) 4.16 (0.58) 0.80 .346 -0.86, 2.46 0.20 814
ESS 5.12 (1.04) 3.63 (1.04) -1.60 152 -3.79,0.59 0.47 .789
Weight (kg) 55.36 (3.12) 56.11 (3.12) 0.64 AT4 -1.11,2.39 4.35 496
Daily calorie intake 1,196 (110) 1,273 (110) 84.10 .361 -96.30, 264.50 179.60 .388

* = reference was first allocated to habitual sleep. AUC = area under the curve, Cl = confidence interval, ESS = Epworth Sleepiness Scale, HOMA-
IR = Homeostatic Model Assessment of Insulin Resistance, PSQI = Pittsburgh Sleep Quality Index, SE = standard error.

[CI] —0.89, —0.11], P = .013), increased early insulin secretion
(insulinogenic index, adjusted MD 0.39 [95% CI 0.15, 0.63],
P = .001), and improved B-cell function (disposition index,
adjusted MD 1.07 [95% CI 0.17, 1.97], P = .02). Self-reported
sleep measures, weight, and caloric consumption were not dif-
ferent between the two conditions. Randomization sequence
did not affect glycemic outcome with the exception of HOMA-
IR, in which participants first allocated to sleep extension had
more insulin resistance than those first allocated to habitual
sleep. Sleep duration on sleep extension did not differ between
participants allocated first to sleep extension versus habitual
sleep (P = .311).

Further comparisons were performed between those who
could sleep more than 6 hours during sleep extension ver-
sus those who could not. There were no differences between
groups in age, body mass index, ESS, or weekly work hours.
However, those who could extend their sleep beyond 6 hours
had significantly lower PSQI score (during habitual sleep) than
those who slept < 6 hours (3.6 [1.6] versus 5.5 [2.2], P =.048).

Adverse Events

Only one participant had nausea from glucose solution used in
an OGTT at baseline assessment. She declined randomization.
Otherwise, there were no adverse events during the protocol
participation.

DISCUSSION

In this study of healthy volunteers with short habitual sleep
duration, 2-week sleep extension did not universally improve
glucose metabolism. However, we found that those who could
sleep more than 6 h/night measured objectively during sleep
extension had significant improvements in their fasting insu-
lin resistance and f-cell function without changes in weight
or caloric intake. These results suggest that a critical amount
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of sleep is needed in order to benefit glucose metabolism, and
the improvement was not related to changes in weight or ca-
loric intake. The joint consensus statement of the American
Academy of Sleep Medicine and Sleep Research Society rec-
ommended 7 hours of sleep for optimal health.?” This amount
was partly based on epidemiological studies linking self-re-
ported sleep duration and health status. Studies revealed that
self-reported sleep duration is generally longer than that from
objective measurement (by 20 to 30 min/h of self-reported
sleep duration).’***' Thus, larger future trials should investigate
the threshold of sleep duration, both objectively measured and
self-reported, that has benefits on metabolic outcomes. The
current study supports and further extends the knowledge of
the benefits of sleep extension on glucose metabolism in short
sleepers.

The mechanisms linking sleep restriction to abnormal glu-
cose tolerance have been elucidated in several experimental
studies.*> These include decreased brain glucose utilization,*
increased sympathetic nervous system activity,*** activation
of the hypothalamic-pituitary-adrenal axis with consequential
elevations of afternoon and evening cortisol levels,’ altera-
tions in appetite regulating hormones,* prolonged nocturnal
growth hormone secretion,*® elevated inflammatory markers
as well as elevated leukocytes and monocytes,*’** and abnor-
mal adipocyte function.® These alterations have been directly
linked to insulin resistance. In contrast, sleep extension studies
have shown benefits of increasing sleep duration on glucose
metabolism."® Three nights of catch-up sleep in the laboratory
(from 6 hours to 10 hours) in chronically sleep-deprived indi-
viduals resulted in an approximately 20% reduction in HOMA-
IR'7 that was similar in magnitude to results reported among
our participants. A trend toward improved B-cell function was
also observed in the study previously referenced; however,
the results did not reach statistical significance.” Changes in
appetite-regulating hormones were explored and revealed that
leptin was significantly reduced following 10 hours of catch-up
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sleep compared to 6 hours, along with a reduction in peptide
YY, but no changes were seen in total ghrelin levels.”” Even
though leptin was demonstrated to be reduced, no significant
change in energy intake was observed, potentially reflecting
the complex mechanisms of appetite regulating hormones on
metabolism."” Fasting cortisol also did not differ between the
two conditions.” In a study by Leproult et al., sleep extension
for 6 weeks resulted in improved insulin resistance but, similar
to our findings, there were no changes in body weight."® These
early studies provided insights into mechanisms linking in-
crease sleep duration and improvement in glucose metabolism.

Importantly, the magnitude of the improvement in HOMA-
IR in our study is clinically significant. The difference of
approximately 17% is similar to the differences found in in-
dividuals with and without diabetes.*® This suggests potential
benefit of adequate sleep duration in diabetes prevention; how-
ever, longer prospective studies must be conducted. Some early
evidence, however, has suggested that this could be the case.
In the Special Diabetes Program for Indians Diabetes Preven-
tion Demonstration Project, 1,899 individuals with prediabe-
tes underwent 16 sessions of intensive lifestyle modification
with diet and exercise.* Those reporting < 6 h/night of sleep at
enrollment lost less weight and had significantly higher rates
of incident diabetes compared to those sleeping 7 hours (4.6
versus 3.2 per 100 person-years).* In another study of 125 in-
dividuals with obesity and short sleep duration, spontaneous
home sleep extension for a median duration of 81 days was
associated with an improvement in insulin resistance and a
reduction in the prevalence of abnormal fasting glucose and
metabolic syndrome.** Larger and longer studies exploring the
effects of sleep extension on diabetes prevention are needed.

Strengths of the current study include its crossover design
and confirmation of the safety of home sleep extension. Im-
portantly, the results also suggested that a critical amount of
sleep needs to be achieved before benefits on glucose metabo-
lism are observed. This is likely because our participants were
extra-short sleepers, with a mean sleep duration of only 318
minutes at baseline (5.3 hours). This was significantly lower
than two other studies in which baseline sleep duration was 6.3
and 6.2 hours.”"® Although we did not systematically exam-
ine the barriers to sleep extension in this study, one potential
reason could be the notorious traffic congestion in Bangkok,
ranked among the worst in the world®; this may have neces-
sitated early wake times for this working population (average
5:43 aM) and also delayed evening arrivals at home after which
participants needed to complete house chores. As a result, only
38% of our participants could sleep more than 6 hours during
sleep extension which is a limitation of this study. Post hoc
analysis showed that those who could sleep more than 6 hours
had better sleep quality than those who could not, suggesting
that baseline sleep quality may predict the success of sleep ex-
tension ability. Barriers in sleep extension should be explored
in future studies. Identification of these barriers will aid de-
velopment of more effective methods to assist short sleepers in
extending their sleep.

There are several limitations of this study. Formal polysom-
nography was not utilized to explore sleep staging, or exclude
obstructive sleep apnea. We did, however, exclude participants
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who were at high risk for obstructive sleep apnea by Berlin
questionnaire and our participants were mostly lean. Our in-
tervention involved shifting bedtime earlier, and indeed we did
see a significant shift in mid-sleep time earlier by 17 minutes
in the intention- to-treat analysis. It is known that altered cir-
cadian timing could affect glucose metabolism.** However, we
do not know how this small shift aligned with the participants’
internal circadian timing because we did not measure such pa-
rameters (eg, dim-light melatonin onset). Future sleep exten-
sion studies should assess circadian timing as well. Most of
our participants were female; thus, whether sleep extension af-
fects glucose metabolism in men needs to be further explored.
Changes in exercise or activities pattern and how this related to
glucose metabolism during each intervention period were not
systematically examined. Last, we did not specifically study
the participants during the same menstrual cycle phase. Ap-
proximately half of the participants were studied during the
same phase and numerically more were studied during their
luteal phase after sleep extension (although the differences
were not statistically significant). Because insulin resistance
could be higher during the luteal phase,” we believed that our
findings of improved glucose metabolism after sleep extension
were independent of the OGTT timing in relation to menstrual
cycles. This should be further explored in larger numbers of
participants.

In conclusion, sleep extension in chronically sleep-deprived
individuals resulted in improved glucose metabolism but only
among those who could sleep more than 6 h/night as mea-
sured objectively during sleep extension. Our findings suggest
that a critical amount of sleep is needed to benefit metabolic
outcomes.

ABBREVIATIONS

ESS, Epworth Sleepiness Scale

HOMA-IR, Homeostatic Model Assessment of Insulin
Resistance

OGTT, oral glucose tolerance test

PSQI, Pittsburgh Sleep Quality Index

MD, mean difference
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