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Abstract
Summary Failure to account for competing mortality gave
higher estimates of 10-year fracture probability than if appro-
priate adjustment is made for competingmortality, particularly
among subgroups with higher mortality. A modified Kaplan–
Meier method is easy to implement and provides an alterna-
tive approach to existingmethods for competing mortality risk
adjustment.
Introduction A unique feature of FRAX® is that 10-year
fracture probability accounts for mortality as a competing risk.
We compared the effect of competing mortality adjustment on
nonparametric and parametric methods of fracture probability
estimation.
Methods The Manitoba Bone Mineral Density (BMD) data-
base was used to identify men and women age ≥50 years with
FRAX probabilities calculated using femoral neck BMD
(N039,063). Fractures were assessed from administrative data
(N02,543 with a major osteoporotic fracture, N0549 with a
hip fracture during mean 5.3 years follow-up).

Results The following subgroups with higher mortality were
identified: men, age >80 years, high fracture probability, and
presence of diabetes. Failure to account for competing mor-
tality in these subgroups overestimated fracture probability by
16–56 % with the standard nonparametric (Kaplan–Meier)
method and 15–29 % with the standard parametric (Cox)
model.When the outcomewas hip fractures, failure to account
for competing mortality overestimated hip fracture probability
by 18–36 % and 17–35 %, respectively. A simple modified
Kaplan–Meier method showed very close agreement with
methods that adjusted for competing mortality (within 2 %).
Conclusions Failure to account for competing mortality risk
gives considerably higher estimates of 10-year fracture prob-
ability than if adjustment is made for this competing risk.

Keywords Fracture prediction . FRAX® .Mortality .

Osteoporosis . Survival analysis

Introduction

The use of clinical risk factors has been shown to enhance the
performance of bone mineral density (BMD) in the prediction
of hip and major osteoporotic fractures [1]. Important clinical
risk factors include age, sex, body mass index, prior fragility
fracture, prolonged use of glucocorticoids, rheumatoid arthritis,
parental history of hip fracture, current smoking, high alcohol
intake, secondary osteoporosis, and (optionally) femoral neck
BMD [2]. These elements are integrated in the WHO fracture
risk assessment tool (FRAX®) for estimation of individual 10-
year major osteoporotic and hip fracture probabilities [2].

Survival methods are widely used to study time-to-event
(such as fracture). The standard Kaplan–Meier (product limit)
and Cox proportional hazard models are nonparametric and
parametric survival methods, respectively, that consider only
two endpoints: the outcome of interest (event) and loss to
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follow-up (censoring). For example, in order to estimate the
risk of hip fracture among osteoporotic patients, subjects are
followed from a baseline date (such as date of diagnosis) until
the date of hip fracture, death, or study closing date. A patient
who is alive and fracture-free at final follow-up is considered to
be censored. These various states are shown schematically in
Fig. 1. The importance of competing endpoints is increasingly
recognized when estimating cause-specific incidences [3–8]. A
patient who dies without hip fracture during the study period is
considered to have a “competing event” at their date of death.
Treating the competing event as “censored” at the time of
occurrence is inappropriate because after a competing event
has occurred, fracture is no longer possible. A unique feature of
FRAX, which distinguishes it from other absolute fracture risk
assessment systems [9–12], is that fracture probability estimates
account for the risk of death (“competing mortality”) [13, 14].

Commonly employed methods for computing incidence
adjusted for competing risk of mortality typically involve
two steps [15, 16]. In step 1, the overall survival probability
of being “event-free” is determined, where all events—the
event of interest or the competing risk event(s)—are consid-
ered (e.g., death or fracture). In step 2, cause-specific cumu-
lative incidence functions (e.g., fracture) are constructed by
cumulatively summing the event-specific incidence for each
time interval multiplied by the survival probability up to the
start of that time interval (e.g., the joint probability of experi-
encing a fracture in this time interval given that the individual
survived fracture-free through all prior intervals). The cumu-
lative incidence functions correctly partition the probability of
any event into the probability corresponding to each compet-
ing event. That is, at any point in time, the cumulative overall
event probability is equal to the sum of the cumulative inci-
dence functions for each individual type of event.

If competing mortality is not appropriately considered, this
can result in biased estimates of fracture probability [15]. Since
many of the risk factors for fracture are also risk factors for
death (e.g., older age, prior fracture, and medical comorbid-
ities) [2], failure to consider competing mortality may result in
an overestimate of fracture probability. The Kaplan–Meier

method is implemented in many statistical software packages
and provides the basis for simple comparisons of the survival
curves using the log rank test but does not consider competing
endpoints. In contrast, only a few statistical software packages
have specific function for survival analysis that considers
competing outcomes (e.g., stccreg in STATA, StataCorp LP,
College Station, TX; R, Comprehensive R Archive Network,
TU Wien, Austria [16]).

We describe a simple nonparametric approach to estimate
cumulative fracture incidence that incorporates competing
mortality using a modified Kaplan–Meier method. We com-
pare this approach with nonparametric and parametric meth-
ods that do and do not account for competing mortality risk
[15]. Results are compared for population strata where com-
peting mortality is expected to exert the greatest effect: men,
elderly individuals (age 80 years and older), those with high
major osteoporotic fracture probability (>20 %), and one
selected comorbidity (diabetes).

Methods

Subjects and setting

In the Province of Manitoba, Canada, health services are
provided to virtually all residents through a single public
health care system. Bone density testing with dual-energy
X-ray absorptiometry (DXA) has been managed as an inte-
grated program since 1997; criteria and testing rates for this
program have been published [17]. The program maintains a
database of all DXA results which can be linked with other
population-based computerized health databases through an
anonymous personal identifier. The DXA database has been
previously described with completeness and accuracy in
excess of 99 % [18].

For this retrospective study, we identified all individuals
age 50 years and older with valid FRAX probability estimates
calculated using femoral neck BMD. Subjects were required
to have medical coverage from Manitoba Health during the
observation period ending on March 31 2008. For those with
more than one eligible set of measurements, only the first
record was included. The study was approved by the Research
Ethics Board for the University of Manitoba and access to the
data was granted by the Health Information Privacy Commit-
tee of Manitoba.

Bone density measurements

DXA scans were performed and analyzed in accordance
with the manufacturer’s recommendations. Femoral neck
hip T-scores (number of SDs above or below young adult
mean BMD) were calculated from the Third National Health
and Nutrition Examination Survey White female reference

Final
Date

Start
Date

No fracture –complete (‘censored’)

No fracture –lost (‘censored’)

Fracture without death

Death without fracture

Fracture with subsequent death

Lost

Fracture

Fracture Death
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Fig. 1 Schematic illustration of various outcome states during time-to-
event analysis of fracture. The dotted line for “Death without fracture”
corresponds to the modified Kaplan–Meier method. See text for details
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values (Prodigy version 8.8) [19, 20]. Prior to 2000, DXA
measurements were performed with a pencil-beam instru-
ment (Lunar DPX, GE Lunar, Madison WI) and after this
date a fan-beam instrument was used (Lunar Prodigy, GE
Lunar, Madison WI). Instruments were cross-calibrated us-
ing anthropomorphic phantoms, and 59 volunteers and no
clinically significant differences were identified. Densitom-
eters showed stable long-term performance (coefficient of
variation (CV) < 0.5 %) and satisfactory in vivo precision
(CV 1.7 % for L1-4 and 1.1 % for the total hip) [21]. Weight
and height were recorded at the time of the DXA examina-
tion (prior to 2000 this was by self-report and starting in
2000 height was assessed with a wall-mounted stadiometer
and weight was assessed without shoes using a standard floor
scale). BMI (in kilograms per square meter) was calculated as
weight (in kilograms) divided by height squared (in meters).

Fracture probability calculations

Clinical risk factors (or proxies) required for calculating
fracture probability with FRAX were assessed through a
combination of hospital discharge abstracts (diagnoses and
procedures coded using the ICD-9-CM prior to 2004 and
ICD-10-CA thereafter) and physician billing claims (coded
using ICD-9-CM) with adjustment for the effect of missing
parental hip fracture information as previously described
[22]. Ten-year probability of a major osteoporotic fracture
or hip fracture using BMD was calculated for each subject
by the WHO Collaborating Center based on the Canadian
FRAX tool (version 3.1). Discrimination and calibration of
the Canadian FRAX tool used in this analysis have been
previously validated in large Canadian cohorts [23, 24].
Major osteoporotic fracture probability was categorized as
low (<10 %), moderate (10–19 %), and high (>20 %) in
accordance with published Canadian guidelines [25].

Incident fractures

Manitoba Health physician claims and hospital databases
record all health care utilization in the province. Each subject’s
longitudinal health record was assessed from the date of bone
density measurement to March 31 2008 for the presence of
hip, clinically diagnosed spine, forearm, or proximal humerus
fracture codes that were not associated with codes indicating
high trauma. The accuracy of these data and fracture codes has
been established for a number of clinical disorders, including
osteoporotic fractures [26, 27].

Analysis

Estimates of 10-year fracture probability for major osteopo-
rotic fractures and hip fractures were initially obtained with-
out considering competing mortality using nonparametric

(Kaplan–Meier) and parametric (Cox proportional hazards)
methods. The fracture probability estimates were recalcu-
lated using nonparametric and parametric methods that con-
sidered competing mortality. The nonparametric method
was implemented using the two-step procedure [15, 16]. In
step 1, the overall survival probability of being alive without
fracture was determined. In step 2, the fracture-specific
cumulative incidence function was constructed by cumula-
tively summing the fracture incidence for each time interval
multiplied by the survival probability at the start of that time
interval from step 1. The overall survival function consid-
ered migration (i.e., moving out of province) as a censoring
event. The cumulative incidence function for fracture was
then constructed by cumulatively summing the fracture-
specific incidence for each time interval multiplied by the
survival probability up to the start of that time interval. The
parametric method was implemented according to the meth-
odology described by Allison using SAS software [28, 29].
A modified Kaplan–Meier method was also implemented.
In the modified Kaplan–Meier method, individuals who
died before a defining fracture endpoint were not censored
at the time of death. Instead, these individuals were assigned
a final follow-up date of March 31, 2008 (i.e., the end of the
observation period) and assumed to remain fracture-free up
to and including that date (dotted line for “Death without
fracture” in Fig. 1). Censoring of observations only occurred
when individuals were lost to follow-up from migration.
The proportional hazards assumption was evaluated and
confirmed to apply using graphical methods (i.e., plot of
log(time) versus log (−log(survival))).

Results

Baseline characteristics of the population are summa-
rized in Table 1. As expected, the vast majority (92.7 %)
of the individuals referred for BMD testing were women,
tended to be in younger age groups, were nondiabetic, and
had major osteoporotic fracture probability in the low-risk
range. Despite this, there were sufficient numbers of men,
older individuals (age 80 years and above), individuals
with high risk fracture probability, and diabetics for robust
analysis.

During the mean 5.3 years of observation, almost 90 % of
the cohort was still alive and living within the province. A
relatively small number (8.0 %) died before March 31, 2008
and an even smaller number (3.0 %) had left the province. A
total of 2,543 (6.4 %) sustained one or more major osteo-
porotic fractures including 549 (1.4 %) with a hip fracture.
Table 2 confirms that there was significantly higher mortal-
ity in the subgroups of particular interest: men, individuals
age 80 years and older, high major osteoporotic fracture
probability, and diagnosed diabetes.
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Estimated major osteoporotic fracture probabilities at
10 years are summarized in Table 3. Without adjusting for
competing mortality, estimates from the nonparametric

(Kaplan–Meier) and parametric (Cox proportional hazards
model) methods were generally very close (maximum dif-
ference 9 % for men, all others within 5 %). When compet-
ing mortality risk was considered, nonparametric and
parametric methods again showed good agreement (maxi-
mum difference 14 % for men, all others within 4 %).
Estimation of fracture probability that did not include com-
peting mortality gave consistently higher results than when
competing mortality risk was considered in the estimation
process. The magnitude of the effect of adjusting for com-
peting mortality risk was greater for men (versus women),
diabetics (versus nondiabetics), high FRAX probability
(versus low and moderate risk), and individuals aged
80 years and older (versus younger groups). A Ten-year
major osteoporotic fracture probability was greater for men
than women when estimated without competing mortality
(Kaplan–Meier 0.146 versus 0.125; Cox model 0.134 versus
0.124). When estimated with competing mortality, this was
reversed with lower 10-year fracture probability in men than
women (Kaplan–Meier 0.094 versus 0.117; Cox model
0.109 versus 0.117). In the subgroups where competing
mortality was expected to exert the greatest effect (men,
diabetics, high FRAX probability, and age 80 years and
older), failure to account for competing mortality overesti-
mated fracture risk by 16 to 56 % with the Kaplan–Meier
model and 15 to 29 % by the Cox model. Generally similar
findings were seen when analysis was limited to hip frac-
tures (Table 4). Failure to account for competing mortality
overestimated hip fracture probability in the high mortality
groups by 18 to 36 % using the Kaplan–Meier model and by
17 to 35 % in the Cox model.

Table 1 Characteristics of the study cohort (N039,603)

Characteristic

Sex

Women 36,730 (92.7)

Men 2,873 (7.3)

Age (years)

50–59 13,324 (33.6)

60–69 12,438 (31.4)

70–79 10,183 (25.7)

80 and older 3,658 (9.2)

Major osteoporotic fracture probability

Low (<10 %) 23,137 (58.4)

Moderate (10–19 %) 12,246 (30.9)

High (>20 %) 4,220 (10.7)

Diabetes diagnosis

No 36,085 (91.1)

Yes 3,518 (8.9)

Status as of March 31, 2008

Alive 35,113 (88.7)

Died 3,291 (8.3)

Migrated 1,199 (3.0)

Number with major osteoporotic fractures 2,543 (6.4)

Number with hip fractures 549 (1.4)

Observation (years) 5.3±2.8

Data are mean ± SD or frequency (percent)

Table 2 Mortality according to sex, age subgroup, major osteoporotic FRAX category and diabetes diagnosis

Death Death Death HR* 95 % CI 95 % CI Death HR* 95 % CI 95 % CI
N % (Univariate) Low High (Multivariate) Low High

Sex

Women 2,725 7.4 % 1.0 (reference) 1.0 (reference)

Men 566 19.7 % 3.4 3.1 3.8 3.9 3.5 4.3

Age group (years)

50–59 395 3.0 % 1.0 (reference) 1.0 (reference)

60–69 754 6.1 % 2.2 1.9 2.5 1.7 1.5 1.9

70–79 1,319 13.0 % 5.3 4.7 5.9 3.2 2.8 3.6

80 and older 823 22.5 % 11.8 10.4 13.3 5.7 5.0 6.6

FRAX category

Low (<10 %) 79 0.3 % 1.0 (reference) 1.0 (reference)

Moderate (10–19 %) 220 1.8 % 2.6 2.4 2.8 1.7 1.5 1.8

High (>20 %) 250 5.9 % 5.5 5.0 6.0 2.8 2.5 3.1

Diabetes diagnosis

Nondiabetic 2,254 6.2 % 1.0 (reference) 1.0 (reference)

Diabetic 289 8.2 % 2.3 2.1 2.5 2.0 1.8 2.2

HR hazard ratios for death from Cox proportional hazards models, CI confidence interval
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The modified Kaplan–Meier approach for estimation of
10-year major fracture probability (Table 3) and hip fracture
probability (Table 4) showed very close agreement with the
parametric and nonparametric models that accounted for
competing mortality. The difference was within 2 % in all
subgroups. Figure 2 compares the nonparametric cumulative

incidence of major osteoporotic fractures in the four high
mortality groups. Results from the cumulative incidence
function and modified Kaplan–Meier methods, both of
which adjusted for competing mortality, were virtually in-
distinguishable whereas failure to account for competing
mortality gave consistently higher fracture predictions.

Table 3 Ten-year major osteoporotic fracture probability estimated without and with adjustment for competing mortality

Without competing
mortality

With competing mortality Effect of competing mortality

Kaplan–Meier Cox model Nonparametric Cox model Modified Kaplan–Meier Ratio Ratio Ratio
(A) (B) (C) (D) (E) A versus C B versus D C versus E

Sex

Women 0.125 0.124 0.117 0.117 0.119 1.06 1.06 0.99

Men 0.146 0.134 0.094 0.109 0.093 1.56 1.23 1.00

Age group

50–59 0.072 0.074 0.070 0.072 0.071 1.03 1.03 0.99

60–69 0.115 0.111 0.109 0.106 0.109 1.06 1.05 1.00

70–79 0.188 0.190 0.167 0.168 0.168 1.13 1.13 0.99

80 and older 0.276 0.288 0.215 0.223 0.219 1.28 1.29 0.98

FRAX category

Low (<10 %) 0.069 0.070 0.066 0.067 0.067 1.04 1.04 0.98

Moderate (10–19 %) 0.172 0.165 0.156 0.150 0.157 1.11 1.10 0.99

High (>20 %) 0.318 0.334 0.268 0.280 0.270 1.19 1.20 0.99

Diabetes diagnosis

Nondiabetic 0.120 0.120 0.112 0.113 0.114 1.07 1.07 0.99

Diabetic 0.194 0.186 0.167 0.161 0.167 1.16 1.15 1.00

Table 4 Ten-year hip fracture probability estimated without and with adjustment for competing mortality

Without competing
mortality

With competing mortality Effect of competing mortality

Kaplan–Meier Cox model Nonparametric Cox model Modified Kaplan–Meier Ratio Ratio Ratio
(A) (B) (C) (D) (E) A versus C B versus D C versus E

Sex

Women 0.028 0.028 0.026 0.026 0.027 1.07 1.07 0.98

Men 0.036 0.039 0.029 0.031 0.029 1.23 1.27 1.00

Age group

50–59 0.007 0.006 0.007 0.006 0.007 1.03 1.03 0.99

60–69 0.017 0.018 0.016 0.017 0.016 1.06 1.06 0.99

70–79 0.059 0.058 0.051 0.051 0.051 1.16 1.16 1.00

80 and older 0.137 0.136 0.101 0.101 0.103 1.36 1.35 0.98

FRAX category

Low (<10 %) 0.007 0.007 0.007 0.007 0.007 1.04 1.05 0.98

Moderate (10–19 %) 0.041 0.039 0.036 0.035 0.037 1.12 1.11 0.98

High (>20 %) 0.128 0.132 0.104 0.107 0.105 1.23 1.24 0.99

Diabetes diagnosis

Nondiabetic 0.026 0.026 0.025 0.025 0.025 1.08 1.08 0.98

Diabetic 0.062 0.061 0.052 0.052 0.052 1.18 1.17 1.00
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Discussion

This analysis shows the large effect of competing mortality on
estimation of fracture probability, particularly among individu-
als where mortality rates are elevated. As hypothesized, failure
to account for competing mortality significantly overestimated
major osteoporotic and hip fracture probability in all groups but
most particularly among men, individuals age 80 years and
older, those with major osteoporotic FRAX probability >20 %,
and diagnosed diabetics. We also found that a modified
Kaplan–Meier approach could be used to accurately account
for competing mortality as a relatively simple procedure that
allowed for estimation of fracture-free survival.

Although the parametric model that accounts for competing
mortality risk will give unbiased estimates, assuming that mod-
el assumptions are satisfied and the data do not contain mea-
surement error, there are advantages to the modified
nonparametric approach that we propose. Specifically, imple-
mentation of the parametric models requires programming
skills in statistical software that may not be straightforward

for clinicians. The modified Kaplan–Meier method can use
functions for survival analysis readily available in most statis-
tical software packages since the adjusted cumulative incidence
function is simply the complement of the survival curve (i.e.,
one minus survival). Therefore, statistical tests for comparison
of fracture-free survival curves adjusted for competing mortal-
ity can use standard functions available within the software
package (e.g., log rank test). In addition, estimation of error
(variance) in the probability estimates is immediately available
from the statistical software, whereas this could be a nontrivial
issue, depending on the software adopted, for the parametric
model. We found that fracture probability estimates for the
modified Kaplan–Meier approach showed close agreement
with the nonparametric model that accounted for competing
risk (within 2 %).

However, the limitations of the study should be noted. The
comparison of the procedures was limited to a single numeric
example; our conclusions about performance of the modified
Kaplan–Meier approach may not generalize to other datasets.
Given the low rate of censoring for non-death reasons
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Fig. 2 Cumulative major osteoporotic fracture incidence to 10 years
estimated with three different nonparametric methods: standard Kaplan–
Meier (which does not consider competing mortality), cumulative

incidence function (with two-step competing mortality adjustment), mod-
ified Kaplan–Meier (with competing mortality adjustment). These last
two curves show substantial overlap
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(migration out of province), it would be interesting to see
whether the same findings are observed where there are much
higher rates of loss to follow-up. As well, both the parametric
and nonparametric models were simple models; only a single
categorical covariate was included in each model for the
comparisons that were undertaken. This was done to highlight
the independent effect of individual variables. However, the
modified Kaplan–Meier method cannot be applied in instan-
ces where the researcher is interested in simultaneously inves-
tigating the effect of multiple continuous covariates on the
estimates of fracture probability. Limitations to our modified
Kaplan–Meier approach to account for competing mortality
are acknowledged. It would therefore be important to compare
these approaches in other datasets and clinical contexts before
the modified Kaplan–Meier approach is assumed to give
equivalent results to more conventional approaches for com-
peting mortality risk adjustment.

In conclusion, we have shown that failure to account for
competing mortality gives considerably higher estimates of
10-year fracture probability than if adjustment is made for
competingmortality. This effect is most clearly evident among
subgroups with higher mortality. A modified Kaplan–Meier
approach, relatively easy for clinicians to implement, provides
an alternative approach to existing parametric and nonpara-
metric methods for competing mortality risk adjustment.
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