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Abstract

The ability of bone mineral density (BMD) and other risk factors to predict fracture risk is well-

established for as long as 5–10 years. However, their value to predict risk over longer term has not 

been directly studied. We investigated whether a single assessment of femoral neck BMD 

(FnBMD) and fracture history can predict fracture risk over 20 to 25 years.

We used data from the Study of Osteoporotic Fractures (SOF) that assessed BMD and risk factors 

in 7959 women ≥ age 67 (mean=73.4) in 1988–90. Follow-up for fractures continued for 25 years 

for hip fracture, and for 20 years for any non-vertebral fracture. Using age-adjusted proportional 

hazards models, we analyzed the relationships between a single baseline assessment of FnBMD, 

fracture history and age and 20–25 year fracture incidence.
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25 year cumulative incidence of hip fracture (HF) was 17.9%; 20 year incidence of any non-

vertebral fracture was 46.2%. 25 year HF incidence was highest in those ≥80 years old (22.6%) 

compared to 13.9% in women aged <70 years. A single FnBMD measurement strongly predicted 

long term HF risk to 25 years: 29.6% risk in the lowest BMD quartile vs 7.6% in the highest 

[relative hazard (RH) =4.9(95%CI:4.1,6.0)]. FnBMD predicted HF with little degradation over 

time from RH/SD 2.6(2.2–3.0) for 0–5 years to 1.8(1.4–2.4) for 20–25 years. Lifetime HF risk was 

similar (~30%) regardless of age from 67 to >80. History of hip fracture predicted hip fractures 

only slightly better than history of non-vertebral fracture [RH=1.6(95%CI:1.1,2.2) vs 1.4(95%CI:

1.2,1.5), respectively]. Fracture history remained strongly predictive up to 25 years.

We conclude that a single BMD and fracture history assessment can predict fracture risk over 20–

25 years. Long-term risk of HF remains extremely high in the oldest age groups, supporting risk 

assessment and consideration of treatment even in the oldest, highest risk women.
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INTRODUCTION

The use of bone mineral density (BMD) assessed by dual-energy x-ray absorptiometry 

(DXA) to predict fracture risk is well established: studies have shown that one standard 

deviation decrease in BMD is associated with a 2 to 3 fold increased risk for future hip 

fracture and about a 1.5 fold increased risk for all non-vertebral fractures1. However, most 

studies have assessed this relationship over a duration of 3 to 5 years. A previous analysis of 

the Study of Osteoporotic Fractures (SOF) extended to 10 years and one from the Dubbo 

study continued follow-up for about 16 years2,3. But no previous studies have included 

follow-up beyond this duration to 20 or 25 years. FRAX and other risk tools4 provide 

estimates of 10-year fracture probability using risk factors including BMD, but these 10 year 

estimates are not based on studies with 10 years of follow-up. Instead, they combine short-

term fracture studies and population mortality data in statistical models. However, it would 

be of interest to directly estimate, without the need for extrapolation using models, the 

relationship of a single BMD measurements to fracture risk for 10 years as well as for longer 

periods.

Non-vertebral fracture history is another well-established risk factor for incident 

fracture5,6,7. However, similar to BMD, the longest follow-up period is 16 years and there is 

no previous data about the value of fracture history for predicting fracture risk over 20 to 25 

years.

In order to address the question of how well DXA BMD and fracture history predict fracture 

risk for up to 25 years, we used data from the Study of Osteoporotic fractures (SOF). SOF is 

an ongoing prospective cohort study of 9704 community-dwelling women age 65 and older, 

with the initial visit in 1986–8 with fracture data available up to 20 years for non-vertebral 

fracture and up to 25 years follow-up for hip fracture. DXA BMD was first measured at the 

2 year visit in 7959 women in 1988–90. This cohort provides a unique opportunity to 
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directly calculate, without the need for statistical modeling, the relationship of single 

assessment of DXA BMD and fracture history to predict fracture risk over 20–25 years.

METHODS

Subjects

SOF is a large multicenter prospective cohort study of risk factors for fracture in 9704 

community-dwelling ambulatory white women aged 65 years or older, who were enrolled 

between September 1986 and October 19888. Women were recruited from population-based 

listings in four regions of the United States: Baltimore County, MD; Minneapolis, MN; 

Portland, OR; and the Monongahela Valley near Pittsburgh, PA. African Americans were 

excluded from the initial SOF study because of their lower rate of hip fracture. Other 

exclusion criteria included history of bilateral hip replacement and inability to walk without 

assistance from another person. All women provided written informed consent. Approval 

was obtained from the Institutional Review Boards at each site.

Assessment of risk factors and BMD

The content of SOF clinic visits has been described previously8. Briefly, at the baseline 

examination in 1986–88, all participants completed a questionnaire, interview, and 

underwent a physical examination. Variables collected included demographics (e.g. age, 

height, weight), fracture history (since age 50), maternal hip fracture history, falls history, 

smoking status, medical comorbidities, and medication use. All active surviving participants 

were invited to participate in periodic follow-up clinic examinations over the course of the 

study. DXA scans of the hip were first performed at the Year 2 follow-up visit, between Nov 

1988 and Dec 1990, using Hologic 1000 densitometers (Hologic, New Bedford, MA, USA). 

The right proximal femur was scanned except in the case of right hip replacement or severe 

degenerative change. T-scores were calculated using the NHANES reference database for 

Caucasian women. Additional details of the measurement method and densitometry quality 

control procedures have been published elsewhere9.

Fracture Reporting and Adjudication

Participants were contacted by postcard every four months, with telephone follow-up for 

non-responders, to ask whether they had sustained a fracture. They also were asked to notify 

the local clinical center as soon as possible after any fracture. Follow-up contacts were 

>95% complete. After receiving a report of a fracture, clinic staff interviewed participants 

about the type of fracture and how it occurred. Copies of radiological reports were obtained 

for all incident non-vertebral fractures and these were physician-adjudicated from radiology 

reports by a central adjudicator. Traumatic fractures were defined as fractures resulting from 

severe trauma (e.g, motor vehicle accidents, being struck by a car, falls from greater than a 

standing height [e.g, from a ladder] or other rapidly moving subjects, or assaults) and were 

excluded from this analysis. For hip fractures, adjudication was continued through 2014, 

while adjudication for other fractures was stopped in January, 2010. For this analysis, we 

included hip fracture (assessed for up to 25 years of follow-up) and any non-vertebral 

fracture (assessed for up to 21 years) that occurred after the year 2 visit.
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Statistical analyses—This analysis focused on the ability of 3 established risk factors for 

fractures (age, BMD, history of fractures) to predict long-term risk of hip and non-vertebral 

fractures. In order to estimate the cumulative incidence of hip fractures over the 25 years of 

the study (20 years for non-vertebral fractures), we used a standard non-parametric 

estimator, treating death as a competing risk and loss to follow-up as uninformative 

censoring10. In brief, this method accounts for the fact that first fractures can occur among 

at-risk women who are lost to follow-up but not among those who die before fracture. As in 

the Kaplan-Meier estimator, fracture incidence is assumed to be similar in subgroups of at-

risk women who remain in active follow-up and are lost to follow-up. For stratified analyses 

by BMD quartiles, we used age-adjusted BMD quartiles that were derived by calculating the 

BMD quartile within age categories (67–69, 70–74 years, etc.).

We used Cox proportional hazards models to examine age, femoral neck BMD, and history 

of non-vertebral or hip fracture as predictors of fracture. All analyses were run using 

competing risk models11. In order to examine possible degradation of prediction over the 

follow-up period, we performed secondary analyses in which follow-up time was stratified 

by 5 year categories (0 to 5 years, 5 to 10 years, etc.) and only fractures occurring within 

those intervals were considered. We used the SOF year 2 visit (the first with DXA 

measurement) which occurred in 1988 through 1990 as our baseline visit for this analysis 

and all baseline values were updated at the time of this visit based on information collected 

between the original baseline and the year 2 visit.

Results

8130 women attended the SOF year 2 visit (Table 1). Femoral neck BMD was available on 

7959 and the mean was 0.65 g/cm2, corresponding to a T-score of −1.4. At the time of this 

visit, 38.4% reported a history of at least one non-vertebral fracture and 2.3% (184) a history 

of hip fracture since age 50. By the end of hip fracture follow-up in 2014, 5913 (72.7%) 

women had died and 870 (10.7%) had terminated follow-up.

Over 25 years of follow-up, a total of 1290 (15.9%) women experienced one or more hip 

fractures, and over 20 years of follow-up, 3267 (43.7%) had one or more non-vertebral 

fractures. (Figure 1).

As expected, the cumulative incidence of both hip and non-vertebral fractures was related to 

age (Figures 2A and 2D). For hip fracture, the relationship to age was particularly strong: 

after accounting for the competing risk of mortality, 25-year incidence among women over 

age 80 at baseline was 22.6% compared with 13.9% in those under 70 (Figure 2A). For non-

vertebral fracture, 20-year incidence among women over 80 years was 50.0% compared with 

42.6% in those under 70 (Figure 2D).

Single BMD measure as a predictor of long-term fracture incidence

Femoral neck BMD was strongly predictive of long-term incidence of hip and non-vertebral 

fractures, even after age adjustment and accounting for the competing risk of mortality. For 

hip fracture, long-term incidence ranged from 29.6% in the lowest BMD quartile compared 

with 7.6% in the highest quartile (Figure 2B). For non-vertebral fracture, long-term 
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incidence ranged from 59.7% in women in the lowest BMD quartile to 32.9% in the highest 

quartile (Figure 2E).

Table 2 shows the association between baseline BMD, fracture history, age and long-term 

risk of fracture. For hip fracture, there was an almost 5-fold increased risk (Relative Hazard 

(RH)=4.9; 95% CI: 4.1–6.0) between the lowest and highest (age-specific) quartile of BMD; 

this corresponded to a relative hazard of 2.0 (95% CI: 1.9–2.1) per SD decrease in BMD. 

For non-vertebral fracture, there was approximately a doubling of risk from the lowest to 

highest BMD quartile (RH=2.4 (95% CI: 2.2–2.7)) with a relative hazard of 1.5 (95% CI: 

1.4, 1.5) per SD decrease in BMD (Table 2). Using competing risk models did not 

substantially alter results.

Figure 2G shows cumulative mortality by baseline (age-adjusted) BMD quartile. Comparing 

across quartiles, the only significant difference was that mortality was about 10% higher in 

those with BMD in the lowest quartile.

Past fracture as predictor of long-term fracture incidence

History of non-vertebral fracture was predictive of 25 year risk for hip fracture (RH=1.4, 

95% CI:1.2–1.5) and also of 20 years risk for non-vertebral fracture (RH=1.6, 95% CI:1.5–

1.7) (Table 2). History of hip fracture was slightly more predictive of 25 year risk of hip 

fracture (RH=1.6, 95% CI:1.1–2.2) than was history of any non-vertebral fracture (RH=1.4). 

History of non-vertebral and hip fracture were equally predictive of 20 year non-vertebral 

fracture risk (RH=1.6) (Table 2) although the confidence interval for hip fracture history was 

much larger (95% CI:1.5 to 1.7 for non-vertebral history vs 1.3 to 2.0 for hip fracture 

history) due to the much larger number of women with a history of non-vertebral fracture 

compared to hip fracture (38.4% vs 2.3%, Table 1).

Attenuation in prediction over time

Table 3 shows the RH/SD for BMD and fracture history for fractures occurring long after the 

BMD and fracture history assessment. These results confirm that these risk factors remain 

strong predictors of hip and non-vertebral fractures many years beyond the original risk 

factor assessment. The predictive value of FN BMD for hip fracture was 2.6 over the first 5 

years of follow-up, and it remained statistically significant for fractures occurring at 20–25 

years after BMD assessment (RH=1.8; 95% CI:1.4, 2.4). For non-vertebral fracture, femoral 

neck BMD predicted fracture risk over the entire 20 years period with no evidence of 

attenuation over time. Fracture history continued to predict hip fracture risk for the first 15 

years but was no longer statistically significant after 15 years. For predicting non-vertebral 

fractures, the predictive value of fracture history attenuated over time but remained 

statistically significant even out to 20 years.

Analyzing fracture risk over varying cumulative periods of time (e.g. 0 to 10 years vs. 0 to 

25 years), supported the finding of that the strength for BMD and fracture history was 

retained over 20–25 years (Supplemental-Table1).
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Baseline BMD T-score and age jointly predicting long term hip fracture risk

Figure 3 shows the relationship between baseline femoral neck BMD T-score and age and 10 

and 25 year cumulative incidence of hip fracture. These data show that BMD remains very 

strongly predictive within each age group. For example, among those over age 75, 25 year 

incidence of hip fracture increases from 7.1% in those with femoral neck T-score above −1.0 

to 31.5% in those with T-score below −2.5. For predicting 10 year hip fracture incidence, 

BMD is similarly strong within each age group. Interestingly, for 25 year incidence of hip 

fracture, age becomes only weakly predictive of hip fracture risk, adjusted for hip BMD and 

prior fracture. For example, among those with femoral neck BMD T-score below −2.5, hip 

fracture incidence varies only slightly from 27.4% to 31.5% among the 3 age groups.

Discussion

We examined the ability of BMD and history of non-vertebral fracture to predict fractures 

over 20–25 years in older U.S. Caucasian women. We found that both risk factors remained 

strong predictors over 20–25 years, with remarkably little degradation in prediction over 

time. Previous analyses using the same cohort included the same predictors for hip fracture 

for a period up to 10 years2. Our current data which included non-vertebral (up to 20 years) 

and hip fractures (up to 25 years), are consistent with this earlier analysis and have important 

clinical implications. Other analyses in this data set have addressed the issue of optimal 

frequency of repeat BMD and while our analysis cannot directly address this question, they 

suggest that a single fracture risk assessment in a woman aged 65 and over may be useful in 

estimating her risk over 20–25 years. Therefore, unless a major change in health that impacts 

bone health occurs (e.g. initiation of osteoporosis treatment, use of glucocorticoids, marked 

weight loss, fracture occurrence, etc.), a single assessment of BMD may continue to be 

predictive of fracture risk for as long as 25 years.

Because of the long period of follow-up, as well as the age of our participants, our study is 

unique in allowing us to directly calculate remaining lifetime fracture probability (RLFP), 

particularly in the oldest participants where mortality during follow-up was high. Other 

studies of RLFP have had to rely on statistical modeling based on short-term fracture risk 

and mortality rates3. The Dubbo study, with a follow-up to 15 years, used statistical models 

to estimate RFLP to 25 years. They found a 25 year risk of hip fractures of 8.5%. However 

we found a much higher incidence of 17.9% in those over age 65, over twice as high, using 

direct data without statistical modeling. Thus the long term incidence may be much higher 

than previous studies have suggested.

In women over age 80, we found a 23% 25-year risk for hip fracture which is at least as high 

as that found in previous studies which extrapolated using statistical models based on 

shorter-term follow-up12,3. A study in 1998 found a RLFP for hip fracture of 19.3% in 

women at age 8013. Our direct calculation of 25 year risk in those over age 80 was even 

higher (23%), perhaps reflecting our direct (without models) assessment or further 

improvements in survival in those over age 80 over the last 15 years. Incorporating BMD 

into the calculation increases these RLFPs to alarmingly high levels: our results suggested 

that among women over 70 with femoral neck T-score below −2.5, RFLP for hip fracture is 

over 30%. Consideration of other risk factors would allow identification of individuals 
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whose risk is even higher. A study in Switzerland estimated RLFP for hip fracture as high as 

60 to 75% in a 75 year old woman with low BMD (e.g. T-score <−3)14. Such high risks have 

important clinical implications, strongly suggesting that physicians seeing older women, 

including those over 80 years, should pay close attention to fracture risk and implement 

strategies to reduce it.

Our results showing that non-vertebral fracture history predicts future fracture risk for as 

long as 20 to 25 years are consistent with a meta-analysis in 2004 that showed history of 

fracture predicted subsequent risk of osteoporotic fracture and hip fracture over shorter 

follow-up periods5. There has been some controversy about whether the history of hip 

fracture is superior to history of non-vertebral fractures in predicting risk of future hip 

fractures 156. In a large international analysis including over 50,000 community-dwelling 

women 16, the results showed some advantage to site-specific prediction, but the overall 

conclusion was that history of any non-vertebral fracture should be an important part of 

clinical risk factor assessment. Our results showed no important advantage to history of hip 

fracture compared to history of any non-vertebral fracture for predicting subsequent fracture. 

Moreover, a history of any fracture is much more common than a history of hip fracture, and 

therefore will be more useful on a population level as a predictor. With the benefit of actual 

longitudinal follow-up, our results support the use of history of any fracture for predicting 

future fracture risk. This is consistent with the use of a general fracture history in fracture 

risk predictive models such as FRAX4 and Garvin17.

While we showed that BMD alone predicted fracture risk, there is no doubt that taking into 

account other risk factors, and particularly considering time-dependent risk factors, would 

improve overall prediction. However, our goal was to examine the predictiveness of a single 

measure of BMD or fracture history over a very long period of time. Previous analyses in 

SOF and other datasets have aimed to find the best predictors for risk using a time-

dependent approach in which changes in risk factors that occur over time are considered. 

Clearly taking into account events such as changes in health status, comorbid conditions, use 

of new medications (eg. bisphosphonates or glucocorticoids) would improve prediction. For 

example, in one recent analysis from SOF 25, risk factors assessed during follow-up, such as 

current use of bisphosphonates and glucocorticoids or recent history of falls, added 

significantly to hip fracture prediction. This supports the clinical value of acquiring more 

current data, including BMD, to optimize fracture prediction. Of interest to this analysis, in 

the time-dependent analysis, when BMD was considered first alone as a predictor then 

adjusted for 11 time-dependent risk factors, the relative risk for BMD was only slightly 

attenuated by multivariate, time-dependent adjustment. The fact that attenuation was only 

slight supports our conclusions that BMD alone is remarkably persistent as a predictor.

Our results showing that BMD predicts long-term risk of non-vertebral fractures are 

consistent with earlier analyses of SOF focusing on vertebral fractures, which showed that 

BMD predicts 15 year incidence of vertebral fractures18.

That risks are so high and can be predicted many years in advance in these older women has 

important clinical implications. Several studies have shown that osteoporosis treatments are 

effective in reducing fracture risk in older women 19–21. Despite this evidence, other studies 
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have suggested that rates of treatment are dramatically declining 22,23, perhaps due to 

concerns about rare side effects. However, analyses strongly support the extremely favorable 

balance of benefits versus risks in older osteoporotic women 24.

Strengths of our study include the large population of community-dwelling older women and 

the uniquely long follow-up, allowing a direct estimate of cumulative incidence of hip and 

non-vertebral fracture. Despite these strengths, the study has some limitations. Firstly, our 

data do not address the value or optimal frequency of monitoring patients being treated for 

osteoporosis. Secondly, our analyses included only non-black United States women over age 

65 and may not be generalizable to other ethnic groups or geographic regions, to younger 

women or to men. Some of the women in SOF were using bisphosphonates, raloxifene or 

hormone therapy and therefore our results may underestimate true risks in untreated 

populations. However, usage of medications for more than a short period of time was 

uncommon25 and therefore their impact on incidence is relatively slight. Another limitation 

is that this analysis does not address whether more recent fractures may more strongly 

increase short-term future risk as has been suggested in several recent studies26. Follow-up 

for non-vertebral fracture is available up to 20 years and not 25 as for hip fracture. Lastly, 

while incident fractures were adjudicated, fracture history was self-reported and not verified.

In conclusion, we show that hip BMD is a remarkably persistent predictor of hip and non-

vertebral fractures over 20–25 years and that self-reported history of any fracture also 

remains predictive over the very long-term. By following this cohort of older women for so 

long, we show directly that lifetime risk of hip fracture in community-dwelling women over 

age 75 is extremely high. These results strongly support the value of risk assessment and 

consideration of treatment even in the oldest, highest risk women.
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Figure 1: 
Cumulative incidence of hip fracture (25 years) and non-vertebral fractures (20 years). The 

number of subjects still active and without the event of interest at each time point is 

reported.
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Figure 2: 
Cumulative incidence of hip (25 years, Figure 2A-C) and non-vertebral fracture (20 years, 

Figure 2D-F) by categories of individual risk factors including age (Figures 2A & 2D), age-

adjusted femoral neck BMD quartiles (Figures 2B & 2E) and history of non-vertebral 

fractures (Figures 2C & 2F). For each panel the number of subjects still active and without 

the event of interest at each time point according to baseline age, BMD or fracture history 

are reported. Cumulative incidence of mortality by age-adjusted femoral neck BMD 

quartiles (Figure 2G)
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Figure 3: 
10 and 25 year cumulative incidence of hip fracture by baseline age and femoral neck BMD 

T-score
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Table 1.

Baseline Characteristics

N = 8,130

Age at Visit 2 (mean ± SD) 73.4 ± 5.1 years

Age [Number (%)]

 65 – 69 Years 2,212 (27.2)

 70 – 74 Years 3,088 (38.0)

 75 – 79 Years 1,764 (21.7)

 ≥80 Years 1,066 (13.1)

Weight (kg) 66.4 ± 12.5

BMI 26.2 ± 4.6

Femoral Neck BMD (mean ± SD) 0.65 ± 0.11 g/cm2

Femoral Neck T-score by quartiles [Number (%)]

 Q1 (t-score: −5.2 to −2.2) 1,995 (25%)

 Q2 (−2.9 to −1.6) 1,985 (25%)

 Q3 (−2.4 to −1.0) 1,995 (25%)

 Q4 (−1.8 to +4.3) 1,984 (25%)

History of Fracture >50 years [Number (%)]

 Any Non-vertebral 3,118 (38.4)

 Hip 184 (2.3)

* Quartile of BMD is age-adjusted by calculating quartile within each 5 year age group (see text)
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Table 2.

Risk of fractures over 20–25 years by history of non-vertebral fracture and and femoral neck BMD

Predictor Category Age-adjusted RH
(95% CI)

Hip Fracture (25 years)

Femoral Neck BMD (Quartiles) Highest Quartile (Ref.) 1.0

3rd vs. Highest Quartile 2.0 (1.6, 2.5)

2nd vs. Highest Quartile 3.0 (2.4, 3.6)

Lowest Quartile vs. Highest 4.9 (4.1, 6.0)

Femoral Neck BMD Continuous Variable Per SD decrease 2.0 (1.9, 2.1)

History of Fractures Any Non-vertebral 1.4 (1.2, 1.5)

Hip 1.6 (1.1, 2.2)

Any Non-Vertebral Fracture (20 years)

Femoral Neck BMD (Quartiles) Highest Quartile (Ref.) 1.0

3rd vs. Highest Quartile 1.4 (1.3, 1.6)

2nd vs. Highest Quartile 1.7 (1.6, 1.9)

Lowest Quartile vs. Highest 2.4 (2.2, 2.7)

Femoral Neck BMD Continuous Variable Per SD decrease 1.5 (1.4, 1.5)

History of Fractures Any Non-vertebral 1.6 (1.5, 1.7)

Hip 1.6 (1.3, 2.0)

Mortality (25 years)

Femoral Neck BMD (Quartiles) Highest Quartile (Ref.) 1.0

3rd vs. Highest Quartile 0.97 (0.90, 1.04)

2nd vs. Highest Quartile 1.00 (0.93, 1.08)

Lowest Quartile vs. Highest 1.10 (1.02, 1.18)

Femoral Neck BMD Continuous Variable Per SD decrease 1.04 (1.02, 1.07)

J Bone Miner Res. Author manuscript; available in PMC 2019 March 01.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Black et al. Page 20

Table 3.

Relationship of BMD and fracture history to future risk over 5 year intervals (age-adjusted)

0 to 5 years
RH (95% CI)

5 to 10 years
RH (95% CI)

10 to 15 years
RH (95% CI)

15 to 20 years
RH (95% CI)

20 to 25 years
RH (95% CI)

Hip Fracture

 FN BMD (RR/SD) 2.6 (2.2, 3.0) 2.0 (1.8, 2.3) 1.9 (1.7, 2.2) 1.6 (1.4, 1.9) 1.8 (1.4, 2.4)

 History of Non-Vert 1.5 (1.2, 2.0) 1.7 (1.4, 2.1) 1.3 (1.1, 1.6) 1.2 (0.91, 1.6) 0.66 (0.44, 1.1)

Any Non-Vert Fracture

 FN BMD (RR/SD) 1.4 (1.3, 1.5) 1.5 (1.4, 1.6) 1.5 (1.4, 1.6) 1.5 (1.3, 1.7)

 History of Non-Vert 1.7 (1.5, 1.9) 1.7 (1.5, 1.9) 1.4 (1.2, 1.7) 1.3 (1.1, 1.7)
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