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Abstract
Aims/hypothesis Baseline sleep duration has a U-shaped rela-
tionship with type 2 diabetes, but little research examines the
associated changes. We examined long-term changes in sleep
duration and concomitant changes in diet, physical activity,
weight and subsequent diabetes.
Methods The cohort includes 59,031women aged 55–83 years
in the Nurses' Health Study without diabetes in 2000. Change
in sleep duration is the difference between self-reported 24 h
sleep duration in 1986 and 2000. Diet, physical activity and
covariates were updated every 2–4 years. Self-reported diabetes
was confirmed via validated questionnaires. Cox regression
models were adjusted for 1986 sleep duration and 1986 values
of diabetes risk factors, including BMI, and subsequently for
change in covariates from 1986 to 2000.
Results We documented 3,513 incident diabetes cases
through to 2012. Compared with no change, decreases in

sleep duration were adversely associated with changes in diet
quality and physical activity, while increases were associated
with greater weight gain. After adjustment for 1986 covari-
ates, HRs (95%CI) for ≤−2, >−2 to <0, >0 to <2 and ≥2 h/day
changes in sleep duration (vs no change) were 1.09 (0.93,
1.28), 1.10 (1.001, 1.12), 1.09 (1.00, 1.18) and 1.30 (1.14,
1.46), respectively. Additional adjustment for diet and physi-
cal activity did not appreciably alter the results. Increases in
sleep duration ≥2 h/day remained adversely associated with
diabetes (HR [95% CI]: 1.15 [1.01, 1.30]) after adjustment for
change in covariates, including BMI.
Conclusions/interpretation Increases in sleep duration among
middle-aged and older women were modestly associated with
risk of diabetes; changes in diet, physical activity and BMI did
not explain associations.
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Abbreviations
AHEI-2010 Alternate Healthy Eating Index 2010
MET Metabolic equivalent task
NHS Nurses’ Health Study

Introduction

With 592 million cases projected by 2035, identifying modifi-
able risk factors for type 2 diabetes is of urgent public health
importance [1]. Sleep duration has emerged as a novel preven-
tion target [2]. A dose–response meta-analysis illustrated a
U-shaped relationship, with the lowest diabetes risk at 7–8 h/
day [3]. Shortened sleep is related to glucose intolerance, insu-
lin resistance and reduced acute insulin response to glucose
[4–7]. For long sleep, some authors suggest that excessive
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time in bed has detrimental effects on health [8], while others
argue long sleep is confounded by mood disorders, sleep
apnoea and chronic illness [9]. The mechanisms underlying
the sleep–diabetes relationship remain unsettled, as does the
degree of mediation by lifestyle. Extreme sleep durations may
influence both energy intake and expenditure [10].
Experimentally shortened sleep alters appetite-regulating hor-
mones (decreased leptin; increased ghrelin) leading to over-
eating, increased hunger [11–13], decreased self-regulation
and greater sensitivity to food reward [14, 15]. With respect
to energy expenditure, results are inconsistent: limited experi-
mental evidence does not support a substantial impact of sleep
restriction on daily energy expenditure [13, 16], despite in-
creased fatigue and reductions in reported physical activity [10].

Most epidemiological studies use single, baseline measure-
ments of sleep duration and do not examine whether diet and
physical activity explain the sleep–diabetes association. Our
study builds on a 2003 publication from the Nurses’ Health
Study (NHS) in which extreme sleep durations were associat-
ed with diabetes before BMI adjustment. [17] In 2003, repeat-
ed measures of sleep duration were not yet available; thus,
change was not assessed. Our study newly assesses whether
long-term (14 year) changes in self-reported sleep duration in
the NHS are predictive of concomitant changes in energy
balance factors (diet quality, physical activity and weight) as
well as subsequent diabetes risk.

Methods

Population The NHS was initiated in 1976 when 121,700
female registered nurses aged 30–55 years completed a mailed
questionnaire. The cohort is followed via biennial question-
naires, as described previously [18, 19]. Among 119,142 active
participants in 2000, we excluded womenwith diabetes prior to
2000 (n=11,729) or missing responses to questions on habitual
sleep duration in 1986 (n=34,479) or 2000 (n=13,903), leav-
ing 59,031 women. The Institutional Review Boards at the
Harvard T.H. Chan School of Public Health and Brigham and
Women’s Hospital approved the study protocol.

Type 2 diabetes Cases were defined as self-reported diabetes
confirmed via a validated supplementary questionnaire
regarding symptoms, tests and hypoglycaemic therapy.
Before 1998, we used the National Diabetes Data Group
diagnostic criteria. After 1998, we used the ADA criteria.
A previous validation showed self-reported diabetes diagnosis
through supplemental questionnaire confirmation was highly
accurate: of 62 cases confirmed by questionnaire, 61 (98%)
were reconfirmed by medical records [20].

Sleep variables Nurses reported sleep duration in the 1986
and 2000 questionnaires, corresponding to hours of sleep in a

typical 24 h period; response options were ≤5, 6, 7, 8, 9, 10 or
≥11 h, treated continuously with values assigned to the nearest
integer (≤5=5 h; ≥11=11 h). In 1988, participants reported
total years of rotating shifts, characterised as ‘at least three
nights per month in addition to working days or evenings in
that month’. Response options were: never, 1–2, 3–5, 6–9,
10–14, 15–19, 20–29 or ≥30 years. Given prior evidence that
diabetes risk increases most after ≥5 years of shift work, we
categorised this variable (<5/≥5 years) [19]. Women reported
snoring frequency in 1986, 2000, 2002 and 2008 and
physician-diagnosed sleep apnoea in 2008.

Other covariates Information on confounders, e.g. age,
race/ethnicity, employment, smoking, menopause, medica-
tions (e.g. hormone therapy, antidepressants [yes/no, first
measured in 1996] and antihypertensive drugs) and physician
diagnoses was collected via biennial questionnaires. Height
was self-reported in the first questionnaire and weight in each
biennial questionnaire, from which we calculated BMI
(kg/m2). A prior validation showed a correlation of 0.96 be-
tween self-reported and technician-measured weight [21].
Food and alcohol consumption was collected every 4 years
via validated semi-quantitative food frequency questionnaires.
Hypertension and hypercholesterolaemia were considered as
physician diagnosis or related medication use. Depression was
defined as physician-diagnosed depression or antidepressant
medication.

Diet quality was assessed by the Alternate Healthy Eating
Index (AHEI-2010), based on a high consumption of vegeta-
bles, fruit, nuts/legumes, whole grains, long-chain fats, poly-
unsaturated fatty acids, and low levels of sugar-sweetened
beverages and juice, red/processed meat, trans fat and sodium
[22]. Higher scores indicated better quality diets. Physical
activity was defined from work/leisure activities as weekly
energy expenditure in metabolic equivalent (MET)-h (vigor-
ous activity was ≥6 METs) [23]. In a previous validation [24],
the correlation of questionnaire-reported physical activity was
0.79 with prospective 1-week recalls and 0.62 with activity
diaries.

Statistical analysisOur main exposure was 14 year change in
sleep duration: the difference in h/day between 2000 and
1986. This continuous change was categorised into a priori
groupings: decreases in sleep duration (≤−2 h/day or >−2 to
<0 h/day), no change in sleep between time points (0 h/day,
reference), and increases in sleep duration (≥2 h/day or >0 to
<2 h/day). We computed age-adjusted descriptive statistics by
category of change in habitual sleep duration from 1986 to
2000 (Table 1).

We used multivariable linear regression to examine associ-
ations of changes in sleep duration (1986–2000) with con-
comitant changes in energy balance factors over approximate-
ly the same period as change in sleep. Change in diet was
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represented by AHEI-2010 (change in score 1986 to 1998, the
nearest questionnaire to 2000); physical activity by METS
(change in h/week from 1986 to 2000) and energy balance by
weight (change in kg from 1986 to 2000). We adjusted for
race/ethnicity (non-Hispanic white, yes/no) and sleep duration

at the start of the change period (1986) and covariates, includ-
ing age (years), retired (yes/no), menopause (premenopausal or
hormone therapy [never, past, or current user]), alcohol grams
in quartiles, smoking (never, past, or current smoker [1–14, 15–
24 or 25+ cigarettes/week]), diabetes family history (yes/no),

Table 1 Baseline characteristics by change in sleep (1986–2000) in the NHS, n=59,031

Variable Decrease No change Increase p valuea

≤2 h/day
5%
(n=3,170)

>–2 to <0 h/day
21%
(n=12,626)

0 h/day
41%
(n=24,349)

>0 to <2 h/day
25%
(n=14,494)

≥2 h/day
7%
(n=4,392)

Age in 1986b 51.6 (7.5) 51.7 (7.4) 51.8 (7.0) 52.4 (6.7) 53.1 (6.6) <0.0001

Age in 2000b 65.6 (7.6) 65.7 (7.4) 65.8 (7.1) 66.4 (6.8) 67.1 (6.6) <0.0001

BMI in 1986, kg/m2 25.1 (4.6) 24.8 (4.3) 24.6 (4.2) 24.9 (4.3) 25.4 (4.7) <0.0001

BMI in 2000, kg/m2 26.6 (5.4) 26.2 (4.9) 26.1 (4.9) 26.5 (5.1) 27.3 (5.5) <0.0001

Alcohol gm, 1986 6.7 (11.7) 6.3 (10.6) 6.4 (10.4) 6.4 (10.6) 6.3 (11.0) 0.47

Alcohol gm, 2000 5.1 (9.1) 5.1 (9.0) 5.4 (9.2) 5.3 (9.3) 5.1 (10.0) 0.01

Sleep duration, h/day, 1986 8.1 (0.8) 7.3 (1.0) 7.1 (0.8) 6.6 (0.8) 6.2 (0.8) <0.0001

Sleep duration, h/day, 2000 5.8 (0.9) 6.2 (1.0) 7.1 (0.8) 7.6 (0.8) 8.4 (0.8) <0.0001

AHEI-2010, 1986 45.5 (10.4) 46.0 (10.4) 46.2 (10.3) 46.0 (10.4) 45.7 (10.5) 0.0003

AHEI-2010, 1998 48.6 (10.1) 49.2 (10.1) 49.5 (10.0) 49.2 (9.8) 49.1 (10.0) <0.0001

Total activity METS/week, 1986 14.0 (20.4) 14.5 (21.5) 15.0 (21.4) 14.7 (21.0) 14.1 (19.9) 0.01

Total activity METS/week, 2000 15.8 (22.9) 17.4 (21.0) 18.4 (21.3) 18.0 (22.9) 16.3 (25.6) <0.0001

Shift work ≥5 years, % 18.5 15.6 14.9 16.6 20.3 <0.0001

Retired by 2000, % 65.5 63.6 64.1 67.4 73.6 <0.0001

Premenopausal in 1986, % 35.9 35.3 35.3 34.0 32.1 <0.0001

Premenopausal in 2000, % 1.0 1.3 1.2 1.2 1.0 <0.0001

Current smoker in 1986, % 18.9 18.1 17.9 19.9 24.7 <0.0001

Current smoker in 2000, % 8.2 8.0 8.3 8.8 11.3 <0.0001

Quit smoking, 1986–2000, % 11.2 10.7 10.1 11.5 14.1 <0.0001

Non-Hispanic white, % 98.3 97.7 98.3 98.0 97.5 0.0002

Family history of diabetes, % 27.9 27.3 27.0 27.6 28.8 0.12

High BP 2000, % 49.9 45.3 44.0 46.9 52.1 <0.0001

High cholesterol 2000, % 63.6 60.3 58.8 59.6 62.1 <0.0001

Antidepressant use 2000, % 11.0 8.2 7.6 10.3 18.4 <0.0001

Sleep duration, %

≤6 h/day in 1986 0.0 17.3 23.6 44.1 67.7 <0.0001

≤6 h/day in 2000 81.8 57.2 23.6 6.7 0.0 <0.0001

≥9 h/day in 1986 25.6 7.3 2.7 1.1 0.0 <0.0001

≥9 h/day in 2000 0.2 0.7 2.7 11.2 42.2 <0.0001

Lost >2.3 kg from ’86 to ’00, % 19.6 17.8 16.5 16.1 17.3 <0.0001

Gained >2.3 kg from ’86 to ’00, % 61.5 60.2 61.5 63.5 65.1 0.004

Weight change, kg from ’86 to ’00 4.2 (8.5) 3.9 (7.9) 4.1 (7.5) 4.5 (7.8) 5.0 (8.9) <0.0001

AHEI-2010 change from ’86 to ’00 2.9 (10.1) 2.9 (9.8) 3.2 (9.5) 3.1 (9.5) 3.2 (10.1) 0.22

MET h/week change from ’86 to ’00 1.8 (25.9) 2.9 (25.1) 3.4 (24.9) 3.3 (26.5) 2.2 (28.5) 0.0002

Frequent snoring, 2000, % 18.8 17.8 16.7 17.7 21.0 <0.0001

Ever-diagnosis of sleep apnoea, % 3.5 3.3 2.6 2.9 4.1 <0.0001

Values are means (SD) or percentages and are standardised to the age distribution of the study population
a p value from ANOVA or χ2 test
b Values are not age-adjusted
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snoring frequency (most nights, some or never), sleep apnoea
(ever-diagnosis), antidepressant use (yes/no), shift work history
(≥5 years), BMI (<20.9, 21–24.9, 25–29.9, 30.0–31.9, 32.0+
kg/m2), and hypertension or hypercholesterolaemia.
Subsequent models adjusted for changes in these covariates
(1986–2000).

To examine the primary outcome of diabetes, we used Cox
regression models jointly stratified by age in months at the
start of follow-up and calendar year of the current question-
naire cycle to estimate HRs and 95% CI according to category
of change in sleep duration. Individuals contributed person-
time from the return of the 2000 questionnaire until the date of
diagnosis of diabetes, death, loss to follow-up or end of the
follow-up period (30 June 2012). Models adjusted for the
variables listed above at the start of the change period in
1986 and for change in covariates (1986–2000).

We varied our modelling approach by using an addition-
al categorical exposure: we cross-classified women accord-
ing to sleep duration in 1986 and 2000 (short [≤6 h/day],
long [≥9 h/day] and normative [7–8 h/day]), with women
reporting 7–8 h/day at both time points as the reference for
comparison with women reporting consistently short, con-
sistently long or changes in sleep duration (Fig. 1).

Sensitivity analyses To limit potential reverse causation, we
considered excluding cases within the first 2 years of follow-up
(n=758) and those with chronic disease in 2000 (ever-diagno-
sis of cancer and/or cardiovascular disease [n=11,186]). We
considered excluding women >66 years (median age) in 2000
(n=30,243) or who had conducted shift work for ≥5 years
(n=9,503).

Data were analysed using SAS for UNIX (version 9.3; SAS
Institute, Cary, NC, USA). Statistical significance was set at a
two-tailed p<0.05.

Results

Average sleep duration remained constant between 1986 and
2000; half of women (49%) reported normative durations
(7–8 h/night) at both time points, while 15%were consistently
short-sleepers (≤6 h) and 2% consistently long-sleepers (≥9 h).
The correlation between sleep measurements in 1986 and
2000 was r=0.42. The mean (SD, range) of change in sleep
duration was 0 (1, −6 to 5) h/day. Over the same period (1986
to 2000), AHEI-2010 increased by 3 points (mean [SD]
change, 3 [10]), from 46 to 49; physical activity increased
by 3 MET h/week (mean [SD] change, 3 [26]), from 15 to
18; and weight increased by 4 kg (mean [SD] change, 4 [8]).
BMI increased frommean (SD) 25 (4) kg/m2 in 1986 to 26 (5)
kg/m2 in 2000. Mean age (SD, range) at the start of diabetes
follow-up in 2000 was 66 (7, 53–82) years.

Table 1 shows age-adjusted descriptive characteristics at
the start of follow-up (2000) by categories of our main expo-
sure, change in sleep duration from 1986 to 2000. Fewwomen
reported dramatic decreases (5%) or increases (7%) in sleep
duration ≥2 h/day. Compared with women with lesser or no
changes in sleep duration, women reporting increases or de-
creases ≥2 h/day had higher indices of body mass, lower in-
dices of physical activity and diet quality, were more likely to
snore frequently, smoke, have hypertension, hypercholester-
olaemia or a family history of diabetes, take antidepressant
medications or have conducted shift work for ≥5 years.
Women who reported ≥2 h/day increases were slightly older
and gained more weight from 1986 to 2000.

Change in sleep duration and changes in energy balance
factors Table 2 shows associations of changes in sleep dura-
tion from 1986 to 2000with concurrent changes in diet quality
(AHEI-2010), physical activity (MET h/week) and weight
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Fig. 1 Change in sleep duration from 1986 to 2000 and risk of type 2
diabetes in the NHS, n=59,031. Patterns indicate sleep duration in 1986;
shapes indicate sleep duration in 2000. Consistently short sleep (≤6 h/
day) and short sleep in 1986 increasing to normative sleep (7–8 h/day) in

2000 were adversely associated with diabetes. Models adjust for
race/ethnicity, diabetes family history, retirement, shift work and 2000
values of hypercholesterolaemia, hypertension, menopause, sleep ap-
noea, snoring, depression, smoking and alcohol
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(kg). Overall, changes in sleep duration were only modestly
associated with changes in energy balance factors: associa-
tions were small in magnitude after adjustment for 1986
values of confounders (including BMI and sleep duration)
and for change in confounders between 1986 and 2000. For
example, >−2 to <0 h/day decreases had an adverse associa-
tion with changes in AHEI-2010; the mean difference (95%
CI) for change in AHEI-2010 compared with women
reporting no change in sleep duration was −0.25 (−0.48,
−0.03) points. Compared with women reporting no change
in sleep duration, both extreme decreases (≤−2 h/day) and
increases (≥2 h/day) were adversely associated with change
in physical activity, with mean differences of −1.16 (−2.15,
−0.16) and −1.44 (−2.29, −0.58) MET h/week, respectively.
Increases but not decreases in sleep duration were associated
with greater weight gain: women reporting increases of >0 to
<2 or ≥2 h/day gained 0.31 (0.15, 0.47) and 0.47 (0.21, 0.72)
additional kilograms, respectively, between 1986 and 2000.

Change in sleep duration and risk of type 2 diabetes We
observed 3,513 diabetes cases among 59,031 participants over
612,410 person-years of follow-up. In initial Cox regression
models stratified on age and calendar time, there was a
U-shaped relationship of changes in sleep duration with dia-
betes; both decreases and increases were associated with
greater diabetes (Table 3). After adjusting for sleep duration
in 1986, the HR (95% CI) for participants reporting ≤−2, >−2
to 0, 0, >0 to <2 or ≥2 h/day changes in sleep duration were
1.18 (1.01, 1.39), 1.13 (1.03, 1.24), 1.09 (1.00, 1.19) and 1.40

(1.23, 1.58), respectively. Additional adjustment (race/ethnicity,
diabetes family history, shift work, hypercholesterolaemia, hy-
pertension, menopause, snoring, sleep apnoea, antidepressant
use, smoking, alcohol, diet, physical activity and BMI), atten-
uated associations; only increases in sleep duration remained
adversely associated with diabetes (1.15 [1.01, 1.30]).
Adjusting for AHEI-2010 and MET h/week did not apprecia-
bly alter results, nor did subsequent adjustment for change in
confounders and in BMI from 1986 to 2000.

Whenwe cross-classified women according to sleep duration
in 1986 and 2000, women with chronic short sleep (≤6 h/day at
both time points), or who initially reported ≤6 h/day but then
increased sleep duration, had modestly elevated risk of diabetes
compared with women maintaining a normative sleep duration
of 7–8 h/day (1.10 [1.001, 1.21] and 1.21 [1.10, 1.34], respec-
tively). Associations remained statistically significant after
adjustment for confounders (Fig. 1), but after BMI adjustment
associations of chronic short sleep attenuated (1.05 [0.96, 1.16])
while those with increases in sleep duration persisted (1.16
[1.05, 1.28]); data not shown. Importantly, interaction terms
were not statistically significant and there were fewwomenwith
sleep durations ≥9 h/day in 1986.

Sensitivity analyses In sensitivity analyses, excluding cases
within the first 2 years of follow-up or excluding participants
who conducted shift work for ≥5 years or with prevalent
chronic disease did not alter results. Results were also similar
when we excluded participants over the median age (66 years)
in 2000 and interaction terms of age and change in sleep

Table 2 Change in sleep duration and change in energy balance factors in the NHS, 1986–2000, n=59,031

Variable ≤−2 h/day p value >−2 to <0 h/day p value 0 h/day >0 to <2 h/day p value ≥2 h/day p value

Mean difference in change in AHEI-2010, score: 1986–1998 (95% CI), n=50,462

Age-adjusted −0.30 (−0.68, 0.09) 0.13 −0.27 (−0.49, −0.05) 0.02 0.00 (Ref.) −0.05 (−0.27, 0.16) 0.61 0.07 (−0.27, 0.40) 0.69

Multivariable-adj.a −0.29 (−0.69, 0.12) 0.16 −0.27 (−0.49, −0.04) 0.02 0.00 (Ref.) −0.07 (−0.29, 0.15) 0.51 0.04 (−0.31, 0.39) 0.83

+ Change in covariatesb −0.26 (−0.66, 0.14) 0.21 −0.25 (−0.48, −0.03) 0.03 0.00 (Ref.) −0.04 (−0.26, 0.18) 0.70 0.11 (−0.24, 0.46) 0.53

+ Change in BMIc −0.25 (−0.65, 0.15) 0.22 −0.26 (−0.48, −0.03) 0.02 0.00 (Ref.) −0.02 (−0.02, 0.20) 0.84 0.15 (−0.20, 0.49) 0.81

Mean difference in change in METS, h/week: 1986–2000 (95% CI), n=58,885

Age-adjusted −1.59 (−2.53, −0.64) 0.001 −0.56 (−1.11, −0.01) 0.04 0.00 (Ref.) 0.06 (−0.47, 0.58) 0.84 −1.21 (−2.03, −0.39) 0.004

Multivariable-adj.a −1.50 (−2.50, −0.50) 0.003 −0.57 (−1.13, −0.01) 0.05 0.00 (Ref.) −0.03 (−0.57, 0.50) 0.90 −1.35 (−2.20, −0.49) 0.002

+ Change in covariatesb −1.22 (−2.21, −0.22) 0.02 −0.42 (−0.97, 0.14) 0.14 0.00 (Ref.) −0.15 (−0.69, 0.38) 0.57 −1.60 (−2.45, −0.74) 0.003

+ Change in BMIc −1.16 (−2.15, −0.16) 0.02 −0.43 (−0.99, 0.13) 0.13 0.00 (Ref.) 0.08 (−0.62, 0.46) 0.77 −1.44 (−2.29, −0.58) 0.001

Mean difference in change in weight (kg): 1986–2000 (95% CI), n=56,758

Age-adjusted 0.14 (−0.14, 0.43) 0.32 −0.11 (−0.28, 0.05) 0.18 0.00 (Ref.) 0.45 (0.30, 0.61) <.0001 0.89 (0.64, 1.13) <0.0001

Multivariable-adj.a 0.21 (−0.09, 0.51) 0.17 −0.09 (−0.26, 0.08) 0.31 0.00 (Ref.) 0.33 (0.16, 0.49) <.0001 0.55 (0.29, 0.81) <0.0001

+ Change in covariatesb −0.03 (−0.33, 0.26) 0.82 −0.21 (−0.38, −0.05) 0.01 0.00 (Ref.) 0.31 (0.15, 0.47) 0.0002 0.47 (0.21, 0.72) 0.0003

a Adjusted for race/ethnicity (non-Hispanic white or other), diabetes family history, shift work history (≥5 years), 1986 values of sleep duration, age,
retirement (yes/no), BMI (<20.9, 21–24.9, 25–29.9, 30.0–31.9, 32.0+ kg/m2 ), high cholesterol or hypertension (yes/no), menopausal status, sleep
apnoea (ever-diagnosis), snoring (most nights, some nights or never), antidepressant use, smoking status, alcohol use, diet quality and physical activity
b Additionally adjusted for change from 1986 to 2000 in values of retirement, high cholesterol or hypertension, menopausal status, snoring, antidepres-
sant use, smoking status, alcohol consumption, and either AHEI-2010 (whenMET h/week was the outcome) orMET h/week (when AHEI-2010was the
outcome)
c Additionally adjusted for change in BMI (<20.9, 21–24.9, 25–29.9, 30.0–31.9, 32.0+ kg/m2 ) from 1986 to 2000

Adj., adjusted; Ref., reference
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duration were non-significant. As in the main analysis, only
increases of ≥2 h/day were associated with higher risk of
diabetes.

Discussion

This study of 59,031 women is one of the first and the single
largest to assess the relationship of long-term changes in self-
reported sleep duration with changes in energy balance factors
and subsequent risk of diabetes. Extreme increases in sleep
duration (≥2 h/day) and consistent short sleep (≤6 h/day) were
adversely associated with diabetes. After BMI adjustment, asso-
ciations with diabetes were attenuated but remained statistically
significant for increases in sleep duration; however, associations
with chronic short sleep were attenuated. We also detected
modest, adverse associations of 14 year changes in sleep dura-
tion with changes in diet quality and physical activity; however,
diet quality and physical activity did not appear to mediate the
association of increases in sleep duration with diabetes.

Whitehall II is the only other study to examine changes in
sleep duration (over ~5 years) and subsequent diabetes [25].
Although key confounders and intermediates including shift
work, sleep apnoea, snoring, depression, diet quality and phys-
ical activity were not measured inWhitehall II, the results were
strikingly similar to those in our study: compared with consis-
tent 7 h sleepers, both consistently short sleep (≤5.5 h/night;
OR [95% CI]: 1.35 [1.04, 1.76]) and increases of ≥2 h/night
(1.65 [1.15, 2.37]) were adversely associated with diabetes.
Similar to our findings, these associations attenuated with

adjustment for BMI and change in weight (to 1.25 [0.96, 1.63]
and 1.50 [1.04, 2.16], respectively). That the attenuation of
chronic short sleep duration with adjustment for BMI and
weight change was more pronounced than that for ≥2 h/day
increases in both our study and in Whitehall II underscores the
possibility that extremes of sleep duration and changes in sleep
duration may operate through different mechanisms or reflect
different underlying disease processes.

Contrary to our study, most prior longitudinal studies
assess whether a single baseline measure of sleep duration
predicts future diabetes. Assessing changes in sleep duration
is appealing: if achieving a more adequate sleep duration
prevented weight gain or diabetes, the corresponding public
health message would be to improve sleep duration (e.g. from
≤6 h/day to 7–8 h/day) to benefit health. However, while
chronic short sleep duration was associated with higher risk
of diabetes in our study, our results are not consistent with the
hypothesis that short or long-sleepers who achieve normative
sleep durations will experience benefits for metabolic health.
Instead, we found that extreme increases (and not decreases)
in sleep duration were associated with weight gain and
increased risk of diabetes, independent of prior sleep duration.

One explanation for our finding that increasing sleep dura-
tion is adversely associated with diabetes is that age modifies
the association of change in sleep with metabolic outcomes.
Although we did not detect evidence of interaction, our study
included middle-aged and older women; in the younger
Quebec family cohort (n=216 adults, 18–64 years), short-
sleepers (≤6 h/day) who later slept 7–8 h/day were less likely
to gain weight over 6 years compared with those with chronic

Table 3 Change in sleep duration and subsequent risk of type 2 diabetes, 1986–2000 in the NHS, n=59,031

Variable ≤−2 h/day p value >−2 to <0 h/day p value 0 h/day >0 to <2 h/day p value ≥2 h/day p value

Cases 190 759 1,334 889 341

Person-years 32,306 131,534 255,889 149,769 42,912

Adjusted for age & sleep in 1986a 1.18 (1.01, 1.39) 0.04 1.13 (1.03, 1.24) 0.01 1.00 (Ref.) 1.09 (1.00, 1.19) 0.05 1.40 (1.23, 1.58) <0.0001

+ Covariates in 1986b 1.10 (0.94, 1.30) 0.23 1.10 (1.003, 1.20) 0.04 1.00 (Ref.) 1.09 (1.00, 1.19) 0.06 1.30 (1.15, 1.47) <0.0001

+ AHEI-2010 score and METs/week in 1986c 1.09 (0.93, 1.28) 0.28 1.10 (1.001, 1.20) 0.048 1.00 (Ref.) 1.09 (1.00, 1.18) 0.06 1.30 (1.14, 1.46) <0.0001

+ BMI in 1986d 1.07 (0.91, 1.25) 0.44 1.09 (0.99, 1.19) 0.08 1.00 (Ref.) 1.07 (0.98, 1.16) 0.15 1.22 (1.08, 1.38) 0.002

+ Change in covariatese 1.02 (0.87, 1.20) 0.80 1.07 (0.98, 1.17) 0.14 1.00 (Ref.) 1.05 (0.96, 1.15) 0.25 1.18 (1.04, 1.33) 0.01

+ Change in BMIf 1.03 (0.87, 1.20) 0.76 1.08 (0.98, 1.18) 0.10 1.00 (Ref.) 1.04 (0.95, 1.13) 0.46 1.15 (1.01, 1.30) 0.03

Data are HR (95% CI) for type 2 diabetes
a Adjusted for categorical sleep duration in 1986 (≤5, 6, 7, 8, 9 or ≥10 h/day)
b Adjusted for race/ethnicity (non-Hispanic white or other), diabetes family history, retirement (yes/no), shift work history (≥5 years) and 1986 values of
high cholesterol or hypertension (yes/no), menopausal status (premenopausal, post-menopausal current, former or never hormone user), sleep apnoea
(ever-diagnosis), snoring (most nights, some nights or never), antidepressant use, smoking status (current, former or never), alcohol consumption in
quintiles, diet quality (AHEI-2010) when the dependent variable is physical activity, and physical activity (MET h/week) when the dependent variable is
diet quality
c Additionally adjusted for quintile of change in AHEI-2010 and MET h/week in 1986
dAdditionally adjusted for BMI (<20.9, 21–24.9, 25–29.9, 30.0–31.9, 32.0+ kg/m2 ) in 1986
eAdditionally adjusted for change in high cholesterol or hypertension, menopausal, snoring, antidepressant use, smoking and alcohol use, AHEI-2010
and MET h/week from 1986 to 2000
f Additionally adjusted for quintile of change in BMI from 1986 to 2000
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short sleep [26]. When we conducted a similar analysis, we
too found that chronic short-sleepers (≤6 h/day at both time
points) gainedmore weight compared with women whomain-
tained a normative sleep duration (7–8 h/day). However, in
our study, short-sleepers who increased sleep duration to
7–8 h/day had even greater weight gain and higher diabetes
risk than those with chronic short sleep, and we found no
associations among women with consistently long sleep dura-
tions of ≥9 h (although few women followed this pattern).

Our findings are consistent with previous literature on the
detrimental impacts of chronic short sleep duration on meta-
bolic health [5, 6, 10], and newly suggest that the adverse
influence of short sleep may not be ameliorated through
increases in sleep duration later in life. However, we did not
have information on why changes in sleep duration occurred.
Changes in sleep duration could reflect voluntary alterations
in lifestyle; be mediated through changes in other metabolic,
hormonal or behavioural factors associated with diabetes; or
represent a distress signal indicating pre-clinical illness. Since
we controlled for many indicators of poor health (e.g. diet,
physical activity, depression, sleep apnoea, hypercholesterol-
aemia, hypertension), changes in sleep duration may have a
truly bi-directional relationship with changes in weight and
metabolic health. In support of the hypothesis that long sleep
or extending sleep duration may be truly harmful, in an
actigraphy study of healthy adolescents, long sleep remained
associated with insulin resistance after BMI adjustment. These
findings suggest chronic illness alone does not explain asso-
ciations of long sleep with metabolic dysregulation (among
adolescents, reverse causation is less likely) [27].

Increases in sleep duration can both result from or induce
an inflammatory state. For example, proinflammatory cyto-
kines—abundant in obesity—can induce sleepiness [28],
while a recent experiment extending time in bed increased
inflammation and worsened mood among healthy volunteers
[29]. Not only is longer time in bed associated with next-day
lethargy and daytime sleepiness, as time asleep and time in bed
increase, sleep becomes increasingly fragmented and the total
amount of slow wave sleep (particularly restorative) does not
increase proportionally [30]. In addition, increases in sleep
duration are accompanied by longer periods in the dark, which
could be interpreted physiologically as a shorter day-length,
previously associated with increased mortality [31]. Thus,
extending time in bed may not be a panacea for the adverse
influence of short sleep duration on metabolic health.

With respect to the relationship of changes in sleep duration
to changes in lifestyle including diet and physical activity,
cross-sectional studies suggest associations of both short and
long sleep duration with less favourable diet and physical
activity [32, 33]. However, prospective evidence is limited
and whether long-term changes in sleep duration are accom-
panied by changes in diet quality or physical activity has not
been examined, making few studies directly comparable with

ours [34]. In research examining mediation, diet and physical
activity did not explain or attenuate the magnitude of associ-
ations between baseline sleep duration and weight gain or
diabetes [10]. This is consistent with our finding that changes
in diet quality and physical activity do not explain associations
of change in sleep duration with subsequent diabetes. Weight
gain operates differently: in both our study and inWhitehall II
[25], weight gain explained the relationship between chronic
short sleep duration and diabetes but not the relationship
between increases of ≥2 h/day and diabetes. One potential
explanation is that measurement error masksmediation by diet
and activity but is less of a concern for weight assessment.
Another explanation is that chronic short sleep duration influ-
ences metabolic health independent of changes in lifestyle;
e.g. sleep deprivation increases inflammation [35] or extends
light exposure, leading to repressed melatonin secretion,
which is associated with diabetes in this cohort [36].
Increases in sleep duration may act on diabetes through other
pathways or represent a different phenotype entirely.

The sample size, longitudinal design, long follow-up and
repeated measurement enabled examination of changes in
sleep duration and of diabetes as an endpoint. These represent
important strengths of our study, which is the largest to date
and the only study to examine whether changes in diet and
physical activity mediate associations of changes in sleep
duration with diabetes. Further, we controlled for underlying
illness more robustly than prior studies by adjusting for sleep
apnoea, snoring, shift work, depression, diet, physical activity,
hypercholesterolaemia and hypertension, and by excluding
participants with prevalent chronic disease in sensitivity
analyses.

Observational research cannot establish causality. An addi-
tional limitation was that sleep duration was self-reported and
assessed at two time points; fluctuations over follow-up would
not be captured. Further, random error in self-reported sleep,
diet or activity is magnified when computing change and
could attenuate observed associations towards the null.
Although self-reported sleep duration in the NHS was validat-
ed among 260 participants in 2002 and found to correlate well
(r=0.79) with 6 day diaries and have good reproducibility
over 2 years [37], no objective measurements distinguishing
time in bed from time asleep were taken and napping was not
assessed. Thus, we cannot determine to what extent increased
sleep duration represents increased time in bed, nor separate
daytime from night-time sleep. Although we confirmed self-
reported diabetes in medical records, misclassification is pos-
sible. However, in a sub-study assessing prevalence of undi-
agnosed-diabetes, only 1 of 200 women without a previous
diagnosis had fasting plasma glucose or fructosamine concen-
tration in the diabetic range [38]. Further, results were similar
when excluding cases in the first 2 years, suggesting limited
bias from reverse causation. Finally, we examined overall diet
quality and weekly physical activity; the circadian timing of
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sleep, meals and activity—not measured here—may also
make important contributions to diabetes risk.

Conclusion Chronic short sleep duration and increases in
sleep duration are associated with increased risk of diabetes.
Decreases in sleep duration have modest, adverse associations
with diet quality and physical activity, while increases in sleep
duration have modest, adverse associations with weight gain.
Ongoing trials will provide further insight as to whether
changes in sleep duration influence energy balance. A study
among chronically short-sleeping, obese adults could provide
insight about the benefits of intentionally extending sleep
duration [39], while another study will test whether moderate
sleep restriction in long-sleeping older adults improves glu-
cose tolerance and inflammation [8]. As a complement to the
forthcoming results of these intervention trials, our study
examines longer-term changes in sleep duration with greater
duration of follow-up in which diabetes outcomes can be
assessed.
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