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ABSTRACT: Successful aging is multidimensional, and many phenotypes have been proposed. We examined
a biomarker of aging based on repeated measures of BMD for up to 15 yr and hypothesized that maintenance
of BMD will be associated with low fracture risk and disability and improved survival. We studied 9704 women
recruited at four U.S. clinical centers and enrolled in the Study of Osteoporotic Fractures, a longitudinal
cohort study. Of these, 8224 women had at least one hip BMD measurement. Hip BMD was measured a
maximum of five times over 15 yr. Random effects regression was used to determine a BMD slope for each
subject. Three groups were formed—“maintained” BMD: slope �0, n � 724 (9%); “expected” BMD loss:
slope <0 to <1 SD below mean, n � 6478 (79%); and “accelerated” BMD loss: slope �1 SD below mean, n
� 1022 (12%). Cox proportional hazards models were used to compare the relative hazard (RH; 95% CI) of
fracture, incident mobility disability, and mortality in the maintained and accelerated groups compared with
the expected. A 1 SD decrease in the BMD slope was associated with an increased risk of all outcomes. In
multivariate models, the RH of nonspine fracture was 0.81 (0.71–0.93) and of hip fracture was 0.36 (0.25–0.53)
for women in the maintained compared with the expected group. The incidence of mobility disability was
lower in the maintained versus expected group (RH � 0.70; 95% CI � 0.59–0.83), but this was largely
explained by other factors. Women who experienced accelerated bone loss were more likely to develop
disability (RH � 1.56; 95% CI: 1.33–1.84). Mortality risks were lower in the maintained compared with the
expected group (RH � 0.49; 95% CI: 0.42–0.58). In conclusion, a subset of older women maintained their
BMD up to 15 yr, suggesting that bone loss is not an inevitable consequence of aging. These women expe-
rienced a lower risk of fractures, disability, and mortality, suggesting that this phenotype may be a marker of
successful aging.
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INTRODUCTION

THE LANDMARK ARTICLE by Rowe and Kahn(1) distin-
guished “successful” from “usual” aging, emphasizing

that the physiologic, psychological, and adaptive changes
that promote chronic disease, disability, and death are not

the inevitable consequences of aging. Successful aging is
multidimensional, and several definitions have been pro-
posed. Although the most common definition is the absence
of physical disability,(2) several physiologic biomarkers
have also been proposed including hearing acuity, number
of healthy teeth, absence of cardiovascular disease, systolic
blood pressure, lung function, and blood glucose levels.(3,4)

The osteographic scoring system, a skeletal biomarker of
biological aging,(5) has been linked to mortality in younger
individuals (<70 yr of age) but was not significant among
subjects >70 yr of age.(6) Low BMD has also been linked to
an increased risk of death.(7) These associations were, how-
ever, based on a single assessment.

We examined a biomarker of aging based on repeated
measures of BMD collected over a 15-yr period. We ad-
dressed three research questions: (1) is there a group of
women who maintain their BMD; (2) are there unique
characteristics that differentiate these older women from
others; and (3) are fracture, disability, and mortality rates
lower in these women?
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MATERIALS AND METHODS

Subject population

Subjects were women participating in the Study of Oste-
oporotic Fractures (SOF),(8,9) a prospective study of
women �65 yr of age and older recruited at four U.S. clin-
ics. Institutional review boards approved the SOF protocol,
and all subjects provided written informed consent.

The original cohort consisted of 9704 white women re-
cruited in 1986–1988. Total hip BMD was not included in
the protocol until visit 2 (1988–1990). Hence, for this analy-
sis, we restricted our analysis to 8224 (86%) of the cohort
that did not report a prior hip fracture and had measures of
hip BMD. We followed women longitudinally for up to 15
yr; the median follow-up was 8.0 yr.

BMD

BMD (g/cm2) of the total hip and the femoral neck sub-
region was measured using DXA (Hologic QDR 1000; Ho-
logic, Bedford, MA, USA). Details of the measurement
methods and densitometry quality control procedures have
been published elsewhere.(9,10) Because the rate of bone
loss has been shown to accelerate after a hip fracture,(11) we
censored any BMD measure that was obtained after a hip
fracture. The median number of BMD measures per sub-
ject was three (interquartile range, two to five). The num-
ber of women with BMD measures at each visit was as
follows: visit 2 (1988–1990), n � 7931; visit 4 (1992–1994),
n � 5960; visit 5 (1994–1996), n � 5415; visit 6 (1997–1999),
n � 4496; visit 8 (2002–2004), n � 2554.

Other measurements

Information on factors that have previously been corre-
lated to BMD,(12) rates of BMD loss,(13,14) and healthy ag-
ing(15) were collected. Body weight was measured in indoor
clothing using a balance beam scale; height was measured
using the Harpenden Stadiometer (Dyfed, UK). Weight
and height were used to calculate body mass index (BMI,
kg/m2). Percent weight change was calculated from baseline
to the final clinic visit. Height loss from age 25 was calcu-
lated from self-reported height at age 25 to baseline height.
Subjects completed a questionnaire and interview that col-
lected information on medical and fracture history, falls,
self-rated health, physical activity, alcohol, and smoking.
Participants brought all prescription and nonprescription
medications for verification of use. Participants were asked
if they had any difficulty carrying out any of the following
instrumental activities of daily living (walking two or three
blocks, climbing up 10 steps, walking down 10 steps, pre-
paring meals, doing heavy housework, or grocery shop-
ping). The number of difficult activities was summed. Di-
etary calcium intake was assessed by a food frequency
questionnaire(16) and summed with supplemental intake.
Tests of physical performance included standing from a
chair (without using arms five times), walking speed (over a
6-m course), and grip strength. Cognitive function was as-
sessed with a modified version of the Mini Mental State
Examination (mMMSE), which is a brief test of global cog-

nitive functioning that evaluates concentration, language,
and auditory skills; the maximum MMSE score for this
modified scale is 26.(17) Prevalent vertebral fractures were
identified from lateral thoracic and lumbar spine films.(18)

Outcomes

Incident nonspine fractures and deaths were identified
from postcard follow-up every 4 mo; >95% of these con-
tacts were complete. All nonspine fractures were confirmed
by radiographic report. We included all fractures, including
major trauma fractures, because these fractures have also
been related to low BMD and an increased risk of frac-
ture.(19) Incident disability was defined as first report of
difficulty walking after baseline.(20) All deaths were con-
firmed by death certificate and hospital discharge summa-
ries, if available.

Statistical analysis

Random effects regression (PROC MIXED in SAS; SAS
Institute, Cary, NC, USA) was used to determine a BMD
slope and intercept for each subject. Random effects regres-
sion enables estimation of population level fixed effects
(overall rate of change in BMD in the entire sample) and
individual level random effects (individual deviation from
the overall group pattern).(21) Data from the group are used
to increase precision in the estimation of individual specific
quantities. Slopes were estimated in all 8224 subjects who
had at least one BMD measurement until hip fracture,
death, or the end of the 15-yr follow-up period. For women
with one BMD measure, this method allows an estimation
of their slope based on the population level effect on the
overall rate of change in the entire cohort. We have used a
similar analytic approach to model cognitive trajectories
over time.(22) By year 15, 4043 (42%) subjects had died, and
832 (9%) had dropped out or been lost to follow-up. All
slopes were modeled as linear. We analyzed the slope as a
continuous variable and examined the relative hazard (RH;
95% CIs) of fracture, disability, and death per 1 SD de-
crease in the slope using Cox proportional hazards models.
We placed women into three groups depending on their
individual slope. Women were considered to have “main-
tained” BMD if their slope was �0; “expected” BMD loss
if their slope was <0 to <1 SD below the mean slope, and
“accelerated” BMD loss if their slope was �1 SD below the
mean slope.

Characteristics of the three groups were compared by �2

tests (categorical) or ANOVA (continuous). Multinomial
logistic regression was used to determine the factors asso-
ciated with maintenance of BMD or accelerated BMD loss.
The expected group formed the referent group. The final
model included all significant variables with p < 0.05 after
stepwise multivariate adjustment. We calculated the age-
adjusted incidence rate of nonspine and hip fractures and
mortality rates across the three groups. We used Cox pro-
portional hazards regression to estimate the RH (95% CIs)
of fracture and death in the maintained and accelerated
groups, in comparison with the expected. We excluded
women who had a prior hip fracture from the hip fracture
analyses (n � 185), and we excluded women who reported
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difficulty walking at baseline from the disability analyses
(n � 932).

Over the follow-up period, women could have begun
other medications approved for osteoporosis such as a bis-
phosphonates or selective estrogen receptor modulators.
Thus, we further adjusted models for ever use of a bone
active agent.

In secondary analyses, we excluded women who reported
hormone therapy use. We also repeated our analyses lim-
iting the cohort to women who had at least two BMD mea-
surements (n � 6500).

RESULTS

Nine percent of women (n � 724) maintained their
BMD, and 12% (n � 1022) experienced an accelerated
BMD loss over the 15-yr follow-up (Fig. 1). The average
rate of bone loss in the accelerated group was 6 times
greater in magnitude than that observed among the main-
tainers and 2.5 times greater than the expected group.

Women who maintained their BMD over the 15-yr pe-
riod were younger, slightly taller at baseline, experienced
less height loss since age 25, were more likely to report
surgical menopause, and less likely to report diabetes, hy-
pertension, or chronic obstructive pulmonary disease
(COPD) than women who experienced expected or accel-
erated bone loss (Table 1). There was no difference in the
prevalence of stroke, myocardial infarction (MI), or falling.
Baseline body weight was similar in women who main-
tained and who experienced accelerated BMD loss, but
over follow-up, maintainers gained 2.5% body weight,
whereas women in the accelerated group lost 12% body
weight. Congestive heart failure and Parkinson’s disease
were slightly more common in the accelerated group in
comparison with those who maintained their BMD.

Maintainers were more likely to walk for exercise, had
higher physical activity, were more likely to drink alcohol
(although number of drinks per week did not differ), were
less likely to smoke, and had higher calcium intake. Estro-
gen use was more common and thiazide diuretic use was
less common in the maintainer than other groups. Baseline
physical performance measures were consistently better in
maintainers and fewer of these women reported difficulty

with any instrumental activity of daily living (IADL) com-
pared with the others. A slightly greater proportion of
women who maintained their BMD reported excellent/
good health status at baseline. Scores on cognitive function
tests and baseline total hip BMD were higher in maintain-
ers, but there was no difference between the expected or
accelerated groups.

In multivariable adjusted models, older age, lower body
weight, weight loss, having diabetes, and smoking were as-
sociated with a lower likelihood of maintaining BMD. Es-
trogen use and better neuromuscular and cognitive function
was associated with a greater likelihood of maintaining
BMD (Table 2). Higher body weight, weight loss and height
loss, and diabetes were associated with an increased likeli-
hood and estrogen use was associated with a lower likeli-
hood of experiencing accelerated bone loss. Physical activ-
ity, hypertension, COPD, alcohol consumption, use of
thiazide diuretics or calcium supplements, fracture history,
and BMD were not significantly related to either group in
the multivariable models.

Fracture

A 1 SD decrease in the slope for BMD over the 15 yr was
associated with an increased risk of any nonspine fracture
(RH � 1.14; 95% CI � 1.11–1.18) and hip fracture (RH �
1.37; 95% CI � 1.29–1.44). Further adjustment for other
factors reduced the magnitude of the RH, but they re-
mained statistically significant (p � 0.0006 and p � 0.0005,
respectively). Analyses limited to women with at least two
BMD measures and to women who were not using estrogen
at entry showed similar results.

The age-adjusted incidence of nonspine and hip fracture
was lowest in women who maintained their BMD (Fig. 2).
Maintenance of BMD was associated with 30% lower like-
lihood of experiencing a nonspine fracture and a 75% lower
risk of a hip fracture in comparison with women who ex-
perienced the expected rate of bone loss (Table 3). The
association was greater than the effects of age alone for
both nonspine and hip fractures. In the fully adjusted mod-
els, maintenance of BMD was associated with a 19% lower
risk of nonspine fracture and a 64% lower risk of hip frac-
ture (Table 3). Further adjustment for ever use of a bone

FIG. 1. Total hip BMD over 15 yr of fol-
low-up. *Estimated from random effects re-
gression.
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active agent over the follow-up period had little effect on
our results.

Accelerated bone loss was associated with a 15% in-
creased risk of nonspine fracture and a 23% increase in hip
fractures. However, adjustment for other factors including
use of bone active agents attenuated these associations, and
they were no longer statistically significant.

Disability

A 1 SD decrease in the slope for BMD over the 15 yr of
follow-up was associated with an increased risk of develop-
ing walking disability (unadjusted model: HR � 1.28; 95%
CI: 1.22–1.35). Further multivariable adjustment reduced
the magnitude of this association, but it remained statisti-
cally significant (HR � 1.17; 95% CI: 1.10–1.24).

A 5-yr increase in age was associated with about a 50%
increased likelihood of developing incident disability, as de-
fined by self-report walking difficulty (Table 4). Mainte-

nance of BMD was associated with a 30% lower risk of
developing disability in unadjusted analyses in comparison
with women in the expected group. However, in multivari-
ate models, the association between maintenance of BMD
and incident disability was no longer statistically significant.
In contrast, accelerated bone loss was associated with a
75% increased likelihood of disability in unadjusted models
in comparison with women in the expected group. In mul-
tivariate adjusted models, this association was attenuated
slightly; but nevertheless, women who experienced acceler-
ated bone loss were 56% more likely to experience incident
disability, independent of other factors.

Mortality

A 1 SD decrease in BMD slope was associated with a
27% increased risk of mortality (RH � 1.27; 95% CI �
1.24–1.31). This association was attenuated slightly in the
multivariable model (RH � 1.11; 95% CI � 1.07–1.15).

TABLE 1. BASELINE CHARACTERISTICS OF WOMEN BY CHANGE IN TOTAL HIP BMD OVER 15 YR: MAINTAINED, EXPECTED,
AND ACCELERATED

Maintained Expected Accelerated p for trend

N (%) 724 (8.8) 6,478 (78.8) 1,022 (12.4)
Age, mean (SD) (yr) 68.9 (3.6) 71.4 (5.1) 71.8 (5.0) <0.0001
Weight, mean (SD) (kg) 69.2 (11.8) 66.7 (12.0) 69.6 (14.2) <0.0001
Percent weight change, baseline to last visit, mean (SD) 2.5 (10.3) −3.5 (9.6) −11.8 (10.8) <0.0001
Height, mean (SD) (cm) 159.8 (5.8) 159.1 (6.0) 159.1 (6.0) 0.006
Height loss since age 25, mean (SD) (cm) 2.7 (2.4) 3.2 (2.9) 3.6 (3.1) <0.0001
BMI, mean (SD) (kg/m2) 27.1 (4.5) 26.4 (4.5) 27.5 (5.3) <0.0001
Systolic blood pressure (mmHg) 138.4 (17.4) 141.3 (18.8) 143.0 (19.5) <0.0001
Medical history

Surgical menopause (%) 15.1% 12.6% 10.4% 0.02
Diabetes (%) 3.2% 6.6% 8.7% <0.0001
Stroke (%) 1.8% 2.7% 2.7% 0.36
Hypertension (%) 31.6% 37.2% 43.5% <0.0001
MI (%) 6.0% 6.8% 8.2% 0.22
CHF (%) 1.6% 2.7% 3.2% 0.14
Parkinson’s (%) 0.1% 0.5% 0.9% 0.09
COPD (%) 5.5% 9.2% 9.6% 0.003

Health behaviors
Walk for exercise (%) 58.4% 52.2% 48.4% 0.0002
Total kcal/week burned, mean (SD) 1814 (1751) 1671 (1689) 1546 (1576) 0.004
Alcohol consumption (%) 76.5% 71.0% 70.5% 0.006
Alcohol drinks per week, mean (SD) 1.8 (3.7) 1.9 (4.0) 1.8 (3.9) 0.44
Current smoker (%) 6.0% 9.8% 9.4% 0.004
Calcium intake per day, mean (SD) (mg) 744 (428) 715 (421) 699 (431) 0.10

Medication use (current)
Estrogen (%) 23.5% 14.3% 9.2% <0.0001
Thiazide (%) 24.0% 26.7% 32.0% 0.0003
Calcium (%) 49.0% 42.7% 39.4% 0.0003

Physical performance
Chair stand without using arms (%) 98.9% 97.1% 97.6% 0.02
Time of 5 chair stands, mean (SD) (s) 11.4 (4.2) 12.2 (4.2) 12.5 (4.5) <0.0001
Walking speed, mean (SD) (m/s) 1.08 (0.19) 1.03 (0.21) 1.02 (0.21) <0.0001
Grip strength, mean (SD) (kg) 21.9 (3.9) 21.0 (4.3) 21.1 (4.2) <0.0001

No. of IADL difficulties, mean (SD) 0.49 (1.02) 0.68 (1.23) 0.72 (1.25) 0.0001
Fall past 12 months (%) 29.8% 29.3% 28.9% 0.92
Fracture any bone since age 50 (%) 30.7% 34.8% 36.4% 0.04
Prevalent vertebral fracture (%) 18.2% 18.9% 20.8% 0.28
Excellent/good self-rated health (%) 87.7% 84.5% 84.2% 0.06
Baseline mMMSE score, mean (SD) 25.1 (1.2) 24.7 (1.6) 24.7 (1.5) <0.0001
Baseline total hip BMD, mean (SD) (g/cm2) 0.80 (0.14) 0.76 (0.13) 0.76 (0.14) <0.0001
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Mortality rates were lowest in women who maintained their
BMD (Fig. 3). Maintenance of BMD was associated with a
63% lower likelihood of dying in unadjusted models (Table
5). This association was greater in magnitude than the effect
of age alone. In the fully adjusted model, including whether
a woman experienced an incident fracture as a time-
dependent covariate or initiated use of a bone active agent,
maintenance of BMD was associated with a 51% lower risk
of dying. Accelerated loss of BMD was associated with a
18% increased risk of dying but this association was not
significant after multivariable adjustment.

Secondary analyses

Exclusion of women who reported current estrogen use
at baseline showed similar results for fracture (Fig. 2; Table
3), disability (Table 4), and mortality (Fig. 3; Table 5).

We also limited our analyses to women with at least two
BMD measures. This resulted in similar findings with re-
spect to all nonspine fractures and disability (Tables 3 and
4). For hip fractures, there was some attenuation in the
effect of maintaining BMD on hip fracture (multivariable
adjusted HR � 0.51; 95% CI � 0.40–0.67) in this subgroup,
but it remained statistically significant. Similarly, women
who maintained their BMD had a significantly lower risk of
dying (Fig. 3; Table 5), but the magnitude of the association
was slightly attenuated. Finally, there was some suggestion
that accelerated loss was associated with an increased risk
of mortality in this subgroup, but the p values were border-
line significant and largely reflected a lower mortality rate
in the expected group.

DISCUSSION

In this longitudinal study of >8000 women followed for
up to 15 yr, 9% maintained their BMD until the end of the

period or death. The mean age of study participants at the
end of follow-up was 85 yr, indicating that these women
maintained their BMD until old age and experienced a
lower risk of fracture and mortality. The observation that
some women do not lose bone mass with age showed that
bone loss is not an inevitable consequence of aging. There
is substantial heterogeneity in the manner that individuals’
age.

Maintenance of BMD was associated with lower fracture
rates, including hip fractures, the most serious consequence
of osteoporosis.(23) It was also associated with lower mor-
tality rates. Indeed, maintenance of BMD predicted frac-
ture and mortality better than age alone and attenuated the
effect of age on fractures and mortality. Thus, maintenance
of BMD meets the criteria set forth that any marker of
successful aging should be independent of age. Mainte-
nance of BMD was associated with a lower risk of mobility
disability, but this was not significant in the multivariable
models. In the multivariable models, markers of poor
health status, chronic disease (diabetes, hypertension),
older age, smoking, and weight loss were independently
associated with an increased risk of incident mobility dis-
ability. All of these factors were less common in the women
who maintained their BMD. Thus, “maintenance” of BMD
was no longer significant with these factors in the model.

Women who experienced accelerated bone loss were not
at an increased risk of fracture, consistent with previous
observations from SOF that rate of bone loss was a rela-
tively weak predictor of fracture.(24) Accelerated bone loss
was also not associated with an increased risk of mortality
but was independently related to the development of walk-
ing disability. In the Rotterdam Study, development of os-
teoporosis played a significant etiologic role for the devel-
opment of locomotor disability.(25) However, information
on walking disability was assessed at the same time as
BMD, unlike the fracture and mortality outcomes that were
assessed every 4 mo over the follow-up period. Thus, it is
difficult to tease out what came first: the accelerated bone
loss or the walking disability.

Consistent with other studies using alternate definitions
of successful aging,(15) modifiable behaviors were related to
maintenance of BMD. Women who smoked at entry to the
study were ∼50% less likely to maintain their BMD. Lower
body weight at baseline was also associated with lower like-
lihood of maintaining their BMD, but a stronger association
was observed with weight loss over the follow-up period.
Most previous studies have focused on obesity and healthy
aging and not weight loss. Weight loss late in life may be a
marker of comorbid illness and has been linked with an
increased risk of both fractures(26) and mortality.(27,28) Ad-
justment for weight change, however, did not substantially
impact the association between BMD maintenance and
outcomes.

A higher level of physical activity has been associated
with successful aging, especially in studies that defined suc-
cessful aging in terms of cardiovascular disease.(29) In our
study, women who maintained BMD were more likely to
walk for exercise and to have overall higher levels of physi-
cal activity, but these variables were not significant in the

TABLE 2. FACTORS INDEPENDENTLY ASSOCIATED WITH

MAINTAINING BMD AND ACCELERATED BONE LOSS IN

MULTIVARIATE MODELS*

Maintained
(N = 724)

Accelerated
(N = 1,022)

Age (per 5-yr increase) 0.62 (0.55–0.70) 1.00 (0.93–1.08)
Baseline weight (per 1 SD

decrease) 0.77 (0.71–0.83) 0.91 (0.85–0.98)
Percent weight change

(per 1 SD decrease) 0.54 (0.49–0.58) 2.40 (2.22–2.59)
Height loss since age 25

(per 1 SD increase) 1.02 (0.93–1.12) 1.11 (1.04–1.20)
Diabetes 0.48 (0.31–0.74) 1.24 (0.96–1.61)
Health behaviors

Current smoker 0.47 (0.33–0.65) 1.08 (0.84–1.38)
Medication use (current)

Estrogen 1.65 (1.36–2.01) 0.65 (0.51–0.83)
Chair stand (per 1 SD

decrease) 1.14 (1.03–1.26) 0.99 (0.92–1.06)
Baseline mMMSE

(per 1 SD increase) 1.19 (1.08–1.31) 1.06 (0.99–1.14)

* Each row represents OR with 95% CI from multivariate multinomial
logistic regression model with women who experienced expected bone loss
as the reference group.
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FIG. 2. Age-adjusted incidence rate (per
1000 women-years) of nonspine fracture and
hip fracture: women who maintained hip
BMD, experienced expected hip bone loss,
or experienced accelerated bone boss.

TABLE 3. RH (95% CI) OF INCIDENT OF NONSPINE FRACTURES AND HIP FRACTURE BY AGE AND AMONG WOMEN WHO

MAINTAINED THEIR BMD OR EXPERIENCED ACCELERATED LOSS IN BMD

Total population Exclude estrogen users
Women with

�2 BMD measures

RH 95% CI RH 95% CI RH 95% CI

Nonspine fractures
Age alone (per 5-yr decrease) 0.81 (0.78–0.83) 0.81 (0.78–0.84) 0.81 (0.78–0.85)
Unadjusted models

Maintained 0.70 (0.62–0.79) 0.73 (0.64–0.84) 0.74 (0.67–0.82)
Accelerated 1.15 (1.05–1.27) 1.16 (1.05–1.28) 1.16 (1.04–1.29)

Age-adjusted models
Maintained 0.75 (0.66–0.85) 0.80 (0.69–0.91) 0.78 (0.70–0.86)
Accelerated 1.12 (1.02–1.24) 1.13 (1.03–1.25) 1.11 (1.00–1.24)

Age- and BMD-adjusted models
Maintained 0.78 (0.69–0.89) 0.81 (0.70–0.94) 0.76 (0.68–0.84)
Accelerated 1.14 (1.03–1.26) 1.16 (1.04–1.28) 1.14 (1.03–1.28)

Multivariate models*
Maintained 0.81 (0.71–0.93) 0.83 (0.71–0.96) 0.78 (0.70–0.87)
Accelerated 1.08 (0.97–1.20) 1.10 (0.98–1.22) 1.08 (0.96–1.21)

Multivariate models†

Maintained 0.79 (0.69–0.90) 0.80 (0.69–0.92) 0.75 (0.67–0.84)
Accelerated 1.09 (0.98–1.21) 1.11 (0.99–1.23) 1.09 (0.98–1.23)

Hip fractures
Age alone (per 5-yr decrease) 0.55 (0.52–0.58) 0.55 (0.52–0.59) 0.55 (0.52–0.59)
Unadjusted models

Maintained 0.25 (0.18–0.36) 0.27 (0.18–0.40) 0.44 (0.35–0.56)
Accelerated 1.23 (1.04–1.46) 1.22 (1.02–1.46) 1.31 (1.07–1.59)

Age-adjusted models
Maintained 0.31 (0.22–0.45) 0.34 (0.23–0.50) 0.50 (0.39–0.64)
Accelerated 1.13 (0.95–1.33) 1.12 (0.94–1.34) 1.13 (0.93–1.38)

Age- and BMD-adjusted models
Maintained 0.34 (0.24–0.49) 0.36 (0.24–0.53) 0.49 (0.38–0.63)
Accelerated 1.16 (0.98–1.38) 1.17 (0.97–1.40) 1.20 (0.98–1.47)

Multivariate models*
Maintained 0.36 (0.25–0.53) 0.37 (0.25–0.56) 0.51 (0.40–0.67)
Accelerated 1.06 (0.88–1.27) 1.09 (0.90–1.31) 1.05 (0.85–1.30)

Multivariate models†

Maintained 0.38 (0.26–0.55) 0.39 (0.26–0.59) 0.53 (0.41–0.68)
Accelerated 1.04 (0.87–1.25) 1.07 (0.89–1.30) 1.05 (0.84–1.29)

Expected group forms the referent group.
* Multivariate models: age, total hip BMD, current smoking, physical activity, weight change, hypertension, diabetes, calcium supplement use, and health

status. MV models in the total population also include estrogen use.
† Multivariate models: additional adjustment for any estrogen, bisphosphonate, or SERM use after baseline.
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multivariate model, perhaps reflecting a correlation with
physical performance.

Diabetes was associated with a lower likelihood of main-
taining BMD, consistent with other reports on successful
aging.(15,29) The incidence of diabetes is rising substantially,
and diabetes is strongly linked to the development of car-
diovascular disease. Because women with diabetes were
less likely to maintain their BMD, our results are consistent
with the higher fracture rates observed in diabetics.(30,31)

The prevalence of other comorbidities such as hypertension
and COPD were also lower in the maintainers in univariate
analyses only. We did not observe significant differences in
the prevalence of MI or stroke. This was surprising, given
the strong association between cardiovascular disease and
successful aging.(29) In SOF, we did not document or con-

firm cardiovascular events, and we had no measure of sub-
clinical disease. This may have resulted in some misclassi-
fication of subjects.

A higher score on the mMMSE at baseline was related to
maintenance of BMD independent of age and other covari-
ates. Prior studies have found that higher BMD is associ-
ated with better cognitive function and lower risk of cogni-
tive decline and dementia.(32,33) Together these findings
suggest that factors that maintained cognitive function may
also maintain BMD, such as serum estrogens(34,35) and low
inflammatory markers.(36,37)

Estrogen use was associated with maintenance of BMD
consistent with the well-established protective effect of es-
trogen in preserving BMD and preventing fractures. There
are strong selection factors for estrogen use, with healthier
women more likely to choose estrogen therapy(38) that can
result in a spurious protective effect of estrogen use on
mortality in observational studies. In theory, the higher pro-
portion of estrogen users among women who maintained
their BMD could have biased our finding of an association
between this phenotype and reduced fractures and mortal-
ity. However, in secondary analyses, we excluded estrogen
users, and our results were similar. Similarly, we further
adjusted our models for use of other bone active agents
including bisphosphonates, and this had little effect on our
results.

We included all women who had at least one BMD mea-
sure and used statistical techniques that allow for estima-
tion of slopes based on the population level effect for
women with only one BMD measure. Nevertheless, in sec-
ondary analyses, limiting our analytic cohort to women with
at least two BMD results showed largely similar findings.

TABLE 4. RH (95% CI) OF WALKING DISABILITY BY AGE AND AMONG WOMEN WHO MAINTAINED THEIR BMD OR EXPERIENCED

ACCELERATED LOSS IN BMD

Total population Exclude estrogen users
Women with

�2 BMD measures

RH 95% CI RH 95% CI RH 95% CI

Age alone (per 5-yr decrease) 0.66 (0.62–0.69) 0.66 (0.62–0.69) 0.66 (0.62–0.70)
Age alone (per 5-yr increase) 1.52 (1.44–1.60) 1.53 (1.45–1.62) 1.52 (1.43–1.62)
Unadjusted models

Maintained 0.70 (0.59–0.83) 0.71 (0.59–0.86) 0.77 (0.67–0.89)
Accelerated 1.75 (1.52–2.03) 1.73 (1.48–2.01) 1.65 (1.40–1.93)

Age-adjusted models
Maintained 0.84 (0.71–1.00) 0.87 (0.71–1.06) 0.85 (0.74–0.98)
Accelerated 1.71 (1.48–1.99) 1.69 (1.45–1.98) 1.53 (1.30–1.81)

Age- and BMD-adjusted models
Maintained 0.83 (0.70–0.99) 0.88 (0.72–1.08) 0.85 (0.74–0.99)
Accelerated 1.74 (1.49–2.02) 1.72 (1.47–2.02) 1.53 (1.30–1.81)

Multivariate models*
Maintained 0.92 (0.76–1.11) 0.96 (0.77–1.18) 0.96 (0.82–1.12)
Accelerated 1.56 (1.33–1.84) 1.57 (1.32–1.86) 1.38 (1.16–1.65)

Multivariate models†

Maintained 0.89 (0.74–1.08) 0.93 (0.75–1.15) 0.94 (0.80–1.10)
Accelerated 1.58 (1.34–1.86) 1.58 (1.33–1.88) 1.40 (1.17–1.67)

The expected group forms the referent group.
* Adjusted for age, total hip BMD, current smoking, physical activity, weight change, hypertension, diabetes, calcium supplement use, and health status.

MV models in total population also include estrogen use.
† Multivariate models: additional adjustment for any estrogen, bisphosphonate, or SERM use after baseline.

FIG. 3. Age-adjusted mortality rate (per 1000 women-years):
women who maintained hip BMD, experienced expected bone
loss, or experienced accelerated bone boss.
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There are several strengths to our study. We studied a
well-characterized cohort of >8000 women and followed
them longitudinally over a median of 8 yr. Our follow-up
rates were outstanding, with >95% of all follow-up contacts
complete. We repeated measurements of BMD with a rig-
orous quality control program. All fractures and deaths
were confirmed objectively. The study population was,
however, limited to white women, so our results may not be
generalizable to nonwhite women or men. Incident disabil-
ity was defined as self-reported walking difficulty and was
not objectively assessed. As noted earlier, incident disabil-
ity was measured only at the clinic visits, unlike the infor-
mation on fractures and deaths, collected every 4 mo. Fi-
nally, women were followed for up to 15 yr, until they died
or were terminated from the study, but the number of
women attending the last visit was a relatively small pro-
portion of the entire cohort.

In conclusion, a small subset of women maintained their
BMD over 15 yr of follow-up, suggesting that bone loss is
not an inevitable consequence of aging. These women ex-
perienced lower rates of fracture, disability, and death, sug-
gesting that maintenance of BMD may represent a clinical
phenotype of successful aging. Genetic studies of osteopo-
rosis could consider maintenance of BMD as a separate
skeletal phenotype. Many of the factors that predicted
maintenance of BMD were modifiable (e.g., smoking,
physical function), and hence intervention efforts aimed at
these modifiable behaviors may prevent fractures and pre-
mature death in older white women.
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