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Abstract

Summary In a large clinical registry for the province of
Manitoba, Canada, FRAX predicted incident MOF and hip frac-
ture from 1 to 15 years following baseline assessment. A simple
linear rescaling of FRAX outputs seems useful for predicting
both short- and long-term fracture risk in this population.
Introduction FRAX® estimates 10-year probability of major
osteoporotic fracture (MOF) and hip fracture. We examined
FRAX predictions over intervals shorter and longer than
10 years.

Methods Using a population-based clinical registry for
Manitoba, Canada, we identified 62,275 women and 6455
men 40 years and older with baseline dual-energy X-ray ab-
sorptiometry scans and FRAX scores. Incident MOF and hip
fracture were assessed up to 15 years from population-based
data. We assessed agreement between estimated fracture prob-
ability from 1 to 15 years using linearly rescaled FRAX scores
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and observed cumulative fracture probability. The gradient of
risk for FRAX probability and incident fracture was examined
overall and for 5-year intervals.

Results FRAX predicted incident MOF and hip fracture for all
time intervals. There was no attenuation in the gradient of risk
for MOF even for years >10. Gradient of risk was slightly
lower for hip fracture prediction in years >10 vs years <5,
though HRs remained high. Linear agreement was seen in
the relationships between observed vs predicted (rescaled)
FRAX probabilities (R* 0.95-1.00). Among women, there
was near-perfect linearity in MOF predictions. Deviations
from linearity, with a slightly higher observed than predicted
MOF probability, were most evident in the first years follow-
ing a fracture event and after 10 years for hip fracture predic-
tion in women using FRAX with BMD. Simulations showed
that results were robust to large differences in fracture rates
and moderate differences in mortality rates.
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Conclusions FRAX predicts incident MOF and hip fracture
up to 15 years and could be adapted to predict fracture over
time periods shorter and longer term than 10 years in popula-
tions with fracture and mortality epidemiology similar to
Canada.

Keywords DXA - Fracture risk assessment - FRAX -
Osteoporosis - Other analysis/quantitation of bone

Introduction

Osteoporosis is a common chronic condition; osteoporosis-
related fractures impose a significant societal burden in terms
of both human and economic costs [1]. Currently available
treatments for osteoporosis are effective, yielding 40-60%
reductions in the risk of fracture in primary and secondary
prevention settings [2, 3]. Tools such as the FRAX® score
were developed to predict an individual’s 10-year fracture risk
and to help identify those most likely to benefit from osteo-
porosis treatment [4]. FRAX was designed to assess 10-year
fracture probability for MOF and hip fracture [5]. The frame-
work used considers competing mortality and avoids biased
over-estimates in older individuals and those with risk factors
for increased death [6]. Over 100 clinical practice guidelines
include FRAX in their recommendations, making it the most
widely used fracture prediction tool worldwide. [7].
Notwithstanding the strengths of FRAX, one criticism has
been its restriction to assessing 10-year fracture outcomes [8].
Other validated clinical prediction tools provide the ability to
assess fracture risk over a shorter time interval. For example,
the Garvan Fracture Risk Calculator assesses fracture risk over
5 years in addition to 10 years, whereas the QFracture score
allows the user to select fracture risk from 1 to 10 years
[9-12]. Whether simple rescaling of the FRAX outputs pro-
vides an accurate estimate of fracture risk over a shorter time
horizon has not been objectively assessed, and there are con-
cerns that it may be particularly affected by the recency of
fracture [13, 14]. Similarly, the performance of FRAX for a
longer time interval is unknown [8]. If FRAX is able to accu-
rately reflect fracture risk over shorter and longer time inter-
vals, this would extend its clinical usefulness and also inform
research studies that wish to evaluate FRAX predicted fracture
probabilities when a full 10 years of data are not available.
The current study was performed to address the question of
whether FRAX accurately predicts MOF and hip fracture out-
comes in women and men age 40 years and older over inter-
vals shorter and longer than 10 years, spanning 1 to 15 years.
We hypothesized that the association between FRAX and os-
teoporotic fractures would be linear over time and that simple
rescaling would permit accurate fracture prediction anywhere
from 1 to 15 years. This analysis was performed using a large
clinical registry of all dual-energy X-ray absorptiometry
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(DXA) tests for the Province of Manitoba, Canada, providing
results that should be broadly applicable to routine clinical
practice.

Methods
Study population

From the clinical registry containing all DXA results for
Manitoba, Canada (population 1.2 million), we identified all
women and men age 40 years and older who were registered
residents and underwent baseline DXA measurement of the
hip (1996-2013). In the Province of Manitoba, health services
are provided to virtually all residents through a single public
health care system. Bone density testing DXA is managed as
an integrated program [ 15]. The program maintains a database
of all DXA results that can be linked with other population-
based computerized health databases through an anonymous
personal identifier. The DXA database, with a completeness
and accuracy in excess of 99%, has been previously described
[16]. The study was approved by the Research Ethics Board
for the University of Manitoba.

Bone mineral density measurements

Proximal femur DXA scans were performed and analyzed in
accordance with manufacturer recommendations (Lunar DPX
or Prodigy, GE Healthcare, Madison WI). All instruments
were monitored by a medical physicist through a rigorous
quality assurance program [15]. The instruments used exhib-
ited stable long-term performance (coefficient of variation
<0.5%) with no significant between-scanner differences de-
tected. Femoral neck T-scores (number of SDs above or below
young adult mean BMD) were calculated from NHANES IIT
white female reference values [17] as required by FRAX.

Fracture probability calculations

The Canadian FRAX tool was calibrated using nationwide hip
fracture and mortality data [18]. The Manitoba BMD Registry
was not used in the creation or calibration of the FRAX tool.
Ten-year probability of a MOF and hip fracture without and
with femoral neck BMD was calculated for each subject using
the Canadian FRAX tool (FRAX® Desktop Multi-Patient
Entry, version 3.7). Briefly, prior fracture and other conditions
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) as previously described
[19]. Proxies were used for smoking (COPD diagnosis) and
high alcohol intake (alcohol/substance abuse diagnosis) over
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the same time frame; this method has been shown to provide
prevalences similar to population-based estimates [19-21].
Prolonged corticosteroid use (over 90 days dispensed in the
year prior to DXA testing) was obtained from the provincial
pharmacy system [22]. We adjusted for the effect of missing
parental hip fracture information prior to 2005 as previously
described [19]. FRAX predictions with the Canadian FRAX
tool have been shown to agree closely with observed fracture
rates in our cohort and in the general Canadian population [19,
20]. We did not exclude prior or concurrent osteoporosis med-
ication users since we have previously shown that this does
not affect the performance of FRAX [23].

Fracture outcomes

Hospital discharge abstracts and physician billing claims were
assessed from date of DXA (index date) to March 31, 2013, or
15 years (final date) for the presence of non-traumatic hip,
clinical vertebral, forearm, and humerus fracture diagnostic
codes (collectively designated “major osteoporotic” fractures
[MOF]) using previously validated algorithms [24]. Fractures
not associated with trauma codes were assessed through a
combination of hospital discharge abstracts (coded using the
ICD-9-CM prior to 2004 and ICD-10-CA thereafter) and phy-
sician billing claims (coded using ICD-9-CM) [25]. Hip and
forearm fractures were required to have a site-specific fracture
reduction, fixation or casting codes to enhance specificity for
an acute fracture event. To minimize potential misclassifica-
tion of prior and incident fractures involving the same skeletal
site, we required that there be no hospitalization or physician
visit(s) with the same fracture type in the 12 months preceding
an incident fracture diagnosis. There was no time restriction
on prior and incident fractures involving different skeletal
sites.

Statistical analysis

All analyses were stratified by sex. Continuous variables were
reported as means with standard deviations (SD), and counts
with percentages. To assess the stability of fracture discrimi-
nation over time, hazard ratios (HR) with 95% confidence
intervals were obtained from Cox proportional hazards
models for time to MOF or hip fracture. HRs were determined
for the entire study period (years 0—15) and for 5-year inter-
vals (years <5, years 5-10, years >10). FRAX scores were
log-transformed due to a skewed distribution, and results are
expressed as a gradient of risk (hazard ratio per standard de-
viation [HR per SD]). We estimated fracture probability from
1 to 15 years assuming simple linear rescaling of the FRAX
probability measurements (performed without and with
BMD). For example, 5-year predictions were assumed to be
one half of the 10-year predictions and 15-year predictions
were assumed to be 1.5 times the 10-year predictions. The

cumulative incidence function (CIF) for MOF and hip fracture
up to 15 years was constructed following a competing mortal-
ity framework [26]. Cumulative fracture probabilities for each
year, from 1 to 15 years, with 95% confidence intervals were
estimated from the CIF. These observed fracture probabilities
were compared with the predicted measurements (rescaled
FRAX probability with and without BMD) to estimate cali-
bration ratios (observed vs predicted probability) from 1 to
15 years. The linearity in the relationship between observed
vs predicted fracture probability was estimated using the
Pearson correlation coefficient and the slope coefficient was
estimated from a simple linear regression model through the
origin. We used the Pearson R” to describe the proportion of
total variation explained. We also examined whether the rela-
tionship between observed vs predicted fracture probability
was affected by time since fracture in those with a prior major
fracture. Statistical analyses were performed with Statistica
(Version 13.0, StatSoft Inc., Tulsa, OK). A p value of 0.05
was set as the threshold for assessing statistical significance.
We assessed the sensitivity of our findings to changes in the
underlying age-specific fracture rates (from 0.1- to twofold)
and mortality rates (from zero- to twofold) using a simulated
population of 10,000 women with age uniformly distributed
from 40 to 90 years (Excel for Windows). Age-specific base-
line hip fracture and mortality rates were based upon data used
to construct the Canadian FRAX model [18]; MOF rates were
estimated using previously validated MOF/hip fracture ratios
[27]. Cumulative fracture incidence to 15 years for the popu-
lation (with age updated annually) was estimated in the pres-
ence of competing mortality. Once again, calibration ratios
(observed vs predicted probability) from the simulated frac-
ture data from 1 to 15 years were derived.

Results

Baseline population characteristics are summarized in Table 1.
There were 62,275 women (mean age 64.1 + 11.1 years) and
6455 men (mean age 66.0 £ 12.0 years, p < 0.001). Men
referred for BMD testing tended to have more clinical risk
factors for fracture than women (all p < 0.001 except for pa-
rental hip fracture), but had higher mean femoral neck T-score
(p < 0.001) and lower 10 year fracture risk probabilities (all
p < 0.001). During follow-up of up to 15 years (mean
7.1 £ 4.2 years, approximately 486,000 person-years), 5280
(8.5%) of the women sustained one or more incident MOF
including 1469 (2.4%) with a hip fracture, while 382 (5.9%)
of the men sustained one or more incident MOF including 108
(1.7%) with a hip fracture (both p < 0.001).

Fracture probability was significantly greater in those with
versus those without incident MOF or hip fracture for all fol-
low up time intervals (Supplemental Table 1). FRAX without
and with BMD consistently predicted MOF and hip fracture
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Table 1 Study population
baseline characteristics

Women Men p value

N=62275 N = 6455
Age (years) 64.1 +11.1 66 +£12.2 <0.001
BMI (kg/m?) 27.0+5.5 27.5+20.5 <0.001
Prior fracture 8833 (14.2) 1179 (18.3) <0.001
Parental hip fracture 3652 (5.9) 408 (6.3) 0.139
Chronic obstructive lung disease 5032 (8.1) 876 (13.6) <0.001
Prolonged glucocorticoid use 2561 (4.1) 1220 (18.9) <0.001
Rheumatoid arthritis 2060 (3.3) 365 (5.7) <0.001
Alcohol abuse 1742 (2.8) 338 (5.2) <0.001
Secondary cause of osteoporosis 7183 (11.5) 1424 (22.1) <0.001
Femoral neck T-score -14+1.0 -1.1+1.1 <0.001
FRAX 10-year major fracture risk without BMD 11.8+9.0 8.0+5.0 <0.001
FRAX 10-year major fracture risk with BMD 34+53 2.8+338 <0.001
FRAX 10-year hip fracture risk without BMD 109 +8.0 80+52 <0.001
FRAX 10-year hip fracture risk with BMD 26+45 26+3.6 0.945
Incident MOF 5280 (8.5) 382 (5.9) <0.001
Incident hip fracture 1469 (2.4) 108 (1.7) <0.001

Data are mean + SD or N (%)

for all time intervals in both women and men (Table 2). In
general, the gradient of risk was slightly higher for FRAX
with BMD vs FRAX without BMD, and higher for hip frac-
ture prediction than for MOF prediction. There was no atten-
uation in the gradient of risk for MOF prediction even for
years >10 in women (HR per SD: FRAX without BMD
2.15, 95% CI 1.96-2.35; FRAX with BMD 2.24, 95% CI
2.05-2.45) or men (FRAX without BMD 2.55, 95% CI
1.47-4.41; FRAX with BMD 2.15, 95% CI 1.44-3.22).
Gradient of risk was slightly lower for hip fracture prediction
in years >10 vs years <5, though HRs remained high and Cls
overlapped.

Calibration plots for observed vs predicted fracture proba-
bility from 1 to 15 years are shown for MOF (Fig. 1) and hip
fracture (Fig. 2). Among women, there was near-perfect line-
arity in MOF predictions without and with BMD (both
R* = 1.00) with a slope coefficient close to unity (0.92 and
0.97, respectively). Among men, there was also a high degree
of linearity in the relationship (both R? = 0.96) with a slope
that again approximated unity (both 1.07). For hip fracture
probability, there was again a high level of linearity for women
(both R* = 0.95) and men (both R* = 0.97). Observed hip
fracture probability fell significantly below predicted fracture
probability for FRAX without BMD during the early years but

Table 2 Gradient of risk (hazard ratio per standard deviation [HR per SD] with 95% confidence intervals [CI]) for prediction of incident major

osteoporotic fracture (MOF) and hip fracture from FRAX

MOF Prediction

Hip Fracture Prediction

FRAX without BMD
HR per SD (95% CI)

N (Fractures)

FRAX with BMD
HR per SD (95% CI)

FRAX without BMD
HR per SD (95% CI)

FRAX with BMD
HR per SD (95% CI)

N (Fractures)

‘Women
Years <5 62,275 (2925)  1.97 (1.90-2.05) 2.08 (2.00-2.16)
Years 5-10 38,759 (1769)  2.02 (1.92-2.12) 2.15 (2.04-2.26)
Years >10 16,804 (586) 2.15 (1.96-2.35) 2.24 (2.05-2.45)
Years 0-15 62,275 (5280)  2.00 (1.94-2.06) 2.12 (2.06-2.18)
Men
Years <5 6455 (251) 1.63 (1.44-1.85) 1.82 (1.62-2.05)
Years 5-10 2946 (112) 1.98 (1.59-2.45) 2.02 (1.68-2.43)
Years >10 893 (19) 2.55(1.47-4.41) 2.15(1.44-3.22)
Years 0-15 6455 (382) 1.75 (1.57-1.94) 1.89 (1.72-2.08)

62,275 (602)
40,510 (609)
18,327 (258)
62,275 (1469)

4.45 (3.98-4.97)
3.79 (3.41-4.20)
3.86 (3.304.52)
4.04 (3.77-4.32)

5.29 (4.71-5.95)
4.51 (4.03-5.05)
4.40 (3.71-5.22)
4.78 (4.44-5.14)

6455(57) 291 (2.06-4.11) 4.58 (3.14-6.68)
3055 (40)  3.17 (2.10-4.78) 4.13 (2.66-6.41)

961 (11)  2.58 (1.31-5.09) 3.18 (1.55-6.54)
6455 (108)  2.96 (2.31-3.78) 420 (3.22-5.49)

Results are from Cox proportional hazards models (FRAX scores log-transformed)
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Fig.1 Calibration plots for observed vs predicted fracture probability for
major osteoporotic fractures (MOF), from 1 to 15 years

slightly exceeded predicted fracture probability for FRAX
with BMD during the later years. Among men, there was close
agreement between observed and predicted hip fracture prob-
ability (slope = 0.99 without BMD, 1.06 with BMD) and all
CIs crossed the line of identity.

Calibration ratios (observed vs predicted probability) from
1 to 15 years according to sex are shown for MOF
(Supplemental Table 2) and hip fracture (Supplemental
Table 3). MOF calibration ratios approximated unity for all
years among women; among men MOF calibration ratios
slightly exceeded unity during the initial years, but showed
good concordance during the later years. Hip fracture calibra-
tion ratios approximated unity for all years among men;
among women hip fracture calibration ratios were significant-
ly below unity during the initial years, but exceeded unity in
the later years when BMD was included in the calculation.

Among the 10,012 women and men with a prior fracture,
3614 had sustained a fracture in the year prior to BMD testing,
2142 between 1 and 5 years prior to BMD testing and 4256
more than 5 years prior to BMD testing. Time to fracture
recurrence was not significantly different between the three
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Fig.2 Calibration plots for observed vs predicted fracture probability for
hip fractures, from 1 to 15 years

subgroups (Fig. 3). In those sustaining a fracture in the year
prior to BMD testing the MOF calibration ratio slightly
exceeded unity, peaking in year 3: ratio for FRAX without
BMD 1.18 (95% CI 1.02—-1.34), ratio for FRAX with BMD
1.29 (95% CI 1.12—-1.46). A similar non-significant trend was
also seen in the hip fracture calibration ratio in those who had
sustained a fracture in the year prior to BMD testing, which
again peaked in year 3: ratio for FRAX without BMD 1.05
(0.78-1.32), ratio for FRAX without BMD 1.33 (0.99-1.67).
By year 10 and beyond the MOF and hip fracture, calibration
ratios again approximated unity.

Simulation models (Supplemental Figs. 1, 2, 3, 4, 5)
showed near-perfect linearity in MOF and hip fracture proba-
bility to 15 years when assumptions reflected fracture and
mortality rates in the Canadian population (base case).
Results were robust to large relative increases or decreases
in fracture rates, and moderate relative increases or decreases
in mortality rates. In the presence of large mortality differ-
ences (no mortality or a doubling), non-linear effects became
conspicuous.

@ Springer



Osteoporos Int (2017) 28:2557-2564

2562
30% q
Prior fracture <1 year
------- Prior fracture 1-5 years K —
L 25%1 ——— Prior fracture >5 years R
o
g o
-

s o

© 20%4

>

= i

% r".l"‘

S 15% o

s <

g 7

T 10% piod

=] e

E //

=] e

(&) 4

% -
5% Log-rank p = 0.493

0% 42 r . .

Time (years)

15% 1

Prior fracture <1 year
------- Prior fracture 1-5 years
——— Prior fracture >5 years

10% A

5% 1 i

Cumulative probability of Hip Fracture

i -~ Log-rank p =0.126

0% T T T
0 5 10 15

Time (years)

Fig. 3 Risk for recurrent fracture according to time since prior fracture
Discussion

This assessment of fracture outcomes from a large clinical
registry found that FRAX probabilities, computed with and
without BMD, continued to predict incident MOF and hip
fracture up to 15 years, with little if any attenuation in fracture
discrimination over time. There were few consistent changes
in calibration in comparisons of observed vs predicted fracture
probability, but strong linearity was seen in these relationships
for the rescaled FRAX probabilities spanning 1 to 15 years.
Deviations from linearity, with a slightly higher observed than
predicted fracture probability, were evident in the first years
following a recent fracture event and after 10 years for hip
fracture prediction in women using FRAX with BMD. In
contrast, there was excellent calibration for prediction of
MOF in women whether or not BMD was included in the
FRAX calculation.

Our data mitigate concerns regarding the use of FRAX for
estimation of fracture risk over a time horizon shorter than
10 years [8]. These results may at first appear counter-
intuitive since advancing age is a strong independent risk fac-
tor for fracture, and the risk of fracture would be expected to
increase over time [5]. However, it is also an equally strong
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risk factor for death, and therefore, the competing mortality
framework used by FRAX would be expected to attenuate this
effect. This was confirmed in our simulations. The tendency
of FRAX to overestimate hip fracture risk in women during
early years but to underestimate risk in later years (when com-
puted with BMD) is not clearly explained as it was not seen in
men or the base case simulation. Our data are supported by a
recent large-scale study from Israel in over one million sub-
jects aged 50 to 90 years where the rate of fracture events was
approximately constant, indicating that the cumulative rate of
events was linear [21] and, thus, also supporting our hypoth-
eses. Our findings suggest that rescaling FRAX probabilities
to estimate fracture risk for intervals less than 10 years and up
to 15 years is reasonable in populations with fracture and
mortality epidemiology similar to Canada. Simulations sug-
gest that this may not be generalizable to populations with
markedly different fracture probability, however.

Although a recent fracture is associated with greater risk for
recurrent fracture than a remote fracture [8], we found that this
had a relatively small early effect on the performance of
FRAX that peaked by 3 years and was no longer evident at
10 years. This may reflect data showing that prior MOF is a
persistently strong risk factor for recurrent fracture with a rel-
atively small attenuation seen for fractures within the first year
(adjusted HR 1.90, 95% CI 1.60-2.25) compared to fractures
more than 10 years earlier (HR 1.62, 95% CI 1.25-2.10) fol-
lowing BMD testing [14]. Alternatively, a recent fracture is
associated with excess mortality that rapidly declines [28, 29]
and would attenuate the effect of prior fracture on cumulative
fracture incidence adjusted for competing mortality [26].
Morphometric vertebral fractures, which are not an output
from FRAX and cannot be accurately ascertained through
administrative data, may represent an exception as the inci-
dence of a new radiographic vertebral in the year following a
vertebral fracture has been reported to be as high as 20% [30].

Limitations to this study include the reliance on adminis-
trative data for fracture outcomes and for some of the FRAX
input variables. However, the definitions for fracture and
FRAX covariates used have been validated and used in many
previous studies and have also been tested and adopted for
national surveillance of osteoporosis and related fractures in
Canada [24, 31, 32]. The clinical referral source of the study
cohort is recognized and may explain why observed fracture
risk exceeds predicted in some groups (such as MOF in men)
who may have additional risk factors that are not considered in
FRAX (e.g., hypogonadism and androgen deprivation thera-
py). However, the inclusion of all individuals within the geo-
graphic region referred for BMD testing suggests that our
results are likely to be broadly generalizable to clinical prac-
tice. Additionally, the sample size for men was much smaller
than for women, and there were fewer hip fractures among
men particularly in years >10 of the study. As we have previ-
ously reported, prior or concurrent osteoporosis medication
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user did not affect the performance of FRAX in our dataset
[23], and therefore, these individuals were not excluded; pos-
sible reasons for the insensitivity of FRAX to therapy are
discussed by McClung [33]. It has also been proposed that
some therapies (most notably bisphosphonates) may reduce
mortality independent of their effect on fracture [34]. This
remains controversial, but if true might modify the perfor-
mance of FRAX through an effect on competing mortality.
Finally, our simulation accounted for the effect of age as a
shared risk factor for fracture and death, but did not consider
other shared risk factors.

In summary, we found that FRAX effectively predicts in-
cident MOF and hip fracture up to 15 years following baseline
assessment. Rescaling of FRAX probability measurements
may be useful to predict both very short- and extremely
long-term fracture risk in populations with fracture and mor-
tality epidemiology similar to Canada and assuage concerns
that FRAX is only of utility in predicting 10-year risk of
fracture.
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