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Sleep Duration Patterns in Early to
Middle Adulthood and Subsequent
Risk of Type 2 Diabetes in Women

Diabetes Care 2020;43:1219-1226 | https://doi.org/10.2337/dc19-2371

OBJECTIVE

To identify sleep duration trajectories from early to middle adulthood and their
associations with incident type 2 diabetes.

RESEARCH DESIGN AND METHODS

Using a group-based modeling approach, we identified sleep duration trajectories
based on sleep duration in ages 20-25, 26—35, 36-45, and 46+ years, which were
retrospectively assessed in 2009 among 60,068 women from the Nurses’ Health
Study Il (median age 54.9 years) who were free of diabetes, cardiovascular disease,
and cancer. We investigated the prospective associations between sleep duration
trajectories and diabetes risk (2009-2017) using multivariable Cox proportional
hazards models.

RESULTS

We documented 1,797 incident diabetes cases over a median follow-up of 7.8 years
(442,437 person-years). Six sleep duration trajectories were identified: persistent
5-, 6-, 7-, or 8-h sleep duration and increased or decreased sleep duration. After
multivariable adjustment for diabetes risk factors, compared with the persistent 7-h
sleep duration group, the hazard ratio was 1.43 (95% Cl 1.10, 1.84) for the 5-h group,
1.17(1.04,1.33) forthe 6-h group, 0.96 (0.84, 1.10) for the 8-h group, 1.33(1.09, 1.61)
for the increased sleep duration group, and 1.32 (1.10, 1.59) for the decreased sleep
duration group. Additional adjustment for time-updated comorbidities and BMI
attenuated these associations, although a significantly higher risk remained in the
decreased sleep duration group (1.24 [1.03, 1.50]).

CONCLUSIONS

Persistent short sleep duration or changes in sleep duration from early to middle
adulthood were associated with higher risk of type 2 diabetes in later life. These
associations were weaker after obesity and metabolic comorbidities were accounted
for.

Chronic sleep loss is common in the “24/7” society, with 32% of the U.S. adult
population reporting <7 h of sleep in a 24-h period (1). As sleep plays a central role in
the regulation of metabolism, energy balance, and the general rejuvenation of various
biologic systems (2,3), the importance of sleep duration for health has attracted
considerable research interest. Numerous epidemiologic studies have documented
that both short and long sleep duration are associated with the risk of type 2 diabetes
(4-7). Arecent review suggested that the diabetes risk associated with sleep duration
is comparable with that of traditional risk factors, such as obesity or physical inactivity
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(8), leading to recommendations of con-
sidering sleep duration and sleep distur-
bances in clinical diabetes screening.

Notably, most prior prospective stud-
ies were limited by their reliance on a
single sleep duration measurement at
baseline (4), which did not adequately
reflect sleep duration patterns, whichisa
more relevant exposure for diabetes de-
velopment than a single assessment. To
our knowledge, only two studies evalu-
ated changes in sleep duration by cal-
culating differences in sleep duration
between two time points and reported
that increase in sleep duration was as-
sociated with increased diabetes risk
(5,6). This approach, however, is still
prone to misclassification, given that it
assumes a linear change between two
time points, is sensitive to measurement
error in either measurement, and may not
well characterize sleep duration changes
resulting from altered physical health
prior to diabetes onset (e.g., fatigue).
Therefore, the observed associations may
be partly attributed to reverse causation
from subclinical or undetected morbidity
(9-11), which might explain why increase
in sleep duration was more strongly pos-
itively associated with diabetes risk com-
pared with decrease in sleep duration or
persistent short sleep duration (5,6).

In the current study, we tackled these
limitations from a life course perspective
by identifying the trajectories of recalled
sleep duration from early to middle adult-
hood and evaluating their associations
with subsequent type 2 diabetes risk. We
hypothesized that individuals with sleep
duration patterns deviating from persis-
tent 7-8 h of sleep per night were at
higher risk of developing diabetes and
that these associations were attenuated
after adjustment for time-updated BMI
and comorbid metabolic disorders, which
we considered as potential intermediates
between sleep duration and type 2 di-
abetes risk (12).

RESEARCH DESIGN AND METHODS

Study Population and Design

The Nurses’ Health Study Il (NHSII) was
established in 1989 among 116,429 U.S.
female registered nurses aged 25-42
years. All women completed a baseline
questionnaire and updated their infor-
mation on health behaviors and medical
histories by biennial follow-up question-
naires. The cumulative follow-up rate
exceeds 90% (13).

The baseline of the current study was
2009, when participants recalled their
habitual sleep duration in different age
periods from early to middle adulthood.
Participants were prospectively followed
until 2017. We included participants with
complete sleep duration data and ex-
cluded those with a history of diabetes
(n = 4,188), cardiovascular disease (n =
1,736), or cancer (n = 7,091) prior to 2009,
resulting in a total of 60,068 women. The
study protocol was approved by the in-
stitutional review boards of the Brigham
and Women’s Hospital and Harvard T.H.
Chan School of Public Health. The com-
pletion of self-administered questionnaires
was considered to imply informed consent.

Exposure Assessment

In 2009, participants reported their av-
erage sleep duration overa24-h periodin
different age periods (ages 20-25, 26-35,
36-45, and 46+ years) in the following
categories: <5, 5, 6,7, 8,9, and 10+ h/
day. To aid recall, we had participants
simultaneously report their employment
status, work schedules, and frequency of
rotating night shifts in each period. In a
subset of 54,021 women who also re-
ported their current sleep duration in
2001, we evaluated the reliability of
recalled sleep duration in 2009 by com-
parison with prospectively assessed sleep
duration in 2001. For each participant,
sleep duration reported in 2001 was
compared with sleep duration recalled
in 2009 for a specific age period corre-
sponding to her age in 2001. The intra-
class correlation coefficient between the
two measurementswas0.52 (95% CI0.51,
0.53), suggesting moderate reproducibil-
ity of recalled sleep duration.

Ascertainment of Incident Type 2
Diabetes

Incident diabetes cases were identified
by self-reports on every biennial ques-
tionnaire and were further confirmed via
a supplemental questionnaire regarding
symptoms, diagnostic tests, and diabetes
treatment. This method has previously
been validated; >97% of cases confirmed
by the supplemental questionnaire were
ascertained by medical record review
(14,15). Type 2 diabetes was confirmed if
more than one of the following criteria by
the American Diabetes Association (16)
were met: 1) elevated plasma glucose
levels (fasting glucose =126 mg/dL or
random glucose =200 mg/dL) with one
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or more classic symptoms (polyuria, poly-
dipsia, unexpected weight loss, or coma),
2) elevated plasma glucose on at least two
occasions (fasting glucose =126 mg/dL,
random glucose =200 mg/dL, or glucose
=200 mg/dL after an oral glucose test)
with no symptoms, and 3) hypoglycemic
therapy with insulin or oral medications.

Assessment of Covariates

Birth date, height, and race/ethnicity were
self-reported in 1989. Body weight, smok-
ing status, menopausal status, postmen-
opausal hormone use, recent physical
examination, duration of rotating night
shift work, medication use, and clinical
diagnosis of hypertension, hypercholes-
terolemia and depression were assess-
ed every 2 years. BMI was calculated as
weight in kilograms divided by the square
of the height in meters, and self-reported
weight and height in nurses have pre-
viously been validated with high accuracy
(17). Lifetime duration of rotating night
shift work was calculated by summing
duration of rotating night shift work (de-
fined as at least three nights/month in
addition to other days and evenings in
that month) reported on every question-
naire. Parity, defined as pregnancies last-
ing longer than 6 months, was assessed
every 2 years from baseline until 2009,
when the majority of women underwent
menopause. Chronotype was queried in
2009 using a single question from the
Morningness-Eveningness Questionnaire
(18). Starting in 1991, dietary data were
collected every 4 years using a semi-
quantitative food-frequency question-
naire. The reliability and validity of the
food-frequency questionnaire have pre-
viously been described (19,20), based on
which alcohol consumption (grams/day)
and the Alternate Healthy Eating Index-
2010 (AHEI-2010) were derived (21). Phys-
ical activity was assessed every 2—4 years
by MET h/week derived from a validated
questionnaire (22). Participants who re-
ported both antidepressants use and
physician-diagnosed depression were
considered to have clinical depression.
Physician-diagnosed sleep apnea was
retrospectively assessed in 2013 (23).

Statistical Analysis

We used latent class growth modeling, a
group-based modeling approach (SAS Proc
Traj), to identify subgroups that shared
a similar sleep duration trajectory from
ages 20-25 to age 46+ years (24,25). This
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method has previously been implemented
to identify trajectory of body shape (26).
Briefly, the recalled sleep duration in-
formation in different age periods was
fitted by a maximum likelihood method
as a mixture of multiple latent trajecto-
ries in a censored normal model with
a polynomial function of age (24). The
categories of sleep duration <5 h and
10+ h were approximated as 4 h and
10 h, respectively. We used the Bayesian
information criterion to determine the
optimal number and shapes of trajectory
groups (27). The model with six trajec-
tories and a cubic function of age showed
the best fit to the data, including per-
sistent sleep duration of 5, 6, 7, and 8 h;
increased sleep duration from 6to 7.5 h;
and decreased sleep duration from 8 to
6 h. We then calculated the posterior
predicted probability for each partici-
pant of being a member of each of the
six trajectory groups and assigned par-
ticipants to the trajectory group with the
greatest posterior probability of member-
ship. Average posterior probabilities for
all trajectory groups were =0.70 (0.89,
0.85, 0.84, 0.96, 0.70, and 0.74, respec-
tively), indicating high internal reliability
within each trajectory and sufficient dis-
crimination of individuals with different
sleep duration patterns between trajec-
tory groups (25).

We used Cox proportional hazards mod-
els to estimate the hazard ratios (HRs) and
95% Cls for type 2 diabetes risk accord-
ing to sleep duration trajectory groups.
Person-years were calculated from the
date of return of the 2009 questionnaire
to the date of diabetes diagnosis, death,
loss to follow-up (i.e., return of the most
recent questionnaire), or the end of
follow-up (June 2017)—whichever oc-
curred first. We used calendar year (in
months) as the underlying time scale and
presented age-adjusted and multivariable-
adjusted (MV) models. MV1 further
adjusted for race, family history of
diabetes, menopausal status, postmen-
opausal hormone use, smoking status,
cumulative average of alcohol consump-
tion, AHEI-2010 and physical activity (28),
marital status, parity, physical exam,
duration of rotating night shift work
(29), and chronotype. All covariates ex-
cept race, family history of diabetes,
parity, and chronotype were modeled
astime varying. Because sleep durationis
closely associated with metabolic dys-
regulation, depression, sleep disorders,

and weight change, all of which could
serve as potential intermediates lead-
ing to diabetes, as reported previously
(3,11,12,30,31), we further considered
these factors, which were time updated
after baseline sleep assessment, in two
separate models—consistent with pre-
vious studies (5,6). MV2 additionally
adjusted for time-updated hyperten-
sion, hypercholesterolemia, depression,
and sleep apnea, and MV3 further ad-
justed for time-varying BMI. We con-
ducted sensitivity analyses to test the
robustness of our findings. First, we
conducted 2-year lag analyses by exclud-
ing incident diabetes cases diagnosed in
the first 2 years of follow-up to address
potential reverse causation. Second, we
performed subgroup analyses according
to age (<60 or =60 years), BMI (<30
or =30 kg/m?), chronotype (morning,
evening, or neither), history of night shift
work (ever or never), parity (nulliparous
or parous), family history of diabetes (yes
or no), physical activity (< or =16.9 MET
h/week [the median]), and AHEI-2010
score (< or =53.0 [the median]). Statis-
tical interactions were assessed by likeli-
hood ratio tests comparing the models
with and without the multiplicative inter-
action terms. Third, we examined the asso-
ciations of recalled sleep duration in each
age period with diabetes risk separately.

Secondarily, to provide further insights
into how chronotype may be associated
with chronic sleep duration patterns, we
compared the distribution of sleep du-
ration trajectory groups by chronotype
using Xz tests, and estimated the odds
ratios and 95% Cls of sleep duration tra-
jectories according to chronotype using
multinomial logistic regression, with ad-
justment for the same baseline covari-
ates as described in MV3.

All analyses were executed using SAS
for UNIX, version 9.4 (SAS Institute, Cary,
NC), and Pvalues <0.05 were considered
statistically significant.

RESULTS

Trajectory of Sleep Duration From
Early to Middle Adulthood

Using latent class growth modeling, we
identified six distinct sleep duration tra-
jectories from ages 20-25 to age 46+
years (Fig. 1). Of 60,068 participants,
1,410 (2.3%) had persistent 5-h sleep
duration, 11,551 (19.2%) had persistent
6-h sleep duration, 26,960 (44.9%) had
persistent 7-h sleep duration, 13,289
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(22.1%) had persistent 8-h sleep dura-
tion, 3,374 (5.6%) had increased sleep
duration from ~6 to 7.5 h, and 3,484
(5.8%) had decreased sleep duration
from ~8 to 6 h. Of note, 5,197 (8.7%)
women reported =9 h sleep duration on
at least one occasion and only 438 (0.7%)
women reported =9 h sleep on all four
occasions. Owing to underrepresentation
of long sleepers in this sample, the data-
driven algorithm did not identify a sep-
arate trajectory for these women and
incorporate them into other trajectory
groups with the most similar sleep
duration pattern.

Participant Characteristics
Participants with persistent 7- and 8-h
sleep duration showed similar baseline
characteristics (Table 1). Compared with
the participants with persistent 7-h sleep
duration, participants with shorter sleep
duration (persistent 5 or 6 h) were less
likely to be currently married and more
likely to currently smoke, be physically
active, and have greater BMI, comorbid-
ities, and evening chronotype. Participants
with persistent shorter sleep duration
also had longer lifetime duration of ro-
tating night shift work and were more
likely to identify themselves as evening
chronotype. Further, compared with the
participants with persistent 7-h sleep du-
ration, participants with changesin sleep
duration (increased or decreased sleep
duration) were less likely to be married
and more likely to have greater BMI,
comorbidities, and evening chronotype.
Postbaseline BMI changes also differed
by sleep trajectory groups (P < 0.009),
whereas changes in physical activity or
AHEI-2010 did not (P > 0.35) (Supple-
mentary Table 1). Specifically, decreased
and persistent 6-h sleep duration were
associated with the largest BMI increases,
while persistent 5-h sleep duration was
not associated with BMI change, possibly
because this group already had the high-
est baseline BMI (Table 1).

When we compared the distribution
of sleep duration trajectory groups ac-
cording to chronotype, participants with
evening chronotype were more likely to
report persistent short or decreased sleep
duration patterns compared with those
with morning chronotype (P < 0.001)
(Supplementary Fig. 1). After adjust-
ment for sociodemographic, lifestyle, and
comorbid factors, individuals with even-
ing chronotype compared with morning
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Figure 1—Trajectories of sleep duration from early to middle adulthood in the NHSII. The numbers
in parentheses are the percentages of participants in the trajectories.

chronotype had 26% higher odds for per-
sistent 5 h sleep duration (95% Cl 13, 42),
27% higher odds for persistent 6 h sleep
duration (21, 33), and 34% higher odds for
decreased sleep duration from 8 to 6 h
(24, 44) (Table 2).

Trajectory of Sleep Duration and Risk
of Type 2 Diabetes

We documented 1,797 incident diabetes
cases over 442,437 person-years of fol-
low-up.

Compared with the persistent 7-h sleep
duration trajectory group, the HRs for
diabetes after adjustment for demo-
graphic, lifestyle, and sleep-related fac-
tors (MV1) were 1.43 (95% Cl 1.10, 1.84)
for the persistent 5-h sleep duration
group, 1.17(1.04, 1.33) for persistent 6-h
group, 0.96 (0.84, 1.10) for persistent
8-hgroup, 1.33(1.09,1.61) forincreased
sleep duration group,and 1.32(1.10,1.59)
for decreased sleep duration group (Table
3). These associations were attenuated
but remained statistically significant af-
ter additional adjustment for develop-
ment of comorbidities over follow-up
including hypertension, hypercholester-
olemia, depression, and sleep apnea
(MV2). Further adjustment for time-
updated BMI attenuated the associations
for all trajectory groups (MV3), although
a significantly increased diabetes risk
persisted in the decreased sleep duration
group (HR 1.24 [95% CI 1.03, 1.50).

Sensitivity Analyses

Similar associations between sleep du-
ration trajectory and type 2 diabetes risk
were observed when we excluded type 2
diabetes cases diagnosed in the first 2
years of follow-up (Supplementary Table
2), albeit the estimates were less precise

due to smaller case numbers. When we
stratified the analysis by age, BMI, chro-
notype, history of night shift work, parity,
family history of diabetes, physical ac-
tivity, and AHEI-2010 score, the associ-
ations were not statistically different due
to the small number of cases in each
subgroup and high degree of freedom of
the test (Pinteraction = 0.11) (Supplemen-
tary Table 3). However, the increased
diabetes risk associated with persistent
short sleep duration appeared larger in
participants who were older, obese, nul-
liparous, of morning chronotype, and
exposed to night shifts and had family
history of diabetes or better diet quality,
whereas the increased diabetes risk as-
sociated with changes in sleep duration
was more apparent in participants who
were younger, of evening chronotype,
parous, and physically active. When we
assessed the associations of recalled sleep
duration with diabetes risk in each age
period separately, shorter sleep duration
tended to associate with higher diabetes
risk in all age periods, although the as-
sociations appeared to be stronger at age
46+ years than for earlier age periods
(Supplementary Table 4).

CONCLUSIONS

In the current analyses, we found that
compared with participants with persis-
tent 7-h sleep duration from their early to
middle adulthood, those with persistent
shorter sleep duration or changes in sleep
duration had significantly higher risk of
type 2 diabetes. Persistent 8-h sleep du-
ration was not associated with diabetes
risk compared with persistent 7-h sleep
duration. Consistent with our hypothesis
and substantial prior evidence (12) that

development of obesity and metabolic
comorbidities may be intermediate fac-
tors linking sleep duration and diabetes
risk, adjustment for these factors atten-
uated the associations, particularly for
the persistent 5-h sleep duration group
and the increased sleep duration group.
However, the higher diabetes risk asso-
ciated with decreased sleep duration
remained statistically robust after adjust-
ment for time-updated BMI and comor-
bidities. In support of our earlier findings
on chronotype and diabetes risk (18),
we found that evening chronotypes com-
pared with morning chronotypes were
more likely to follow metabolically un-
healthy chronic sleep duration patterns,
such as persistent short or decreased
sleep duration over time. To our knowl-
edge, this is the first study that evalu-
ated sleep duration patterns in relation
to risk of type 2 diabetes.

Previous studies based on a single
measurement of sleep duration consis-
tently reported a U-shaped relationship
between sleep duration and the inci-
dence of diabetes (4,7). In adose-response
meta-analysis, every 1 h shorter sleep
duration was associated with 9% higher
diabetes risk among short sleepers—
similar to the graded relationships that
we observed for persistent 6-h and 5-h
sleep duration groups (4). This meta-
analysis also reported 14% higher risk
associated with every 1 h longer sleep
durationamongindividuals sleeping>7h,
which was not observed in the current
study. Two recent studies from The
Whitehall Il study and the NHS (a sister
cohort of the NHSII) examined changes in
sleep durationin relation to diabetes risk;
both reported increased diabetes risk
associated with =2 h increase in sleep
duration (5,6). In the Whitehall Il study,
persistent short sleepers were also at
higher diabetes risk, but this association
weakened and did not reach statistical
significance after adjustment for BMI
and weight change, suggesting that short
sleep may precipitate diabetes develop-
ment through effects on weight change
(5). Misclassification due to the reliance
on only two measures and potential re-
verse causation (e.g., short sleepers may
increase their sleep duration due to
changes in physical health prior to dia-
betes onset) may explain why these stud-
ies only detected an association with
increased sleep duration and did not
observe associations with short or
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Table 1—Population characteristics of participants according to trajectories of sleep duration
Sleep duration trajectory group

Persistent sleep

Persistent sleep

Persistent sleep

Persistent sleep

Increased sleep
duration from

Decreased sleep
duration from

duration of 5 h  duration of 6 h  duration of 7 h  duration of 8 h 6to7.5h 8tob6h
N 1,410 11,551 26,960 13,289 3,374 3,484
Age, years 55.0 (4.5) 54.9 (4.5) 54.8 (4.6) 54.8 (4.6) 54.4 (4.6) 54.6 (4.4)
Follow-up, years* 7.7 (7.4, 7.9) 7.8 (7.6, 7.9) 7.8 (7.6, 7.9) 7.8 (7.6, 7.9) 7.8 (7.6, 7.9) 7.8 (7.5, 7.9)
Range of follow-up, years 0.3-8.0 0.1-8.0 0.1-8.0 0.1-8.0 0.1-8.0 0.1-8.0
White race 92 95 98 97 97 94
Currently married 71 77 82 81 78 76
Premenopausal 31 32 33 33 33 32
Postmenopausal hormone

uset 18 22 23 24 24 20
Family history of diabetes 38 36 34 33 35 36
BMI, kg/m? 289 (7.1) 27.8 (6.4) 26.9 (5.8) 26.7 (5.8) 27.9 (6.4) 27.7 (6.2)
AHEI-2010 51.9 (10.3) 51.9 (9.9) 52.7 (9.9) 53.0 (10.1) 52.5 (9.8) 51.8 (10.1)
Alcohol intake, g/day 3.6 (5.8) 4.1 (6.2) 4.7 (6.6) 4.9 (7.4) 5.1 (7.5) 4.0 (6.3)
Smoking status

Never 62 65 67 68 60 67

Past 28 28 28 27 33 27

Current 10 7 5 5 8 6
Physical activity,

MET h/week 25.7 (25.7) 22.5 (21.6) 21.7 (19.8) 21.4 (20.2) 23.7 (24.6) 20.8 (18.8)
Parous 79 83 84 79 81 80
Parity 2.4 (1.1) 2.3 (1.0) 2.3 (0.9) 2.2 (0.9) 2.3 (1.0) 2.2 (0.9)
Physical examination 91 92 94 93 93 91
Medical history

Hypertension 29 27 24 22 29 27

High cholesterol 34 33 33 32 35 35

Sleep apnea 5 3 3 3 4 4

Depression 15 12 14 17 18 13
Ever had night shift 84 77 70 65 79 70
Lifetime duration of rotating

night shift work, years§ 7.3 (6.2) 5.8 (5.5) 4.8 (4.6) 43 (4.2) 5.8 (5.1) 5.2 (5.1)
Chronotype

Morning type 54 56 63 63 61 55

Evening type 39 38 32 31 34 39

Neither 7 6 5 5 5 5

Data except for follow-up years are means (SD) for continuous variables and percentages for categorical variables at baseline (2009). All variables except
age and follow-up years are age standardized. *Values are median (lower quartile, upper quartile). TCalculated among participants with
postmenopausal status. ¥Calculated among parous participants. §Calculated among participants who ever had rotating night shift work.

decreased sleep duration. In the current
study, we leveraged the unique data on
sleep duration in different life periods
from early to middle adulthood and ob-
served thatall chronicsleep duration pat-
terns that deviated from persistent 7-h
or 8-h sleep duration conferred an in-
creased risk of type 2 diabetes. Our
findings provide novel evidence on the
relationships between sleep duration and
diabetes risk using a life course approach
and corroborated the metabolic benefits
of 7-8 h of sleep per night as recom-
mended by American Academy of Sleep
Medicine (32).

Interestingly, there were few partici-
pants with persistent sleep duration =9 h

in our study sample. Indeed, while 8.7%
of the sample reported =9 h sleep du-
ration in at least one of the four age
periods, only 0.7% reported persistent
long sleep duration at all four age peri-
ods, suggesting that long sleep may be a
short-term phenotype induced by changes
in mood or physical health. This was
supported by prior evidence that long
sleep duration may be an epiphenome-
non of metabolic disorders, depression,
or low socioeconomic status (9-11). It is
likely that chronically long sleep duration
is determined by multiple factors, and in
our sample of middle-aged nurses, we
did not have sufficient power to fully
characterize risk associated with persistent

long sleep. By contrast, we identified
two trajectory groups of persistent sleep
duration shorter than 7 h, which to-
gether constituted 21.5% of the study
population. This is consistent with the
increasing trend of chronic sleep dep-
rivation in the U.S. across different
racial/ethnic populations (1,33). Fur-
ther, we identified two groups charac-
terized by changes in sleep duration,
each representing about 6% of the study
sample. Such changes in sleep duration
could possibly result from aging, men-
opausal transition, changes in working
status and living arrangements, or al-
tered health states that we have ad-
justed for in the analyses.
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Table 2—Adjusted multinomial logistic regression odds ratios (95% CI) of trajectory of sleep duration by chronotype, with
persistent 7-h sleep duration as a reference category

Persistent sleep

Persistent sleep

Persistent sleep

Increased sleep duration

Decreased sleep duration

Chronotype duration of 5 h duration of 6 h duration of 8 h from 6 to 7.5 h from 8 to 6 h
Morning type
Age adjusted 1.00 1.00 1.00 1.00 1.00
MV* 1.00 1.00 1.00 1.00 1.00

Evening type
Age adjusted 1.43 (1.28, 1.60)
MV* 1.26 (1.13, 1.42)
Neither
Age adjusted 1.61 (1.29, 2.02)
MV* 1.39 (1.10, 1.74)

1.33 (1.27, 1.40)
1.27 (1.21, 1.33)

1.33 (1.21, 1.47)
1.27 (1.15, 1.41)

1.00 (0.95, 1.04)
0.99 (0.94, 1.03)

1.07 (0.97, 1.18)
1.05 (0.96, 1.16)

1.13 (1.04, 1.22)
1.05 (0.97, 1.13)

1.02 (0.85, 1.21)
0.96 (0.81, 1.14)

1.41 (1.31, 1.52)
1.34 (1.24, 1.44)

1.22 (1.04, 1.44)
1.17 (1.00, 1.39)

*Adjusted for age (continuous), race (nonwhite or white), family history of diabetes, menopausal status (pre- or postmenopausal), postmenopausal
hormone use (never, past, or current), smoking status (never, past, or current), alcohol intake (0, 0 to <5, 5 to <15, 15 to <30, or =30 g/day), AHEI-2010
dietary score (in quintiles), physical activity (<3, 3 to <9, 9 to <18, 18 to <27, or =27 MET h/week), marital status (yes or no), parity (nulliparous, 1, 2,
or =3), physical exam (yes or no), duration of rotating night shift work (years), development of hypertension (yes or no), hypercholesterolemia (yes or
no), depression (yes or no), sleep apnea (yes or no), and BMI (<20, 20 to <25, 25 to <30, 30 to <35, 35 to <40, or =40 kg/mz). All the covariates were

based on baseline information in 2009.

We also noted that the participants
with evening chronotype were more likely
to report persistent short or decreased
sleep duration patterns compared with
those with morning chronotype. This no-
vel finding suggests that chronotype
may be an important determinant of
chronic sleep duration patterns and that
individuals with evening chronotype may
experience more chronic circadian mis-
alignment due to their shortened sleep
duration that poses them at even higher
diabetes risk (18). Given that chronotype
reflects individual preferences of the syn-
chronization between inherent circadian
rhythm and the environment, future in-
vestigation is needed to understand the
genetic basis as well as gene-environment
interactions for chronic sleep duration
patterns, which may provide further in-
sights into the mechanisms leading to
diabetes development (2,34,35).

Several potential mechanisms may ex-
plain the associations of persistent short
sleep duration or decreased sleep dura-
tion with diabetes risk. First, laboratory
studies reported that experimental re-
duction of sleep duration was linked to
glucose dysregulation and increases in
hunger and appetite, with downregulated
leptin (the satiety hormone), upregu-
lated ghrelin (the appetite-stimulating
hormone), and altered brain mechanisms
involved in the hedonic aspects of ap-
petite (3,36). A recent randomized con-
trol pilot study found that sleep extension
in adult short sleepers led to reduced
intakes of fat, carbohydrates, and free
sugars (37). Second, activation of inflam-
matory pathways due to chronic insufficient
sleep may promote diabetes development
(38). Experimental sleep restrictions in ani-
mals and humans were associated with an
evolving proinflammatory state (39-43).

Third, melatonin, a pineal hormone under
the control of the circadian clock, was in-
volved in glucose regulation and energy
metabolism (44). Reduced melatonin
secretion were independently associ-
ated with a higher diabetes risk (45).
Finally, high night-to-night variations in
sleep duration, which are more com-
monly present in short and poor sleepers
and possibly among individuals with
changes in sleep duration (46), have
recently emerged as a risk factor for
metabolic health that could lead to di-
abetes development (47-49).

The strengths of this study included
prospective study design, large sample
size, high rates of follow-up, repeated
assessments of diabetes risk factors, and
the life course trajectory approach that
added novel and complementary find-
ings to prior studies (26,50). However,
several limitations should be noted. First,

Table 3—HR (95% CI) of type 2 diabetes according to trajectories of sleeping duration

Increased sleep

Persistent sleep

Persistent sleep

Persistent sleep

Persistent sleep

duration from

Decreased sleep

duration of 5 h duration of 6 h duration of 7 h duration of 8 h 6to7.5h duration from 8 to 6 h
Case subjects/
person-years 66/10,049 408/84,276 725/199,928 341/98,419 119/24,541 138/25,224
Age adjusted 1.79 (1.39, 2.30)  1.32 (1.17, 1.50) 1.00 0.96 (0.84, 1.09) 1.39 (1.14, 1.69) 1.53 (1.27, 1.84)
MV1 1.43 (1.10, 1.84)  1.17 (1.04, 1.33) 1.00 0.96 (0.84, 1.10) 1.33 (1.09, 1.61) 1.32 (1.10, 1.59)
MV2 1.34 (1.04, 1.74)  1.16 (1.02, 1.31) 1.00 0.98 (0.86, 1.11) 1.24 (1.02, 1.51) 1.29 (1.08, 1.55)
MV3 1.17 (0.90, 1.52)  1.09 (0.96, 1.23) 1.00 1.02 (0.90, 1.17) 1.12 (0.92, 1.36) 1.24 (1.03, 1.50)

HRs were estimated from age-stratified Cox proportional hazards models. MV1 model was adjusted for race (nonwhite or white), family history of
diabetes, menopausal status (pre- or postmenopausal), postmenopausal hormone use (never, past, or current), smoking status (never, past, or current),
alcoholintake (0, 0to <5, 5to <15, 15 to <30, or =30 g/day), AHEI-2010 dietary score (in quintiles), physical activity (<3, 3 to <9, 9to <18, 18 to <27,
or =27 MET h/week), marital status (yes or no), parity (nulliparous, 1, 2, or = 3), physical exam (yes or no), duration of rotating night shift work (years),
and chronotype (morning type, evening type, neither type, or missing). All covariates, except race, family history, parity, and chronotype, were modeled
as time varying. MV2 model was further adjusted for development of hypertension (yes or no), hypercholesterolemia (yes or no), depression (yes or no),
and sleep apnea (yes or no). MV3 model was further adjusted for time-updated BMI (<20, 20 to <25, 25 to <30, 30 to <35, 35 to <40, or =40 kg/m?).



care.diabetesjournals.org

our assessment on sleep duration was
based on self-reported information, which
may produce measurement errors (51).
Certain preexisting conditions, such as
obesity, hypertension, and depressed mood,
may also have influenced how women
recalled sleep duration in early life and
could have resulted in differential recall
bias that might affect the trajectory
patterns of sleep duration. Nevertheless,
the consistency of our results with pre-
vious experimental and epidemiologic stud-
ies on sleep duration and metabolic risk
factors and diabetes risk suggests that
the observed associations were unlikely
to be entirely explained by measurement
errors (3,4,8). Further, simultaneous re-
call of other work characteristics along
with sleep assessment may help reduce
recall bias (e.g., nurses with longer du-
ration of night shift work were more likely
to report persistent shorter sleep dura-
tion). Second, the trajectory groups were
derived from a limited number of sleep
duration measurements that may not
reflect chronic sleep duration patterns
in high resolution (e.g., fluctuating sleep
duration patterns). However, the excellent
posterior probability for each trajectory
group indicated that these trajectories
capture the predominant features of
sleep duration patterns shared by a group
of participants and distinctive from others.
Third, we were underpowered to detect
potential subgroup heterogeneity using
multiplicative interactions, particularly
given that the exposure consisted of six
categories (52). Lastly, generalizability
may be limited because participants in
our study were predominantly white fe-
male nurses with high exposure to night
shift work (65-84% across trajectory
groups). However, we observed similar
associations among women who had never
worked any night shifts. In addition, the
homogeneity of our participants, particu-
larly considering their working character-
istics and education level, may provide an
advantage in the recall of early life sleep
duration and in the report of lifestyle and
health-related information while minimiz-
ing confounding by socioeconomic status.
Given potential racial/ethnic disparities
in sleep health (33), future studies are
warranted to explore these associations
in other racial/ethnic populations.

In conclusion, we found that persistent
short (5- or 6-h) sleep duration in early to
middle adulthood, as well as increased
sleep duration (from 6 to 7.5 h) or

decreased sleep duration (from 8 to 6 h),
was associated with higher subsequent
type 2 diabetes risk. These associations
weakened after adjustment for time-
updated BMI and comorbidities. In con-
junction with prior studies, our findings
underscore that maintaining a consistent
pattern of the recommended daily 7-8 h
of sleep is beneficial for the prevention
of type 2 diabetes.

Acknowledgments. The authors thank the par-
ticipants for their dedication and contribution to
the research.

Funding. This study has been supported by
grants from the National Institutes of Health
(NIH) (UO1 CA176726, R21 HL145421, and RO1
DK112940). M.Y.B. is supported by a fellowship
from the Manpei Suzuki Diabetes Foundation.
T.H. is supported by NIH grant K01 HL143034. S.R.
is partly supported by NIH grant R35 HL135818.
Duality of Interest. No potential conflicts of
interest relevant to this article were reported.
Author Contributions. M.Y.B. and T.H. con-
ceived and designed the study and performed
statistical analysis. M.Y.B., F.B.H., C.V., E.S,, S.R.,
and T.H. interpreted the data. M.Y.B. wrote the
manuscript. F.B.H., C.V,, E.S., S.R., and T.H. crit-
ically revised the manuscript and approved the
final version. M.Y.B. and T.H. are the guarantors
of this work and, as such, had full access to all the
data in the study and take responsibility for the
integrity of the data and the accuracy of the data
analysis.

References

1. Okunowo O, Orimoloye HT, Bakre SA, Njesada
NS, Solomon A. Age-and body weight-dependent
association between sleep duration and hyper-
tensionin US adults: findings from the 2014-2017
National Health Interview Survey. Sleep Health
2019;5:509-513

2. Dashti HS, Jones SE, Wood AR, et al. Genome-
wide association study identifies genetic loci for
self-reported habitual sleep duration supported
by accelerometer-derived estimates. Nat Com-
mun 2019;10:1100

3. Spiegel K, Tasali E, Leproult R, Van Cauter E.
Effects of poor and short sleep on glucose me-
tabolism and obesity risk. Nat Rev Endocrinol
2009;5:253-261

4. Shan Z, Ma H, Xie M, et al. Sleep duration and
risk of type 2 diabetes: a meta-analysis of pro-
spective studies. Diabetes Care 2015;38:529-537
5. Ferrie JE, Kivimaki M, Akbaraly TN, et al.
Change in sleep duration and type 2 diabetes:
the Whitehall Il study. Diabetes Care 2015;38:
1467-1472

6. Cespedes EM, Bhupathiraju SN, Li Y, Rosner B,
Redline S, Hu FB. Long-term changes in sleep
duration, energy balance and risk of type 2 dia-
betes. Diabetologia 2016;59:101-109

7. Cappuccio FP, D’Elia L, Strazzullo P, Miller MA.
Quantity and quality of sleep and incidence of
type 2 diabetes: a systematic review and meta-
analysis. Diabetes Care 2010;33:414-420

8. Anothaisintawee T, Reutrakul S, Van Cauter E,
Thakkinstian A. Sleep disturbances compared to

Baden and Associates

traditional risk factors for diabetes development:
systematic review and meta-analysis. Sleep Med
Rev 2016;30:11-24

9. Patel SR, Malhotra A, Gottlieb DJ, White DP,
Hu FB. Correlates of long sleep duration. Sleep
2006;29:881-889

10. Stranges S, Dorn JM, Shipley MJ, et al.
Correlates of short and long sleep duration:
a cross-cultural comparison between the United
Kingdom and the United States: the Whitehall Il
Study and the Western New York Health Study.
Am J Epidemiol 2008;168:1353-1364

11. Tan X, Chapman CD, CedernaesJ, Benedict C.
Association between long sleep duration and
increased risk of obesity and type 2 diabetes:
areview of possible mechanisms. Sleep Med Rev
2018;40:127-134

12. Patel SR, Hu FB. Short sleep duration and
weight gain: a systematic review. Obesity (Silver
Spring) 2008;16:643-653

13. Bao Y, Bertoia ML, Lenart EB, et al. Origin,
methods, and evolution of the three Nurses’ Health
Studies. Am J Public Health 2016;106:1573-1581
14. Hu FB, Leitzmann MF, Stampfer MJ, Colditz
GA, Willett WC, Rimm EB. Physical activity and
television watching in relation to risk for type 2
diabetes mellitus in men. Arch Intern Med 2001;
161:1542-1548

15. Manson JE, Rimm EB, Stampfer MJ, et al.
Physical activity and incidence of non-insulin-
dependent diabetes mellitus in women. Lancet
1991,;338:774-778

16. Expert Committee on the Diagnosis and
Classification of Diabetes Mellitus. Report of
the Expert Committee on the Diagnosis and
Classification of Diabetes Mellitus. Diabetes
Care 1997;20:1183-1197

17. Rimm EB, Stampfer MJ, Colditz GA, Chute
CG, Litin LB, Willett WC. Validity of self-reported
waist and hip circumferences in men and
women. Epidemiology 1990;1:466-473

18. Vetter C, Devore EE, Ramin CA, Speizer FE,
Willett WC, Schernhammer ES. Mismatch of
sleep and work timing and risk of type 2 di-
abetes. Diabetes Care 2015;38:1707-1713

19. Willett WC, Sampson L, Stampfer MJ, et al.
Reproducibility and validity of a semiquantitative
food frequency questionnaire. Am J Epidemiol
1985;122:51-65

20. Yuan C, Spiegelman D, Rimm EB, et al. Rel-
ative validity of nutrient intakes assessed by
questionnaire, 24-hour recalls, and diet records
as compared with urinary recovery and plasma
concentration biomarkers: findings for women.
Am J Epidemiol 2018;187:1051-1063

21. Chiuve SE, Fung TT, Rimm EB, et al. Alter-
native dietary indices both strongly predict risk of
chronic disease. J Nutr 2012;142:1009-1018
22. Chasan-TaberS, Rimm EB, Stampfer MJ, et al.
Reproducibility and validity of a self-administered
physical activity questionnaire for male health
professionals. Epidemiology 1996;7:81-86

23. Huang T, Lin BM, Markt SC, et al. Sex differ-
ences in the associations of obstructive sleep
apnoea with epidemiological factors. Eur RespirJ
2018;51:1702421

24. JonesBL, Nagin DS. Advancesin group-based
trajectory modeling and an SAS procedure for
estimating them. Sociol Methods Res 2007;35:
542-571

25. AndruffH, CarraroN, Thompson A, Gaudreau
P, Louvet B. Latent class growth modelling:


http://care.diabetesjournals.org

Diabetes Care Volume 43, June 2020
]

1226 Sleep Duration Patterns and Type 2 Diabetes

atutorial. Tutor Quant Methods Psychol 2009;
5:11-24

26. SongM, HUuFB, WuK, etal. Trajectory of body
shape in early and middle life and all cause and
cause specific mortality: results from two pro-
spective US cohort studies. BMJ 2016;353:i2195
27. Nagin DS. Group-Based Modeling of De-
velopment. Cambridge, MA, Harvard University
Press, 2005

28. Grgntved A, Pan A, Mekary RA, et al. Muscle-
strengthening and conditioning activities and
risk of type 2 diabetes: a prospective study in
two cohorts of US women. PLoS Med 2014;11:
1001587

29. ShanZ,LiY, ZongG, et al. Rotating night shift
work and adherence to unhealthy lifestyle in
predicting risk of type 2 diabetes: results from
two large US cohorts of female nurses. BMJ 2018;
363:k4641

30. Lévy P, Kohler M, McNicholas WT, et al.
Obstructive sleep apnoea syndrome. Nat Rev Dis
Primers 2015;1:15015

31. HuangT, Lin BM, Stampfer MJ, Tworoger SS,
Hu FB, Redline S. A population-based study of
the bidirectional association between obstruc-
tive sleep apnea and type 2 diabetes in three
prospective U.S. Cohorts. Diabetes Care 2018;41:
2111-2119

32. Watson NF, Badr MS, Belenky G, et al.
Recommended amount of sleep for a healthy
adult: a joint consensus statement of the Amer-
ican Academy of Sleep Medicine and Sleep Re-
search Society. Sleep (Basel) 2015;38:843-844
33. Chen X, Wang R, Zee P, et al. Racial/ethnic
differences in sleep disturbances: the Multi-
Ethnic Study of Atherosclerosis (MESA). Sleep
(Basel) 2015;38:877-888

34. LanelM, LiangJ, Vlasacl, etal. Genome-wide
association analyses of sleep disturbance traits
identify new loci and highlight shared genetics

with neuropsychiatric and metabolic traits. Nat
Genet 2017;49:274-281

35. Jones SE, van Hees VT, Mazzotti DR, et al.
Genetic studies of accelerometer-based sleep
measures yield new insights into human sleep
behaviour. Nat Commun 2019;10:1585

36. St-Onge MP, Shechter A. Sleep disturbances,
body fat distribution, food intake and/or energy
expenditure: pathophysiological aspects. Horm
Mol Biol Clin Investig 2014;17:29-37

37. AlKhatib HK, Hall WL, Creedon A, et al. Sleep
extension is a feasible lifestyle intervention in
free-living adults who are habitually short sleepers:
a potential strategy for decreasing intake of free
sugars? A randomized controlled pilot study. Am J
Clin Nutr 2018;107:43-53

38. Pradhan AD, Manson JE, Rifai N, Buring JE,
Ridker PM. C-reactive protein, interleukin 6, and
risk of developing type 2 diabetes mellitus. JAMA
2001;286:327-334

39. Everson CA. Clinical assessment of blood
leukocytes, serum cytokines, and serum immu-
noglobulins as responses to sleep deprivation in
laboratory rats. Am J Physiol Regul Integr Comp
Physiol 2005;289:R1054-R1063

40. Vgontzas AN, Zoumakis E, Bixler EO, et al.
Adverse effects of modest sleep restriction on
sleepiness, performance, and inflammatory cy-
tokines. J Clin Endocrinol Metab 2004;89:2119—
2126

41. HaackM, SanchezE, Mullington JM. Elevated
inflammatory markers in response to prolonged
sleep restriction are associated with increased
pain experience in healthy volunteers. Sleep 2007;
30:1145-1152

42. van Leeuwen WM, Lehto M, Karisola P, et al.
Sleep restriction increases the risk of developing
cardiovascular diseases by augmenting proin-
flammatory responses through IL-17 and CRP.
PLoS One 2009;4:€4589

43. Meier-Ewert HK, Ridker PM, Rifai N, et al.
Effect of sleep loss on C-reactive protein, an
inflammatory marker of cardiovascular risk. J Am
Coll Cardiol 2004;43:678-683

44. Cipolla-NetoJ, Amaral FG, Afeche SC, Tan DX,
Reiter RJ. Melatonin, energy metabolism, and
obesity: a review. J Pineal Res 2014;56:371-381
45. McMullan CJ, Schernhammer ES, Rimm EB,
Hu FB, Forman JP. Melatonin secretion and the
incidence of type 2 diabetes. JAMA 2013;309:
1388-1396

46. Bei B, Wiley JF, Trinder J, Manber R. Beyond
the mean: a systematic review on the correlates
of daily intraindividual variability of sleep/wake
patterns. Sleep Med Rev 2016;28:108-124

47. Huang T, Redline S. Cross-sectional and pro-
spective associations of actigraphy-assessed sleep
regularity with metabolic abnormalities: the Multi-
Ethnic Study of Atherosclerosis. Diabetes Care
2019;42:1422-1429

48. Sohail S, Yu L, Bennett DA, Buchman AS, Lim
AS. Irregular 24-hour activity rhythms and the
metabolic syndrome in older adults. Chronobiol
Int 2015;32:802-813

49. Taylor BJ, Matthews KA, Hasler BP, et al.
Bedtime variability and metabolic health in mid-
life women: the SWAN sleep study. Sleep (Basel)
2016;39:457-465

50. Nagin DS, Odgers CL. Group-based trajectory
modeling in clinical research. Annu Rev Clin
Psychol 2010;6:109-138

51. Jackson CL, Patel SR, Jackson WBII, Lutsey PL,
Redline S. Agreement between self-reported and
objectively measured sleep duration among
white, black, Hispanic, and Chinese adults in
the United States: Multi-Ethnic Study of Ath-
erosclerosis. Sleep (Basel) 2018;41:zsy057
52. Rothman KJ. Six persistent research mis-
conceptions. J Gen Intern Med 2014;29:1060—
1064



