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ABSTRACT

Objective: To examine the relationships between self-reported sleep characteristics and risk of incident verte-
bral fracture and hip fracture in women.
Design: Longitudinal cohort study.
Setting: Nurses’ Health Studies (NHS: 2002-2014, NHSII: 2001-2015).
Participants: Total 122,254 female registered nurses (46,129 NHS, 76,125 NHSII) without prior history of
fracture.
Exposure: Sleep was characterized by 4 sleep-related domains—sleep duration, sleep difficulty, snoring, and
excessive daytime sleepiness—assessed by self-reported questionnaires.
Outcomes: Self-reports of vertebral fracture were confirmed by medical record review and hip fracture was
assessed by biennial questionnaires.
Results: Over 12-14 years of follow-up, 569 incident vertebral fracture cases (408 in NHS, 161 in NHSII) and
1,881 hip fracture cases (1,490 in NHS, 391 in NHSII) were documented. In the pooled analysis, the multivari-
able-adjusted HR (95% CI) for vertebral fracture was 1.20 (0.86, 1.66) for sleep duration <5 hours vs. 7 hours
and 0.82 (0.60, 1.12) for >9 vs. 7 hours; 1.63 (0.93, 2.87) for sleep difficulties all-the-time vs. none/little-of-
the-time (p-trend = 0.005); 1.47 (1.05, 2.05) for snoring every night/week vs. never/occasionally (p-
trend = 0.03), and 2.20 (1.49, 3.25) for excessive daytime sleepiness daily vs. never (p-trend < 0.001). In con-
trast, associations were not observed with hip fracture risk.
Conclusion: Poorer sleep characteristics were associated with risk of vertebral fracture. Our study highlights
the importance of multiple dimensions of sleep in the development of vertebral fractures. Further research is
warranted to understand the role of sleep in bone health that may differ by fracture site, as well as sleep
interventions that may reduce the risk of fracture.

Published by Elsevier Inc. on behalf of National Sleep Foundation.

Introduction

than 7 hours per night.” Insufficient sleep can undermine bone
remodeling activity, which increases overnight and is critical for

Emerging research suggests that alterations in sleep and circadian
rhythmicity can have detrimental effects on bone metabolism and
health." Almost one-third of American adults report sleeping less
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repairing microdamage from daily wear and tear.? Poor sleep quality,
as reflected by long sleep latency and sleep fragmentation, may
dampen the restorative functions of sleep and lead to abnormal bone
metabolism. Intermittent nocturnal hypoxemia, which is characteris-
tic of sleep apnea, has also been associated with abnormal bone
metabolism and increased fracture risk.*
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Further, circadian rhythmicity plays an important role in bone
metabolism and homeostasis.'*” Circadian disruption resulting from
sleep disturbances can inhibit osteoblast function and bone forma-
tion while promoting bone resorption and breakdown, thus impair-
ing the bone’s ability to repair the microdamage® that accumulates
with aging? and potentially contributing to higher fracture risk. Given
the rise in vertebral fracture (VF) incidence'® and halt in the decline
in hip fracture (HF) rates leading to higher than expected levels in
recent years,'' as well as the significant morbidity, mortality,'” and
high costs'® associated with fractures, identifying modifiable risk fac-
tors, such as sleep, is crucial for fracture prevention.

There has been growing interest in measuring multiple comple-
mentary sleep dimensions.'* While several prior studies reported no
statistically significant to modestly significant associations between
sleep and hip fracture risk in women,'>"'® few longitudinal studies
have simultaneously examined multiple sleep dimensions and frac-
ture risk.*'”"'® We investigated the association between 4 key sleep
characteristics—sleep duration, sleep difficulty, snoring, and exces-
sive daytime sleepiness (EDS)—and incident VF and HF risk in Nurses’
Health Studies (NHS and NHSII) participants. We hypothesized that
poorer sleep characteristics are prospectively associated with
increased fracture risk.

Methods
Study population

NHS and NHSII are 2 ongoing, large-scale prospective cohort stud-
ies. NHS enrolled 121,700 female nurses aged 30-55 years in 1976.
NHSII enrolled 116,429 female nurses aged 25-42 years in 1989. Since
then, biennial questionnaires have been mailed to participants with
comprehensive questions on newly diagnosed diseases, medications,
and lifestyle practices with >90% follow-up of the eligible person-
time. The vast majority (97%) of the participants are white. This current
analysis included women with information on both fracture history
and self-reported sleep who did not have prior history of fracture at
baseline (NHS: 2002; NHSII: 2001). The study was approved by the
Institutional Review Board at Brigham and Women'’s Hospital (Boston,
MA). Return of a completed questionnaire was accepted as implied
informed consent by the Institutional Review Board.

Assessment of self-reported sleep characteristics

Assessment of self-reported sleep characteristics—sleep duration,
sleep difficulty, snoring and EDS—was described previously.'®~! For
sleep duration, NHS participants were asked about total hours of
actual sleep (<5, 6, 7, 8,9, 10, and > 11 hours) in a 24-hour period on
the 2000, 2002, 2008, and 2012 questionnaires. NHSII participants
were asked about average sleep duration in a 24-hour period (<5, 5,
6,7, 8,9, and 10+ hours) on the 2001, 2009, and 2013 questionnaires.
Response categories were harmonized between the 2 cohorts as <5,
6, 7, 8 and >9 hours. Sleep duration assessed by a single question
was found to correlate highly with sleep duration in daily sleep dia-
ries over a one-week period in the NHS cohort (r=0.79), with high
reproducibility over 2 years (Cohen’s k statistic = 0.81).% Sleep diffi-
culty was assessed in 2000: “How much of the time during the past 4
weeks have you had difficulty falling asleep or staying asleep?” Possi-
ble responses were “all of the time,” “most of the time,” “a good bit of
the time,” “some of the time,” “a little of the time,” and “none of the
time.” For snoring, participants were asked on the 2002, 2008 and
2012 questionnaires whether they snore “every night,” “most nights,”
“a few nights a week,” “occasionally,” or “almost never.” Participants
were queried about EDS in 2008: “On average, how often are your
daily activities affected because you are sleepy during the day?” Pos-
sible responses included “almost every day,” “4-6 days/week,”
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“1-3 days/week,” “rarely,” and “never.” Sleep difficulty, snoring and
EDS were assessed by similar questions in NHSII on the 2001 and
2013 questionnaires.

Ascertainment of clinical vertebral fracture

Ascertainment of clinical VF was described previously.?® In brief,
participants were asked about lifetime history of a clinician-diag-
nosed “vertebral (spine) fracture, x-ray confirmed” and the year of
first diagnosis in 2012 (NHS) and 2013 (NHSII). Participants were
again asked about a VF diagnosis in 2014 (NHS) and 2015 (NHSII). A
supplemental questionnaire was mailed to participants who reported
a VF in 2001 or afterwards. Permission was requested to obtain par-
ticipants’ medical records related to the VF. Among the participants
who gave consent and for whom sufficient information was available
to make a diagnosis, we confirmed VF cases by radiology or medical
report. Our primary analysis included VFs associated with low or
moderate level trauma (eg, slipping, tripping). Only confirmed cases
of VF were included in the analysis.

Ascertainment of hip fracture

Participants were asked to report all previous HFs (date, bone site,
and circumstances leading to the fracture) on the 1982 questionnaire
in NHS and incident HFs were reported biennially. In NHSII, partici-
pants were asked about HF on the 2005, 2009, 2013 and subsequent
biennial questionnaires. Supplemental questionnaires were mailed to
nurses who reported an incident HF. Because of their frequent associ-
ation with falls, only fractures of the proximal femur were included
in the definition of a HF. We relied on self-reported HF in these
cohorts since in a prior validation study, self-reported HFs were
found to be highly reliable.?* Similar to the VF analysis, only HFs that
were due to low- or moderate-trauma were considered in the main
analysis.

Assessment of covariates

Date of birth, height and race/ethnicity were self-reported.
Weight has been queried on every biennial questionnaire in NHS and
NHSII. Among a subset of participants who directly measured their
weight, self-reported weight was highly reliable (r = 0.97).>° BMI (kg/
m?) was calculated from the information provided by participants on
weight and height. Waist circumference was queried among NHS
participants in 1986, 1996, and 2000 and NHSII participants in 1993
and 2005. Among a subset of NHS participants, self-reported waist
circumference using a tape measure was highly reliable when com-
pared with technician-measured waist circumferences (r = 0.88).°
For participants who did not provide waist circumference informa-
tion on a questionnaire, we carried forward information from a prior
questionnaire if available.

Information on postmenopausal hormone therapy (HT; type and
duration) and diuretics (thiazide or loop diuretics) was queried on
biennial questionnaires. Clinical history of hypertension,?* diabetes,?®
osteoporosis,>’ and obstructive sleep apnea (OSA)?! was validated
previously in the cohort. Clinical depression was defined by either
anti-depressant use or physician-diagnosed depression.?®

Extensively validated®® semiquantitative food-frequency ques-
tionnaires were used to assess dietary intake, which were completed
every 4 years since 1986 in NHS and 1991 in NHSIIL. The dietary fac-
tors considered in our models included dietary and supplemental
intake of calcium and vitamin D, alcohol intake, caffeine intake and
protein intake. Self-reported physical activity was validated previ-
ously against physical activity diaries (r = 0.79) in NHSII, and was
assessed by metabolic equivalent task hours per week (MET-hours/
week).>°
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Statistical analyses

For the analysis of VF, person-time of follow-up for each partici-
pant was counted from the date on which the baseline questionnaire
was returned (2002 for NHS, 2001 for NHSII) to (1) the date of VF
diagnosis, (2) death, or (3) end of follow-up (May 31, 2014 for NHS,
May 31, 2015 for NHSII), whichever occurred first. Participants were
censored if they reported a HF during the follow-up period. For the
analysis of HF, person-time of follow-up for each participant was
counted from the date on which the baseline questionnaire was
returned (2002 for NHS, 2001 for NHSII) to (1) the date of HF diagno-
sis, (2) death, or (3) end of follow-up (May 31, 2014 for NHS, May 31,
2015 for NHSII), whichever occurred first. Participants were censored
if they reported a VF during the follow-up period.

Multivariable Cox proportional-hazards models were used to esti-
mate the hazard ratios (HR) and 95% CI for fracture risk according to
categories of sleep characteristics as described above. The primary
multivariable model was stratified by calendar time and age, and
adjusted for race/ethnicity, BMI, waist circumference, physical activ-
ity, smoking status, menopausal status and postmenopausal hormone
use, use of thiazide diuretics, furosemide and bisphosphonates, clini-
cal diagnosis of hypertension, diabetes, OSA and depression, recent
physical exam, and multiple dietary factors. Except for race/ethnicity,
all covariates were modeled as time-varying in the analysis. We con-
ducted the analyses first in each cohort separately, and then com-
bined the data for pooled analyses with test of potential between-
cohort heterogeneity using the random-effects meta-analysis
approach. While we treated OSA as a confounder, we also evaluated
models in which OSA was not included as a variable. We considered
2 additional multivariable models as sensitivity analyses. While we
considered osteoporosis and falls to be mediators and thus did not
include these variables in the models of our primary analyses, in sen-
sitivity analysis, we further adjusted for them in a separate model to
assess their potential impact on the associations. The second model
further mutually adjusted for the 4 sleep characteristics in the same
model.

Based on the dose-response relationships observed in the primary
analysis, we collapsed exposure groups into broader categories to
provide a simpler summary of the associations that could be used in

Table 1

Baseline characteristics by self-reported sleep duration in the Nurses’ Health Study (2002) and Nurses’ Health Study II (2001)".

subgroup analyses. The categories included <6, 7-8 and >9 hours for
sleep duration, most/all of the time versus none/some of the time for
sleep difficulty, most/every night versus a few nights/never for snor-
ing, >4 days/week versus <3 days/week for EDS. Using these broader
sleep characteristic categories, we examined the associations with VF
or HF risk overall and by 3 prespecified factors, history of osteoporo-
sis (yes, no), BMI (<30 kg/m?, >30 kg/m?), and history of rotating
shiftwork (ever/never). Likelihood ratio tests comparing the model
with versus without the cross-product interaction terms were used
to assess the statistical significance of the subgroup heterogeneity.

Finally, given the cumulative evidence supporting insomnia with
short sleep duration as a biologically severe sleep phenotype,*! we
examined the joint associations of sleep difficulty and sleep duration
with fracture risk based on 4 mutually exclusive categories (no sleep
difficulty and >6 hours of sleep [reference], no sleep difficulty and
<6 hours, sleep difficulty and >6 hours, and sleep difficulty and <6
hours). Similarly, we evaluated the joint associations of 2 hallmark
symptoms related to OSA, snoring and EDS, with VF and HF risk. All P
values are 2-tailed. The analysis was performed using SAS 9.4 (SAS
Institute, Cary, NC).

Results

Among 46,129 NHS and 76,125 NHSII participants, the mean base-
line age was 66 years and 46 years, respectively. Women who had
shorter sleep duration were more likely to be non-white, a current
smoker, and a never or past user of postmenopausal hormone ther-
apy (Table 1). Women in NHS had a higher prevalence of osteoporosis
at baseline compared to NHSII participants.

Self-reported sleep characteristics and risk of vertebral fracture

During 12-14 years of follow-up, there were 569 incident cases of
VF (408 in NHS and 161 in NHSII). We observed similar associations
between NHS and NHSII (p-heterogeneity >0.12). After multivariable
adjustment in the pooled analysis, there was a moderate inverse
association between sleep duration and VF risk (p-trend = 0.03;
Table 2). Compared with 7 hours of sleep, the HR (95%CI) was 0.96
(0.77, 1.21) for 6 hours, 1.20 (0.86, 1.66) for <5 hours, 0.84 (0.68,

1

NHS NHSII
<5 hours 7 hours 9+ hours <5 hours 7 hours 9+ hours
2,463 17,954 3,408 4,251 32,197 3,977
Age, years® 66.8 (6.9) 65.8 (6.5) 67.2(6.5) 46.9 (4.6) 46.3 (4.7) 46 (4.7)
Non-white race, % 11 5 4 12 4 5
Body mass index, kg/m? 27.4(5.9) 26.6 (5) 27.5(5.5) 28.3(7.1) 26.4(6.0) 27.4(6.8)
Waist circumference, cm 86.7 (14.3) 86.0(12.9) 89.3(13.5) 79.6 (14.5) 77.6(12.2) 79.4(13.2)
Physical activity (MET-hours/week) 18.4(234) 19.1 (22.4) 16.3(25.9) 22.2(35.1) 20.6 (24.8) 18.3(25.3)
Current smoker, % 8 7 7 13 7 7
Clinical diagnoses
Diabetes, % 10 7 10 10 6 8
Hypertension, % 53 49 56 23 16 20
Osteoporosis, % 24 23 24 6 6 6
Depression, % 3 4 12 6 6 17
Recent physical exams, % 93 95 95 86 86 88
Dietary calcium (mg/day) 831.3(323.3) 861.0(319.7) 850.1(325.6) 860.2(354.5) 892.5(319.3) 878.5(329.3)
Calcium supplement (mg/day) 589.1(530.2) 640.7(519.5) 588.1(527.4) 332.4(448.2) 350.7(437.2) 340.4(438.6)
Alcohol intake (g/day) 49(9.5) 6.2(10.2) 7.2(13.0) 3.3(7.3) 4.0(6.9) 44(8.5)
Caffeine intake (mg/day) 136.4(146.3)  140.9(135.8) 132.7(128.7)  241.9(2385) 224.2(203.0) 213.6(203.5)
Bisphosphonate use, % 12 13 11 7 8 8
Thiazide use, % 13 15 17 7 5 5
Lasix use, % 4 2 4 2 1 1

NHS, Nurses’ Health Study; NHSII, Nurses’ Health Study II; MET, metabolic equivalent of task.

! Baseline characteristics of participants who reported 6 hours and 8 hours of sleep are not shown in the table.

2 Value is not age-adjusted.
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Table 2
Risk of vertebral fracture associated with self-reported sleep characteristics in the Nurses’ Health Study and Nurses’ Health Study II.
NHS NHSII Pooled
Cases  P-Y HR (95% CI)! Cases  P-Y HR (95% CI)’ HR (95% CI)>

Sleep duration
5 hours or less 28 31,143 1.02(0.67,1.54) 17 55,485 1.57(0.91, 2.70) 1.20(0.86, 1.66)
6 hours 83 101,676  1.10(0.84,1.45) 29 231,846  0.71(0.46,1.09) 0.96(0.77,1.21)
7 hours 144 201,254  Reference 73 410,688  Reference Reference
8 hours 107 158,078 092(0.71,1.18) 37 277475 0.71(0.47,1.05) 0.84(0.68, 1.04)
9 hours or more 46 50,465 091(0.64,1.28) 5 49,423 0.47(0.19,1.18)  0.82(0.60, 1.12)

Sleep difficulty
None or a little 261 365,910  Reference 96 704,567  Reference Reference
Some of the time 77 113,877  091(0.70,1.17) 37 180,442  1.37(0.93,2.01) 1.02(0.82,1.26)
Most of the time 62 56,420 1.53(1.15,2.03) 23 124339 1.19(0.75,1.90)  1.41(1.11,1.80)
All the time 8 6,409 1.56(0.76,3.22) 5 15,569 1.74(0.69,4.37)  1.63(0.93,2.87)
p-trend 0.02 0.09 0.005

Snoring
Never or occasionally 213 314,235 Reference 93 669,900 Reference Reference
A few nights per week 15 33,720 0.73(043,1.24) 9 56,336 0.95(0.47,1.94)  0.81(0.53,1.23)
Most nights 37 53,915 1.14(0.80,1.64) 22 95,589 1.50(0.92,2.45) 1.25(0.93, 1.66)
Every night 25 28,820 1.35(0.88,2.09) 19 73,590 1.54(0.90,2.63) 1.47(1.05,2.05)
Don't know 118 111,925 1.12(0.89,142) 18 129,502  0.89(0.53,1.48) 1.08(0.88,1.33)
p-trend® 0.24 0.05 0.03

Excessive daytime sleepiness
Never 113 167,900  Reference 11 109,626  Reference Reference
Rarely 236 308,392 1.07(0.85,1.35) 86 569,869  1.51(0.80,2.84) 1.09(0.88,1.34)
1-3 days/week 32 47,121 0.94(0.63,1.40) 27 224,748  1.16(0.57,237)  0.92(0.67,1.28)
4-6 days/week 13 7,925 2.26(1.24,4.09) 14 68,684 1.95(0.87,4.36)  1.78(1.15,2.76)
Daily 14 11,277 1.52(0.85,2.72) 23 51,990 4.06(1.93,8.53)  2.20(1.49,3.25)
p-trend 0.02 0.07 <.001

NHS, Nurses’ Health Study; NHSII, Nurses’ Health Study II; P-Y, Person-years; HR, Hazard ratio; CI, Confidence interval.

1 Stratified by age and calendar time, and adjusted for race/ethnicity, BMI, waist circumference, physical activity, smoking status,
menopausal status and postmenopausal hormone use, use of thiazide diuretics, furosemide (Lasix) and bisphosphonates, clinical
diagnosis of hypertension, diabetes, obstructive sleep apnea and depression, recent physical exam, and dietary factors (all in quin-
tiles, including alcohol intake, caffeine intake, protein intake, dietary and supplementary calcium intake, and dietary and supplemen-

tary vitamin D intake).
2 Additionally stratified by cohort in the pooled analysis.

3 The'don't know' category was excluded when calculating the p-trend.

1.04) for 8 hours and 0.82 (0.60, 1.12) for >9 hours. Sleep difficulty,
snoring and EDS were all associated with increased risk of VF. The
multivariable-adjusted HR (95%CI) was 1.63 (0.93, 2.87) comparing
women who reported sleep difficulty all the time versus none/a little
(p-trend = 0.005), 1.47 (1.05, 2.05) comparing women who reported
snoring every night versus never/occasionally, and 2.20 (1.49, 3.25)
comparing women who reported daily EDS versus never (p-trend <
0.001). These associations were essentially unchanged when we
removed OSA from the models (data not shown). These associations
were slightly attenuated with additional adjustment for osteoporosis
and falls. Mutual adjustment for these 4 sleep characteristics in the
same model attenuated these associations further (Supplemental
Table 1).

Self-reported sleep characteristics and risk of hip fracture

We documented 1,881 incident cases of HF (1,490 in NHS and 391
in NHSII) during 12-14 years of follow-up. The associations between
sleep characteristics and HF risk did not differ significantly between
NHS and NHSII (p-heterogeneity > 0.08). After adjusting for potential
confounders (Table 3), there were slight increases in HF risk associ-
ated with longer sleep duration (HR for >9 hours versus 7 hours:
1.15; 95% CI: 0.98, 1.34), sleep difficulty (HR for all the time versus
none/a little: 1.45; 95% CI: 1.04, 2.00) and EDS (HR for daily versus
never: 1.24; 95% CI: 0.97, 1.59). However, we observed no significant
trends across categories of these sleep characteristics (p-trend >
0.08). Frequency of habitual snoring was not associated with HF risk
(p-trend = 0.29). These associations were essentially unchanged
when we removed OSA from the models (data not shown). Sensitivity

analyses additionally adjusting for history of osteoporosis, falls or
simultaneously adjusting for sleep characteristics resulted in similar
associations (Supplemental Table 1).

Subgroup analyses

When grouping sleep characteristics into broader categories
(Table 4), the HR (95%CI) for VF was 0.88 (0.65, 1.19) comparing >9
versus 7-8 hours of sleep, 1.43 (1.15, 1.79) comparing sleep difficulty
most/all of the time versus none/some of the time, 1.36 (1.07, 1.71)
comparing snoring most/every night versus never/a few nights and
1.93 (1.46, 2.54) comparing EDS >4 versus <3 days/week. These asso-
ciations did not vary significantly by history of osteoporosis (p-inter-
action > 0.12; Table 4) or BMI (p-interaction > 0.14; Supplemental
Table 2), except that the positive association between snoring and VF
risk was only observed among women without osteoporosis (HR:
1.82; 95% CI: 1.34, 2.48) but not observed among women with osteo-
porosis (HR: 0.91; 95% CI: 0.62, 1.33; p-interaction = 0.01). Overall,
these associations did not differ significantly by shift work status,
although the patterns observed in the primary analyses tended to be
more apparent among women who had ever worked shift work
schedules, especially for the positive associations of sleep difficulty
with HF and VF risk. For example, the HR (95% CI) for HF comparing
sleep difficulty most/all of the time versus none/some of the time
was 1.81 (1.08, 3.04) among ever shift workers and 1.22 (0.90, 1.66)
among never shift workers.

The comparable HR (95%CI) for HF after regrouping sleep charac-
teristics was 1.15 (0.99, 1.33) for sleep duration, 1.12 (0.98, 1.28) for
sleep difficulty, 0.91 (0.78, 1.05) for snoring, and 1.21 (1.01, 1.44) for
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Table 3
Risk of hip fracture associated with self-reported sleep characteristics in NHS and NHSIL
NHS NHSII Pooled
Cases  P-Y HR (95% CI)! Cases  P-Y HR (95% CI)’ HR (95% CI)*

Sleep duration
5 hours or less 108 31,077 1.02(0.82,1.26) 34 55,459 1.55(1.05,2.28)  1.12(0.93,1.34)
6 hours 237 101,582  0.78(0.67,0.92) 90 231,771 1.12(0.86,1.47)  0.86(0.75,0.98)
7 hours 524 200,946  Reference 133 410,577  Reference Reference
8 hours 418 157,830 0.96(0.84,1.09) 111 277,391 1.15(0.89,1.48)  1.00(0.89,1.12)
9 hours or more 203 50,340 1.13(0.96,1.34) 23 49,400 1.10(0.70,1.72)  1.15(0.98, 1.34)

Sleep difficulty
None or a little 978 365,322  Reference 239 704,380  Reference Reference
Some of the time 322 113,708 0.95(0.84,1.08) 73 180,385  1.09(0.84,1.42) 0.98(0.87,1.10)
Most of the time 163 56,351 0.99(0.84,1.18) 67 124,277  1.31(0.99,1.73)  1.07(0.93,1.24)
All the time 27 6,394 1.40(0.95,2.07) 12 15,557 1.45(0.80,2.63)  1.45(1.04,2.00)
p-trend 0.75 0.03 0.14

Snoring
Never or occasionally 843 313,769 Reference 230 669,706 Reference Reference
A few nights per week 62 33,687 0.87(0.67,1.13) 25 56,312 1.22(0.80,1.85)  0.94(0.76, 1.18)
Most nights 118 53,854 0.94(0.77,1.15) 33 95,571 0.86(0.59,1.25)  0.92(0.77,1.10)
Every night 51 28,801 0.78 (0.58,1.04) 33 73,567 1.01(0.68,1.49)  0.86(0.69, 1.09)
Don't know 416 111,664 0.90(0.80,1.02) 70 129,443  1.33(1.01,1.75) 0.96(0.86, 1.07)
p-trend® 0.14 0.87 0.29

Excessive daytime sleepiness
Never 422 167,654  Reference 45 109,592  Reference Reference
Rarely 872 307,894  1.08(0.96,1.22) 191 569,713  0.82(0.59,1.14) 1.04(0.93,1.16)
1-3 days/week 122 47,057 0.90(0.73,1.11) 88 224,662  092(0.64,1.32) 0.95(0.80,1.12)
4-6 days/week 32 7,910 1.24(0.86,1.80) 29 68,664 0.98(0.61,1.58)  1.19(0.90, 1.57)
Daily 42 11,259 1.03(0.74,1.43) 38 51,968 1.36(0.87,2.13)  1.24(0.97,1.59)
p-trend 0.73 0.03 0.08

NHS, Nurses’ Health Study; NHSII, Nurses’ Health Study II; P-Y, Person-years; HR, Hazard ratio; CI, Confidence Interval.

1 Stratified by age and calendar time, and adjusted for race/ethnicity, BMI, waist circumference, physical activity, smoking status,
menopausal status and postmenopausal hormone use, use of thiazide diuretics, furosemide (Lasix) and bisphosphonates, clinical
diagnosis of hypertension, diabetes, obstructive sleep apnea and depression, recent physical exam, and dietary factors (all in quin-
tiles, including alcohol intake, caffeine intake, protein intake, dietary and supplementary calcium intake, and dietary and supplemen-

tary vitamin D intake).

2 Additionally stratified by cohort in the pooled analysis.
3 The'don't know' category was excluded when calculating the p-trend.

EDS. No significant differences in these associations were observed by with short sleep duration (<6 hours) had the highest VF risk (HR:
history of osteoporosis (p-interaction > 0.14; Table 4), BMI (p-inter- 1.51; 95% CI: 1.11, 2.07). Sleep difficulty with >6 hours of sleep was

action > 0.15; Supplemental Table 2).

Additional analyses

also associated with increased VF risk (HR: 1.40; 95% CI: 1.04, 1.88),
whereas short sleep duration without sleep difficulty was not associ-
ated with VF risk. By contrast, only sleep difficulty with >6 hours of
sleep was modestly associated with HF risk (HR: 1.22; 95% CI: 1.03,

Compared with those who reported no sleep difficulty and 1.44). When examining snoring anfi EDS joiptly, women who
~6 hours of sleep (Table 5), women who reported sleep difficulty reported both had an almost 2.5-fold increased risk of VF compared

Table 4
Pooled associations of vertebral and hip fracture with self-reported sleep characteristics by history of osteoporosis'.
Vertebral fracture Hip fracture
Overall No osteoporosis ~ Osteoporosis pint  Overall No osteoporosis ~ Osteoporosis pint
Sleep duration 38 0.56
Short (6 hours or less) 1.10(0.91,1.33)  1.18(0.90,1.56)  0.99 (0.76, 1.30) 0.93(0.83,1.03) 1.02(0.88,1.18)  0.83(0.70,0.98)
Medium (7-8 hours) Reference Reference Reference Reference Reference Reference
Long (9 hours or more) 0.88(0.65,1.19)  1.10(0.73,1.67)  0.60(0.37,0.95) 1.15(0.99,1.33)  1.27(1.03,1.57)  1.03(0.83,1.27)
Sleep difficulty 77 0.14
None or some of the time  Reference Reference Reference Reference Reference Reference
Most or all of the time 143(1.15,1.79)  1.49(1.07,2.06)  1.37(1.00,1.87) 1.12(0.98,1.28)  1.21(1.01,145) 1.00(0.82,1.22)
Snoring? 01 0.17
Never or a few nights Reference Reference Reference Reference Reference Reference
Most or every night 1.36(1.07,1.71)  1.82(1.34,2.48)  0.91(0.62,1.33) 0.91(0.78,1.05)  0.81(0.67,1.00)  1.04(0.84,1.29)
Excessive daytime sleepiness 12 0.86
<3 days/week Reference Reference Reference Reference Reference Reference
>4 days/week 1.93(1.46,2.54) 1.45(0.93,2.26)  2.23(1.54,3.23) 1.21(1.01,1.44) 1.20(0.93,1.53) 1.15(0.88, 1.49)

p int, p value for interaction.
1 Adjusted for the same covariates in Table 2.

2 The “don't know” category was excluded in the analysis.
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Table 5
Associations of joint sleep characteristics with risk of vertebral and hip fracture

Vertebral fracture Hip fracture

Cases HR(95% CI)' Cases HR(95%CI)!

Sleep duration + sleep difficulty

No sleep difficulty and 360 Reference 1,255 Reference
>6 hours
No sleep difficulty and 111 1.05(0.85,1.31) 357 0.91(0.81,1.03)
<6 hours
Sleep difficulty and 52 1.40(1.04,1.88) 157 1.22(1.03, 1.44)
>6 hours
Sleep difficulty and <6 46 1.51(1.11,2.07) 112 0.96 (0.79, 1.17)
hours

Snoring + EDS?
No snoring and no 300 Reference 1,083 Reference
EDS
Snoring only 85 1.30(1.01,1.68) 211 0.95(0.81,1.11)
EDS only 30 1.69(1.14,2.51) 77 1.20(0.95, 1.53)

Both snoringand EDS 18 2.44(1.46,407) 24  0.91(0.60,1.38)

EDS, Excessive daytime sleepiness; HR, Hazard ratio; CI, Confidence interval.
1 Adjusted for the same covariates in Table 2.
2 The “don't know” category was excluded in the analysis.

with those who reported neither (HR: 2.44; 95% CI: 1.46, 4.07). Pres-
ence of either of these 2 symptoms was also associated with
increased VF risk, with HR (95% CI) of 1.30 (1.01, 1.68) for snoring
only and 1.69 (1.14, 2.51) for EDS only. However, snoring and EDS,
either individually or in combination, was not significantly associated
with HF risk.

Discussion

In this longitudinal cohort study of women, we found that multi-
ple characteristics of poor sleep—shorter sleep duration, sleep diffi-
culty, snoring and EDS—were associated with increased VF risk.
Overall, the results did not support an association with risk of HF.
Our findings are consistent with emerging theories of multiple
dimensions of sleep health'* and support investigating these multi-
ple dimensions as a risk factor for vertebral fracture. This study has
several strengths including the longitudinal study design, large num-
ber of incident VF and HF events, long follow-up, and detailed,
repeated assessments of covariates. Although NHS and NHSII differed
in many aspects, such as age, menopausal status and fracture inci-
dence, similar signals were observed between the 2 cohorts, provid-
ing additional credibility to our findings.

Of the 4 sleep characteristics, more studies have examined the
association between sleep duration and bone health. Prior studies on
sleep duration and bone mineral density have all been cross-sectional
and had conflicting results,>*>* with some finding an association with
shorter sleep duration,>*>” longer sleep duration,*® both,>” or no sig-
nificant association in women.*® Several prospective studies (2 in
men®'”'® and 3 in women'>"'®) examined the associations of frac-
ture risk with one or 2 dimensions of sleep. Our study is consistent
with other prospective studies in women which did not report a sta-
tistically significant increased risk of HF.'>"'® In men, the MrOS Sleep
Study (n = 2911) reported an increased risk of non-spine fracture
among those with versus without greater nocturnal hypoxia attrib-
uted to sleep disordered breathing (SDB).* An increased HF risk was
found among men who reported premature awakening in the Malmo
Preventive Project; however, the association was not statistically sig-
nificant in women.!”

Other prospective studies in women did not examine the associa-
tion with VF'>'® or were not powered to detect an association.'® In
the Study of Osteoporotic Fractures (n = 8101 postmenopausal
women),'® women with longer sleep duration (>10 hours) had a

higher risk of non-spine fracture (HR: 1.26; 95% CI: 1.00, 1.58) and a
similar but non-significant increased risk of HF (HR: 1.43; 95% CI:
0.95, 2.15) compared with women who slept 8-9 hours per 24 hours.
In the Women’s Health Initiative (WHI) (n=157,206),'° short sleep
duration (<5 hours/night) was associated with a significantly
increased risk of all fractures, including VF (HR: 1.12; 95% CI: 1.05,
1.20), but not HF alone (HR: 0.82; 95% CI: 0.61, 1.09). There was no
statistically significant association between the other sleep character-
istics and fracture. Vertebral fractures were included in a composite
outcome of central body fractures (hip, pelvis, spine), but was not
examined as a separate outcome. A prior validation study in WHI had
noted a relatively lower rate of agreement between self-report and
medical records for clinical VF (51%), compared with 78% for hip and
81% for forearm/wrist fractures.>®

To our knowledge, no prior studies investigated snoring and EDS
or their joint association, which are key features of SDB, with fracture
risk. Other than the Malmo Preventive Project,'® our study is the only
one which has investigated the association between multiple sleep
domains and VF risk in women. We found substantially higher VF
risk among women with both snoring and EDS, suggesting that more
severe SDB could influence VF risk through greater hypoxic exposure,
sleep fragmentation and inflammation.”® Further, given that snoring
and EDS are 2 key symptoms for OSA, these findings were also consis-
tent with our prior findings of a strong association between OSA and
VF risk, particularly among women with EDS.2° As we adjusted for
clinically-diagnosed OSA in the analyses, our current findings suggest
that independent of a clinical diagnosis of OSA, the symptoms of
snoring and EDS were associated with increased VF risk.

In subgroup analyses, we also observed a positive association
between snoring and VF risk among women without osteoporosis,
but this association was not observed among women with osteoporo-
sis. Since osteoporosis is known to be one of the strongest risk factors
for fracture, the potent effects of osteoporosis on fracture risk likely
override those from snoring among those with osteoporosis, thus
masking the association between snoring and VF risk among those
with osteoporosis. A potential clinical implication of this is that ask-
ing about snoring or EDS could possibly help identify patients at
increased risk of VF, even without a clinical diagnosis of OSA, or with-
out traditional risk factors for fracture such as osteoporosis.

Our results did not support an association between sleep charac-
teristics and HF risk which is consistent with the limited number of
prior studies that demonstrated no statistically significant to mod-
estly significant associations with HF risk in women. Our finding of
differing risk by fracture site underscores the importance of studying
risk factors for fracture sites separately. In a previous study, we also
found that the association between OSA and risk for VF and HF dif-
fered by site.?° The vertebra, site of the majority of fractures, is more
trabecular-rich and metabolically active, compared to the hip which
contains more dense, less metabolically active cortical bone. The ver-
tebra’s different microarchitecture and structural integrity”' make it
particularly vulnerable to microdamage (eg, linear microcracks and
diffuse damage).® Thus, the vertebra could be more sensitive to
disruptions in the tightly regulated homeostatic mechanisms for
bone remodeling and repair that are necessary to maintain healthy
vertebra.

Direct disruption of the molecular machinery generating circadian
rhythms using clock gene knockout mouse models resulted in altered
osteoclast® and osteoblast function,® thus affecting bone formation’
and resorption,”® altering bone microstructure and creating a low
bone mass phenotype. Altogether, the effects of poorer sleep and
potentially associated disturbances in circadian rhythmicity could
have more pronounced effects on the vertebra by inhibiting bone for-
mation while promoting bone resorption and breakdown, thus
impairing the vertebra’s ability to repair microdamage that accumu-
lates with aging® and contributing to higher VF risk.
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There are several limitations to our observational study. There is
the possibility of residual or unmeasured confounding, such as cogni-
tive function and use of narcotics or sedatives, which we did not have
information on during the study period. Misclassification of sleep
characteristics or fractures was also possible. Our assessment of the 4
sleep-related domains were based on self-reports, which could be
subject to measurement errors.*’> Our definition of clinical VF
required coming to medical attention, which limited our ability to
identify asymptomatic cases (eg, those that may be discovered inci-
dentally by radiographic studies) or confirm certain self-reported
cases (eg, we did not have permission, were not able to obtain, or
there was insufficient evidence in the medical record to make a defin-
itive VF diagnosis). There is also the possibility of a chance finding
due to multiple statistical comparisons. Finally, since our study popu-
lation was female and almost entirely white, our findings are not nec-
essarily generalizable to men or other races.

In this longitudinal cohort study, poorer sleep as defined by 4
sleep-related characteristics—sleep duration, sleep difficulty, snoring,
and EDS—was independently and significantly associated with
increased risk of clinical VF. Our results did not support an association
between these sleep characteristics and risk of HF. This suggests that
risk factors for fractures can differ by fracture site. Further research is
warranted in understanding the multiple sleep dimensions as a risk
factor for fracture and the role that sleep may play in bone metabo-
lism and health.
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