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Abstract
Summary  We describe the collection of cohorts together with the analysis plan for an update of the fracture risk prediction 
tool FRAX with respect to current and novel risk factors. The resource comprises 2,138,428 participants with a follow-up 
of approximately 20 million person-years and 116,117 documented incident major osteoporotic fractures.
Introduction  The availability of the fracture risk assessment tool FRAX® has substantially enhanced the targeting of treat-
ment to those at high risk of fracture with FRAX now incorporated into more than 100 clinical osteoporosis guidelines 
worldwide. The aim of this study is to determine whether the current algorithms can be further optimised with respect to 
current and novel risk factors.
Methods  A computerised literature search was performed in PubMed from inception until May 17, 2019, to identify eli-
gible cohorts for updating the FRAX coefficients. Additionally, we searched the abstracts of conference proceedings of the 
American Society for Bone and Mineral Research, European Calcified Tissue Society and World Congress of Osteoporosis. 
Prospective cohort studies with data on baseline clinical risk factors and incident fractures were eligible.
Results  Of the 836 records retrieved, 53 were selected for full-text assessment after screening on title and abstract. Twelve 
cohorts were deemed eligible and of these, 4 novel cohorts were identified. These cohorts, together with 60 previously identi-
fied cohorts, will provide the resource for constructing an updated version of FRAX comprising 2,138,428 participants with a 
follow-up of approximately 20 million person-years and 116,117 documented incident major osteoporotic fractures. For each 
known and candidate risk factor, multivariate hazard functions for hip fracture, major osteoporotic fracture and death will 
be tested using extended Poisson regression. Sex- and/or ethnicity-specific differences in the weights of the risk factors will 
be investigated. After meta-analyses of the cohort-specific beta coefficients for each risk factor, models comprising 10-year 
probability of hip and major osteoporotic fracture, with or without femoral neck bone mineral density, will be computed.
Conclusions  These assembled cohorts and described models will provide the framework for an updated FRAX tool enabling 
enhanced assessment of fracture risk (PROSPERO (CRD42021227266)).

Keywords  Epidemiology · Fracture probability · FRAX · Hip fracture · Major osteoporotic fracture · Risk assessment
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Introduction

Accurate assessment of fracture risk is critical for the opti-
mal management of osteoporosis. The fracture risk assess-
ment tool FRAX®, released by the then World Health 
Organization Collaborating Centre in Sheffield, UK, in 
2008 [1], estimates individualised 10-year probability of hip 
and major osteoporotic fracture (MOF; hip, clinical spine, 
distal forearm and proximal humerus). The algorithm inte-
grates seven dichotomous clinical risk factors (prior fragil-
ity fracture, parental hip fracture, smoking, excess alcohol 
consumption, glucocorticoid use, rheumatoid arthritis and 
other causes of secondary osteoporosis) with age, sex and 
body mass index and optionally, a bone mineral density 
(BMD) measurement [2]. Since its release, 86 FRAX models 
have been made available for 78 countries. Furthermore, the 
FRAX tool has widely influenced clinical decision-making 
as emphasised by the more than 100 guidelines worldwide 
incorporating FRAX as a valuable aid in the setting of inter-
vention thresholds for osteoporosis [3, 4].

The FRAX tool has been appreciated for its simplicity 
for use in primary care but criticised for the same reason 
because of the use of dichotomous clinical risk factors 
(yes/no response) that does not take account of exposure 
response. Exposure response is not considered for gluco-
corticoids, alcohol consumption, smoking and the number 
of prior fractures. Moreover, lumbar spine BMD is not spe-
cifically considered and parameters relating to the material 
and structural properties of bone are lacking. Some of these 
limitations have been addressed by relatively simple arith-
metic procedures to adjust the conventional FRAX estimates 
[4]. The most recent FRAX adjustment relates to the recency 
of fracture with probability ratios providing adjustments to 
the FRAX probability estimates depending on the site of 
the recent sentinel fracture [5]. These adjustment algorithms 
are external to FRAX and will remain so in the absence of 
international databases with the relevant granularity of data.

Notwithstanding, an update of the FRAX tool is timely 
and keenly anticipated. One strategy to improve the pre-
dictive value of FRAX is to consider novel risk factors not 
currently accommodated in the algorithm. A complemen-
tary approach is to expand the resource with additional 
cohorts, especially male and ethnic-specific cohorts, and 
with a longer follow-up than those that already contributed 
to FRAX, which will permit more precise, race/ethnicity- 
and sex-specific, estimates of the existing beta-coefficients. 
Many population-based cohorts worldwide have already pro-
vided data for the development of the original FRAX tool 
and its validation [6] or subsequent application. In order to 
assure that all possible eligible cohorts are included in the 
update of FRAX, a systematic review was conducted.

Methods

We conducted a systematic review to identify potential 
cohort studies for the update of FRAX. This review was 
registered with the International prospective register of 
systematic reviews, PROSPERO (CRD42021227266), 
and followed the Preferred Reporting Items for System-
atic Reviews and Meta-Analyses (PRISMA) guidelines 
[7].

Search strategy

To identify eligible cohorts, a computerised literature search 
was performed in PubMed from its inception to May 17, 
2019, with no language restrictions. The following MeSH 
and free text terms were used to restrict studies to those 
involving prospective, preferably population-based cohorts 
with available data on fracture outcomes as well as the 
clinical risk factors currently incorporated in FRAX: “age 
factors” OR “age” OR “gender” OR “sex” OR “previous 
fractures” OR “prior fractures” OR “previous fracture” 
OR “prior fracture” OR “smoking” OR “adrenal cortex 
hormones” OR “corticosteroid” OR “corticosteroids” OR 
“corticoids” OR “arthritis, rheumatoid” OR “rheumatoid 
arthritis” OR “diabetes” OR “diabetes mellitus” OR “fall-
ing” OR “falls” OR “accidental falls “ OR “malnutrition” 
OR “nutritional deficiencies” OR “nutritional deficiency” 
OR “malnourishment” OR “undernutrition” OR “medical 
history taking” OR “family medical history” OR “family 
health history” OR “recurrence” OR “recurrences” AND 
(“risk factors” OR “risk factor”) AND (“prospective cohort” 
OR “prospective studies” OR “prospective study”) AND 
(“fractures, Bone” OR “fracture” OR “fractures”). The terms 
malnutrition, nutritional deficiencies, nutritional deficiency, 
malnourishment or undernutrition were included to iden-
tify disorders such as inflammatory bowel disease (Crohn’s 
disease and ulcerative colitis) and celiac disease, which are 
considered secondary causes of osteoporosis. All the above 
listed terms were combined with specific filters to simultane-
ously exclude cohorts that had already contributed to FRAX. 
Reference lists of identified records were also screened for 
potential cohorts. Two reviewers (JAK and EVM) first inde-
pendently screened titles and abstracts for relevance, and 
reports deemed potentially relevant were examined in full 
to evaluate eligibility. Any disagreements were resolved by 
discussion and the opinion of a third reviewer, as needed. 
Records were stored using a citation manager and a web-
based tool, Rayyan [8], was used to code screening. In addi-
tion, reference lists from the original studies, reviews and 
meta-analyses were examined to identify additional possible 
studies.
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Eligibility

Studies were eligible if the cohort described was prospec-
tive, included at least 200 participants, assessed an adequate 
number of clinical risk factors and reported an adequate 
number of incident fracture outcomes. Cohorts that had 
already contributed to FRAX as source or validation cohorts 
or that were previously identified but have not been used in 
any previous analysis were collectively categorised sepa-
rately as “cohorts previously identified” (Fig. 1).

Results

Literature search

The computerised literature search yielded 836 records. 
After excluding by title screening, 226 records remained 
for abstract screening. Of these, a further 184 records 
were excluded (inappropriate study population (n = 55), 

cross-sectional design (n = 16), sample size < 200 (n = 23), 
inadequate or no fracture outcome (n = 7), inadequate or 
no clinical risk factors (n = 49), reviews (n = 15) or cohorts 
already contributing to FRAX (“known cohort”, n = 19)). 
Additional hand searching found another 11 records, leaving 
53 reports for full-text assessment (Fig. 1).

Included studies

After assessing 53 full reports, 12 novel cohorts were identi-
fied to be potentially eligible for contributing to the update 
of the FRAX tool (Fig. 1). Of these, 4 met the inclusion cri-
teria and the principal investigator agreed to contribute their 
data (Table 1). The reasons for the exclusion of the other 
potential cohorts (n = 8) are indicated in Appendix Table 3.

The previously identified cohorts (n = 79), including the 
source (n = 9) and validation (n = 10) cohorts for the origi-
nal FRAX algorithm as well as other previously identified 
cohorts, were also considered. All source and validation 
cohorts were included and 41 of the remaining 60 previously 

Fig. 1   PRISMA flow chart. Cohorts previously identified:  source and 
validation cohorts used to develop the existing FRAX tool as well as 
other cohorts that were previously identified but have not been used 

in any previous analysis; Known cohort: additional publication of a 
previously identified cohort. *After reviewing 18 reports, 12 cohorts 
were identified as several reports described the same cohort
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identified cohorts were also eligible to contribute (Table 1). 
The reasons for the other cohorts to be excluded (n = 19) are 
indicated in Appendix Table 3.

The 60 eligible previously identified cohorts will be com-
bined with the 4 newly identified cohorts to construct the 
updated FRAX tool. Details of each of the cohorts are sum-
marised below and in Table 1.

AGES

The Age, Gene/Environment Susceptibility‐Reykjavik 
Study (AGES) was initiated in 2002 to examine risk fac-
tors, including genetic susceptibility and gene/environment 
interactions, in relation to disease and disability in old age. 
The AGES-Reykjavik sample is drawn from the established 
population-based cohort, the Reykjavik Study, a cohort of 
men and women born between 1907 and 1935 and followed 
in Iceland since 1967. Between 2002 and 2006, the AGES‐
Reykjavik study re‐examined 5764 survivors of the Rey-
kjavik Study [9, 10]. Participants were assessed with quan-
titative computed tomography (QCT) and the obtained CT 
images were processed to derive dual-energy X-ray absorpti-
ometry (DXA)-equivalent areal BMD measures. The cohort 
was previously identified. For this study, 5706 participants 
(2419 men) were included with a mean age of 77 years and 
a mean follow-up time of 8.0 years. BMD was measured in 
4782 individuals.

AHS

The Adult Health Study (AHS) documents the late health 
effects of radiation exposure among atomic bomb survi-
vors in Hiroshima and Nagasaki. The original AHS cohort 
consisted of about 15,000 atomic bomb survivors and 5000 
controls selected from residents in Hiroshima and Nagasaki 
using the 1950 national census supplementary schedules and 
the Atomic Bomb Survivors Survey. AHS subjects have been 
followed through biennial medical examinations since 1958 
with a participation rate of approximately 80% throughout 
this period [11, 12]. BMD was measured at each biennial 
health examination using DXA (Hologic QDR 2000) since 
December 1993. The cohort was a source cohort for the 
original FRAX tool. For this study, 2613 participants (749 
men) were included with a mean age of 65 years and a mean 
follow-up time of 3.9 years. BMD was measured in 2596 
individuals.

APOSS

The Aberdeen Prospective Osteoporosis Screening Study 
(APOSS) is a population‐based screening programme for 
osteoporotic fracture risk [13]. All residents in Grampian, 
northeast Scotland, are issued with a unique number known 

as the Community Health Index when they register with 
their primary care physician. Approximately 7200 women 
45–54 years of age were randomly selected from this com-
munity‐based register, and 5119 women came for the initial 
visit that took place between 1990 and 1994. All participants 
underwent bone densitometry and risk factor assessment by 
questionnaire, and the women were invited to undergo fur-
ther assessment between 1997 and 2000. A total of 3883 
women attended the second visit. Finally, a postal question-
naire was sent in 2002 to ascertain further fractures and to 
collect data on medical conditions and treatments. BMD was 
measured by DXA using Norland scanners. At the first visit, 
all the women were scanned using the same machine. At 
the second visit, the majority of women were scanned using 
an XR26, but 357 women (11.5%) were scanned using an 
XR36. The cohort was previously identified. For this study, 
5119 women were included with a mean age of 48 years and 
a mean follow-up time of 8.8 years. BMD was measured in 
5112 individuals.

AUSTRIOS B

The AUSTRIOS B cohort is a prospective cohort study of 
elderly female patients above 70 recruited in 95 nursing 
homes in four counties in Austria [14]. The study centre 
was located in Graz. Patients were screened, enrolled and 
followed up by five mobile study teams consisting of a phy-
sician, a nurse and a medical student. Comorbidities and 
medication as well as laboratory data and bone ultrasound 
were documented. Outcomes included major fractures and 
other health complications. The patients, all Caucasian 
because of the ethnic composition of that age group in Aus-
tria, had to be able to walk a short distance independently, 
with the use of canes or a walker, or with the support of a 
nurse. The cohort was previously identified. For this study, 
2064 participants (327 men) were included with a mean age 
of 84 years and a mean follow-up time of 1.2 years.

BEH

The Bushehr Elderly Health (BEH) programme is a prospec-
tive population-based study with multistage stratified-cluster 
sampling aimed at investigating the prevalence of non-com-
municable diseases and its associated risk factors. Between 
March 2013 and October 2014, 3000 men and women were 
enrolled as a representative urban sample of people aged 
60 years and older residing in the city of Bushehr, the capi-
tal city of a province located in South Iran [15, 16]. BMD 
was measured by DXA (Discovery WI, Hologic). The cohort 
was previously identified. For this study, 2426 participants 
(1166 men) were included with a mean age of 69 years and 
a mean follow-up time of 4.2 years. BMD was measured in 
2417 individuals.
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Bern

The Bern cohort is a referral population of about 40,000 men 
and women from the Osteoporosis Clinic at the University 
Hospital in Bern, Switzerland. The participants, usually with 
one or more risk factors for osteoporosis, were recruited 
between 1988 and 2018. BMD was measured by DXA 
(Hologic QDR®, 1000, 2000, 4500A/W, Discovery A/C) 
with cross-calibration (Personal communication of primary 
data on the Bern cohort with Kurt Lippuner, May 1, 2019). 
The cohort was previously identified. For this study, 23,185 
participants (3493 men) were included with a mean age of 
59 years and a mean follow-up time of 7.8 years. BMD was 
measured in 22,830 individuals.

CaMos

The Canadian Multicentre Osteoporosis Study (CaMos) is 
a population-based, prospective age-stratified cohort. The 
study documented the incidence of fractures and risk factors 
in a random sample of 9423 men and women aged 25 years 
or more selected from regional residential telephone listings 
during 1995–1997. The sampling frame is from nine study 
centres (St John’s, Halifax, Quebec City, Kingston, Toronto, 
Hamilton, Saskatoon, Calgary and Vancouver) in nine prov-
inces [17]. BMD was measured by DXA using Hologic QDR 
1000 or 2000 or Lunar DPX densitometers. The cohort was 
a source cohort for the original FRAX tool. For this study, 
9423 participants (2884 men) were included with a mean age 
of 62 years and a mean follow-up time of 12.9 years. BMD 
was measured in 8290 individuals.

DOES

The Dubbo Osteoporosis Epidemiology Study (DOES), 
started in 1989, is a longitudinal population-based study of 
women and men aged 60 years and older living in Dubbo, 
400 km northwest of Sydney, Australia [18]. Participation 
in the study was 56% of the population. Baseline measure-
ments included BMD assessed using DXA (GE‐Lunar, 
DPX and Prodigy). The cohort was a source cohort for the 
original FRAX tool. For this study, 2654 participants (1068 
men) were included with a mean age of 70 years and a mean 
follow-up time of 8.8 years. BMD was measured in 2116 
individuals.

DO‑HEALTH

The VitaminD3-Omega3-Home Exercise-Healthy Aging 
and Longevity Trial (DO-HEALTH) is a multicentre clini-
cal trial among 2157 community-dwelling European men 

and women age 70 years and older at 7 recruitment centres 
located in 5 different countries (Zurich, Basel, Geneva, Tou-
louse, Berlin, Innsbruck and Coimbra) [19, 20]. Enrolment 
occurred between December 2012 and November 2014. The 
randomised, placebo-controlled trial has a 2 × 2 × 2 factorial 
design testing a simple home exercise programme and/or 
vitamin D, and/or omega-3 fatty acids, over a 3-year period. 
BMD was assessed at four recruiting centres equipped with 
Lunar iDXA machines. The cohort was previously identified. 
For this study, 2157 participants (826 men) were included 
with a mean age of 75 years and a mean follow-up time of 
2.9 years. BMD was measured in 1452 individuals.

ECOSAP

The Ecografía Osea en Atención Primaria (ECOSAP) is a 
referral population of 5201 women aged 65 or older who 
were enrolled in a 3-year, prospective study by a nonran-
domised sampling of consecutive cases in 58 primary care 
centres in Spain between March 2000 and June 2001, regard-
less of the reason for consultation [21, 22]. An average of 
90 women were included from each centre (range, 26–161). 
The cohort was previously identified. For this study, 5201 
women were included with a mean age of 72 years and a 
mean follow-up time of 3.3 years.

EPIC‑Norfolk

The European Prospective Investigation of Cancer (EPIC) 
study is a prospective cohort study designed to investigate 
the aetiology of major chronic diseases. The Norfolk cohort 
was recruited between 1993 and 1997 and comprised men 
and women aged 45 to 74 years identified from general 
practice listings [23, 24]. The cohort was previously identi-
fied. For this study, 25,636 participants (11,606 men) were 
included with a mean age of 59 years and a mean follow-up 
time of 19.3 years.

EPIDOS

The Epidémiologie de l’Ostéoporose (EPIDOS) is a pro-
spective multicentre study on risk factors for hip fracture 
in elderly ambulatory women aged 75–95 years recruited 
through mailings using large population-based listings such 
as electoral rolls in five French centres (Amiens, Lyon, 
Montpellier, Paris, Toulouse) between April 1992 and 
December 1993 [25, 26]. BMD was measured by DXA 
(Lunar DPX Plus). The cohort was a validation cohort for 
the original FRAX tool. For this study, 7598 women were 
included with a mean age of 80 years and a mean follow-up 
time of 2.8 years. BMD was measured in 7562 individuals.
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EPIFROS

The EPIdemiology and Fracture Risk factors for Osteo-
porosis in Spain (EPIFROS) cohort is a population-based 
sample of men and women between 40 and 96 years of age, 
recruited between 2007 and 2009 from the Asturias region 
in the Northwest of Spain [27, 28]. The cohort was identified 
through the systematic review. For this study, 284 partici-
pants (129 men) were included with a mean age of 62 years 
and a mean follow-up time of 10.0 years. BMD was meas-
ured in 12 individuals.

EVOS/EPOS

The European Vertebral Osteoporosis Study (EVOS), started 
in 1989, is comprised of age‐ and sex‐stratified random sam-
ples from 36 centres in 19 European countries [29]. Equal 
numbers of men and women were drawn in each centre 
within six 5‐year age bands (50–54 up to 75–79 years) dur-
ing 1989. BMD was measured in 13 centres by DXA using 
pencil beam machines that were cross‐calibrated using the 
European spine phantom. The sample provided the frame-
work for the European Prospective Osteoporosis study 
(EPOS) where repeated assessment was undertaken in 29 
of the centres [30, 31]. The cohort was a source cohort for 
the original FRAX tool. For this study, 17,342 participants 
(8050 men) were included with a mean age of 64 years and 
a mean follow-up time of 3.1 years. BMD was measured in 
5296 individuals.

FORMEN

The Fujiwara-kyo Osteoporosis Risk in Men (FORMEN) 
study is an ancillary study of a larger prospective, commu-
nity-based cohort study, the Cohort Study for Function-
ing Capacity and Quality of Life in Elderly Japanese, also 
referred to as the Fujiwara-kyo Study. The FORMEN study 
examines elderly male participants (65 years and older) of 
the Fujiwara-kyo Study, enrolled between June 2007 and 
October 2008, for bone health [32, 33]. BMD measure-
ment was undertaken using a Hologic QDR 4500 device. 
The cohort was previously identified. For this study, 1888 
men were included with a mean age of 72 years and a mean 
follow-up time of 8.6 years. BMD was measured in 1884 
individuals.

Framingham–offspring

In 1971, the Framingham Offspring Study (n = 5124) 
enrolled the adult offspring (and their spouses) of the 
original Framingham cohort participants. DXA scans were 
obtained up to 3 times every 4 years between 1996 and 
2008 using a Lunar DPX‐L densitometer (GE Lunar Corp, 

Madison, WI, USA) [34, 35]. For this study, 3539 partici-
pants (1625 men) were included with a mean age of 61 years 
and a mean follow-up time of 16.5 years. BMD was meas-
ured in 2939 individuals.

Framingham–original

The Framingham Original Cohort, initiated in 1948, is com-
prised of 5209 Caucasians who were systematically recruited 
as a two thirds sample of the population of Framingham, 
MA, USA, for the purpose of determining risk factors for 
cardiovascular disease [36]. Since 1948, these participants 
have been examined every 20 years. From 1987 through 
1999, all surviving participants were invited for 3 BMD 
tests, approximately 4 years apart. BMD was measured using 
a dual-photon absorptiometer from 1987 through 1991 and 
a DXA from 1992 through 1999 (both manufactured by 
Lunar Corp) [34, 35]. The cohort was previously identified. 
For this study, 1166 participants (405 men) were included 
with a mean age of 80 years and a mean follow-up time of 
9.6 years. BMD was measured in 896 individuals.

FRIDEX

The Fracture RIsk factors and bone DEnsitometry type cen-
tral dual X-ray (FRIDEX) cohort is constituted of women 
referred by general practitioners and specialists for undergo-
ing central bone densitometry by DXA for the initial study of 
osteoporosis or treatment follow-up, who accept to answer 
an extensive questionnaire on risk factors for osteoporotic 
fracture (family history of osteoporosis and hip fracture, 
clinical risk factors and lifestyle habits related to diet and 
toxic substances). This cohort was initiated in 1999 at the 
Bone Densitometry Unit of the Department of Nuclear Med-
icine of the University Hospital Vall d’Hebrón in Barcelona 
[37, 38]. BMD was measured by DXA (Lunar Prodigy). 
The cohort was identified through the systematic review. 
For this study, 815 women were included with a mean age 
of 57 years and a mean follow-up time of 9.9 years. BMD 
was measured in 815 individuals.

FROCAT​

The Fracture Risk factors for Osteoporosis in CATalonia 
(FROCAT) cohort represents a Spanish cohort of men and 
women between 40 and 90 years old assigned to family 
physicians participating in the study that were working in 
the Public Health Services and practices managed by the 
Catalan Health Institute. The sample of patients was taken 
from those who were assigned to the family physicians 
in 2001 and who had been previously selected by simple 
randomization by stratified age and sex groups accord-
ing to the Catalan population census and province [39]. A 
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subgroup of the patients underwent BMD measurements 
by DXA. The cohort was identified through the system-
atic review. For this study, 1954 participants (865 men) 
were included with a mean age of 69 years and a mean 
follow-up time of 9.9 years. BMD was measured in 238 
individuals.

GERICO

The Geneva Retirees Cohort (GERICO) is a prospective 
ongoing cohort study designed to identify the gene loci and 
musculoskeletal factors related to fracture risk in recently 
retired workers from the Geneva area. Healthy community‐
dwelling postmenopausal women and men were recruited at 
the age of 63 to 67 years between 2008 and 2011 by adver-
tisement in the local press, the Geneva University Hospitals 
or local large companies at time of retirement [40]. BMD 
was assessed using a Hologic QDR Discovery. The cohort 
was previously identified. For this study, 765 participants 
(157 men) were included with a mean age of 68 years and 
a mean follow-up time of 3.6 years. BMD was measured in 
751 individuals.

GLOW

The Global Longitudinal Study of Osteoporosis in Women 
(GLOW) is an observational study of women aged 55 years 
and older sampled from 17 primary care practices in 10 
countries (Australia, Belgium, Canada, France, Germany, 
Italy, Netherlands, Spain, UK and USA) [41]. Sampling took 
place from October 2006 to February 2008 and was strati-
fied by age to ensure that two-thirds of the women surveyed 
were 65 years of age and older. The cohort was previously 
identified. For this study, 60,393 women were included 
with a mean age of 69 years and a mean follow-up time of 
4.0 years.

GOS

The Geelong Osteoporosis Study (GOS) is an ongoing 
population-based, prospective age-stratified cohort of 
women aged 20 years and older. Subjects were randomly 
selected from electoral rolls of the Barwon Statistical 
Division that includes the Geelong region in south-east-
ern Australia during the years 1993–1997 [42]. BMD 
measurements were performed using DXA (Lunar DPX-
L, GE-Prodigy). The cohort was a validation cohort for 
the original FRAX tool. For this study, 1865 women 
were included with a mean age of 63 years and a mean 
follow-up time of 6.9 years. BMD was measured in 1807 
individuals.

Gothenburg I

The Gothenburg I study comprised four birth cohorts of 
2375 randomly sampled men and women aged 70 years 
or more followed for up to 20 years after a baseline BMD 
measurement [43, 44]. The participation rate was 73%. The 
participants were drawn randomly from the population reg-
ister in Gothenburg by the date of birth to provide cohorts 
aged 70, 76, 79 and 85 years at the time of investigation 
(1985–1993). The cohort was a source cohort for the original 
FRAX tool. For this study, 2375 participants (929 men) were 
included with a mean age of 86 years and a mean follow-up 
time of 9.2 years.

Gothenburg II

The Gothenburg II study comprised a randomly drawn popu-
lation cohort of women aged 21–89 years between 1992 and 
1997 [45]. Risk factors for osteoporosis were recorded by 
use of a standardised questionnaire. The cohort was a source 
cohort for the original FRAX tool. For this study, 11,376 
women were included with a mean age of 59 years and a 
mean follow-up time of 13.2 years.

HAI

The Healthy Ageing Initiative (HAI) is an ongoing observa-
tional cohort study of 70-year-old adults in Umeå, northern 
Sweden, since 2012. Its goal is to investigate traditional and 
novel risk factors for cardiovascular disease and injurious 
falls and fractures. Inclusion criteria for the HAI were resi-
dency in the Umeå municipal area and an age of 70 years 
at the time of participation. Eligible participants were 
drawn from population registers and invited via letter and 
subsequent telephone call [46]. BMD measurements were 
performed with a Lunar iDXA device. The cohort was pre-
viously identified. For this study, 3618 participants (1800 
men) were included with a mean age of 70 years and a mean 
follow-up time of 2.6 years. BMD was measured in 3535 
individuals.

HCS

The Hertfordshire Cohort Study (HCS) is a population-based 
study of men and women born between 1931 and 1939 in the 
county of Hertfordshire, UK [47]. It was initiated to evalu-
ate interactions between the genome, the intrauterine and 
early postnatal development and adult diet and lifestyle in 
the aetiology of chronic disorders in later life. BMD was 
measured using a Hologic QDR 4500 instrument. The cohort 
was previously identified. For this study, 632 participants 
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(314 men) were included with a mean age of 65 years and 
a mean follow-up time of 8.9 years. BMD was measured in 
631 individuals.

Health ABC

The Health, Aging and Body Composition (Health ABC) 
study is a prospective observational cohort study examining 
the relationship between changes in body composition and 
disability, morbidity and mortality. The cohort is comprised 
of men and women who were between 70 and 79 years of 
age in the recruitment period from March 1997 to July 1998. 
Participants were recruited from all age-eligible Blacks 
residing in Pittsburgh, PA, and Memphis, TN, and a random 
sample of White Medicare beneficiaries [48]. The cohort is 
approximately 40% Black and evenly divided between male 
and female participants. BMD was assessed at both field 
centres by DXA (Hologic QDR 4500A). The cohort was 
previously identified. For this study, 3075 participants (1491 
men) were included with a mean age of 74 years and a mean 
follow-up time of 11.9 years. BMD was measured in 3047 
individuals.

HUNT

Helse Undersøkelsen i Trøndelag (HUNT) study is an ongo-
ing population‐based study, which has collected data in four 
surveys: HUNT1 (1984–86), HUNT2 (1995–97), HUNT3 
(2006–08) and HUNT 4 (2017–2019). In each survey, all 
inhabitants in Nord‐Trøndelag County in central Norway, 
aged 20 years or older, were invited to participate [49, 50]. 
In HUNT 3, BMD was measured by DXA using a Lunar 
Prodigy scanner. The cohort was previously identified. For 
this study, 50,213 participants (22,799 men) were included 
with a mean age of 53 years and a mean follow-up time of 
12.4 years. BMD was measured in 11,583 individuals.

JPOS

The Japanese Population-based Osteoporosis Study (JPOS) 
is a population-based study launched in 1996 to produce a 
BMD reference database using DXA (Hologic QDR 4500 
device) to evaluate bone turnover markers in Japanese 
women and to determine risk factors related to osteoporotic 
fractures [51]. Subjects were randomly selected according 
to resident registrations at seven municipalities distributed 
throughout Japan. The cohort was previously identified. For 
this study, 1950 women were included with a mean age of 
58 years and a mean follow-up time of 13.3 years. BMD was 
measured in 1935 individuals.

LASA

The Longitudinal Aging Study Amsterdam (LASA) is an 
ongoing multidisciplinary cohort study on predictors and 
consequences of changes in physical, cognitive, emotional 
and social functioning in older people in The Netherlands 
[52–54]. Briefly, a sample of 3107 older men and women 
aged 55–85 years, stratified by age, sex and urbanization, 
was drawn from the population registers of 11 municipali-
ties in areas in the west, northeast and south of The Nether-
lands. Data collection took place in 1992–1993 (baseline), in 
1995–1996 and in 1998–1999. BMD was measured by DXA 
(Hologic QDR 2000). The cohort was identified through the 
systematic review. For this study, 1509 participants (728 
men) studied at wave C (1995) were included with a mean 
age of 76 years and a mean follow-up time of 5.1 years. 
BMD was measured in 522 individuals.

Maccabi

The Maccabi database comprises the electronic medical 
records of all patients from the Maccabi Healthcare Ser-
vices, a large Israeli government-funded health mainte-
nance organization insuring and providing medical care 
for 2.5 million current members (i.e. approximately 25% 
of the Israeli population) [55]. All BMD scans were con-
ducted using the same standardised model of the Lunar 
Prodigy. The cohort was previously identified. For this 
study, 659,266 participants (316,287 men) were included 
with a mean age of 56 years and a mean follow-up time 
of 9.6 years. BMD was measured in 35,829 individuals, 
with scanning performed up to 1 year before or after the 
baseline visit.

Manitoba

The Manitoba cohort is a population-based registry that 
captures all referrals for DXA testing in the Province of 
Manitoba, Canada, with linkage to health services data-
bases for longitudinal analyses [56, 57]. From 1990 to 2000, 
DXA measurements were performed with a pencil-beam 
instrument (Lunar DPX; Lunar Corporation, Madison, WI) 
and after this date, cross-calibrated fan-beam instruments 
were used (Lunar Prodigy until 2012, Lunar iDXA from 
2012 onwards, GE Healthcare). The cohort was previously 
identified. Age 20 years or older at the time of baseline 
DXA performed between January 1996 and March 2018 
were included with a mean age of 63 years and a mean 
follow-up time of 9.0 years. BMD was measured in 92,102 
individuals.
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MINOS

The Montceau les MINes OSteoporosis (MINOS) study is 
a prospective study of osteoporosis and of its determinants 
in men aged 50 to 85 years that was initiated in 1995 as a 
collaboration between the INSERM (the French National 
Institute of Health and Medical Research) and the Société de 
Secours Minière de Bourgogne (SSMB), a health insurance 
company, in Montceau les Mines, a town situated 130 km 
northwest of Lyon in the Department (district) Saône et 
Loire [58]. BMD was measured by DXA (Hologic QDR 
1500). The cohort was previously identified. For this study, 
841 men were included with a mean age of 65 years and a 
mean follow-up time of 8.9 years. BMD was measured in 
675 individuals.

Miyama

This population-based epidemiological study, initiated in 
1990, was conducted in Miyama, a mountain village in 
Wakayama Prefecture, Japan. Subjects (n = 400) for the 
BMD cohort were selected by sex and age stratum from the 
full list of residents born in 1910–1949, with 50 men and 50 
women in each age decade [59]. BMD was measured using 
DXA (Lunar DPX). The cohort was a validation cohort for 
the original FRAX tool. For this study, 400 participants 
(200 men) were included with a mean age of 59 years and 
a mean follow-up time of 9.3 years. BMD was measured in 
400 individuals.

MrOS Hong Kong

The Osteoporotic Fractures in Men (MrOS) Hong Kong 
study included Chinese men of Asian ethnicity aged 65 years 
and older who were enrolled between 2001 and 2003. This 
cohort was an age-stratified cohort giving 33% of subjects 
in each of the following age groups: 65 to 69, 70 to 74 
and ≥ 75 years. Subjects were recruited in housing estates 
and community centres for the elderly [60, 61]. Subjects 
had BMD evaluation using Hologic QDR 4500 devices. 
The cohort was previously identified. For this study, 2000 
men were included with a mean age of 72 years and a mean 
follow-up time of 9.9 years. BMD was measured in 2000 
individuals.

MrOS Sweden

The Osteoporotic Fractures in Men (MrOS) Sweden cohort 
is a multicentre prospective cohort of mainly white men 
aged 69 to 81 years. Subjects were enrolled between October 
2001 and December 2004 in three sites (Malmö, Göteborg 
and Uppsala) by identifying men using national population 

registers [62, 63]. Both Hologic QDR 4500 (Göteborg) and 
GE Lunar Prodigy (Malmö and Uppsala) devices were used 
to measure BMD. The cohort was previously identified. 
For this study, 3014 men were included with a mean age of 
75 years and a mean follow-up time of 11.4 years. BMD was 
measured in 2820 individuals.

MrOS USA

The Osteoporotic Fractures in Men (MrOS) USA study 
enrolled men, 65 years of age or older, from March 2000 
through April 2002. Community-based recruitment 
occurred at six US academic medical centres in Birming-
ham, AL; Minneapolis, MN; Palo Alto, CA; Pittsburgh, PA; 
Portland, OR; and San Diego, CA [64, 65]. Participants 
had BMD measured using Hologic QDR 4500 devices. The 
cohort was previously identified. For this study, 5994 men 
were included with a mean age of 74 years and a mean 
follow-up time of 12.5 years. BMD was measured in 5994 
individuals.

MsOS Hong Kong

The Osteoporotic Fractures in Women (MsOS) Hong Kong 
included Chinese women of Asian ethnicity aged 65 years and 
older who were recruited between 2002 and 2003. This cohort 
was an age-stratified cohort giving 33% of subjects in each of 
the following age groups: 65 to 69, 70 to 74 and ≥ 75 years. 
Subjects were recruited from housing estates and community 
centres for the elderly [66]. Participants had BMD measured 
using Hologic QDR 4500 devices. The cohort was previously 
identified. For this study, 2000 women were included with a 
mean age of 73 years and a mean follow-up time of 8.8 years. 
BMD was measured in 2000 individuals.

NHEFS

The National Health and Nutrition Examination Survey 
(NHANES) I Epidemiologic Follow-up Study (NHEFS) 
was a national longitudinal study designed to investigate 
the relationships between clinical, nutritional and behav-
ioural factors assessed in NHANES I and subsequent mor-
tality, morbidity and hospital utilization, as well as changes 
in risk factors, functional limitations and institutionalization 
[67]. The NHEFS cohort includes all persons 25–74 years of 
age who completed a medical examination at NHANES I in 
1971–1975 (n = 14,407). The follow-up data collection was 
conducted from 1982 through 1984 for all members of the 
NHEFS cohort who were still alive and residing in their base-
line location. The cohort was previously identified. For this 
study, 12,220 participants (4941 men) were included with a 
mean age of 49 years and a mean follow-up time of 10.0 years.
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OFELY

The Os des Femmes de Lyon (OFELY) cohort comprises 
an age-stratified cohort of women aged 31–89 years ran-
domly recruited from the affiliates of a large health insur-
ance company from the Rhone district (Mutuelle Générale 
d’Éducation Nationale, Lyon, France) between February 
1992 and December 1993 [68]. BMD was measured by 
DXA using a Hologic QDR 2000 or Hologic QDR 4500. 
The cohort was previously identified. For this study, 867 
women were included with a mean age of 59 years and a 
mean follow-up time of 17.5 years. BMD was measured in 
861 individuals.

OPRA

From December 1995 to May 1999, women, picked ran-
domly from the city files of Malmö, Sweden, were invited 
to participate in the Malmö Osteoporosis Prospective Risk 
Assessment (OPRA) study. Of the 1604 women initially 
invited, 1044 (65%) participated in the baseline investi-
gation, which took place all year round. All women were 
75 years old at the initial visit [69]. BMD was assessed 
by DXA technique (Lunar DPX-L). The cohort was previ-
ously identified. For this study, 1044 women were included 
with a mean age of 75 years and a mean follow-up time of 
11.6 years. BMD was measured in 947 individuals.

OPUS

The Osteoporosis and Ultrasound Study (OPUS) is a multi-
centre age-stratified population-based female cohort involv-
ing 5 centres from different European countries (Sheffield 
and Aberdeen in the UK, Berlin and Kiel in Germany and 
Paris in France) [70]. Participants of the OPUS study were 
recruited from random population samples between April 
1999 and April 2001. Women of two different age segments 
(20–39 years of age, “younger women”, or 55–79 years of 
age, “older women”) were included. Bone densitometry was 
performed using DXA (Hologic QDR 4500 in the Kiel, Paris 
and Sheffield centres; Lunar Expert devices in the Aberdeen 
and Berlin centres). The cohort was a validation cohort for 
the original FRAX tool. For this study, 2882 women were 
included with a mean age of 61 years and a mean follow-up 
time of 6.1 years. BMD was measured in 2836 individuals.

OsteoLaus

The OsteoLaus study is a single-centre nested population-
based cohort of postmenopausal women living in the city 
of Lausanne, Switzerland. It is a substudy of the CoLaus/

PsyColaus study, an ongoing prospective study aiming to 
assess the determinants of cardiovascular and psychiatric dis-
eases using a population-based sample drawn from the city 
of Lausanne. Between September 2009 and September 2012, 
all women aged between 50 and 80 years from the CoLaus/
PsyCoLaus study (first follow-up) were invited to participate 
in the OsteoLaus study, and 85% accepted (n = 1475). The 
first follow-up of the OsteoLaus study was between Septem-
ber 2012 and June 2015 (n = 1349) and the second follow-
up between March 2015 and February 2018 (n = 1234). 
The mean follow-up period for each visit is 2.5 years, and 
the study is projected to have at least four follow-up visits. 
The aims of the OsteoLaus study are to compare different 
models of fracture risk prediction and to assess the relation-
ship between osteoporosis and cardiovascular diseases [71, 
72]. DXA scans were performed to measure BMD using the 
Discovery A System (Hologic). The cohort was previously 
identified. For this study, 1475 women were included with a 
mean age of 65 years and a mean follow-up time of 4.6 years. 
BMD was measured in 1457 individuals.

OSTPRE

The Kuopio OSTeoporosis risk factor and PREvention (OST-
PRE) study in Finland was initiated through a postal inquiry 
sent to all 14,220 women aged 47–56 who were residents of 
Kuopio province in 1989 [73, 74]. A total of 13,100 women 
responded to the inquiry, of whom 1214 were excluded for 
incomplete information. This left a study population of 
11,886 women. A random stratified sample underwent BMD 
testing by DXA using the Lunar DPX. The cohort was previ-
ously identified. For this study, 11,200 women were included 
with a mean age of 57 years and a mean follow-up time of 
9.8 years. BMD was measured in 2761 individuals.

PERF

The Prospective Epidemiologic Risk Factor (PERF) study 
aimed to find risk factors associated with age-related dis-
eases. Women who had previously either participated in 
clinical randomised placebo-controlled studies or had been 
screened for previous studies at the Centre for Clinical and 
Basic Research in Denmark were invited to participate in 
PERF. A total of 5855 Danish postmenopausal women aged 
48 to 89 years were enrolled in the PERF study during 1999 
to 2001 [75]. BMD was measured by DXA using either a 
Hologic QDR 2000 or a Lunar Prodigy scanner. The cohort 
was a validation cohort for the original FRAX tool. For 
this study, 4225 women were included with a mean age of 
63 years and a mean follow-up time of 7.3 years. BMD was 
measured in 2446 individuals.
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REFORM

The REducing Falls with ORthoses and a Multifaceted podi-
atry intervention (REFORM) study is a pragmatic open two-
arm cohort randomised controlled trial. Community dwell-
ing men and women aged 65 years and over from National 
Health Service (NHS) podiatry clinics in England and from 
one podiatry clinic at the National University of Ireland, 
Galway, were recruited between October 2012 and August 
2014 [76]. In total, 1010 participants were randomised to 
either a podiatry intervention, including foot and ankle 
exercises, foot orthoses and, if required, new footwear, and 
a falls prevention leaflet (n = 493) or usual podiatry treat-
ment plus a falls prevention leaflet (n = 517). The cohort was 
previously identified. For this study, 1010 participants (400 
men) were included with a mean age of 78 years and a mean 
follow-up time of 1.5 years.

Rochester

The Rochester cohort was recruited from two random popu-
lation samples stratified by decade of age, one from 1980 
comprising women who were subsequently followed for up 
to 20 years [77] and another sample of women and men from 
1990 followed for 8 years [78]. BMD was measured by dual 
photon absorptiometry in the first cohort (cross‐calibrated 
to DXA) and by DXA (Hologic QDR 2000) in the second 
group. The cohort was a source cohort for the original 
FRAX tool. For this study, 1003 participants (348 men) were 
included with a mean age of 57 years and a mean follow-up 
time of 7.7 years. BMD was measured in 995 individuals.

Rotterdam

The Rotterdam Study (RS) is a single-centre population-
based follow-up study conducted in the suburb of Ommoord 
in Rotterdam, where all inhabitants aged 55 years or older 
were invited [79–83]. The baseline study comprised a 
home interview followed by two visits at the research 
centre for clinical examinations. The initial cohort (RS-I) 
recruited men and women in 1990 with follow-up visits 
in 1993–1995 (RS-I-2), 1997–1999 (RS-I-3), 2002–2004 
(RS-I-4), 2009–2011 (RS-I-5) and 2014–2015 (RS-I-6). In 
2000–2001, a second cohort was established (RS-II) with 
participants aged above 55 years having follow-up exami-
nations in 2004–2005 (RS-II-2), 2011–2012 (RS-II-3) and 
2015–2016 (RS-II-4). Between 2006 and 2008, a third, 
younger cohort (RS-III-1) was established with participants 
aged above 45 years with follow-up visit in 2012–2014 (RS-
III-2). BMD was assessed by DXA using a Lunar DPX-L 
(RS-I-1, RS-I-2, RS-I-3 and RS-II-1), Lunar Prodigy (RS-
I-4, RS-II-2, RS-III-1) and iDXA (RS-I-5, RS-I-6, RS-II-
3, RS-II-4, RS-III-2). The cohort was a source cohort for 

the original FRAX tool. For this study, 14,619 participants 
(6024 men) were included with a mean age of 66 years and 
a mean follow-up time of 10.8 years. BMD was measured 
in 11,040 individuals.

SAOL‑IPR‑EPIPorto

Data of three different Portuguese cohorts, Santo António 
dos Olivais (SAOL) in Coimbra, Instituto Português de Reu-
matologia (IPR) in Lisbon and EPIPorto in Porto (from the 
centre, south and north of the country, respectively), were 
combined [84]. The SAOL study is a population-based 
cohort, designed to examine the association between a vari-
ety of potential risk factors and osteoporosis and fragility 
fractures. From March 1998 to April 2000, 1745 persons, 
aged > 18 years, were identified, contacted and recruited, 
with the method of random numbers selection from the 
electoral register of the county, stratified by gender and 
5-year age strata. The population of the prospective IPR 
study consists of 819 women and men aged 40 years or 
older at baseline, of whom a DXA was performed between 
December 1999 and July 2001. Participants were referred 
by physicians, including general practitioners, rheumatolo-
gists, endocrinologists, orthopaedic surgeons and gynae-
cologists. The EPIPorto study is a population-based cohort 
study, with the aim of assessing determinants of health in 
the adult population of Porto. For this purpose, 2485 com-
munity-dwellers aged > 18 years, selected in 1999–2003 by 
random digit phone dialling, have been repeatedly evaluated. 
The second evaluation, performed in 2005–2006, including 
1466 persons, recorded all clinical parameters relevant to 
FRAX. Only persons aged > 40 years and with a complete 
set of data on FRAX clinical risk factors were included. 
DXA scans were performed using a Hologic QDR 4500 
bone densitometer in all cases. The cohorts were previously 
identified. For this study, 1227 participants (288 men) were 
included with a mean age of 56 years and a mean follow-up 
time of 12.3 years. BMD was measured in 1225 individuals.

SarcoPhAge

The Sarcopenia and Physical Impairment with advancing 
Age (SarcoPhAge) study, a 5-year prospective longitudi-
nal study, was developed in Liège, Belgium, in June 2013 
with the purpose of assessing the health and functional out-
comes of sarcopenia [85]. Elderly subjects aged 65 years 
and older were recruited in different departments of an out-
patient clinic in Liège and through advertisements in the 
press. BMD measurements were performed with a Hologic 
Discovery A device. The cohort was previously identified. 
For this study, 260 participants (109 men) were included 
with a mean age of 76 years and a mean follow-up time of 
1.9 years. BMD was measured in 247 individuals.
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SCHS

The Singapore Chinese Health Study (SCHS) is a 
community‐based prospective cohort study to investi-
gate diet, lifestyle factors and risk of chronic diseases. 
Between April 1993 and December 1998, 63,257 mid-
dle‐aged to older men and women were enrolled. The 
study participants were restricted to two major dialect 
groups in Singapore, the Hokkiens and the Cantonese, 
who originated from Fujian and Guangdong provinces 
in Southern China. During the enrolment period, all 
study participants were residents of government hous-
ing estates, where 86% of the Singapore population was 
housed [86, 87]. The cohort was previously identified. 
For this study, 52,042 participants (22,160 men) were 
included with a mean age of 62 years and a mean follow-
up time of 8.9 years.

SCOOP

The screening for prevention of fractures in older women 
(SCOOP) study has been designed as a multi-centre, 
unblinded, pragmatic, randomised controlled trial with 
5-year follow-up to assess the effectiveness and cost-effec-
tiveness of a community-based screening programme to 
prevent fractures in older women [88, 89]. Women aged 
70–85 years were recruited from primary care in seven 
regions in England (Norwich, Southampton, Bristol, Bir-
mingham, Manchester, York and Sheffield). Consenting 
participants were randomised between April 2008 and July 
2009 to either a screening arm (n = 6233 receiving a care 
algorithm including FRAX and drug targeting) or the control 
arm (n = 6250 receiving usual primary care for osteoporo-
sis based on opportunistic case finding). BMD measure-
ments were performed with DXA in selected participants. 
The cohort was previously identified. For this study, 12,483 
women were included with a mean age of 76 years and a 
mean follow-up time of 4.8 years. BMD was measured in 
2718 individuals.

SEMOF

The Swiss Evaluation of the Methods of Measurement of 
Osteoporotic Fracture risk (SEMOF) study is a prospec-
tive, multi-centre, population-based study. Elderly women 
(70 to 80 years old) were randomly recruited from offi-
cial state registries between January 1998 and April 2000 
[90]. The cohort was a validation cohort for the original 
FRAX tool. For this study, 7133 women were included 
with a mean age of 75 years and a mean follow-up time 
of 2.9 years [91]. BMD was measured in 920 individuals 
(Hologic QDR 4500A). Those who decided to attend their 
visit at the SEMOF site of the Osteoporosis Policlinic of the 

University Hospital of Bern, Switzerland (n = 701) had their 
BMD remeasured [90].

Sheffield

The Sheffield cohort comprised women aged 75 years or 
more selected randomly from the population of Sheffield, 
UK, and surrounding districts between 1993 and 1999. 
Approximately 35,000 women, identified from general 
practitioner listings, were contacted by letter and invited to 
attend for assessment of their skeletal status. Five thousand 
eight hundred and seventy-three women were willing to 
attend for the screening visit. Of these, 281 were excluded, 
and the remainder randomly allocated after informed con-
sent to treatment with the bisphosphonate clodronate, or to 
an identical placebo [92, 93]. The participants for this study 
comprised women allocated to treatment with placebo only. 
All women had baseline assessment of BMD undertaken 
the Hologic QDR 4500. The cohort was a source cohort for 
the original FRAX tool. For this study, 2606 women were 
included with a mean age of 80 years and a mean follow-up 
time of 3.4 years. BMD was measured in 2584 individuals.

SOF

The Study of Osteoporotic Fractures (SOF) is a multicentre 
study of risk factors for fracture in women aged 65 years and 
older. The participants were community‐based ambulatory 
women recruited between September 1986 through October 
1988, from population‐based listings at four clinical centres 
in Portland, OR; Minneapolis, MN; Baltimore, MD; and the 
Monongahela Valley near Pittsburgh, PA [94, 95]. Women 
unable to walk without assistance and women with bilateral 
hip replacements were excluded. In addition, black women 
were excluded because of their low incidence of hip fracture. 
From January 1989 to December 1990, all participants were 
invited to undergo a second evaluation. BMD was measured 
at the second visit using Hologic QDR 1000 scanners. The 
cohort was a validation cohort for the original FRAX tool. 
For this study, 9704 women were included with a mean age 
of 72 years and a mean follow-up time of 14.1 years. BMD 
was measured in 8074 individuals.

SOS

The SALT Osteoporosis Study (SOS) is a randomised prag-
matic trial including women aged 65 to 90 years in 225 
general practitioner practices in the northern part of the 
Netherlands [96, 97]. Women who are not prescribed bone 
sparing drugs or corticosteroids are eligible for the study 
and those with at least one clinical risk factor for fractures, 
as determined by questionnaires, were randomly assigned 
to an intervention or control group between July 2010 and 
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April 2014. DXA measurements for the intervention group 
were performed at six different locations with all locations 
using a Hologic Discovery device. The cohort was previ-
ously identified. For this study, 16,945 women were included 
with a mean age of 74 years and a mean follow-up time of 
3.7 years. BMD was measured in 4167 individuals.

STOP/IT

The STOP/IT calcium and vitamin D intervention trial is 
a 3-year, double-blind, placebo-controlled trial in healthy, 
ambulatory men and women 65  years of age or older 
who were recruited through direct mailings and presenta-
tions in the larger Boston, MA community from February 
1992 through February 1993 [98]. Eligible subjects were 
enrolled and randomly assigned to either the placebo or 
the calcium–vitamin D group with stratification according 
to sex, race and decade of age. BMD was measured by a 
Lunar DPX-L scanner. The cohort was previously identified. 
For this study, 446 participants (200 men) were included 
with a mean age of 71 years and a mean follow-up time of 
4.3 years. BMD was measured in 444 individuals.

STRAMBO

The Structure of the Aging Men’s Bone (STRAMBO) cohort 
is a single-centre prospective cohort study evaluating skel-
etal fragility and its determinants in men. This cohort is the 
result of a collaboration between INSERM (National Insti-
tute of Health and Medical Research) and MTRL (Mutuelle 
des Travailleurs de la Région Lyonnaise). MTRL is a com-
plementary health insurance company open to all citizens. 
Men aged 20 to 85 years old living in the greater Lyon were 
randomly selected from the MTRL lists in 2006–2008 [99]. 
BMD assessment occurred with the Hologic Discovery A 
device. The cohort was previously identified. At baseline, 
1167 men were included with a mean age of 63 years. BMD 
was measured in 1145 individuals. Follow-up was under-
taken in 823 men aged 60 years or more with a mean follow-
up time of 9.2 years.

SUPERB

The Sahlgrenska University hospital Prospective Evalua-
tion of Risk of Bone fractures (SUPERB) study is a pro-
spective, population‐based study that was performed in 
the greater Gothenburg area and included 3028 ambulant 
women aged 75 to 80 years, randomly recruited via the 
Swedish national population register between the years 
2013 and 2016. The subjects first received an invitation 
letter and were then contacted by telephone [100–102]. 
BMD measurements were performed using a Hologic 

Discovery A device. The cohort was previously identified. 
For this study, 3028 women were included with a mean age 
of 78 years and a mean follow-up time of 3.6 years. BMD 
was measured in 3015 individuals.

TASOAC

The Tasmanian Older Adult Cohort (TASOAC) study is 
a prospective, population-based study that included 1099 
community-dwelling men and women (98% of European 
descent) aged 50–79 years at baseline. The study was estab-
lished to identify the environmental, genetic and biochemi-
cal factors associated with the development and progression 
of osteoarthritis and other diseases such as osteoporosis, 
stroke, ischemic heart disease, diabetes and cancer. Par-
ticipants in TASOAC were selected from electoral rolls in 
Southern Tasmania using stratified random sampling by sex 
and enrolled between March 2002 and September 2004 [103, 
104]. BMD was measured using DXA (Hologic Delphi). 
The cohort was previously identified. For this study, 1099 
participants (562 men) were included with a mean age of 
63 years and a mean follow-up time of 10.0 years. BMD was 
measured in 1094 individuals.

THIN

The Health Improvement Network (THIN) research database 
contains computerised medical records of a sample of gen-
eral practitioners in the UK between 1995 and 2004, similar 
to the General Practice Research Database. The study popu-
lation consisted of all women aged 50 years or older who 
were registered at one of THIN practices [105, 106]. The 
cohort was a validation cohort for the original FRAX tool. 
For this study, 366,104 women were included with a mean 
age of 64 years and a mean follow-up time of 5.8 years.

UK Biobank

The UK Biobank is a long-term study that aims to iden-
tify the contribution of genetic and environmental factors 
to disease. From 2006 to 2010, the UK Biobank recruited 
502,647 individuals aged 37 to 76 years from across the 
UK. Detailed characterization was undertaken using self-
completed questionnaires, brief interviews, physical and 
functional measures and blood collection [107, 108]. 
BMD was measured using a Lunar iDXA instrument in 
a subset as part of the ongoing (at the time of writing) 
imaging study. The cohort was previously identified. 
For this study, 502,536 participants (229,134 men) were 
included with a mean age of 57 years and a mean follow-
up time of 11.5 years. BMD was measured in 19,692 
individuals.
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WHI

The Women’s Health Initiative (WHI), carried out at 40 
US clinical centres, is a study of postmenopausal women 
aged 50 to 79 years and free of serious medical condi-
tions at baseline (1993 to 1998) [109, 110]. The study 
comprises three overlapping randomised controlled studies 
and an observational study. The WHI Observational Study 
(n = 93,676) was designed to examine important causes of 
morbidity and mortality in postmenopausal women and the 
trials (n = 68,132) comprised dietary modification (low-
fat diet), menopausal hormone therapy in women with 
or without uterus and supplementation with calcium and 
vitamin D. For this analysis, women taking bone-active 
medication were excluded. BMD was measured at three 
clinic sites (Pittsburgh, PA; Birmingham, AL; Phoenix/
Tucson, AZ), using Hologic QDR 2000, 2000 + or 4500 
instruments [111]. The cohort was a validation cohort for 
the original FRAX tool. For this study, 82,238 women 
were included with a mean age of 64 years and a mean 
follow-up time of 13.7 years. BMD was measured in 6181 
individuals.

York

The Primary Care Hip Protector Trial is a pragmatic ran-
domised controlled trial with women aged 70 years or over 
with one or more risk factors for hip fracture (i.e. low body 
weight, current smoker, a prior fracture, family history of 
hip fracture) recruited from registers of general practices in 
primary care or through the media between September 1999 
and November 2000. Participants with risk factors were allo-
cated in a control group or a hip protector intervention group 
[112, 113]. Additionally, women who had declined to take 
part in the trial but agreed to take part in other subsequent 
studies were included. The cohort was a validation cohort 
for the original FRAX tool. For this study, 4532 women were 
included with a mean age of 77 years and a mean follow-up 
time of 2.0 years.

Overall, baseline and follow-up data from 2,138,428 
participants (69% women) followed for approximately 20 
million person-years will be used as the resource to update 
FRAX. Of the 64 cohorts, 24 (38%) contribute with only 
female participants and 6 (9%) only with male participants 
(Table 1). The smallest cohort contributing to the update of 
FRAX includes 260 participants (SarcoPhAge), the largest 
659,266 participants (Maccabi). The majority of the cohorts 
are from Europe. However, all continents are represented 
except for Africa. Most of the cohorts are population-based 
whereas the remainder are referral cohorts, randomised 
controlled trials or convenience samples. In the case of 
randomised controlled trials, individuals allocated to bone 

active medication were excluded from analysis in the Shef-
field and WHI cohorts.

The mean age of all participants at baseline was 60 years 
with a range from 20 to 116 years (Table 1). When consider-
ing the potential candidates for additional risk factors, the 
prevalence of diabetes mellitus and falls history is shown in 
Table 1, with data available in 48 (75%) and 46 (72%) of the 
cohorts, respectively. BMD measurements were available in 
83% of the cohorts. During a mean follow-up of 9.3 years, 
194,369 (9.1%) participants sustained a fracture; 116,117 
(5.4%) were MOFs, of which 42,468 were at the hip. Specifi-
cally, 8557 hip fractures and 27,440 MOFs were sustained 
in men and 33,911 hip fractures and 88,677 MOFs were 
documented in women.

Each cohort was assessed for quality based on a 0/1 score 
for four criteria:

Population-based cohort, yes scores 1
Fracture ascertainment, self-report scores 0, others score 
1
Duration of follow-up > 2 years, scores 1
Average loss to follow-up/year < 10%, scores 1

This gives a maximum score of 4 and a minimum of 0. 
A quality score of 0 or 1 was designated as poor quality, 
a score of 2 or 3 categorised as intermediate quality and 
a score of 4 designated as high quality. Quality scores are 
given in Table1.

Development of the FRAX update

Established risk factors for fracture

The risk factors in the present FRAX tool comprise body 
mass index, prior fragility fracture, parental history of hip 
fracture, current tobacco smoking, long-term oral glucocor-
ticoid use, rheumatoid arthritis, excessive alcohol consump-
tion and other causes of secondary osteoporosis. Femoral 
neck bone mineral density (BMD) is an optional variable. 
Each has been subject to meta-analyses to determine their 
association with fracture risk and dependence on age, sex 
and time (duration of observation) [1].

The risk factors used for the current version of the FRAX 
tool remain crucial elements for its update. Baseline assess-
ments in the various cohorts will provide information on 
participants’ age, sex and BMI (computed from height and 
weight) and the dichotomised clinical risk factors. BMD 
testing is undertaken by DXA and standardised BMD meas-
urements are used to take into account different equipment 
manufacturers [114]. Femoral neck T-scores will be calcu-
lated from the NHANES III White female reference val-
ues [115, 116]. Data on novel risk factors (e.g. severity and 
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treatment of type 2 diabetes, site, number of and time since 
previous fracture, prevalent falls) will also be gathered in an 
as consistent format as possible.

The inclusion of new cohorts with the established risk 
factors will increase the general applicability of FRAX. 
This is particularly important for men who were under-
represented in the original version of FRAX. Indeed, 
it is anticipated that sex-dependent differences in risk 
will emerge [117]. In addition to expanding the resource 
with additional cohorts, especially male cohorts, a longer 
follow-up than that used to derive FRAX will increase 
the precision of time-dependent effects and effects of 
calendar year. The additional cohorts are expected to 
provide substantially increased power to explore inter-
action terms. The original FRAX model was based on 
12 population-based cohorts in which there were 1141 
hip fractures in individuals followed for 252,000 per-
son years. For the present analysis, there are more than 
40,000 hip fractures in 64 cohorts with a follow-up of 
19.9 million-person years.

New risk factors for fracture

In exploring new cohorts and updating cohorts previ-
ously used in FRAX, a number of new clinical risk fac-
tors will be sought. The risk indicators sought are shown 
in Appendix Table 4. Criteria for inclusion of clinical 
risk factors includes their simplicity of use in primary 
care and international validity. An important additional 
criterion is to demonstrate the “reversibility of risk” [1, 
118]. This concept differs from reversible risk. For exam-
ple, age is a risk factor for fracture but is not a revers-
ible risk in that age cannot be reversed. Notwithstanding, 
patients identified on the basis of age respond to phar-
macological intervention irrespective of age [119]. Thus, 
age demonstrates reversibility of risk. Levels of evidence 

for reversibility of risk are shown in Table 2. The high-
est level of evidence is where the risk factor is used as 
an entry criterion in placebo-controlled trials. The next 
level is the demonstration that the risk factor does not 
adversely affect the therapeutic response to treatment. All 
the current risk factors qualify as level A or B. Additional 
risk factors will need to satisfy the same criteria. The 
strongest candidates as additional risk factors are diabetes 
mellitus and falls history, neither of which scored well in 
2007 [1] (Table 2).

Diabetes  Diabetes (both type 1 and type 2, but particu-
larly type 1) is associated with an increase in risk of hip 
and non-vertebral fracture. In type 2 diabetes, a longer 
duration of disease and insulin use is associated with 
an increased risk [120–122]. Diabetes is not a primary 
entry variable in the current FRAX construction. Type 1 
diabetes is indirectly considered in FRAX as one of the 
secondary causes of osteoporosis, increasing the calcu-
lated fracture probability when BMD is not known but 
not when BMD is included in the risk calculation. At the 
time that FRAX was released in 2008, the effect of second-
ary causes on fracture risk was conservatively assumed 
to be mediated by their effect to decrease bone density. 
Rheumatoid arthritis and exposure to glucocorticoids were 
the only secondary causes of osteoporosis demonstrated 
to have impact on fracture risk additional to their impact 
on BMD in the FRAX algorithm, with uncertainty as to 
whether this was true for other disorders [123]. Several 
recent reports have shown that for a given FRAX probabil-
ity or T-score and age, the risk of fracture among individu-
als with diabetes is higher than the risk in nondiabetics 
[124–126]. Together, these studies provide compelling 
evidence that FRAX underestimates the risk of osteoporo-
tic fractures in individuals with type 2 diabetes. Recent 
evidence has shown that the association between diabetes 

Table 2   Categorization of risk 
factors for fracture according 
to evidence for reversibility of 
risk [1]

BMD, bone mineral density; DXA, dual energy X-ray absorptiometry; QUS, quantitative ultrasound; BMI, 
body mass index

Grade Description Risk factor

A Validated by use as inclusion criteria in ran-
domised controlled trials

Low BMD (DXA spine or hip)
Prior vertebral fracture
Long-term glucocorticoid treatment

B Does not affect fracture outcomes adversely in 
randomised controlled trials

Family history of fracture
Prior non-vertebral fracture
Biochemical markers of bone turnover
QUS (at the heel)
Smoking
Body weight or BMI
Age
Alcohol intake

C Untested Other risk factors
D Adversely affect intervention outcome Risk factors for falling
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and future fractures can be influenced by the severity of 
the disease, with insulin-treated type 2 diabetes patients 
having a higher fracture risk compared to those on oral 
antidiabetics [121, 127]. Adding severity of the disease to 
the updated FRAX algorithm, if possible, might substan-
tially improve predictive performance.

With regard to reversibility of risk, post hoc analyses 
of pivotal clinical trials would have low power to show 
a beneficial effect in the small subgroups of individuals 
with diabetes. Notwithstanding, subgroup analyses have 
shown similar effects of a wide range of pharmacological 
interventions on BMD and vertebral fracture in patients 
with or without diabetes [128]. Additionally, in a nation-
wide cohort study from Denmark, users of antiresorp-
tive drugs were compared with age-matched and gender-
matched controls from the general population [129]. No 
difference was observed in the effects of treatment on 
fracture, including hip fracture, between patients with 
diabetes and nondiabetic controls, or between patients 
with type 1 and type 2 diabetes. Thus, the criterion of 
reversibility of risk is fulfilled.

History of falls  Falls are common in the elderly, with the 
prevalence of prior falls estimated as 42% in community-
dwelling people age 75 years or more [130]. Many previous 
studies, in different populations, have documented strong 
associations between propensity to fall and risk of future 
fracture [25, 95, 131–139]. There is, however, limited evi-
dence that an intervention aimed at reducing falls will lead 
to a subsequent reduction in fractures [140–144]. Indeed, 
a lack of uniformly reliable data [123, 145] and a dearth 
of evidence indicating that fracture risk attributable to falls 
risk might be amenable to pharmacological treatment [146] 
meant that “past falls” was not incorporated as an input vari-
able to the FRAX calculator.

Since then, assessment of falls risk has been dem-
onstrated to improve fracture prediction in addition to 
FRAX clinical risk factors and BMD in both men and 
women [147, 148]. Moreover, several interventions have 
been shown to have a beneficial effect in lowering the 
increased risk associated with a falls history, including 
menopausal hormone treatment [111, 149], clodronate 
[150] and zoledronate [151].

A possible concern with the incorporation of falls into 
FRAX relates to a possible interaction with time. In one 
study of elderly men, past falls were a significant predictor 
of incident fractures even after adjustment for FRAX. The 
hazard ratio decreased markedly with increasing follow-
up time [147]. These findings suggest that history of past 
falls may provide less robust predictive power over longer 
periods.

Outcome measures  Outcome measures will include the 
sites and date of all incident fractures, date of death and 
date at end of follow-up. Ascertainment of fractures in the 
individual cohorts has been undertaken by self-report and/
or verified from hospital or central databases. The sites of 
primary interest are vertebra, proximal humerus, distal fore-
arm and hip since the probability of fractures at these sites 
forms a major output of FRAX. Nevertheless, fractures at 
all sites will be assessed to determine whether the spectrum 
of fracture outcomes differs according to the presence or 
absence of the relevant risk factor. There are precedents for 
this in our work on obesity, suggesting that the association 
between BMI and future fracture risk is site-specific, with 
low BMI being a risk factor for all osteoporotic fractures 
but a protective factor for lower leg fracture [152]. Another 
outcome of importance is mortality since the estimates of 
fracture probability depend on the integrated effect of the 
risk factor on death as well as fracture risk. Probability mod-
els will be computed for hip fracture and MOF (vertebral, 
humerus, forearm or hip fracture).

Power

For the calculation of statistical power, a conservative 
assumption would include approximately 400,000 partici-
pants with 8800 experiencing one or more hip fractures 
(assuming an average age of 65 and a short follow-up of on 
average 4 years). Based on our previous findings on smoking 
and corticosteroid use as risk factors for hip fracture (HR 
1.5 and 2.2, respectively) [153, 154], with smoking having 
a relatively low HR and corticosteroid use having low preva-
lence, we would have > 99% power to detect associations 
between these exposures and incident hip fracture with an 
alpha of 0.05.

Analytic framework

The output of FRAX is the probability of fracture. This met-
ric differs from other risk engines [155–157] in that prob-
ability integrates the risk of fracture and the risk of death 
[158]. A FRAX variable strongly affected in this way is 
smoking, which carries a moderate risk of fracture [154] 
but has a minor effect on fracture probability because smok-
ing increases the risk of death as well as the risk of fracture. 
Type 2 diabetes is also associated with approximately a two-
fold increase in mortality [125] and this will compete with 
the fracture hazard. The consideration of fracture and death 
hazards is, however, more complex.

One of the strengths of FRAX is that it is derived from 
the primary data in population-based cohorts from around 
the world. The use of primary data for the model con-
struct permits the determination of the predictive impor-
tance in a multivariable context of each of the risk factors, 
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as well as interactions between risk factors, and in this 
way, optimises the accuracy with which fracture prob-
ability can be computed [1]. This FRAX matrix of covari-
ates is used both for the fracture hazard and for the death 
hazard. If a candidate risk factor were totally independent 
of the other risk factors, then incorporation into a FRAX 
model would be relatively straightforward. We already 
know this not to be the case for type 2 diabetes in that 
there is a significant interaction with age such that the 
hazard ratio for fracture appears to be higher in younger 
individuals [125].

It is important to recognise that the strength of the risk 
factors varies according to fracture outcome. In general, 
risk factors were more strongly associated with hip fracture 
risk than with the risk of any osteoporotic fracture. This 
consideration indicates that integrated models to assess 
overall fracture risk should use risk ratios separately 
determined for hip fracture and for other osteoporotic 
fracture (without hip fracture).

Meta‑analyses

For each available cohort and for each candidate risk 
factor, a special extension of Poisson regression model 
will be used to study the relationship between the candi-
date risk factor, current age, current time since baseline, 
other covariates and the risk of fracture [2, 159, 160]. 
The methodology has been well rehearsed in previous 
publications [6, 152–154, 161–168]. The observation 
period of each participant will be divided in intervals of 
1 month. The first fracture per person will be counted for 
each relevant outcome. In contrast to a logistic model, 
the Poisson regression utilises person years of follow-up 
and the instantaneous hazard function is assumed to be 
exp(β0 + β1 × current time from baseline + β2 × current 
age + β3 × variable of interest). The beta coefficients reflect 
the effect size of the variables as in a logistic model, and 
βx = 0 denotes that the corresponding variable does not 
contribute to fracture risk. Interactions with age or time 
since baseline will also be investigated. An identical 
analysis will examine the risk of death since estimates of 
fracture probability depend on the integrated effect of the 
risk factor on death as well as fracture risk.

For each variable, the dependence on age, sex and time 
(duration of observation) will be examined to elicit sig-
nificant interactions. For continuous variables (BMI and 
BMD), interaction terms will be sought with the variable 
itself (e.g. BMD ∙ BMD) since previous analyses have 
identified trends that might now be of statistical and clini-
cal significance [165]. Results of studies reporting BMD 
will be compared with those in which BMD was not meas-
ured. Results categorised by quality scores of cohorts will 
be compared.

The β-coefficients from each cohort will be weighted 
according to the variance and then merged to determine 
the weighted mean of the coefficient and its standard 
deviation. Heterogeneity between cohorts will be tested 
by means of the I2 statistic. A fixed effects or a random 
effects model will be chosen dependent on the result of the 
test for heterogeneity.

Construct of the updated FRAX (integration of all FRAX 
variables)

By introducing interactions, i.e. products between variables, 
the model can be made more realistic (with a better fit to 
the data). Interactions may not however be linear between 
a continuous variable and the risk of fracture; therefore, 
also piecewise linear functions, spline functions or quad-
ratic functions will be explored. An example is the inter-
relationship between BMI and fracture risk, where a BMI 
has a different significance at different levels of BMI [166]. 
Thus, it is necessary to determine the interactions between 
each of the risk factors, e.g. to what extent does the risk of 
glucocorticoid treatment depend upon smoking and how 
does this affect the interaction of smoking with age. This 
requires a meta-analysis of the meta-analyses (referred to 
as a mega-analysis).

When several variables are considered simultaneously, 
the beta coefficients will differ from the coefficients obtained 
when each variable is studied alone. However, the change 
in a beta coefficient may be small if the corresponding risk 
variable is of great importance and not correlated to other 
variables included in the model. In order to estimate the 
beta coefficients for a model that includes several variables, 
we generally need sufficient data for all the variables. In 
the types of models mentioned (logistic regression model, 
Cox and Poisson regression models), the importance of dif-
ferent variables is reflected by beta coefficients. The linear 
combination β1⋅x1 + … + βk⋅xk of the variables gives a risk 
score, which can be considered as a new variable. When 
the goodness of the combination as a predictor is studied, 
the same type of description (gradient of risk per standard 
deviation, area under the ROC curve, etc.) can be applied as 
for a single variable.

Not all cohorts have complete information on all the 
dichotomous risk factors. For example, a current history of 
smoking is not available from CaMos and Rochester. Where 
one dichotomous variable (e.g. smoking) is deleted from the 
model and has a very minor effect on the β coefficients for 
the other variables, the original β coefficients will be used 
as previously described [6].

For each risk factor, all significant interaction terms that 
are identified by the previous meta-analyses will be entered 
(with age, time, sex and the risk factor) with and without BMD. 
Where interactions noted in the “mega-analyses” are no longer 
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significant for hip fracture and other osteoporotic fractures, 
these will be omitted in a stepwise manner by dropping the 
interaction with the largest p value. In the first FRAX model, 
interactions that were retained were age · sex, BMD · age, 
BMD · BMD, BMD · current age, family history · age, prior 
fracture · age, BMI · BMI and age · age [6]. The much greater 
power of the updated FRAX is thus expected to generate more 
interactions of biological and statistical significance.

Model characteristics  The performance of the model will 
be assessed as the gradient of risk, i.e. the increase in frac-
ture risk per SD increase in risk score. Gradients of risk 
will be computed for the prediction of hip fracture and other 
MOF (clinical spine, forearm, proximal humerus) with BMD 
alone, the clinical risk factors alone and the combination. 
The gradient of risk is likely to be age dependent [6].

The incremental value of the models can be compared in 
two ways. In effect, there will be three models at our disposal. 
These comprise the new model incorporating the novel indi-
ces of risk, the new model that uses the traditional risk factors 
(but with project-specific weights) and the traditional FRAX 
model as currently used. Thus, we can assess the increment in 
performance characteristics that is related to the re-weighting 
of the traditional FRAX risk factors and that which is related 
to the incorporation of the novel risk factors.

Validation  Following meta-analysis but before mega-anal-
ysis, source and validation cohorts (10–20% of cohorts 
available) will be identified and matched to ensure rep-
resentation by age range, sex distribution and population 
basis (sampling frame). The performance characteristics 
as described above will be compared in the source and 
validation cohorts. If the characteristics observed in the 
discovery cohorts are comparable to those in the valida-
tion cohorts, then all cohorts together will be used to form 
the final model. Construction and validation of the pre-
diction model will follow the framework of PROGRESS 
(Prognosis Research Strategy) [169] that promotes how 
prognostic models are developed, validated and assessed.

Calibration  All FRAX models are calibrated with regard to 
the epidemiology of hip fracture (preferably from national 
sources) and mortality (usually UN source). Thus, were the 
population of each country to be “FRAXed”, the number of 
hip fractures and deaths estimated would match that provided 
from the source data [4]. It follows that the calibration of the 
FRAX algorithms is only as good as the epidemiology with 
which the tools are populated. Additionally, any validation 
exercise will be critically dependent on the representative-
ness of the population tested for the index country. Several 
investigators have studied populations that were considered 
to represent national populations, including the UK, Canada 

and Norway [155, 170–172]. In these studies, FRAX appears 
to be well calibrated. As more recent or higher quality epide-
miological information on fracture and death risks become 
available, country-specific models will be recalibrated.

Discussion

FRAX represents a significant advance in the assessment of 
both women and men at risk for osteoporosis-related fracture 
and allows the tailoring of pharmacological interventions to 
high-risk subjects. While FRAX does not define interven-
tion thresholds, which depend on country-specific consid-
erations, it provides a platform to assess fracture probability 
which is needed to make rational treatment decisions by cli-
nicians and public health agencies. The tool is, however, far 
from perfect, but better than BMD alone. The widespread 
use and interest in FRAX and its adoption into management 
guidelines have fuelled interest as to how models can be 
improved, extended to other countries and, in particular, how 
the limitations of FRAX should temper clinical judgement. 
The wish list of clinicians for the modulation of FRAX is 
large, and in many instances, these wishes cannot presently 
be fulfilled, but an explanation and understanding of the rea-
sons may be helpful in translating the information provided 
by FRAX into clinical practice.

In this report, we have described the identification and 
characteristics of 64 cohorts eligible to participate in the con-
struct of the FRAX update. The included cohorts form the 
largest database to date, comprising 2,138,428 participants 
(69% women) followed for approximately 20 million per-
son-years with 116,117 documented MOFs. This reflects an 
increase in the percentage of men included as well as a longer 
average follow-up time compared with the cohorts used to 
develop and validate the original FRAX algorithm [6]. Also, 
including new cohorts and updating the previously identi-
fied cohorts increases the likelihood of identifying potential 
novel risk factors for fracture that are now more adequately 
characterised and available in a larger number of populations. 
The strongest candidates as additional risk factors are dia-
betes mellitus and falls history. These will be the first novel 
risk factors to be tested in the risk assessment algorithms and 
incorporated in the meta-analytical framework according to 
the analysis plan described.

We anticipate that the development and implementation 
of the updated FRAX algorithm will benefit researchers 
and health care professionals through refined risk assess-
ment models with additional risk factors for fractures. The 
improved performance characteristics of the updated FRAX 
platform will facilitate the identification of those at highest 
fracture risk and instruct guideline developers and policy 
makers on optimal treatment strategies for osteoporosis.
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Appendix

Tables 3 and 4

Table 3   Excluded cohorts

APCaPS, Andhra Pradesh Children and Parents Study; BioPersMed, Biomarkers for Personalised Medicine in Common Metabolic Disorders; 
CHAMP, Concord Health and Ageing in Men Project; CLSA, Canadian Longitudinal Study on Aging; H70, Gothenburg H70 Birth Cohort; 
HALST, Healthy Aging Longitudinal Study in Taiwan; IWHP, Integrated Women’s Health Programme; MEDOS, Mediterranean Osteoporo-
sis Study; MENOS, Menopause et Os; NHIRD, National Health Insurance Research Database; PLSAW, Perth Longitudinal Study of Aging in 
Women; QUALYOR, Qualité Osseuse Lyon Orléans; ROAD, Research on Osteoarthritis/Osteoporosis Against Disability; ROSE, Risk-stratified 
Osteoporosis Strategy Evaluation; TLSA, Taiwan Longitudinal Study on Aging; WGHS, Women’s Genome Health Study; WHAP, Women’s 
Healthy Ageing Project
A, cohort previously identified but not used in any previous analysis; B, cohort identified through the systematic review
* Bolland et al. (2011) J Bone Miner Res 26(2), 420–427
† Lau et al. (2001) Osteoporos Int 2(3), 239–243 and personal communication of primary data on the cohort with Edith Lau, 2004
‡ Rubin et al. (2013) Bone 56(1), 16–22

Cohort Classification Origin Reason for exclusion

APCaPS A India No incident fractures
AUSTRIOS A A Austria Inappropriate population
BioPersMed A Austria Inappropriate population
Bolland et al.* B New Zealand No data available
Cantabria/Cantabria-Camargo A Spain Inappropriate population
CHAMP A Australia Payment requested
CLSA A Canada Inappropriate population
H70 B Sweden Inappropriate population
HALST A Taiwan No response to invitation
Hong Kong Osteoporosis Study B Hong Kong No response to invitation
IWHP A Singapore No response to invitation
Lau et al.† A Hong Kong Inappropriate population
MEDOS A Europe Inappropriate population
MENOS B France Data no longer exist
NHIRD cohorts A Taiwan No response to invitation
Northumbria A UK Difficulties with data access
PLSAW B Australia No data available
Qfracture B UK No response to invitation
QUALYOR A France Inappropriate population
ROAD A Japan No response to invitation
ROSE A Denmark Unable to provide individual-level data
Rubin et al.‡ B Denmark Unable to provide data due to Danish privacy laws
TLSA A Taiwan No contact details
Tromsø B Norway No response to invitation
Vietnam A Vietnam No response to invitation
WGHS A USA Payment requested
WHAP A Australia No incident fractures
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Table 4   Additional risk factors for consideration for the update of 
FRAX

Age at menopause
Androgen deprivation therapy
Aromatase inhibitors
Cancer
Chair stand test
Chronic kidney disease
Chronic obstructive pulmonary disease
Diabetes type 2
Resident in a nursing or care home
Epilepsy or taking anticonvulsants
Gait speed/walking speed
Grip strength
Morphometric vertebral fracture (grade)
Muscle mass/lean mass at various sites
Parkinson’s disease
Previous falls
Previous fracture (site and number of and time since fracture)
Stroke (previous 6 months)
Timed Up and Go (TUG) test
Trabecular bone score
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