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ORIGINAL ARTICLE

Sleep duration and bone health measures in older men
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Abstract
Summary The associations between objective measures of sleep duration and bone outcomes in older men are unknown. No
consistent, significant association was identified between sleep duration and bone mineral density (BMD) in the current analysis.
However, future research should determine if vitamin D status modifies this relationship.
Introduction Prior studies, predominantly in women, reported that long and short self-reported sleep duration are associated with
lower BMD. Associations between actigraphy-determined sleep duration and BMD or bone turnover markers (BTMs) in older
men are unknown.
Methods Men in The Osteoporotic Fractures in Men (MrOS) Study with wrist actigraphy and concurrent BMD assessment but
without comorbidities affecting bone health were included. Sleep duration was considered as a continuous (N = 1926) and
dichotomized variable where men were classified as getting the recommended (7–8 h/night; N = 478) or short (< 6 h/night; N =
577) sleep. The cross-sectional association between BMD, BTMs, and sleep duration was examined using a t test or linear
regression, where appropriate, in unadjusted and adjusted models.
Results There were no clinically or statistically significant differences in BMD at the L-spine, total hip, or femoral neck between
men getting the recommended vs. short sleep duration, using actigraphy or self-reported sleep duration (all p ≥ 0.07). When sleep
duration was considered as a continuous variable, femoral neck BMDwas higher in men with longer self-reported sleep duration
(β = 0.006 ±0.003, p = 0.02), but this was not significant after further adjustment. In men with low 25OHD (< 20 ng/mL), longer
actigraphy-determined sleep duration was associated with higher total hip BMD (β = 0.016 ± 0.008; p = 0.04). Sleep duration and
BTMs were not associated.
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Conclusion Sleep duration was not associated with hip or L-spine BMD or BTMs in older men. Future research should determine
if vitamin D status or other factors modify this relationship.

Keywords Sleep duration . Bonemineral density (BMD) . Bone turnovermarkers (BTMs) . Actigraphy . Older men

Abbreviations
BMD Bone mineral density
CTX C-telopeptide of type I collagen
P1NP N-terminal propeptide of procollagen type I
BTMs Bone turnover markers
PSQI Pittsburgh Sleep Quality Index
DXA Dual energy x-ray absorptiometry
MrOS Osteoporotic Fractures in Men Study
25OHD 25-hydroxyvitamin D
CV Coefficient of variation
SD Standard deviation
SEE Standard error of the estimate

Introduction

In the USA, one in five men over the age of 50 years will
experience a fracture [1]. After hip fracture, men have a higher
mortality rate than women [2] and many fail to regain func-
tional independence [3]. Although men are more likely than
women to have a secondary, underlying cause for osteoporo-
sis identified [4], approximately one third are diagnosed with
idiopathic or age-related osteoporosis [4]. Identification of
novel risk factors for osteoporosis and fracture could lead to
better disease prevention, lower mortality, and healthier, more
independent aging.

Shortened sleep duration is prevalent, with approximately
one third of US adults getting less than the recommended
amount of sleep per night [5]. Three weeks of sleep restriction
combined with circadian disruption (e.g., shift work, jet lag)
caused a significant (18–28%) decrease in a bone formation
marker, N-terminal propeptide of procollagen type I (P1NP)
in men, with no change in the bone resorption marker C-
telopeptide of type I collagen (CTX) [6]. In another controlled
laboratory study of ten male soldiers exposed to 72 h of sleep
restriction (2 h of sleep opportunity per night for three nights),
bone formation marker levels declined after 24 h and bone
resorption markers increased after 48–72 h [7]. Similar chang-
es in bone turnover markers (BTMs) were observed in men
before and after an 8-week US Army Ranger Training
Program that included sleep restriction [8]. Over time, these
BTM changes (lower levels of bone formation markers and
unchanged or higher levels of bone resorption) could lead to
bone loss, osteoporosis, and fracture.

Findings from animal studies showed similar BTM chang-
es in response to sleep restriction and subsequent changes in
bone mineral density (BMD) and bone microarchitecture.

Male rats exposed to 10 days of sleep restriction followed
by 2 days of ad libitum sleep repeatedly over 72 days had
similar BTM changes as those described above in humans
[9]. In that study, the lower levels of bone formation markers
and higher levels of bone resorption markers resulted in lower
BMD in sleep-restricted rats compared with controls [9].
Chronically sleep-deprived female rats had lower bone forma-
tion marker levels after 1 month and lower bone resorption
markers after 3 months [10]. Over time, the chronically sleep-
restr ic ted rats had lower BMD and poorer bone
microarchitecture compared with controls [10].

Evidence that acute BTM changes in response to sleep
restriction translate into long-term BMD changes in humans
are more difficult to ascertain. Human data are limited to
mostly cross-sectional studies showing no association [11,
12] or that both short [13–23] and long [13–17, 24–30] sleep
durations are associated with low BMD (as reviewed in [31]).
Of the 20 studies published to date on the association between
sleep duration and BMD in humans [11–30], women com-
prised the majority of participants. All studies of men used
subjective (self-reported) sleep duration and focused primarily
on middle-aged adults when it is older men who are at highest
risk of bone loss and fracture, and potential effect modifiers,
such as vitamin D status, were not considered. For the current
study, we used the Osteoporotic Fractures in Men (MrOS)
Study to evaluate the association between bone outcomes
(BMD, BTMs) and objectively determined sleep duration,
assessed by wrist actigraphy, in older men. For hypothesis
generation, we explored whether 25-hydroxyvitamin D
(25OHD) levels affected the association between sleep dura-
tion and BMD.

Methods

Study design and participant selection

The study design and cohort characteristics of the
Osteoporotic Fractures in Men (MrOS) Study have been pre-
viously described [32, 33]. In short, 5994 community-dwell-
ing, ambulatory men ≥ 65 years were recruited between
March 2000 and April 2002 from 6 clinical sites in the USA
(Birmingham, AL; Minneapolis, MN; Palo Alto, CA;
Monongahela Valley near Pittsburgh, PA; Portland, OR; and
San Diego, CA). Men had to be without bilateral hip replace-
ments and able to walk unassisted to participate.
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Of the initial 5994 men recruited for the MrOS study, 3135
(56% of active survivors, exceeding the recruitment goal) partic-
ipated in the ancillary MrOS Sleep Study between 2003 and
2005. Actigraphy data were collected on 3058 men who were
asked towear thewrist device for aminimumof five consecutive
24-h periods. Actigraphy was typically initiated on the same day
of the clinical exam when the Epworth Sleepiness Scale and
Pittsburgh Sleep Quality Index (PSQI) were performed, along
with other medical questionnaires and clinical assessments in-
cluding fasted morning serum and urine collection.

As depicted in Fig. 1, men were included in the sleep
duration/BMD analytical cohort if they had actigraphy data
and had concurrent BMD assessments of the total hip, femoral

neck, and lumbar spine as previously described [32, 34]. Men
were excluded from the analysis if they had concurrent med-
ical and/or sleep conditions that could confound the relation-
ship under investigation, specifically, current tobacco use, cur-
rent excess alcohol intake (≥ 14 drinks/week), use of oral
glucocorticoids or bisphosphonates, diabetes mellitus, hyper-
thyroidism, self-reported sleep apnea, and/or chronic kidney
disease with eGFR < 30 ml/min/1.73 m2 (Fig. 1). A total of
1926 men met the eligibility criteria and were included in the
analysis between continuous sleep duration and BMD (Fig.
1). For the primary analysis that compared BMD between
men with short vs. recommended sleep duration, men were
subsequently categorized using actigraphy-scored nocturnal

Recommended Sleep Duration
(7-8 h/night)

Short Sleep Duration
(<6 h/night)

BTM Analysis – Exposed Group
(≤5.5 h/night)

BTM Analysis - Unexposed Group
(7.5-8.0 h/night)

MrOS Cohort (N = 5,994)

MrOS Ancillary Sleep Study (N = 3,055)

Excluded men without ac�graphy or whom 
sleep dura�on was not assessed (N = 2,939)

N = 3,024

N = 2,997

For dichotomous sleep dura�on analysis, 
excluded men with 6 to <7h (N = 741) or 
>8h of sleep per night (N = 130)

Excluded men missing Total Hip BMD (N = 31)

N = 2,738

Excluded men with sleep apnea (or missing) (N = 259)

N = 2,492

Excluded current smokers or men with 14+
drinks/week (N = 246)

N = 2,009

N = 478N = 577

Excluded men missing L-spine BMD (N = 27)

Excluded men on osteoporosis med (N = 83)

MrOS Cohort Meeting Inclusion/Exclusion Criteria 
for Actigraphy-Determined Continuous Nocturnal

Sleep Duration Analysis (N = 1,926)

Excluded men on oral steroids (N = 56), with diabetes 
(N = 320), Hyperthyroidism (N = 32), eGFR < 30 (N = 75)

For BTM analysis, excluded men with recent 
fracture, insufficient serum, 25OHD < 30 ng/mL, 
and sleep dura�on >5.5 and <7.5 h/night.

N = 105N = 120

Fig. 1 Subject flow diagram
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sleep time as “short” or “recommended” sleepers if they had <
6 h (N = 577) or 7–8 h (N = 478) of sleep per night, respec-
tively, according to NIH sleep duration recommendations[35]
(Fig. 1).

A preplanned subgroup of men with sufficient serum was
selected to assess bone turnover marker (BTM) levels in those
with “short” vs. “recommended” actigraphy-determined sleep
duration. For this subgroup analysis, men were excluded if
they had a 25OHD level < 30 ng/mL and/or a fracture within
3 months of their clinic visit, as this would be expected to alter
serum BTM levels (Fig. 1). We previously identified no dif-
ference in BTM levels in postmenopausal women sleeping < 6
vs 7–8 h/night [24]. Therefore, for the current BTM analysis,
we chose sleep durations that would create a larger gap be-
tween the groups to minimize the risk of misclassification and
make the short sleep duration more similar to the sleep restric-
tion imposed in prior intervention studies [6]. BTM levels in
men with ≤ 5.5 h of sleep per night were compared with those
in men getting 7.5–8 h/night. These cutoffs widened the dif-
ference in sleep duration between the two groups without
sacrificing sample size. A total of 225 men met criteria for
this BTM subgroup analysis including 120 with ≤5.5 h/night
and 105 with 7.5–8 h/night (Fig. 1). CTX and P1NP (see
below) were measured on fasted morning serum from these
225 men. All primary and subgroup analyses are described in
the statistical analysis.

The Institutional Review Board at each clinical site ap-
proved the study, and all participants provided written con-
sent. The current analysis used de-identified serum and data
and was deemed non-human subjects research by the
Colorado Multiple Institution Review Board.

Wrist actigraphy (objective sleep duration)

The SleepWatch-O (Ambulatory Monitoring, Inc, Ardsley,
NY) was worn on the non-dominant wrist to collect
actigraphy data. Clinic staff in charge of collecting actigraphy
data underwent centralized training and certification. The San
Francisco Coordinating Center (San Francisco, CA) processed
the actigraphy data centrally using Action W-2 software to
score the data [34]. The University of California, San Diego
(UCSD) scoring algorithm [36] was used for data collected in
the proportional integration mode (PIM) mode, which calcu-
lates a moving average that takes into account the activity
levels immediately prior to and after the current minute to
determine if each time point should be coded as sleep or wake.
The PIMmodewas used to assess total sleep time as thismode
has been reported to have the best accuracy for older cohorts.
The sleep diary was used in editing the data to determine time
in and out of bed and time the actigraph was removed. Inter-
scorer reliability was high (intra-class coefficient = 0.95) [37]
and had good concordance with polysomnography-
determined total sleep time [34]. On average,MrOSmen wore

the actigraph for 5.2 ± 0.9 nights. As a part of MrOS-
centralized data cleaning, the first day’s data was deleted so
participants could get accustomed to wearing the watch. In
addition, if the watch was removed for over 10% of the day
or for over 2 h at night, data for that day or night were exclud-
ed since their wake/sleep status could not be reliably deter-
mined. Actigraphy data were averaged across all included
nights to reduce day-to-day variability. Nocturnal sleep dura-
tions were primarily used for all analyses. However, daytime
naps were included for 24-h sleep duration analyses.

Subjective, self-reported sleep duration, and other
subjective sleep variables

Self-reported sleep duration and amount of sleep needed were
ascertained on questionnaire by asking “On most nights, how
many hours do you sleep each night?” and “How many hours
of sleep do you need each night to feel rested?” Presence of
daily naps was established by self-report by asking “Do you
take naps regularly?” and, if respondents answered “yes” sub-
sequently asking “How many days per week do you usually
nap?”Nocturia information was obtained by asking “Over the
past month, how many times did you most typically get up to
urinate from the time you went to bed at night until the time
you got up in the morning?” The Epworth Sleepiness Scale
(ESS) [38, 39] was performed at the sleep visit to measure
daytime sleepiness where a value > 10 indicates excessive
daytime sleepiness. The Pittsburgh Sleep Quality Index
(PSQI) was performed at the sleep visit to measure sleep pat-
terns and problems where a PSQI > 5 was used to define poor
sleepers.

Bone mineral density by dual energy X-ray
absorptiometry

BMD was measured at the proximal femur (total hip, femoral
neck) and lumbar spine using DXA (Hologic, Inc., MA) [32].
DXAwas performed by certified operators using standardized
procedures across all MrOS clinical sites. A central lab was
used to ensure quality control, including phantom scans at
baseline across all clinical sites.

Falls and fractures

Falls were determined by self-reported questionnaire that
asked “During the past 12 months, have you fallen and landed
on the floor or ground, or fallen and hit an object like a table or
chair?” If the participant indicated “yes,” he was asked how
many times he had fallen in the last 12 months. Confirmed
fractures occurring after the baseline MrOS visit in 2000–
2002 but before their MrOS sleep visit in 2003–2005 were
included.
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Bone turnover marker assays

C-telopeptide of type I collagen (CTX) and intact N-terminal
propeptide of procollagen type I (P1NP) were measured in
morning, fasted serum, and were used to assess bone resorption
and formation, respectively. All assays were run at the Colorado
Clinical and Translational Sciences Institute (CCTSI) Clinical
and Translational Research Center (CTRC) laboratory, which
provided inter- and intra-assay coefficients of variation (CV).
Samples were run in singleton on serum that had been stored
at <− 70 °C after one previous freeze-thaw cycle. CTX was
measured by ELISA (Immunodiagnostics Systems, United
Kingdom). Inter-assay CV was 8.6% at 0.196 ng/mL and
6.4% at 0.406 ng/mL and 5.8% at 2.08 ng/mL. Intra-assay CV
was 7.7% at 0.201 ng/mL, 4.6% at 0.446 ng/mL, and 3.4% at
2 . 0 5 ng /mL . P1NP wa s me a s u r e d by EL ISA
(Immunodiagnostics Systems, United Kingdom). Inter-assay
CV was 5.6% at 20.36 ng/mL, 3.5% at 51.23 ng/mL, and
1.7% at 175.21 ng/mL. Intra-assay CV was 4.5% at 2.77 ng/
mL, 1.9% at 37.24 ng/mL, and 2.0% at 175.84 ng/mL.

25-hydroxyvitamin D and melatonin

25-Hydroxyvitamin D (25OHD) (both D2 and D3 isoforms)
was measured on fasted serum samples by liquid
chromatography-tandem mass spectrometry (LC-MS/MS;
ThermoFisher Scientific, Franklin, MA and Applied
Biosystems-MDS Sciex, Foster City, CA). Total 25OHD
was calculated by adding D2 and D3 isoforms. Intra-assay
CVs for 25OHD2 were 4.4% at 14 ng/mL, 3.3% at 41 ng/
mL, and 4.2% at 124 ng/mL and for 25OHD3 were 3.8% at
25 ng/mL, 2.4% at 54 ng/mL, and 4.7% at 140 ng/mL. Inter-
assay CVs for 25OHD2 were 6.1% at 15 ng/mL, 6.2% at 43
ng/mL, and 4.7% at 128 ng/mL and for 25OHD3 were 6.4% at
24 ng/mL, 6.8% at 52 ng/mL, and 5.0% at 140 ng/mL.

6-Sulfatoxymelatonin (aMT6s), the primary metabolite of
melatonin, was measured using the Buhlmann ELISA
(ALPCO Diagnostics Windham, NH) on first void morning
urine samples at the Oregon Clinical and Translational
Research Institute (OCTRI) core laboratory at Oregon
Health and Sciences University in June 2010. Samples were
refrigerated after collection and then stored at − 80 °C until
assayed. Samples were run in duplicate with the average taken
as the final result. aMT6s values were then adjusted for creat-
inine and are expressed as ng per mg creatinine. Inter- and
intra-assay coefficients of variation from pooled controlled
were 12.5% and 5.0%, respectively.

Participant characteristics including past medical
history and medication use

Race/ethnicity was self-reported on questionnaire at baseline.
Body mass index (BMI) was calculated using height and

weight measured at the sleep visit. Standing height was mea-
sured using Harpenden Sadiometer (Holtain Ltd., Crymych,
Dyfed, UK) and weight using a balance beam scale at all sites
except Portland where a digital scale was used. Self-reported
alcohol use was asked at the sleep visit. Presence or absence of
various medical conditions (osteoporosis, hypertension,
COPD) was established by self-reported physician diagnosis.
The Geriatric Depression Scale (GDS) was performed at the
sleep visit with a GDS ≥ 6 on a 15-point scale used to define
depression. Medication use was collected using a medication
inventory form. All prescription medications recorded by the
clinics were stored in an electronic medication inventory da-
tabase (San Francisco Coordinating Center, San Francisco,
CA). Each medication was matched to its ingredient(s) based
on the Iowa Drug Information Service (IDIS) Drug
Vocabulary (College of Pharmacy, University of Iowa, Iowa
City, IA). The Physical Activity Scale for the Elderly (PASE)
questionnaire was administered at the sleep visit and summary
score calculated from weights and frequencies for each of the
12 types of activities described in the questionnaire.
Participants categorized their overall health status into one of
five categories (excellent, good, fair, poor, or very poor). C-
reactive protein (CRP) was measured using the ELISA assay
kit from ALPCO with inter-assay CV range 11.6–13.8%.
Estimated glomerular filtration rate (eGFR) was calculated
using the MDRD equation [40] based on serum creatinine
measured at the sleep visit using the Roche Modular P chem-
istry analyzer at the University of Minnesota. The inter-assay
CV was 3.7% at 0.82 mg/dL and 2.3% at 3.62 mg/dL.

Statistical analysis

In the primary analysis, BMD at the lumbar spine, total hip,
and femoral neck were compared in men with short nocturnal
actigraphy-determined sleep duration (< 6 h/night) and those
getting the recommended amount of sleep (7–8 h/night) using
a t test (unadjusted, “model A”). A regression model was used
to assess the effect of nocturnal actigraphy-determined sleep
duration (short vs. recommended) on BMD in both minimally
adjusted (“model B”, adjusted for age, race, clinic site, and
BMI) and fully adjusted (“model C”, additionally adjusted for
alcohol use, 25OHD level, eGFR, number of hours of sleep
needed to feel rested, daily naps, PASE score, overall health,
aMT6s level, and use of calcium, androgens, anti-androgens)
analyses. Methods for the collection of these additional covar-
iates have been described above and previously [32].
Reference values for covariates in dichotomized analyses
were as follows: “excellent” for overall health because it was
the highest in ordinal arrangement and was the second largest
group; “Caucasian” and “Pittsburgh” for race and clinical site,
respectively, because they were the largest (race) and second
largest (clinical site) groups in the cohort and to be consistent
with prior analyses [24]; “No” for all medication use and naps;
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continuous covariates were centered on the mean value. An
individual was excluded from an analysis if a covariate was
missing (< 10%); therefore, the analyzed sample size is noted
for each model. Covariates were selected based on clinical
relevance and notable clinical or statistical differences identi-
fied in baseline characteristics (Table 1).

As a pre-planned analysis, the association between noctur-
nal actigraphy-determined sleep duration and BMD was also
examined using a linear regression model with sleep duration
as a continuous variable to estimate the effect of each addi-
tional hour of sleep on BMD in g/cm2 (β). Multivariate regres-
sion models were also used to estimate the same effect in both
the minimally (model B) and fully adjusted (model C) models
using the same covariates described above. Visual inspection
of sleep duration-BMD data plots indicated that nonlinear
models were not needed. To confirm, a quadratic term was
tested in model C and was non-significant for all three ana-
tomical sites (all p values > 0.25). To determine if 25OHD
level was an effect modifier, the association between contin-
uous actigraphy-determined nocturnal sleep duration and
BMD was also analyzed by 25OHD level (< 20 ng/mL, 20–
29 ng/mL, and ≥ 30 ng/mL) and an interaction between
25OHD and sleep duration was investigated in model C (ad-
justed for season of vitamin D level instead of 25OHD level).
Analyses between continuous actigraphy-determined sleep
duration (per 1-h increase) and BMD were repeated using
actigraphy-determined 24-h sleep duration (calculated as
actigraphy assessed nocturnal sleep duration plus daytime
nap duration). To facilitate comparison with prior literature,
sleep duration-BMD analyses were also repeated using sub-
jective, self-reported, nocturnal sleep duration as the exposure
variable. Finally, the association between nocturnal
actigraphy-determined sleep duration and BMD was evaluat-
ed by sleep duration quartile using unadjusted ANOVA.

Both CTX and P1NP levels were positively skewed so
values were log transformed for all analyses. Bone turnover
marker (CTX, P1NP) levels were compared between men
with objective, actigraphy-assessed short (≤ 5.5 h/night), or
the recommended (7.5–8 h/night) sleep duration using an in-
dependent t test. Regression models were used to test the
association between these two sleep duration groups and
BTM levels, adjusted for BMI and time between usual wake
time and time of blood draw to account for any acute circadian
disruptions due to the MrOS visit. Regression models were
also used to test the association between log-transformed CTX
and P1NP levels and aMT6s. Pearson correlations were used
to determine the associations between aMT6s and actigraphy-
determined sleep duration and BMD. p values < 0.05 were
considered statistically significant. All analyses were conduct-
ed using SAS Software version 9.4 (Cary, NC).

A priori power calculations indicated that with 53 partici-
pants per group, there was 80% power to detect a 0.055-g/cm2

difference in BMD (assuming a standard deviation (SD) =

0.1), 85% power to detect a 10-mcg/L difference in P1NP
(SD = 17.0), and 80% power to detect a 0.250-ng/mL differ-
ence in CTX (SD = 0.448; all with two-sided α = 0.05). Our
final, larger, sample size provided the test with 90% power to
detect a 7.40-mcg/L difference in P1NP between groups, a
0.195-ng/mL difference in CTX, and a 0.020-g/cm2 difference
in BMD, all with the same SD and two-sided α as above.

Results

Overall, the mean age was 77 years old and ≥ 90% of men
were Caucasian (Table 1). More men had short (< 6 h/night)
compared with the recommended (7–8 h/night) sleep duration
and averaged 5.1 ± 0.8 h/night and 7.4 ± 0.3 h/night of
actigraphy-measured sleep, respectively. Men with
actigraphy-determined short sleep had a higher BMI than
men with the recommended sleep duration (27.7 vs. 26.3 kg/
m2, p < 0.001) and lower 25-hydroxyvitamin D levels (27.7
ng/mL vs. 29.7 ng/mL, p < 0.001). On average, men with
actigraphy-determined short sleep reported requiring less
sleep to feel rested than men who got the recommended
amount of sleep (6.7 ± 1.1 h/night vs. 7.3 ± 1.0 h/night).
Short sleepers tended to over-estimate their sleep duration
by more than 1 h whereas men who got the recommended
amount of actigraphy-determined sleep underestimated their
sleep duration by only a few minutes (Table 1). Short sleepers
by actigraphy had higher scores on both Epworth Sleepiness
Scale and global PSQI (both p < 0.001) reflecting more day-
time sleepiness and worse sleep quality (Table 1).
Significantly more men with short nocturnal actigraphy-
determined sleep reported daily naps (21.1% vs. 9.4%, p <
0.001). When naps occurred, the actigraphy-determined dura-
tion of the nap was similar between groups at ~ 54 min (p =
0.62). Nocturia was prevalent to a similar extent in both
groups (p = 0.54).

There were no clinically or statistically significant differ-
ences in BMD at the L-spine, total hip, or femoral neck be-
tween men getting the recommended vs. short sleep duration
in unadjusted and adjusted models, using actigraphy-
determined or self-reported nocturnal sleep durations
(Table 2, all p ≥ 0.07). When sleep duration was considered
as a continuous variable, results were largely unchanged with
one exception (Table 3). First, femoral neck BMDwas signif-
icantly higher with longer self-reported sleep duration in the
minimally adjusted model (β = 0.006 ± 0.003 g/cm2 p = 0.02).
This relationship was no longer statistically significant in the
fully adjusted model (β = 0.002 ± 0.004 g/cm2, p = 0.51). In
the actigraphy-determined continuous nocturnal sleep dura-
tion cohort (N = 1926), aMT6s was not correlated with sleep
duration (r = 0.04, p = 0.08). aMT6s had a weak, inverse
association with BMD, but this was significant only for total
hip (r = − 0.06, p < 0.01) and not femoral neck (r = − 0.04, p =
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Table 1 Baseline characteristics of MrOS participants by actigraphy-determined nocturnal sleep duration group. Results presented as N (%) or mean ±
SD as appropriate

Short sleep duration (< 6 h/night; N = 577) Recommended sleep duration (7–8 h/night; N = 478) p value

Age (years) 76.7 (5.6) 76.5 (5.8) 0.69

Race/ethnicity

Caucasian 518 (89.8%) 447 (93.5%) 0.03
African American 23 (4.0%) 8 (1.7%)

Asian 21 (3.6%) 8 (1.7%)

Hispanic 13 (2.3%) 10 (2.1%)

Other 2 (0.3%) 5 (1.0%)

Study site

Birmingham 80 (13.9%) 78 (16.3%) < 0.001
Minneapolis 107 (18.5%) 102 (21.3%)

Palo Alto 71 (12.3%) 93 (19.5%)

Pittsburgh 142 (24.6%) 66 (13.8%)

Portland 84 (14.6%) 62 (13.0%)

San Diego 93 (16.1%) 77 (16.1%)

BMI (kg/m2) 27.7 ± 4.0 26.3 ± 3.3 < 0.001

Alcohol drinks/week 1.7 ± 1.6 2.0 ± 1.6 0.008

Osteoporosis 21 (3.6%) 15 (3.1%) 0.66

Calcium use 147 (25.5%) 145 (30.3%) 0.08

Vitamin D use 359 (62.2%) 310 (64.9%) 0.38

25OHD level (ng/mL) 27.7 ± 8.4 29.7 ± 8.7 < 0.001

Season of vitamin D level

Winter 179 (31.0%) 162 (33.9%) 0.04
Spring 149 (25.8%) 105 (22.0%)

Summer 151 (26.2%) 104 (21.8%)

Fall 98 (17.0%) 107 (22.4%)

History of fracture 26 (4.5%) 18 (3.8%) 0.55

History of falls 187 (32.4%) 129 (27.0%) 0.06

Hypertension 267 (46.3%) 222 (46.4%) 0.96

COPD 28 (4.9%) 15 (3.1%) 0.16

Depression 34 (5.9%) 26 (5.4%) 0.74

PASE score 149 ± 73 146 ± 72 0.51

Health quality

Excellent 192 (33.3%) 188 (39.3%) 0.12
Good 323 (56.0%) 236 (49.4%)

Fair 60 (10.4%) 49 (10.3%)

Poor 1 (0.2%) 4 (0.8%)

Very poor 1 (0.2%) 1 (0.2%)

Testosterone use 6 (1.0%) 3 (0.6%) 0.47

Androgen deprivation therapy use 7 (1.2%) 2 (0.4%) 0.16

CRP level (μg/mL) 3.0 ± 5.1 2.6 ± 6.8 0.30

eGFR (mL/min/1.73 m2) 74.3 ± 16.6 72.1 ± 15.7 0.03

Epworth sleepiness scale 6.7 ± 3.8 5.3 ± 3.3 < 0.001

Global PSQI score 5.9 ± 3.4 5.2 ± 3.2 < 0.001

Taking a sleep medication 71 (12.3%) 49 (10.3%) 0.30

Melatonin use 7 (1.2%) 10 (2.1%) 0.26

aMT6s level (ng/mg Cr) 10.2 ± 8.4 11.1 ± 8.5 0.11

Sleep duration (h)

By actigraphy 5.1 ± 0.8 7.4 ± 0.3 < 0.001

By self-report 6.5 ± 1.2 7.2 ± 1.1 < 0.001
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0.13) or L-spine (r = − 0.02, p = 0.32). BMD at the total hip,
femoral neck, or L-spine did not differ by actigraphy-
determined continuous sleep duration quartile (all p ≥ 0.22).

In an exploratory analysis, the association between BMD
and continuous actigraphy-determined nocturnal sleep dura-
tion was examined by 25-hydroxyvitamin D level (< 20, 20–
29, and ≥ 30 ng/mL) in the fully adjusted model (Table 4). In
those with 25OHD < 20 ng/mL (N = 228), total hip BMDwas
higher with each additional hour of sleep (β = 0.016 ± 0.008
g/cm2; p = 0.04). A similar trend was seen at the L-spine (β =
0.023 ± 0.015 g/cm2; p = 0.12) and femoral neck (β = 0.011 ±
0.007 g/cm2; p = 0.12) but these were not statistically signif-
icant. There was no interaction between 25OHD level and
actigraphy-determined sleep duration (p = 0.29).

In the BTM subgroup analysis, mean P1NP and CTX
levels were higher in men who got the recommended
actigraphy-determined sleep duration (N = 105) versus those
with short actigraphy-determined sleep duration (N = 120;
P1NP 49.6 ± 32.0 ng/mL vs. 43.5 ± 16.3 ng/mL; CTX
0.284 ± 0.207 ng/mL vs. 0.231 ± 0.172 ng/mL). However,
after adjustment, there were no statistically significant differ-
ences between the two sleep duration groups for P1NP (p =
0.35) or CTX (p = 0.08). aMT6s was weakly correlated with
log-transformed P1NP (r = 0.14, p = 0.04), but not significant-
ly correlated with log-transformed CTX (r = 0.08, p = 0.25).

Discussion

This study represents the first evaluation of the relationship
between sleep duration and BMD in older men with
objectively determined sleep duration measured by wrist
actigraphy. Findings showed that sleep duration was not asso-
ciated with BMD or BTMs. This was true when sleep duration
was determined objectively by wrist actigraphy or by self-
report and analyzed as a dichotomous variable according to
NIH-recommended sleep duration [35] or as a continuous
variable, with or without daytime naps. Although a few anal-
yses that used continuous sleep duration had statistically sig-
nificant results, the clinical significance of those differences is

likely minimal. However, in vitamin D-deficient men, longer
actigraphy-determined nocturnal sleep duration was associat-
ed with higher total hip BMD. Although there was no statis-
tically significant interaction between sleep duration and vita-
min D, it remains possible that the skeletal effects of insuffi-
cient sleep duration are more pronounced in the vitamin D-
deficient state because it exacerbates BTM changes in a high
bone turnover state. This would be consistent with a prior
MrOS report, which found that additive effects (e.g., low
sex steroid levels and vitamin D deficiency) increased risk
for low BMD and bone loss [41].

The current literature on the association between self-
reported sleep duration and BMD in men is mixed. Some
studies found that both long [16, 25–27, 30] and short [12,
15, 16, 20, 23] sleep duration are associated with low BMD;
however, some studies did not show any association [11, 13,
29]. The lack of a significant association between BMD and
sleep duration in older men in the current study is similar to
findings from three prior studies in middle-aged and older
men. An analysis of a similar-aged cohort of 2438 older
men from the AGES-Reykjavik Study [11] identified no as-
sociation between self-reported sleep duration (including
naps) and volumetric BMD. No association was identified
between self-reported sleep duration and BMD by calcaneal
ultrasound in 3950 middle-aged Chinese men, where 8–9 h/
night was used as the reference group [13]. Similarly, no as-
sociation was identified between self-reported sleep duration
and BMD by DXA in approximately 1400 Korean men (av-
erage age 68 years) [29]. The current study was the first to
consider vitamin D status when examining the relationship
between sleep duration and BMD. Vitamin D levels likely
varied between study populations of prior studies based on
geography, season of study, etc., and therefore may help to
explain different findings in the various cohorts. In other
words, significant associations between sleep duration and
BMD may only be observed in vitamin D-deficient popula-
tions. In addition, prior sleep/circadian intervention studies in
men suggest that the magnitude of effect may be greatest at
younger age [6], which may make it harder to detect differ-
ences in a cohort with an average age of 76 years. The lack of

Table 1 (continued)

Short sleep duration (< 6 h/night; N = 577) Recommended sleep duration (7–8 h/night; N = 478) p value

Sleep duration needed to feel rested (h) 6.7 ± 1.1 7.3 ± 1.0 < 0.001

Takes naps daily 122 (21.1%) 45 (9.4%) < 0.001

Nap duration by actigraphy (min) 54.9 ± 49.5 53.3 ± 51.2 0.62

Nocturia

None 31 (5.4%) 21 (4.4%) 0.54
Once per night 170 (29.5%) 149 (31.2%)

Twice per night 193 (33.4%) 141 (29.5%)

Three or more times per night 183 (31.7%) 167 (34.9%)
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an association between BMD and sleep duration in this cohort
was also consistent with the lack of an association between
sleep duration and BTMs in the subgroup analysis (which
excluded men with 25OHD < 30 ng/mL). A prior MrOS anal-
ysis that included all sleep durations showed that sleep distur-
bances, including short sleep duration measured by actigraphy
(but not self-reported), were associated with an increased risk
of falls [42], but no statistically significant association was
identified in this cohort.

The current findings were also consistent with those in
older women from the Study of Osteoporotic Fractures
(SOF) [24], which used objective sleep duration determined
by wrist actigraphy, with and without naps. In that study, the
only significant association was between longer 24-h sleep
duration and lower BMD at the total hip [24]. The cohort of

older men in the current analysis was younger and more eth-
nically diverse than the postmenopausal women in SOF [24].
In addition, more women in SOF reported 8+ h/night of sleep
than men in MrOS, potentially limiting the ability to detect
associations with longer sleep durations. The current cohort
was also significantly smaller than the cohort used for the
Women’s Health Initiative (WHI) analysis, which identified
a risk of lower BMD with shorter sleep duration [43].

In unadjusted analyses, the BTM results in short vs. rec-
ommended sleep duration groups were consistent with prior
intervention studies of men [6] and male rats [9], which found
reduced bone formation marker levels in response to short-
ened sleep duration. The association between sleep duration
and P1NP became non-significant after adjustment for BMI
and difference between time of blood draw and wake time.

Table 3 Association between
BMD and sleep duration
(continuous variable) using
objective (actigraphy; nocturnal
and total 24 h) and subjective
(self-report) nocturnal sleep dura-
tion. Data presented as the differ-
ence in BMD (g/cm2) per addi-
tional hour of sleep (β) ±standard
error of the estimate (SEE), p
value

Objective nocturnal sleep duration, determined by actigraphy

Model A—unadjusteda

(N = 1926)
Model B—minimally

adjustedb (N = 1926)
Model C—fully adjustedc

(N = 1764)

L-spine − 0.001 ± 0.005 p = 0.91 0.006 ± 0.005 p = 0.26 0.007 ± 0.006 p = 0.24

Total hip − 0.003 ± 0.003 p = 0.22 0.003 ± 0.003 p = 0.20 0.005 ± 0.003 p = 0.07

Femoral neck − 0.002 ± 0.002 p = 0.38 0.003 ± 0.002 p = 0.24 0.003 ± 0.003 p = 0.22

Objective total 24-h sleep duration (including daytime naps), determined by actigraphy

Model A—unadjusteda

(N = 1926)
Model B—minimally

adjustedb (N = 1926)
Model C—fully adjustedc

(N = 1764)

L-spine 0.002 ± 0.004 p = 0.70 0.003 ± 0.004 p = 0.47 0.004 ± 0.004 p = 0.43

Total hip − 0.002 ± 0.002 p = 0.45 0.002 ± 0.002 p = 0.24 0.004 ± 0.002 p = 0.06

Femoral neck − 0.001 ± 0.002 p = 0.71 0.002 ± 0.002 p = 0.19 0.003 ± 0.002 p = 0.11

Self-reported nocturnal sleep duration, determined from questionnaire

Model A—unadjusteda

(N = 1829)
Model B—minimally

adjustedb (N = 1829)
Model C—fully adjustedc

(N = 1679)

L-spine 0.004 ± 0.006 p = 0.52 0.005 ± 0.006 p = 0.41 − 0.001 ± 0.008 p = 0.88

Total hip 0.004 ± 0.003 p = 0.21 0.005 ± 0.003 p = 0.06 0.003 ± 0.004 p = 0.43

Femoral neck 0.004 ± 0.003 p = 0.11 0.006 ± 0.003 p = 0.02 0.002 ± 0.004 p = 0.51

Italicized results indicate p < 0.05
aModel A = unadjusted
bModel B = minimally adjusted: age, race, clinical site, and BMI
cModel C = fully adjusted: age, race, clinical site, BMI, alcohol, 25-hydroxyvitamin D level, eGFR, daily naps,
hours of sleep needed to feel rested, melatonin level, calcium use, androgen use, anti-androgen use, PASE score,
self-reported health status

Table 4 Association between actigraphy-determined continuous noc-
turnal sleep duration and BMD by 25OHD level in fully adjusted model.
Data presented as the difference in BMD (g/cm2) per additional hour of
sleep (β) ± SEE (p value). Adjusted for age, race, clinical site, BMI,

alcohol, season of 25-hydroxyvitamin D blood draw, eGFR, daily naps,
hours of sleep needed to feel rested, melatonin level, calcium use, andro-
gen use, anti-androgen use, PASE score, self-reported health status

25OHD < 20 ng/mL 25OHD 20–29 ng/mL 25OHD ≥ 30 ng/mL

N (%) 228 744 792

L-spine 0.023 ± 0.015 (p = 0.12) 0.011 ± 0.009 (p = 0.25) − 0.003 ± 0.008 (p = 0.67)

Total hip 0.016 ± 0.008 (p = 0.04) 0.003 ± 0.004 (p = 0.43) 0.003 ± 0.004 (p = 0.44)

Femoral neck 0.011 ± 0.007 (p = 0.12) 0.0002 ± 0.004 (p = 0.97) 0.004 ± 0.004 (p = 0.31)

Italicized results indicate p < 0.05
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Obesity has been associated with lower BTM levels compared
with normal BMI controls [44], and BMI was higher in short
sleepers, consistent with prior literature [45]. Urinary aMT6s,
which reflects nocturnal melatonin levels [46, 47], was weakly
correlated with serum P1NP. aMT6s levels correlated with
sleep duration in other studies [46, 48], possibly due to lower
levels of light exposure (and subsequently more melatonin
production) with longer sleep duration. Therefore, the corre-
lation between aMT6s and P1NP could also be consistent with
shorter sleep duration (i.e., lower aMT6s) being associated
with lower P1NP level. Taken together with other studies, it
is possible, at least in men, that bone formation may be more
affected by short sleep duration than bone resorption. The
weak inverse correlation between aMT6s and total hip BMD
may be a chance finding since no other significant aMT6s
correlations were identified and is likely of little clinical
significance.

The current study was the largest to examine the associa-
tion between objective sleep duration and BMD in men but
had limitations. Despite the relatively large sample size, it was
a cross-sectional analysis of a mostly Caucasian cohort and
results may not be generalizable to other race/ethnicities. In
addition, the analyses may have been underpowered to detect
small BMD differences or associations with longer sleep du-
rations since a relatively small number of men (N = 130) slept
8+ h/night. For example, the trend towards higher total hip
BMD with longer actigraphy-determined 24-h and nocturnal
sleep duration, and the higher percentage of short sleepers
reporting falls and fractures, may suggest a weak relationship
that we were underpowered to detect. Sex steroid levels were
not available to determine if and how they affect the sleep-
bone relationship. However, exogenous testosterone use in
this cohort was low (~ 1%) and similar between short and
recommended sleepers. The BTM subgroup analysis may
have included some men with residual BTM elevation after
sustaining a fracture > 3 months prior to the blood draw. If this
did occur, the effect was likely minimal and unlikely to mate-
rially change the results as the overall number of fractures was
low and men were also excluded for osteoporosis medication
use, which may have excluded those with more distant frac-
tures who were subsequently started on pharmacotherapy.
Furthermore, the high prevalence of nocturia in the cohort
and potential underreporting or underdiagnosis of sleep apnea
may have adversely affected the quality of sleep, regardless of
the quantity of sleep, thereby limiting our ability to detect
consequences of short sleep duration. In addition, other as-
pects of sleep (e.g., longer sleep latency) or nocturia causing
wake after sleep onset may have led to misclassification of
actigraphy-determined sleep duration. However, results were
similar when analyzed by self-reported sleep duration.

In conclusion, sleep duration, determined objectively with
wrist actigraphy or by self-report, was not associated with

BMD in older men. However, in vitamin D-deficient men,
longer sleep duration was associated with higher total hip
BMD. This report was the first sleep-BMD study to use ob-
jectively determined sleep duration in men and contributes to
the growing body of literature showing mixed associations
between BMD and sleep duration. Future studies should de-
termine if vitamin D status plays a role in the sleep duration-
BMD relationship.
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