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Abstract

Summary The risk of a recurrent fragility fracture is particularly high immediately following the fracture. This study pro-
vides adjustments to FR A X-based fracture probabilities accounting for the site of a recent fracture.

Introduction The recency of prior fractures affects subsequent fracture risk. The aim of this study was to quantify the
effect of a recent sentinel fracture, by site, on the 10-year probability of fracture determined with FRAX.

Methods The study used data from the Reykjavik Study fracture register that documented prospectively all fractures at all
skeletal sites in a large sample of the population of Iceland. Fracture probabilities were determined after a sentinel fracture
(humeral, clinical vertebral, forearm and hip fracture) from the hazards of death and fracture. Fracture probabilities were
computed on the one hand for sentinel fractures occurring within the previous 2 years and on the other hand, probabilities
for a prior osteoporotic fracture irrespective of recency. The probability ratios provided adjustments to conventional FRAX
estimates of fracture probability for recent sentinel fractures.

Results Probability ratios to adjust 10-year FRAX probabilities of a major osteoporotic fracture for recent sentinel fractures
were age dependent, decreasing with age in both men and women. Probability ratios varied according to the site of sentinel
fracture with higher ratios for hip and vertebral fracture than for humerus or forearm fracture. Probability ratios to adjust
10-year FRAX probabilities of a hip fracture for recent sentinel fractures were also age dependent, decreasing with age in
both men and women with the exception of forearm fractures.

Conclusion The probability ratios provide adjustments to conventional FRAX estimates of fracture probability for recent
sentinel fractures.

Keywords Fracture probability * FRAX adjustment « Imminent risk » Prior fracture * Risk assessment ¢ Sentinel fracture

B< J. A. Kanis
w.j.pontefract@shef.ac.uk

' Mary McKillop Institute for Health Research, Australian Catholic 5 Icelandic Heart Association Research Institute, Kopavogur, Iceland

University, Melb , Australi L L
fiversity, Meibourne, Austratia ¢ University of Iceland, Reykjavik, Iceland

* Centre for Metabolic Bone Discases, University of Sheffield Medi- 7 Geriatric Medicine, Institute of Medicine, University of Gothen-
cal School, Beech Hill Road, Sheffield S10 2RX, UK ’ ’ y

burg, Gothenburg, Sweden
MRC Lifecourse Epidemiology Unit, University of Southampton,

Southampton, UK Department of Internal Medicine and Clinical Nutrition, Institute

of Medicine and Clinical Nutrition, Sahlgrenska Academy, Univer-
NIHR Southampton Biomedical Research Centre, University of sity of Gothenburg, Gothenburg, Sweden
Southampton and University Hospital Southampton NHS Foundati-

on Trust, Southampton, UK Mellanby Centre for bone research, Department of Oncology and

Metabolism, University of Sheffield, Sheffield, UK

www.clinicalosteology.org Clin Osteol 2020; 25(4): 177-188



Introduction

In 2008, the then World Health Organization (WHO)
Collaborating Centre at Sheffield, UK, released FRAX®, a frac-
ture risk assessment tool for estimating individualised 10-year
probability of hip and major osteoporotic fracture (MOF; hip,
clinical spine, distal forearm or proximal humerus) [1]. The
FRAX tool integrates seven dichotomous clinical risk factors
(CREFs; prior fragility fracture, parental hip fracture, smoking,
systemic glucocorticoid use, excess alcohol intake, rheumatoid
arthritis and other causes of secondary osteoporosis) which, in
addition to age, sex and body mass index (BMI), contribute to a
10-year fracture probability estimate independently of bone min-
eral density (BMD) [1, 2]. BMD at the femoral neck is an op-
tional input variable. FRAX tools are country specific to take
account of the heterogeneity of fracture risk and mortality world-
wide [3]. Since its release, 71 models have been made available
for 66 countries covering more than 80% of the world population
[4]. The tool provides metrics which are increasingly used in
health technology assessment [5—7] and regulatory guidance [8].

Prior fragility fracture, a well-established risk factor for a fu-
ture fracture [9—13], is already accommodated within FRAX [1].
The population relative risk of having a hip fracture or other
osteoporotic fracture is approximately 2-fold higher for most
types of prior fracture. However, the increase in risk is not con-
stant with time or age. For example, a large meta-analysis
showed that a prior fracture history was a significant risk factor
for hip fracture at all ages but was highest at younger ages and
decreased progressively with age [12]. There is also a growing
body of evidence that the risk of a subsequent osteoporotic frac-
ture is particularly acute immediately after an index fracture and
wanes progressively with time [14-20]. A recent population-
based study examined the age dependency of this immediate
increase in fracture risk [21] and showed that the phenomenon
of immediate risk was also age dependent, the transient effect
being more evident at older ages. The immediate risk is high and
then wanes over time for approximately 2 years. Thereafter,
a nadir is reached but the risk remains higher than that
of the general population. The early phase of particular-
ly high risk has been termed imminent risk [21].

This transiency, which is not currently accommodated in
the FRAX algorithm, suggests that treatment given to such
patients immediately after fracture might avoid a higher num-
ber of new fractures compared with treatment given at a later
date. This reinforces a rationale for very early intervention
immediately after fractures to avoid recurrent fractures.
Furthermore, it mandates the use of the most effective thera-
pies early in the course of treatment, rather than delaying their
use to a time of lower fracture risk. Thus, the quantification of
imminent risk enables the targeting of anabolic treatments to
individuals identified to be at very high risk [22]. In order to
provide a simple means of operationalising this concept of
imminent risk, the aim of the present study was to determine
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the impact of recency of index fractures on fracture probability
as defined by FRAX.

Methods
Study cohort

The study cohort consists of 30,795 men and women, com-
prising all residents in the greater Reykjavik Area on
December 1, 1967, born between 1907 and 1935 (both years
included), which represented 55% of the total Icelandic pop-
ulation in this age range at that time [23, 24]. The current study
is based on 18,872 participants (71.8% of the cohort) who
attended during the recruitment period in 1967-1991, com-
prising 9116 men and 9756 women. Individuals were
followed-up for a median time of 28 years until death, emi-
gration or December 31st, 2012, yielding a total of 510,265
person-years of observation. The study was approved by the
National Bioethics Committee and the Data Protection
Authority in Iceland. All participants gave informed written
consent.

Assessment of fractures

The Reykjavik Study fracture register documented all incident
fractures and their date of occurrence in all participants from their
entry into the study until December 31, 2012. All medical re-
cords for the participants, including referral letters if needed, were
manually examined and verified. All fractures were registered
according to the International Classification of Diseases (ICD
version 10 or ICD version 9). Avulsions less than 5 % 6 mm,
fractures secondary to malignancy and stress fractures were ex-
cluded, as were fractures at skeletal sites not considered to be
associated with osteoporosis (e.g. face, skull, hands, feet) [25].
The register has been shown to have a capture rate of about 97%
for hip, forearm and clinical vertebral fractures [26]. The circum-
stances of the trauma leading to the fracture were assessed, but all
fractures were counted regardless of trauma. In order to minimise
double counting, subsequent consecutive fractures that occurred
at the same site were excluded where the interval between frac-
tures was less than 30 days.

Four categories of sentinel fractures were defined, comprising
clinical vertebral fracture ICD 10 codes S12.0-S12.2, S12.7,
S22.0-22.1, S32.0), humeral fractures (S42.2-42.3), distal fore-
arm fracture (S52.5-52.6) and hip fracture (572.0-S72.2).

Time horizon
Ten-year probabilities were chosen to determine the impact of
recency on fracture risk. Although imminent risk appears to

apply over a relatively short time frame, the magnitude of the
effect is such that it impacts on 10-year probabilities. This has
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been tested in a pilot study for prior vertebral fracture using
the UK as the reference population [22].

Fracture probabilities

FRAX computes the 10-year probability of hip or major oste-
oporotic fracture. In the case of a prior fracture, FRAX makes
no distinction between the site of fracture or its recency. In
order to determine an adjustment to FRAX for these variables,
fracture probabilities were calculated using the Reykjavik
study. In this way, the 10-year probability of fracture, for
example, after a humeral fracture 1 year ago, can be compared
with the 10-year probability of a prior fragility fracture irre-
spective of its site or recency (as provided in the current
FRAX algorithm). The ratio of the two probabilities provides
an adjustment to FRAX hereafter referred to as the probability
ratio or adjustment ratio.

The hazard function for a second fracture (MOF or hip
fracture) after a first forearm, vertebral, humerus or hip frac-
ture was calculated. A modification of the Poisson regression
model [27, 28] was used to study the relationship between sex,
age and the time since previous fracture on the one hand and
on the other hand, the risk of a second fracture. Note that the
model determined the hazard function for fracture and not
fracture probability. Follow-up was measured in person-
years and the observation period of each participant was di-
vided in intervals of 1 month. The hazard function was as-
sumed to be exp(B0 + 31 % sex + 32 X current time from frac-
ture + (33 x current age). The beta coefficients reflect the im-
portance of the variables, and 3x =0 denotes that the corre-
sponding variable does not contribute to fracture risk. All
associations were adjusted for age and time since baseline.

The fracture risk with time after previous fracture was in-
vestigated with spline functions with time since previous frac-
ture as a continuous variable. When analysing time to second
fracture, only the first fracture after the sentinel fracture was
counted. When studying the association between risk of a
second fracture and the time since first fracture, spline func-
tions were fitted using knots at 0.5, 2.5 and 15 years after the
first fracture. The splines were second-order functions be-
tween the breakpoints and linear functions at the tails resulting
in a smooth curve. The hazard functions for death were also
investigated with spline functions with time since previous
fracture as a continuous variable, with the same knots as
above. From the hazard functions for fracture and death, the
10-year probability of hip fracture and major osteoporotic
fracture following a recent sentinel fracture occurring within
0-2 years were calculated [29, 30].

It is important to note that the probability models used were
based on purpose-built models similar, but not identical, to
FRAX. The Reykjavik study did not document the presence
or absence of other FRAX variables, and the admixture of
clinical risk factors is important in estimating the probability
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within any particular segment of the population. Take for ex-
ample an individual with a prior humerus fracture: the proba-
bility of sustaining a subsequent hip fracture will depend not
only on the recency of the humeral fracture, age and sex but
also the presence of other clinical risk factors (e.g. parental
history). Thus, probability ratios should, on the one hand,
compare individuals with a recent prior fracture at a particular
site, including some with other clinical risk factors, with, on
the other hand, individuals with a prior fracture at any site,
irrespective of its recency, including some with other clinical
risk factors. The latter required the construct of a simulated
Icelandic population (described below).

Simulation

No information on the FRAX risk variables was available for
the Reykjavik Study apart from age, sex and date and site of
incident fractures. The distribution of other risk indicators in
the Icelandic population was undertaken using simulation
samples of men and women in each 5-year age interval from
the age of 39 years upwards. A small proportion of the simu-
lated cohort was younger than 40 year (2.8% of men and 2.6%
of women age 39 years). Data from these were not used in the
calculations of probability ratios. Within each age interval,
sample sizes were in proportion to the population of Iceland
in 2015 [31]; for both men and women, a total population of
73,500 individuals was simulated. Simulations were used to
provide age-specific data that reproduced the prevalence of
the clinical risk factors (e.g. at the age of 65 years rather than
in women aged 65 years or more). The estimates assumed that
the distribution of the risk scores was the same in Icelandic
men and women as that of the population-based cohorts used
to synthesise the FRAX algorithms [32, 33]. The age- and sex-
specific body mass index (BMI) was taken from the Icelandic
REFINE (Risk Evaluation For INfarct Estimates) cohort [34]
which was a random sample of 6940 men and women born in
1935-1985, living in the Reykjavik area. Bone mineral den-
sity was not simulated.

Data from the cohorts used to synthesise FRAX were used
to identify appropriate regression equations needed to gener-
ate data for other risk factors in the Icelandic population as
described previously [35-37]. In particular, linear (for BMI)
or logistic regression (for dichotomous risk factors) was used
to examine the conditional probability of the association of the
risk factor to be simulated with age, sex, BMI, previous frac-
ture, glucocorticoid use, rheumatoid arthritis, parental history
of a fracture, current smoking, secondary osteoporosis and
alcohol intake.

The equations identified in the logistic regressions for the
dichotomous risk factors were then applied in the simulation
of an Icelandic population to predict the probability of having
a positive value for the risk factor for each individual. Next, a
random number between 0 and 1 was generated using a
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computer programme, which was then compared with the
predicted probability for that variable for that individual. If
the random number was less than or equal to the predicted
probability, the individual was assigned a positive value for
the risk factor. If the random number was greater than the
predicted probability, the person was assigned a negative val-
ue for the risk factor.

In order to check the adequacy of assuming that the distri-
bution of the risk scores was the same in Icelandic men and
women as that of the population-based cohorts used to syn-
thesise the FRAX algorithms, we compared 10-year fracture
probabilities of the simulated cohort with that of the
population-based Age, Gene/Environment Susceptibility—
Reykjavik Study (AGES Study) [38]. The AGES study re-
cruited 3287 men and women age 65 years or more in whom
FRAX was available and these data were compared to FRAX
probabilities of the simulated cohort (age 65 years or more)
matched for age.

Data presentation

Probability estimates are presented for each sentinel fracture
sustained within the previous 2 years. For brevity, a fracture
within the previous 2 years is termed a recent fracture unless
otherwise noted.

Results

Characteristics of the simulated Icelandic population by sex
are given in Table 1. As expected, fracture probabilities were
higher in women than in men (Table 2). The mean 10-year
probability of a major osteoporotic fracture in men was 8.1%
and of a hip fracture was 2.5%. For women, the respective
probabilities were 12.2 and 4.1%. In both men and women
fracture probabilities were skewed to the left. Using the age-
matched population (65 years or more), fracture probabilities
were very similar comparing the simulated cohort with the
AGES cohort. The 10-year probability of a major osteoporotic
fracture in women was 22.9% and 23.0%, respectively, and
for men 10.7% and 12.6%, respectively. Hip fracture proba-
bilities in women were 10.8% and 10.9% for the respective
cohorts and in men were 5.0% and 6.4%.

The 10-year probability of a major osteoporotic fracture in
women with and without a prior fracture by age is shown in
Fig. 1. Probabilities rose with age though the probability ratio
(prior fracture/no prior fracture) remained relatively stable rang-
ing from 2.38 in women age 4044 years to 1.48 at age 85—
89 years. Probabilities are also shown using the Icelandic
FRAX model. The FRAX model yielded slightly lower proba-
bilities since the prior fracture and no prior fracture scenarios
with FRAX are calculated in the absence of other clinical risk
factors. The probability ratio (prior fracture/no prior fracture) was
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Table 1  Characteristics of the simulated Icelandic population
Variable Mean  SD n %
Men
Number 73,500 100
Age (years) 583 13.0
BMI (kg/m?) 282 5.1
Previous fracture 22,381 305
Parental history of hip fracture 7565 10.3
Current smoking 22,451 30.5
Glucocorticoids 2540 35
Rheumatoid arthritis 2317 32
Secondary osteoporosis 13,456 183
Alcohol 3 or more units per day 31,749 432
Women
Number 73,500 100
Age (years) 58.8 13.3
BMI (kg/m?) 27.3 52
Previous fracture 18,650 254
Parental history of hip fracture 4241 5.8
Current smoking 14342 195
Glucocorticoids 4294 5.8
Rheumatoid arthritis 3786 52
Secondary osteoporosis 14,899 203
Alcohol 3 or more units per day 8346 114

very similar to that calculated for the present study
ranging from 2.35 in women age 40—-44 years to
1.55 at age 85-89 years, respectively. Findings were
similar for men (data not shown).

Follow-up data were available for 2074 individuals follow-
ing a hip fracture, 1365 cases of clinical vertebral fracture,
2364 following a distal forearm fracture and 1092 cases of
fracture at the proximal humerus. Ten-year probabilities of a
major osteoporotic fracture and hip fracture in men and wom-
en with a prior fragility fracture (any site irrespective of its
recency), men and women with a recent sentinel fracture
(within 2 years) and the ratio between 10-year probabilities
by age are given in the appendix (Tables 4, 5, 6 and 7).
Figure 2 shows the probability ratios of major osteoporotic
fracture by age following a recent vertebra, hip, humerus, or
forearm fracture. Ratios were age dependent, decreasing with
age. Thus, the adjustment of conventional probabilities needs
to take age into account. For example, a woman age 60 years
from Iceland with a prior fracture, no other clinical risk factors
and a body mass index of 25 kg/m” has a 10-year probability
of a major osteoporotic fracture of 17% using the FRAX
website. If the woman had sustained a clinical vertebral frac-
ture within the past 2 years, the estimate should be uplifted by
a factor of 1.84 to 31.3% (17 x 1.84). Had the fracture been a
recent hip fracture, the adjusted probability would be 27.2%
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Table 2 The 10-year probability

(%) of a major osteoporotic frac- n Mean SD Median 95% CI Range

ture and of a hip fracture calcu-

lated without BMD in the simu- Men

lated Icelandic population Major osteoporotic fracture 73,500 8.1 59 6.8 8.06-8.14 04 644
Hip fracture 73,500 2.5 43 1.0 2.47-2.53 0.0 63.5

Women
73,500 12.2 10.3 9.1
73,500 4.1 7.0 1.2

12.13-12.28 0.5 83.9
4.054.15 0.0 81.6

Major osteoporotic fracture

Hip fracture

(17 x 1.60). At the age of 80 years, the same clinical scenario
would yield a probability of 32% to be upward adjusted by
1.23 or downward adjusted by 0.95 for a recent vertebral or
hip fracture, respectively. Note that the adjustment ratio fell
slightly below unity at the age of 90 years, with the exception
of vertebral and humerus fracture in women. The phenome-
non arises due to the competing death risk immediately fol-
lowing a fracture.

In the case of hip fracture probabilities, adjustment ratios for a
recent fracture were also age dependent with the exception of a
recent forearm fracture (Fig. 3). The age dependency (or gradient
of risk) was, as might be expected, particularly marked for a
recent hip fracture. Probability ratios were qualitatively similar
in men and women for each recent fracture site.

For illustrative purposes, adjustments to the UK FRAX
model are shown in Table 3 for women. For example, at the
age of 50 years, a prior fracture using FRAX was associated
with a 10-year fracture probability of a major osteoporotic
fracture of 7.2%. Where a fracture occurred within the past
2 years, fracture probability was uplifted to 19, 17, 14 and

10-year probability [%)
a0

s | R

0 | /
é.

15 ¢ / ;,-, T prior Fx FRAN

o
0 | %/ {;:/
L
-
0
40 50 G0 70 80 o0
Age [years)

Fig. 1 10-year probability of MOF (%) in women with a history of a prior
fragility fracture (solid symbols) and no prior fracture (open symbols).
The square symbols denote probabilities calculated using the current
FRAX tool for Iceland (i.e. no other clinical risk factors and BMI set at
25 kg/m?) and circles denote probabilities together with other clinical risk
factors where present
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11% where the recent fracture was at the spine, hip, humerus
or forearm, respectively.

Discussion

A prior fracture is a well-documented risk factor for future
fracture, and this risk is highest immediately after the initial
event and subsequently declines with time [11, 14-21]. The
present study provides a method for adjusting conventional
estimates of fracture probability using FRAX to take account
of the increased risk associated with a recent fracture. The
magnitude of the adjustment varies according the site of prior
fracture and for most scenarios is highly age dependent, with
higher probability ratios the younger the age.

For the present study, we provided FRAX adjustments for
prior fractures within a 2-year interval. The choice of 2 years is
somewhat arbitrary but covers the approximate period of immi-
nent risk [21]. Other scenarios are equally possible. For example,
the probability ratio for a woman age 60 years with a sentinel
vertebral fracture is 1.84 (Appendix, Table 4). The probability
ratio at the time of fracture (time 0) was 1.96 and at 2 years was
1.75, differing from the integral value by 5-6% (data not shown).
At the age of 70 years or above, the differences were less than
5%. The small differences suggest that the 2-year integral value
sacrifices accuracy modestly for a substantial gain in simplicity.
Nonetheless, computer-based algorithms could provide a more
granular assessment of fracture recency as a continuous variable.
The incorporation of recency into FRAX would demand inter-
national confirmation with prospective databases that had more
or less complete information on all FRAX risk factors. Such data
do not (yet) exist. For this reason, our intent is to develop an ‘add
on’ to FRAX in much the same way as is undertaken for
Trabecular Bone Score.

FRAX uses eight clinical risk factors. Of these, the strongest
risk factors are a history of a prior fragility fracture and parental
history of hip fracture. Fracture probabilities are approximately
doubled in the presence of a prior fracture depending on age and
sex [1, 2]. In this context, the added risk provided by taking
fracture recency into account is substantial, particularly in youn-
ger individuals. For example, for women at the age of 50 years a
recent vertebral fracture was associated with a probability ratio of
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Fig. 2 Ratio of 10-year probabil-
ities of a major osteoporotic frac- 6.0
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2.62 for computations of the probability of a major osteoporotic
fracture. For a recent hip, humerus or forearm fracture, the prob-
ability ratios were 2.38, 1.96 and 1.46, respectively. It is notable
that these ratios apply to FRAX calculations of probability in the
presence of a prior fracture. Thus, the contribution of prior recent
fracture to probability calculations is very substantial, as further
illustrated in Table 3.

Whereas fracture probabilities are generally upward adjusted,
this is not invariably the case, particularly in the elderly. The
reason relates to the calculation of fracture probability that inte-
grates the hazards of fracture and the hazards of death [29]. Like
the fracture hazard, the death hazard is also increased immedi-
ately after a sentinel hip, vertebral or humerus fracture and there-
after wanes over a period of several years [39-41]. Where the
incremental death hazard outstrips the incremental fracture haz-
ard, probability ratios fall below unity. The lower fracture
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probabilities that arise therefrom are relatively small and might
be ignored in clinical practice. It should be noted however, that
even where these ratios fall below unity, those with a prior recent
fracture still have a fracture probability that is higher than in those
without a prior fracture (see Table 3).

Many current clinical guidelines recommend treatment of in-
dividuals who have sustained a fragility fracture [42]. It might be
argued that, if patients with a prior fracture are to be treated, then
adjustment for recency of fracture is not worthwhile. However,
several considerations should temper this view. First, some as-
sessment guidelines restrict the indication for treatment to a prior
hip fracture alone, prior hip or vertebral fractures, to multiple
fractures or to fracture patients only in the presence of densito-
metric osteoporosis [43—48]. The realisation of much higher risks
than those derived from FRAX with prior fractures of uncertain
recency might modify these restrictions in future guideline
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Fig. 3 Ratio of 10-year probabil-
ities of a hip fracture by age in

FRAX multiplier for hip fracture probability

14.0
men (top panel) and women
(lower panel). The ratio is the 10-
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iterations. Second, the International Osteoporosis Foundation
(IOF) and the European Society for Clinical and Economic
Evaluation of Osteoporosis and Osteoarthritis (ESCEO) recog-
nise the dichotomisation of high risk into high and very high-risk
categories [22]. The stimulus arose from the increasing availabil-
ity of anabolic agents, including new agents such as
abaloparatide and romosozumab or established agents such as
teriparatide, which have demonstrably more rapid and greater
fracture risk reductions than antiresorptive treatments [49-51].
These have the potential to revolutionise treatment strategies,
particularly in individuals at very high fracture risk. Thus,
categorisation of very high risk, which may incorporate the re-
cency and site of prior fracture amongst other factors, helps to
direct interventions and in turn depends on quantifying probabil-
ities. Finally, the discussion of fracture probabilities is of value in
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the interaction of patients and health care professionals which
may in turn promote adherence to medication [52].

Strengths in this study were the random sampling of a large
population, the detail placed on fracture ascertainment, the long
duration of observation [23, 24] and the high accuracy for the
ascertainment of fractures [26]. However, there were also, some
limitations to this study. Despite the extensive information on
fracture, age, sex, mortality, dates and sites of fracture, there
was no information on other clinical risk factors that contribute
to the assessment of fracture probability. For this purpose, data
were simulated assuming that the distribution of clinical risk
factors was the same in the Icelandic cohort as that of the
population-based cohorts used in the synthesis of FRAX. The
same assumption is used in all FRAX models and is justified by
the low heterogeneity in risk indicators between cohorts [1]. In
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Table 3 The 10-year probability

of major osteoporotic fracture FRAX Age No prior Prior Recent Recent Recent Recent
(MOF) and hip fracture in women probability (years) fracture fracture vertebral hip humerus forearm
from the UK (BMI set at 25 kg/ model (FRAX) (FRAX) fracture fracture fracture fracture
m?). The probabilities ‘no prior
fracture’ and ‘prior fracture’ are MOF 40 26 5.9 42 40 28 21
calculated using FRAX in the ab- 50 3.4 7.2 19 17 14 11
sence of other clinical risk factors. 60 59 12 22 19 18 14
The remaining probabilities are 70 1 20 30 25 28 22
for recent (02 years) sentinel 80 17 27 33 26 34 27
fractures adjusted according to the . 9% 22 34 34 25 37 28
present study Hip fracture 40 0.1 0.7 1.5 5.5 1.1 0.5

50 0.2 0.8 1.5 4.0 1.2 0.7

60 0.7 2.1 3.7 6.8 32 2.0

70 2.3 4.8 6.7 8.8 6.4 4.8

80 6.9 10 11 10 11 9.8

90 12 18 18 13 19 17

the present study, the simulated population had very similar
FRAX-based probabilities as the population-based AGES study,
reinforcing the safety of this assumption. A further limitation is
that the probability calculations and the ratios derived therefrom
were determined without the inclusion of bone mineral density,
an omission that requires further study.

For the present study, we relied on within-cohort probabil-
ity calculations rather than on FRAX. This was required be-
cause a proportion of individuals with a prior fracture would
have other risk factors whereas FRAX, developed for individ-
ual rather than population assessment, does not accommodate
proportional exposure to clinical risk factors. It is expected,
therefore, that estimates of fracture probability would be
somewhat higher in the within-cohort sample with a prior
fracture than in a calculation based on FRAX. This proved
to be the case. Despite the differences in absolute probabili-
ties, the risk ratio for a prior fracture versus no prior fracture
was near identical in the present study to that of FRAX.

There are known to be substantial differences in age- and
sex-specific fracture incidence in different regions of the
world [3]. Thus, the absolute probability values we observed
will not be representative of other populations. For this reason,
we computed probability ratios and there is no reason to sup-
pose that there would be differences in the probability ratios
with time. This assumption has not been extensively tested.
However, probability ratios following a sentinel vertebral
fracture in the present study were very similar to those calcu-
lated for the UK. For women age 50, 60, 70, 80 and 90 years,
probability ratios were 2.62, 1.84, 1.50, 1.23 and 1.01, respec-
tively, and were 2.47, 1.86, 1.52, 1.24 and 1.04 when
modelled on the UK distribution of age and BMI [22]. This
suggests that the probability ratios derived in the present study
can be applied to adjust FRAX estimates of fracture probabil-
ity in all FRAX models.

The very high immediate risk following a sentinel
fracture has a marked impact on the 10-year probability
of fracture and in younger men and women is
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substantially higher than that which FRAX would pre-
dict in the presence of a prior fracture. It is anticipated
that the results of this work will be applied to conven-
tional FRAX estimates with appropriate programmes on
a web-based platform. The further refinement of risk
stratification within FRAX-based guidelines is likely to
aid the identification of individuals at very high fracture
risk for treatment with anabolic first regimens.
Additionally, the functions could be used to populate
health economic models that incorporate imminent risk.
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Appendix

Table 4 Ten-year probability of a

major osteoporotic fracture and Age (years) Major osteoporotic fracture Hip

hip fracture (%) in men and

women with a prior fragility Recency Probability ratio Recency Probability ratio

fracture (any site irrespective of . .

its recency), probabilities for a Any time 02 years Any time  0-2 years

recent clinical vertebral fracture

(within 2 years) and the ratio Men

between 10-year probabilities by 40 322 13.47 4.18 0.55 1.17 2.13

age 50 9.18 17.59 1.92 129 245 1.90
60 14.08 22.11 1.57 2.80 493 1.76
70 17.25 25.54 1.48 6.45 8.93 1.38
80 20.01 24.77 1.24 12.61 13.00 1.03
90 20.67 18.37 0.89 16.50 13.54 0.82

Women

40 3.15 22.50 7.14 0.83 1.73 2.08
50 11.05 28.98 2.62 1.93 3.62 1.88
60 19.55 36.05 1.84 420 7.33 1.75
70 28.00 41.87 1.50 9.70 13.62 1.40
80 34.53 42.49 1.23 19.12 20.96 1.10
90 34.21 34.71 1.01 24.17 23.62 0.98

Table 5 Ten-year probability of a

major osteoporotic fracture and Age (years)  Major osteoporotic fracture Hip

hip fracture (%) in men and

women with a prior fragility Recency Probability ratio  Recency Probability ratio
fracture (any site irrespective of

its recency), probabilities for a Any time  0-2 years Any time 02 years

recent clinical Aip fracture (within
2 years) and the ratio between 10- Men

year probabilities by age 40 322 17.09 531 0.55 6.51 11.83
50 9.18 20.97 228 1.29 9.50 736
60 14.08 24.30 1.73 2.80 13.05 4.66
70 17.25 25.16 1.46 6.45 15.87 2.46
80 20.01 21.55 1.08 12.61 15.69 1.24
90 20.67 14.81 0.72 16.50 12.23 0.74

Women
40 3.15 21.32 6.77 0.83 6.50 7.83
50 11.05 26.34 2.38 1.93 9.64 4.99
60 19.55 31.26 1.60 420 13.69 3.26
70 28.00 34.30 123 9.70 17.87 1.84
80 34.53 32.69 0.95 19.12 19.88 1.04
90 34.21 25.48 0.74 24.17 17.56 0.73
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Table 6 Ten-year probability of a

major osteoporotic fracture and Age (years)  Major osteoporotic fracture Hip

hip fracture (%) in men and

women with a prior fragility Recency Probability ratio Recency Probability ratio

fracture (any site irrespective of ] ]

its recency), probabilities for a Any time 02 years Any time (-2 years

recent clinical humeral fracture

(within 2 years) and the ratio Men

between 10-year probabilities by 40 3.22 9.91 3.08 0.55 131 2.38

age 50 9.18 14.35 1.56 129 2.93 227
60 14.08 19.96 1.42 2.80 6.25 2.23
70 17.25 25.07 1.45 6.45 11.87 1.84
80 20.01 24.94 1.25 12.61 16.97 1.35
90 20.67 17.53 0.85 16.50 16.23 0.98

Women

40 3.15 15.10 4.79 0.83 1.30 1.57
50 11.05 21.70 1.96 1.93 2.92 1.51
60 19.55 30.15 1.54 420 6.38 1.52
70 28.00 39.05 1.39 9.70 12.93 1.33
80 34.53 43.45 1.26 19.12 21.62 1.13
90 34.21 36.90 1.08 24.17 25.02 1.04

Table 7 Ten-year probability of a

major osteoporotic fracture and Age (years) Major osteoporotic fracture Hip

hip fracture (%) in men and

women with a prior fragility Recency Probability ratio Recency Probability ratio

fracture (any site irrespective of ) )

its recency), probabilities for a Any time 02 years Any time  0-2 years

recent clinical forearm fracture

(within 2 years) and the ratio Men

between 10-year probabilities by 40 3.22 8.39 261 0.55 0.52 0.94

age 50 9.18 12.21 133 1.29 135 1.05
60 14.08 17.34 1.23 2.80 3.40 1.21
70 17.25 2291 1.33 6.45 791 1.23
80 20.01 24.37 1.22 12.61 14.10 1.12
90 20.67 16.48 0.80 16.50 14.52 0.88

Women

40 3.15 11.11 3.53 0.83 0.61 0.73
50 11.05 16.08 1.46 1.93 1.58 0.82
60 19.55 22.75 1.16 4.20 4.01 0.95
70 28.00 30.47 1.09 9.70 9.59 0.99
80 34.53 34.96 1.01 19.12 18.76 0.98
90 34.21 27.81 0.81 24.17 22.67 0.94
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