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ABSTRACT
Age-related bone loss is common in older adults. However, the association of low bone mass with incident disability and
mortality is not well established. A sample of 738 participants in the Rush Memory and Aging Project (MAP) was evaluated at
baseline for bone mineral density (BMD) using quantitative ultrasound at the calcaneus. An annual interview assessed basic
activities of daily living (BADL), instrumental activities of daily living (IADL), mobility disability, and history of hip fracture. The
associations between baseline BMD and risk of death; incident BADL, IADL, and mobility disability; and hip fracture were inves-
tigated using Cox hazard models, adjusting for age, sex, education, race, and body mass index (BMI). The robustness of our find-
ings was evaluated by adjusting for confounding factors and health conditions including joint pain, musculoskeletal
medications, smoking status, motor function, global cognition, falls, cardiovascular events, and diabetes. Participants were
on average (mean � SD) 80.9 � 7.0 years old, 72% female, and 3.8% black, with a baseline BMI of 27.3 � 5.4 kg/m2, and a base-
line of BMD of 0.44 � 0.14 g/cm2. In models adjusted for age, sex, education, race, and BMI, lower BMD was associated with a
higher rate of death (hazard ratio [HR] 1.20; 95% confidence interval [CI], 1.08–1.33), incident BADL disability (HR 1.20; 95%
CI, 1.05–1.37), and hip fracture (HR 2.57; 95% CI, 1.72–3.82), but not of IADL disability (HR 1.00; 95% CI, 0.85–1.17) or mobility
disability (HR 1.13; 95% CI, 0.97–1.32). The association between BMD and mortality was not significant in fully adjusted models,
but the BMD and BADL associations remained significant in models adjusting for both demographic variables and BMD-
modifying health conditions. BMD is associated with incident disability in older adults. © 2020 The Authors. JBMR Plus published
by Wiley Periodicals LLC on behalf of American Society for Bone and Mineral Research.
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Introduction

Osteoporosis or low bone mass is a serious public health
problem. Recent estimates suggest more than 10.2 mil-

lion Americans were living with osteoporosis in 2010,(1) with
an estimated medical cost of $22 billion in 2008.(2) Further,
over 43.4 million Americans are estimated to have
osteopenia,(1) a state of low bone mass that is less severe than
osteoporosis. Low bone mass can lead to an increased risk of
fragility fractures.(3,4) Fragility fractures, particularly those of
the hip, are associated with reduced functional indepen-
dence, risk of permanent loss of BADL ability,(5–7) and high
mortality rates.(8)

Although low bone mass has been established as a risk factor
for fractures, which in turn can increase the risk for a number of
adverse age-related health conditions, evidence is emerging that
the skeleton influences a number of nonskeletal tissues.(9,10) The
current study used a sample of community-dwelling older partic-
ipants participating in the Rush Memory and Aging Project
(MAP) to test the hypothesis that lower bone mineral density
(BMD) is associated with risk of death, of incident disability, and
of hip fracture. The study utilized quantitative ultrasound
(QUS), a portable alternative to the more common dual energy
X-ray absorptiometry (DXA), which has been utilized in cohort
studies previously(11–14) and is well correlated to more common
clinical DXA measures of BMD.(15–20)
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Subjects and Methods

Participants

Participants in this study were older, community-dwelling partic-
ipants enrolled in the Rush Memory and Aging Project (MAP).(21)

MAP participants were recruited primarily from continuing care
retirement communities in the Chicago, IL, area. Enrollment
required no known dementia and consent to brain donation at
death. All clinical evaluation, blood draws, and bone density
measurements were performed during annual in home visits.
The study was approved by an Institutional Review Board of Rush
University Medical Center.

Demographic information including date of birth, sex, and
years of education were collected via participant interview. Body
mass index (BMI) was determined by dividing the measured
weight (kg) with the square of the measured height (m).

BMD

QUS-based baseline heel BMD measures of the right calcaneus
were obtained on a subset of MAP participants between 2002
and 2007 using a Sahara Clinical Bone Sonometer (RM01181;
Hologic, Inc., Marlborough, MA, USA). The Sahara system mea-
sures the speed of sound (SOS) and the broadband ultrasonic
attenuation (BUA), which are used to estimate BMD per the man-
ufacturer’s software with an estimated precision of 0.014 g/cm2.
Performance characteristics and instrument calibration were
assessed with routine quality control measurements, which were
performed each day before data collection.

Mortality

Age at death was calculated from date of birth and date of death.
Death was determined by date of autopsy, which was conducted
onmore than 80% of decedents, from quarterly attempts to con-
tact the participants, or via searches of death registries.

Disability

BADL was assessed annually for up to 15 years after the baseline
BMDmeasurement using a modified version of the Katz scale,(22)

which includes six basic physical abilities: walking across a small
room, bathing, dressing, eating, getting from bed to chair, and
toileting. Participants were asked their ability to perform each
task with no help, with help, or unable to do so. Participants
who reported needing help with or an inability to perform one
or more tasks were classified as disabled in BADL.

Instrumental activities of daily living (IADL) was similarly
assessed annually and is adapted from the Duke Older Ameri-
cans Resources Services project.(23) Participants were asked to
report their need for assistance performing a list of tasks includ-
ing telephone use, meal preparation, moneymanagement, med-
ication management, light and heavy housekeeping, shopping,
and local travel. Reponses included the ability to perform these
tasks with no help, with help, or unable to do so. Those reporting
needing help or unable to perform were classified as having dis-
ability in IADLs.

Mobility disability was assessed using the Rosow-Breslau
scale.(24) Participants were asked to report whether they required
no help, help, or were unable to perform the following activities:
heavy work around the house (eg, washing windows or floors),
walking up and down stairs, and walking half a mile. For the cur-
rent study, participants reporting that they required help or were

unable to perform any of the three activities were considered to
have mobility disability.

Hip fracture

History of hip fracture is from participant self-report. Participants
were asked whether they had been told by a doctor, nurse, or a
therapist that “you had a broken or fractured hip.” Participants
were asked annually. The participants with a prior history of hip
fracture were identified at baseline and any change in partici-
pant response during follow-up was attributed to hip fractures
occurring with the preceding year.

Motor function

Motor function was assessed using multicomponent perfor-
mance evaluations, which included composite measures of dex-
terity, gait, and hand strength.(25,26) The motor dexterity score
was determined from the composite score of four trials, two trials
per hand, using the Purdue pegboard and an electronic tapper
(Western Psychological Services, Los Angeles, CA, USA). Motor
gait was determined from the time and distance required to walk
a distance of 8 feet and to turn 360 degrees twice. Motor hand
strength was determined from grip and pinch strength assess-
ments using the Jamar hydraulic hand and pinch dynamometers
(Lafayette Instruments, Lafayette, IN, USA). Composite scores for
each performance component were obtained by dividing by the
sex-specific median value at baseline, and a global composite
was obtained by averaging across the performance evaluations.

Cognitive function

Global cognitive function was assessed using a battery of 19 cog-
nitive tests designed to measure episodic, working, and seman-
tic memory, as well as perceptual orientation and perceptual
speed, described in detail elsewhere(21) Briefly, the 19-test bat-
tery included tests for episodic memory (Word List Memory,
Recall, and Recognition, immediate and delayed recall of the East
Boston Story, Story A from Logical Memory), working memory
(Digit Span Forward, Digit Span Backward, Digit Ordering),
semantic memory (a 20-item version of the Boston Naming Test,
Verbal Fluency, a 15-item form of Extended Range Vocabulary, a
20-item form of the National Adult Reading Test), perceptual ori-
entation (a 15-item form of Judgment of Line Orientation, and a
17-item form of Standard Progressive Matrices), and perceptual
speed (Symbol Digit Modalities Test, Number Comparison).

Other variables

Musculoskeletal pain at baseline was assessed by asking partici-
pants whether they had pain or aching in any of their joints on
most days for at least a month during the prior year.(27,28) Individ-
uals who answered affirmatively were subsequently questioned
about the location of the pain, which included back or neck,
hands, hips, knees, or feet. In these analyses, we used the num-
ber of areas reported to be painful as the descriptive variable.
Self-reported physical activity was assessed using amodified ver-
sion of the 1985 National Health Interview Survey,(29) which is
reported as a composite measure expressed as the number of
hours per week engaged in physical activity. Participant use of
musculoskeletal medications, including vitamins, supplements,
and over-the-counter remedies and medicines, was determined
by direct inspection of all medications prescribed by a doctor,
including pharmacological treatments for osteoporosis and
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gout, vitamins, supplements, and over-the-counter remedies
taken 2 weeks prior to evaluation. Falls were based on partici-
pant self-reporting. Participants were asked “How many times
would you say that you have fallen over the past year?” The num-
ber of reported falls the preceding year was recorded and the
data were compiled as falls present or absent.(30) Smoking status
was assessed at baseline by asking participants “Do you smoke
cigarettes now?” and “Did you ever smoke cigarettes regularly?”
Participants were classified as either never smoked, former
smoker (does not currently smoke), or current smoker. Circulat-
ing calcium level was measured as part of the basic metabolic
panel performed by Quest Diagnostics (Secaucus, NJ, USA). Vas-
cular disease burden (0 to 4) was the number of self-reported his-
tory of claudication, stroke, congestive heart failure, and
myocardial infarction.(31) Diabetes was defined as being present
if the participant reported a history of diabetes diagnosis or was
takingmedications to treat diabetes, as determined by the direct
inspection of medication containers.(32) Kidney function was
assessed using the estimated glomerular filtration rate (eGFR).
First serum creatinine was determined by Quest Diagnostics,
which was used to estimate the eGFR using the four-variable
modification of diet in renal disease formula.(33)

Statistical analysis

To reduce the number of independent variables, we investigated
the collinearity between the various QUS-derived measures by
computing Pearson’s correlations. All measures showed a high
degree of correlation with Pearson’s r >0.90 for all pairs of mea-
sures. Next, we performed a factor analysis including all five QUS
measures: BMD, T-score, quantitative ultrasound index (QUI),
speed of sound (SOS), and broadband ultrasound attenuation
(BUA) to determine whether subsequent modeling could be per-
formed using a single variable. A single variable, BMD, explained
nearly 98% of the variability of these measurements and was
therefore used as the sole QUS parameter.

An analytical baseline was set at the first BMD measurement.
Baseline correlations were assessed using Pearson’s correlations
on the entire cohort. Men and women were compared with

t tests, Wilcoxon rank-sum tests, or chi-square tests, as appro-
priate. Discrete-time Cox proportional hazard models, with
terms to control for age, sex, education, race, coded as black
versus non-black, and BMI were used to estimate the cumula-
tive hazard ratio (HR) of incident BADL, IADL, and mobility dis-
ability, and hip fracture with BMD as the predictor.
Continuous-time Cox proportional hazard models with similar
demographic terms were used to test the association between
BMD and mortality. Separate exclusion criteria were applied to
the analysis of each outcome, such that participants with that
outcome at baseline were excluded. For example, when BADL
was the outcome, only participants without a history of BADL
at baseline were included in the Cox model; when mortality
was the outcome, all participants were included. The models
were subsequently augmented with factors likely to influence
BMD. A second model was constructed including the interac-
tion between sex and BMD. Next, separate models were run to
test the effects of a variety of potential BMD-modifying health
conditions, including vascular disease, kidney function, and dia-
betic status. Finally, to investigate the influence of hip fractures
on BADL disability, we took two approaches to address the fol-
lowing two questions: (i) Does history of hip fracture influence
the association between BMD and incident BADL disability?
and (ii) Does the development of a hip fracture during follow-
up influence the association between BMD and incident BADL
disability? To address the first question, we repeated the fully
adjusted Cox model, this time excluding participants with a his-
tory of hip fracture at baseline in addition to the exclusion cri-
teria set for each outcome variable. To address the second
question, we performed extended Cox models with hip fracture
as a time-varying covariate.

Mixed-effects regression models were constructed to exam-
ine the relationship between baseline BMD and level and annual
rate of change in global motor function, each of the composite
motor function measures, and global cognition with terms to
control for the effects of age, sex, education, and race. Statistical
significance was set at alpha = .05. All statistical analyses were
programmed in SAS, version 9.4 (SAS Institute, Inc., Cary,
NC, USA).

Table 1. Subject Characteristics at Baseline Evaluated (n = 738)

Demographic variables Mean Female (n = 534) Male (n = 204)
Correlation with BMD
(Pearson coefficient, p)

Age (years), mean � SD 80.9 � 7.0 80.8 � 7.2 81.2 � 6.5 −0.178, <.01
Female, n (%) 534 (72)
Education (years), mean � SD 14.5 � 3.0 14.1 � 2.7 15.4 � 3.4a

Race/black, n (%) 28 (3.8) 22 (4.1) 6 � 2.9)
BMI (kg/m2), mean � SD 27.3 � 5.4 27.4 � 5.9 26.8 � 3.8 0.100, <.01
BMD (g/cm2), mean � SD 0.44 � 0.14 0.41 � 0.13 0.52 � 0.15a

BMD (T-score), mean � SD −1.3 � 1.3 −1.5 � 1.1 −0.5 � 1.3a

Use of musculoskeletal medications, n (%) 147 (23) 151 (28.3) 9 (4.4)a

Number of painful joint regions
(range, 0 to 5), mean � SD

0.9 � 1.4 1.1 � 1.5 0.53 � 1.0a

Global motor function, mean � SD 1.0 � 0.2 1.0 � 0.2 1.0 � 0.2 0.240, <.01
Motor dexterity, mean � SD 1.0 � 0.2 1.0 � 0.2 1.0 � 0.2 0.152, <.01
Motor gait, mean � SD 1.0 � 0.3 1.0 � 0.3 1.1 � 0.3a 0.237, <.01
Motor hand strength, mean � SD 1.0 � 0.3 1.0 � 0.3 1.0 � 0.3 0.176, <.01
Reported physical activity, mean � SD 3.1 � 3.5 2.9 � 3.5 3.5 � 3.5
Global cognition (Z-score), mean � SD −0.054 � 0.6 −0.016 � 0.59 −0.154 � 0.70a 0.079, .03

Large values for global motor (cognitive) performance correspond to better motor (cognitive) performance.
aIndicates a significant difference between females and males.
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Results

Subject characteristics

In total, 738 participants had baseline heel BMD measurements.
Baseline demographic characteristics for the sample are pre-
sented in Table 1. At baseline, the mean BMD was 0.44 g/cm2,
which equates to a T-score of −1.25, indicating that the average
participant was osteopenic at the time of enrollment. In total,
131 participants were clinically osteoporotic at baseline (T-score
≤2.5), 328 were osteopenic (T-score between −2.4 and −1), and
279 had T-scores greater than −1. A total of 276 participants
were classified as former smokers, 24 were current smokers,
and 436 had never smoked. Because of the relatively small num-
ber of current smokers, current and former smokers were com-
bined for subsequent analysis. Smoking status did not differ
by sex.

At baseline, females had lower BMD scores (p < .01) and were
more than six times as likely to use musculoskeletal medications
(p < .01) than males. Baseline BMD was modestly correlated with
age. Lower baseline BMD also was correlated with BMI, a lower
level of global motor function and its individual components,
and a lower level of baseline global cognition.

Overall follow-up of study participants exceeded 85%. Over an
average of 7.3 years of follow-up, there were 483 deaths. Subsets
of the sample were used in subsequent modeling, retaining only
participants without baseline disability or hip fracture at the time
of analytic baseline. At baseline there 93 participants with baseline
BADL, 405 with baseline IADL, 349 with baseline mobility disability,
and 41with a history of hip fractures. Inmodels investigating partic-
ipants without baseline BADL disability 362 of 593 developed inci-
dent BADL, without baseline IADL disability 264 of 311 developed
incident IADL, without baselinemobility disability 289 of 351 devel-
oped incident mobility disability and without baseline hip fracture
history 48 of 626 reported subsequent hip fracture.

BMD and risk of death

We first used Cox proportional hazards models, controlled for
age, sex, education, race, and BMI, to assess the relation between
baseline BMD and time to death. Lower baseline BMD was asso-
ciated with a higher hazard rate of death (HR 1.20; 95% confi-
dence interval [CI], 1.08–1.33; Fig. 1A). The estimated
probability of death within 5 years from baseline was 21.0% for
an average participant with baseline BMD at the 10th percentile

Fig 1. Estimated cumulative hazard functions for (A) mortality, (B) incident BADL disability, (C) incident IADL disability, (D) incident mobility disability, and
(E) incident hip fracture for two hypothetical 80.6-year-old female participants with a baseline BMDmeasure at the 10th percentile (0.27 g/cm2) and at the
90th percentile (0.64 g/cm2).
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versus 13.9% for those in the 90th percentile. The elevated risk of
death from a baseline BMD 1 SD (0.14 g/cm2) lower than the
mean is the same as the risk associated with being nearly 2 years
older at baseline.

To assess the robustness of the associations, the basic model
was augmented to include potential confounding variables and
BMD-modifying health conditions. In fully adjusted models, the
association betweenmortality and baseline BMDwas attenuated
and no longer statistically significant (Table 2). The BMD by sex
interaction term was not significant (p = .3) and did not affect
the association between BMD and mortality. However, in basic
models augmented for various health conditions, such as circu-
lating calcium, vascular disease, diabetes, kidney function, and
falls, the association between BMD and mortality was stable
(Table 3).

BMD and risk of disability

A parallel set of analyses examined the relation of BMD to BADL
disability. Baseline BMD was associated with incident BADL dis-
ability (HR 1.20; 95% CI, 1.05–1.37; Fig. 1B). The estimated proba-
bilities of developing BADL disability within 5 years were 46.9%
and 32.8% for an average participant with a baseline BMD in
the 10th and 90th percentile, respectively. The elevated risk of
BADL disability from a baseline BMD 1 SD lower than the mean
is the same risk as being 2 years older at baseline. The associa-
tion between baseline BMD and BADL remained significant in
fully adjusted models (Table 2) and after adjusting for potential
BMD-modifying health conditions (Table 3). The interaction
between BMD and sex was not significant (p = .98).

We then examined the relation of BMD to IADL. In basic
models, baseline BMDwas not associated with incident IADL dis-
ability (HR 1.00; 95% CI, 0.85–1.17; Fig. 1C). Nor was BMD associ-
ated with IADL disability in any of the subsequent models and
the interaction between BMD and sex was not signifi-
cant (p = .46).

We next examined the relation of BMD tomobility disability. In
basic models, baseline BMD was not associated with incident
mobility disability (HR 1.13; 95% CI, 0.97–1.32; Fig. 1D). Nor was
BMD associated with mobility disability in the fully adjusted
models or when evaluated in models adjusting for potential
BMD-modifying health conditions. The BMD by sex interaction
was not significant (p = .61).

BMD and risk of hip fracture

Next, we examined the relation of BMD to hip fracture. In basic
age, sex, education, race, and BMI adjusted models, low baseline
BMD was associated with a higher HR of hip fracture (HR 2.57;
95% CI, 1.72–3.82; Fig. 1E). The estimated probably of developing
hip fractures was 7.9% and 0.8% for an average participant at the
10th and 90th BMD percentiles, respectively. The elevated risk
for hip fracture for 1 SD reduction in BMD is equivalent to being
13 years older at baseline. The association between BMD and hip
fracture remained significant in fully adjusted models (Table 2)
and after adjusting for calcium levels, circulating calcium, vascu-
lar disease, diabetes, kidney function, and falls (Table 3). The
BMD by sex interaction was not significant (p = .22), nor did it
influence the association between BMD and hip fracture.

Influence of hip fracture on BMD and BADL disability

To assess the influence of history of hip fracture on the associa-
tion between BMD and incident BADL disability, we re-ran theTa
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fully adjusted Cox proportional model, this time excluding both
participants with a history of BADL disability and hip fracture at
baseline. The association between BMD and incident BADL
remained highly significant in participants without a baseline
history of hip fracture (HR 1.22; 95% CI, 1.06–1.41; p < .01). We
ran similar models with mortality, IADL, and mobility disability
as outcome measures and found that the exclusion of partici-
pants with a history of hip fracture at baseline had little effect
on the associations with BMD (data not shown).

We next sought to determine whether hip fractures medi-
ated the influence of BMD on BADL disability. To do so we first
assessed the timing of BADL and hip fractures in the study
cohort. In total, 215 participants neither developed BADL dis-
ability or hip fractures, 263 developed BADL disability without
history of or incident hip fractures, 13 had hip fractures but no
BADL disability, and two additional participants reported hip
fractures at the last follow-up visit without history of BADL dis-
ability. In the participants that had both BADL disability and hip
fractures, 23 had hip fracture first followed by BADL disability,
17 had BADL disability first followed by hip fracture, and 16 par-
ticipants reported both BADL disability and hip fracture at the
same annual visit. In modeling the latter group, we assumed
three separate situations: (i) that hip fracture occurred immedi-
ately before BADL disability; (ii) hip fracture occurred immedi-
ately after the previous visit, roughly 1 year before BADL
disability; and (iii) hip fracture occurred after BADL disability.
The associations between low BMD and BADL disability
remained relatively stable, with HRs of 1.11 (95% CI,
0.98–1.25), 1.12 (95% CI, 0.99–1.26), and 1.14 (95% CI,
1.01–1.28), respectively. However, the significance level was
attenuated in models assuming that hip fracture occurred
before BADL disability, with the associated p values of .09, .07,
and .04, respectively.

Relation of BMD to change in motor function

We next assessed the relationship between baseline BMD and
global motor function, as well as, eachmotor domain, including
motor dexterity, motor gait, and hand strength. In age, sex, edu-
cation, race, and BMI adjusted mixed-effects models there was
an association between baseline BMD and baseline global
motor, motor dexterity, and motor gait, but the associations
between baseline BMD and rate of change was not significant
for any of the motor variable outcomes (Table 4).

Relation of BMD to change in cognitive function

Because of the strong baseline correlation between BMD and
global cognition, we next assessed the relationship between
BMD and the rate of change in cognition. In age, sex, education,
race, and BMI adjusted mixed-effects models, we found no
association between baseline BMD and the change in global
cognition (Table 4).

Discussion

In the current study of over 700 community-dwelling elderly
persons, low BMD was associated with a greater risk of BADL
disability, in addition to its previously established association
with a greater risk of hip fractures. The associations were inde-
pendent of age, sex, education, race, and BMI and remained sig-
nificant when adjusting for a variety of health conditions,
including diabetes and vascular disease. Importantly, theTa
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associations were similarly unaffected when adjusting for falls
and not fully explained by the development of hip fractures, sug-
gesting that low bone mass may be an independent predictor of
BADL disability. The results from the current study extend a
growing body of literature suggesting that adverse skeletal
health is a critical risk factor for diverse adverse health outcomes.

The current study found a similar cross-sectional association
between BMD and both grip strength and walking speed,
included here as part of the motor dexterity outcome, as that
noted by Aoyagi and colleagues.(34) We have broadened these
findings to include longitudinal motor function measurements
and found no significant associations between baseline BMD
and the rate of change in grip strength and motor dexterity.
However, studies in larger cohorts are needed to confirm these
results. Although BMD has been linked to physical functioning
using a variety of measures(14,34,35) including participant-
reported physical activity,(36,37) we are not aware of any prior
study reporting an association between low BMD and the risk
for BADL disability. Although no statistically significant associa-
tion between low BMD and mobility disability was shown, we
speculate that this is due to the high number of participants with
mobility disability at baseline, which reduced the power to
detect substantial effects. Therefore, further research is needed
to determine whether the maintenance of bone mass may pro-
tect against the development of more physically demanding
mobility disability.

The primary clinical concern for low BMD is the development
of fragility or osteoporotic fractures, with fractures of the hip
being particularly devastating and associated with considerable
economic burden(38) and mortality risk.(39) Hip fractures are also
associated with permanent functional impairment(6) and are
one potential mechanism linking low BMD to incident BADL dis-
ability. In the current study we employed two strategies to test
whether hip fractures mediate the association between low
BMD and incident BADL disability. The first excluded patients
with a history of hip fracture at baseline, because previous frac-
ture is a significant risk factor for future fractures,(40) which had
no effect on the association. The second approach was to test
the influence of the timing of incident hip fracture, which was
unfortunately limited by the incomplete resolution on the timing
of hip fracture relative to incident BADL disability in the 16 partic-
ipants who reported BADL disability and hip fracture at the same
visit. However, the relatively stable HRs in the time-varying
models suggest the association between BMD and incident
BADL is not purely a reflection of hip fractures, pointing to a
potential biological link between bone and disability.

There is an increasing understanding that the bone has endo-
crine function that connects bone and muscle.(9) The bone-
derived protein, osteocalcin, for example, has been reported to
act on muscle cells to mediate the response to exercise.(41,42) In
observational studies, osteocalcin levels increase following
exercise(43–46) and are positively correlated with muscle

strength.(47) Therefore, it is possible that bone-derived signals,
such as osteocalcin, are directly contributing to the increased risk
of BADL disability and future work is necessary to determine
whether osteocalcin serves as a mechanistic link connecting
bone and disability.

Low BMD has been reported to be a predictor of mortality risk
across a number of studies.(11–13,48–55) Although the majority of
these studies utilized DXA to assess BMD, there have been sev-
eral studies utilizing QUS of the heel(11,13,50) and one that found
similar HRs when either DXA or QUS-derived BMD was used as
the predictor.(12) A recent meta-analysis compiled the overall risk
and noted a 1.17-fold increased risk of mortality with 1 SD lower
BMD.(56) Our study found a similar risk of mortality in models
adjusting for age, sex, and BMI; however, when adding addi-
tional variables not evaluated in previous studies, such as cogni-
tion and quantitative measures of motor function, the
association was no longer significant. The attenuation of the
association between BMD and mortality in fully adjusted models
may suggest mediation by one or more of the covariates
included in these models. Future work is needed to determine
whether the association between BMD andmortality is mediated
by cognition or motor function or whether a larger cohort size is
needed to detect a significant association in fully adjusted
models.

Strengths of the current study include the large number of
confounding variables measured and the use of a cohort of
the very elderly (mean age >80 years), the group most at risk
for lower BMD.(57) We were able to use QUS to fit with in-home
evaluations,(58) which correlates with the more commonly per-
formed DXA(15–20) and is able to predict hip fracture risk.(59–63)

The limitations of the current study included the incomplete
resolution on the timing of hip fracture and the use of partici-
pant reported hip fracture, rather than clinical fracture data that
would include other skeletal sites, such as the vertebrae. Thus,
our study was very limited in its ability to assess whether the
association between low BMD and incident BADL disability
was mediated by incident fractures among those with low
BMD. Another limitation is the lack of longitudinal BMD data,
which prevents us from determining whether accelerated bone
remodeling with age or a failure to achieve peak bone mass is
most predictive of subsequent adverse outcomes. In a study
by Cauley and colleagues,(64) womenwith accelerated BMD loss
were at a higher risk for mortality and walking difficulty, a find-
ing that would be consistent with elevated bone remodeling.
However, their findings suggested that the women who main-
tained BMD with aging had elevated BMD at baseline; there-
fore, peak bone mass, which is established decades earlier,
may be a possible driver of subsequent age-related health con-
cerns. Finally, although we included models with a variety of
adverse health outcomes, there was no question regarding
self-reported health status, which itself may be a driver of BADL
disability.(65)

Table 4. Longitudinal Associations Between BMD and Rate of Global Cognition and Motor Function Decline

Outcome variable Baseline BMD (95% CI) p BMD × time (95% CI) p

Global motor function 0.023 (0.001, 0.038) .04 −0.001 (−0.002, 0.001) .68
Motor dexterity 0.014 (0.001, 0.027) .03 0.002 (−0.001, 0.004) .23
Motor gait 0.040 (0.022, 0.059) <.01 −0.002 (−0.004, 0.001) .06
Hand strength 0.008 (−0.012, 0.028) .45 0.003 (−0.001, 0.006) .06

Global cognition 0.026 (−0.022, 0.073) .28 0.006 (−0.004, 0.016) .25

Mixed-effects models controlling for age, sex, education, race, and BMI.
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The current study investigated the association between base-
line BMD and incident disability and mortality, using three differ-
ent disability measures. We report that low baseline BMD is
significantly associated with the development of mortality and
incident BADL disability. The associations between BMD and
BADL disability remained significant after adjusting for numer-
ous bone-influencing factors and adverse health conditions,
which may suggest that maintaining bone mass is protective of
late stage disability. Future work is needed to establish the
mechanistic link between the skeleton and the development of
age-related health concerns.
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