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ABSTRACT
Objectives FRAX incorporates rheumatoid arthritis
(RA) as a dichotomous predictor for predicting the 10year risk of hip and major osteoporotic fracture (MOF).
However, fracture risk may deviate with disease severity,
duration or treatment. Aims were to validate, and if
needed to update, UK FRAX for patients with RA and to
compare predictive performance with the general
population (GP).
Methods Cohort study within UK Clinical Practice
Research Datalink (CPRD) (RA: n=11 582, GP:
n=38 755), also linked to hospital admissions for hip
fracture (CPRD-Hospital Episode Statistics, HES) (RA:
n=7221, GP: n=24 227). Predictive performance of UK
FRAX without bone mineral density was assessed by
discrimination and calibration. Updating methods
included recalibration and extension. Differences in
predictive performance were assessed by the C-statistic
and Net Reclassiﬁcation Improvement (NRI) using the UK
National Osteoporosis Guideline Group intervention
thresholds.
Results UK FRAX signiﬁcantly overestimated fracture
risk in patients with RA, both for MOF (mean predicted
vs observed 10-year risk: 13.3% vs 8.4%) and hip
fracture (CPRD: 5.5% vs 3.1%, CPRD-HES: 5.5% vs
4.1%). Calibration was good for hip fracture in the GP
(CPRD-HES: 2.7% vs 2.4%). Discrimination was good
for hip fracture (RA: 0.78, GP: 0.83) and moderate for
MOF (RA: 0.69, GP: 0.71). Extension of the recalibrated
UK FRAX using CPRD-HES with duration of RA disease,
glucocorticoids (>7.5 mg/day) and secondary
osteoporosis did not improve the NRI (0.01, 95% CI
−0.04 to 0.05) or C-statistic (0.78).
Conclusions UK FRAX overestimated fracture risk in
RA, but performed well for hip fracture in the GP after
linkage to hospitalisations. Extension of the recalibrated
UK FRAX did not improve predictive performance.
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Rheumatoid arthritis (RA) is a systemic inﬂammatory disease characterised by destruction of periarticular bone and joint structures and has been
associated with osteoporosis.1 2 The risk of hip
fracture,3–5 morphometric or clinical spine fracture2 6 and of other fractures is increased.3 5 The
underlying reasons for the increased fracture risk in

RA are complex. They may include chronic inﬂammation, inactivity and an increased risk of
falling.1 7 RA has therefore been incorporated as a
dichotomous predictor in the WHO FRAX algorithm for predicting the 10-year risk of hip or
major osteoporotic fracture (MOF; hip, clinical
spine, forearm, humerus).8
There is, however, uncertainty about the predictive performance of FRAX in RA.9 FRAX may
underestimate fracture risk in patients with more
severe RA, since it does not take the underlying
disease activity and resulting joint damage into
account. Conﬂicting results have been reported for
correlation of the Health Assessment Questionnaire
with clinical fracture risk, which is an often used
measure for functional ability in RA,10–12 and
limited evidence has shown higher fracture risk
with longer duration of disease.3 13 On the other
hand, FRAX may overestimate fracture risk due to
higher mortality among patients with RA as compared with the general population,3 14 since FRAX
adjusts fracture risk for competing mortality risk.
Furthermore, the role of glucocorticoids on fracture risk in RA is uncertain where fracture risk was
found to be independent of glucocorticoid use,3
but preservation of bone mineral density (BMD)
has also been described with use of low-dose oral
glucocorticoids (GCs).15–18
Therefore, this study aimed to validate UK FRAX
for the 10-year risk of hip or MOF in patients with
RA and to compare predictive performance with
the general population. If needed, methods to
recalibrate or extend UK FRAX were applied to
improve its predictive performance.

METHODS
Source population
A cohort study was conducted within the Clinical
Practice Research Datalink (CPRD) (http://www.
cprd.com). This database contains computerised
medical records of 625 primary care practices in
the UK, representing 8% of the total population.
Data recorded in CPRD include demographic
information, laboratory tests, primary care diagnoses, specialist referrals, hospital admissions, prescription details and lifestyle variables such as body
mass index (BMI), smoking status and alcohol
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EXTENDED REPORT
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We matched up to four controls from the general population
to every patient with RA by age, sex and practice in order to directly compare the predictive performance of FRAX between the
RA cohort and the general population.

Study population

Deﬁnition of predictors

Data between 1 January 1987 and 31 December 2013 were
extracted from CPRD. HES diagnoses were available between 1
April 1997 and 31 December 2013. We selected all patients
with RA at 1 January 2004 (index date), who also had ≥1 year
of data collection before the index date. We chose 1 January
2004 as the index date to allow for follow-up of 10 years. RA
was deﬁned by a previously validated algorithm24; ≥1 diseasemodifying antirheumatic drug (DMARD) prescription after ﬁrst
RA diagnosis code. In line with FRAX, all patients had to be
between 40 and 90 years at the index date and were excluded
when they were exposed to any antiosteoporosis drug (AOD;
bisphosphonates, raloxifene, strontium ranelate, denosumab,
parathyroid hormone) ever before the index date.

In records before the index date, FRAX predictors were determined: age at index date, sex, BMI (most recent), previous fracture at any site (ever before, yes/no), current smoking status
(most recent; yes/no), alcohol use (most recent medical code for
alcohol abuse or for alcohol use where the daily number of
units was ≥3, yes/no), oral glucocorticoid use ( prescription
within 90 days before or ≥two prescriptions with a mean daily
dose of prednisolone (equivalents) of ≥5 mg in the year before,
yes/no), RA (ever before,24 yes/no) and secondary osteoporosis
(ever before, medical code for type 1 diabetes mellitus, osteogenesis imperfecta, hypogonadism, premature menopause, malnutrition or malabsorption or chronic liver disease, yes/no). A
parental history of hip fracture was not available. Therefore, we
calculated a weighted average of the risks when assuming a parental hip fracture and by assuming absence of parental hip fracture based on a prevalence of parental hip fracture of 12%.8 An
RA-speciﬁc predictor, duration of RA disease, was deﬁned as
years between the date of RA diagnosis and the index date.3
Rheumatoid factor-positive RA was not included because of
unrealistically low prevalence (1.9%). Finally, oral glucocorticoid use was alternatively deﬁned by mean daily dose in the year
before (<2.5, 2.5–7.5 and >7.5 mg/day).
Missing values for BMI, smoking status and alcohol use were
imputed by multiple imputation using all predictors and the
outcome variable, resulting in ﬁve imputed datasets. Analysis by
multiple imputation gives unbiased results under the less
restrictive missing at random assumption instead of missing
completely at random, and generally less bias than complete
case analysis if data are missing not at random.

Table 1 Characteristics of the RA study population in CPRD and in
CPRD-HES
Characteristic
Median follow-up, years (IQR)

CPRD
(n=11 582)
9.0 (4.7–10)

CPRD-HES
(n=7221)
9.0 (5.3–10)

Sex, n (%)
Male

3729 (32.2)

2263 (31.3)

Female

7853 (67.8)

4958 (68.7)

Age, years, mean (±SD)

62.9 (11.4)

63.0 (11.5)

Body mass index, kg/m2, mean (±SD)

26.8 (5.3)

26.7 (5.3)

1780 (15.4)

1086 (15.0)

4147 (35.8)

2573 (35.6)

890 (7.7)

547 (7.6)

Missing
Current smoking, n (%)
Missing, n (%)
Alcohol use ≥3 units per day, n (%)

580 (5.0)

371 (5.1)

1759 (15.2)

1081 (15.0)

Previous fracture, n (%)

1908 (16.5)

1184 (16.4)

Glucocorticoid use yes/no*, n (%)

1806 (15.6)

1176 (16.3)

Missing, n (%)

Glucocorticoid use, daily dose†, mean (±SD)
0<GC<2.5 mg/day, n (%)
2.5≤GC≤7.5 mg/day, n (%)
>7.5 mg/day, n (%)

4.9 (3.2)

4.9 (3.2)

508 (4.4)

295 (4.1)

1160 (10.0)

786 (10.9)

305 (2.6)

200 (2.8)

Secondary osteoporosis, n (%)

580 (5.0)

372 (5.2)

Age of RA onset, years, mean (±SD)

52.8 (13.5)

52.8 (13.7)

10.1 (9.2)

10.2 (9.3)

RA disease duration, years, mean (±SD)
<2 years since diagnosis

1336 (11.5)

824 (11.4)

2–10 years since diagnosis

5900 (50.9)

3671 (50.8)

>10 years since diagnosis

4346 (37.5)

2726 (37.8)

The occurrence of hip fracture and the composite of MOF (ﬁrst
of hip, forearm, clinical spine, humerus) were ascertained by
medical codes in CPRD. Hip fractures were measured in
CPRD-HES by International Classiﬁcation of Diseases and
Related Health problems (ICD)-10 codes S72.0, S72.1 and
S72.2.

Statistical analyses

*Glucocorticoid use was defined as in FRAX: prescription within 90 days before or ≥two
prescriptions with a mean daily dose of prednisolone (or equivalents) of ≥5 mg in the
year before.
†Glucocorticoid use was defined as ≥two prescriptions with a mean daily dose of
prednisolone (or equivalents) of <2.5, 2.5–7.5 or >7.5 mg/day in the year before.CPRD,
Clinical Practice Research Datalink; GC, oral glucocorticoids; HES, Hospital Episode
Statistics; RA, rheumatoid arthritis.
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Outcomes

Predicted 10-year risks of hip fracture and MOF were calculated
by UK FRAX (FRAX desktop V.3.9) without information on
BMD for every patient. This was repeated for each imputed
dataset to provide the mean predicted risks (95% CI). The
observed 10-year risk of hip fracture and MOF was estimated
by the cumulative incidence function (%) to comply with the
outcome deﬁnition of FRAX, where fracture risk is adjusted for
mortality risk (ie, sustaining a fracture within remaining lifetime
up to 10 years), and to account for loss to follow-up.25
Fractures were measured between index date and death, end of
the study period (truncated at 10 years following index date, 31
December 2013) or moving out of CPRD, whichever came ﬁrst.
Predictive performance was assessed by measures of discrimination (C-statistic) and calibration (on average and by percentiles
of predicted risk). In a sensitivity analysis, observed risks among
those using AODs after index date were increased inversely proportional to the estimated effect of AODs on hip fracture
(assuming a relative risk of 0.526) to determine the inﬂuence of
AOD use on the average observed risk.
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consumption. Previous studies have shown high validity of hip
fracture registration (>90% was conﬁrmed),19 and high degrees
of accuracy and completeness of data have been shown for
other diagnoses and mortality.20–23 Linkage of CPRD data to
Hospital Episode Statistics (CPRD-HES) was eligible for 62% of
the population captured within CPRD, all residing in England.
Linkage to HES provides all hospital admissions including the
date of discharge and the cause. Approval for this study was
given by Independent Scientiﬁc Advisory Committee (ISAC) for
Medicines and Healthcare product Regulatory Agency (MHRA)
Database Research ( protocol number 15_023A).

Clinical and epidemiological research

RESULTS
A total of 16 331 patients with RA were identiﬁed, of which
1031 were excluded because they were aged <40 or >90 years,
and 3718 because they were previously exposed to an AOD.
This left 11 582 patients with RA for analyses with 297 and
808 incident cases of hip fracture and MOF and 2733 deaths in
CPRD, respectively. HES linkage reduced the number of
patients with RA to 7221 (247 hip fractures, 1699 deaths).
Table 1 details the characteristics of the RA population in CPRD
and in CPRD-HES. The matched cohort from the general population comprised 38 755 individuals with 536 and 1925 incident cases of hip fracture and MOF, and 5636 deaths in CPRD,
respectively. HES linkage reduced the number to 24 227 (476
hip fractures, 3550 deaths).
UK FRAX overestimated fracture risk among the RA population in CPRD, both for MOF (mean predicted vs observed
10-year risk: 13.3% vs 8.4%, 95% CI 7.8 to 9.0) and for hip
fracture (5.5% vs 3.1%, 95% CI 2.8 to 3.5) (ﬁgure 1). Linkage
to hospitalisation data for hip fracture attenuated the overestimation, but it remained signiﬁcant (5.5% vs 4.1%, 95% CI 3.6
to 4.6) (ﬁgure 2A). The AOD-adjusted mean observed risk was
4.6% (25% received an AOD). C-statistics were 0.78 and 0.69
for hip fracture and MOF, respectively.
In the general population, UK FRAX also overestimated the
risk of MOF (8.6% vs 6.2%, 95% CI 5.9 to 6.4) and hip fracture in CPRD (2.7% vs 1.8%, 95% CI 1.6 to 1.9). After linkage
to hospitalisations, there was close agreement between predicted
and observed risks of hip fracture (2.7% vs 2.4%, 95% CI 2.2
to 2.7) (ﬁgure 2B). The AOD-adjusted mean observed risk was
2.5% (6% received an AOD). C-statistics were 0.83 and 0.71
for hip fracture and MOF, respectively.
The higher observed risk of hip fracture in CPRD-HES as
compared with CPRD indicates underascertainment of hip

Figure 1 Calibration plot for prediction of (A) major osteoporotic
fracture and (B) hip fracture by UK FRAX (Clinical Practice Research
Datalink) among patients with rheumatoid arthritis, by percentiles of
predicted risk.
fractures in CPRD. Updating of UK FRAX was therefore not
performed for MOF, but only for hip fracture in CPRD-HES
for patients with RA. The recalibrated UK FRAX model for hip
fracture in RA is shown in table 2. The extended model
included the linear predictor, duration of RA disease and its
interaction with the linear predictor, high-dose glucocorticoids
(>7.5 mg/day) and secondary osteoporosis (table 2). In

Figure 2 Calibration plot for prediction of hip fracture by UK FRAX
(Clinical Practice Research Datalink-Hospital Episode Statistics) among
(A) patients with rheumatoid arthritis and (B) the general population,
by percentiles of predicted risk.
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Recalibration was performed for hip fracture in CPRD-HES
by ﬁtting the log-odds transformed FRAX probabilities (ie, the
linear predictor) as a single continuous covariate in a logistic
regression model with hospitalisation for hip fracture within
10 years as the outcome variable (CPRD-HES provided full
coverage for hip fracture).27 28 Thereafter, individual FRAX predictors were added to the linear predictor to determine whether
these had an additional predictive effect, and also glucocorticoid
dose and duration of RA disease were included. Interactions
between the linear predictor and FRAX predictors, glucocorticoid dose and duration of RA disease were also tested. The ﬁnal
(updated) model was derived by including all variables and
interactions that were signiﬁcantly related to hip fracture risk in
a multivariable model and then performing backward elimination. In a sensitivity analysis, AOD treatment after the index
date and its interaction terms were included into the model.
We determined whether hip fracture prediction was improved
for the extended model compared with the recalibrated UK
FRAX model in terms of discrimination (C-statistic) and
category-based Net Reclassiﬁcation Improvement (NRI).29 30
The NRI incorporates age-speciﬁc intervention thresholds set by
the National Osteoporosis Guideline Group, which are linked
to FRAX output in the UK. Positive NRI values indicate
adequate reclassiﬁcation of risk, whereas negative values indicate
inadequate reclassiﬁcation of risk. Bootstrapping (500 repetitions) was performed to correct the C-statistic for optimism.31
A shrinkage factor was applied to the β-coefﬁcients of the ﬁnal
models. All statistical analyses were performed using SAS V.9.4
(SAS, Cary, North Carolina, USA). A p value <0.05 was considered statistically signiﬁcant.
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βcoefficient

OR (95% CI)

Shrunken βcoefficient*

Table 3 Reclassification of hip fracture cases and non-cases with
RA (CPRD-HES) with addition of duration of RA disease, high-dose
glucocorticoids and secondary osteoporosis to the recalibrated UK
FRAX model, using age-specific NOGG intervention thresholds*
Extended UK FRAX

Recalibrated UK FRAX
Intercept
UK FRAX†

−1.085
0.757

–
2.13 (1.92 to 2.37)

−1.080
0.749

Extended UK FRAX
Intercept
UK FRAX†

−0.728

–

−0.713

0.939

2.56 (2.17 to 3.02)

0.921

0.521

1.68 (1.04 to 2.74)

0.511

Glucocorticoid >7.5 mg/
day (yes/no)

−1.303

0.27 (0.09 to 0.87)

−1.276

Duration of RA disease
(per year increase)

−0.029

0.97 (0.95 to 0.99)

−0.029

Duration of RA disease†
UK FRAX†

−0.015

0.99 (0.98 to 0.99)

−0.015

Secondary osteoporosis
(yes/no)

Above
threshold

No change

Below
threshold

Total

Total, n

407

6508

306

7221

18

216

13

247

389

6292

293

6974

Hip fracture cases, n
Hip fracture non-cases, n

*The intervention threshold is set at the probability of hip fracture equal to that of a
woman, with BMI 24 kg/m2, and prior fracture, for a specific year of age and is applied
to both men and women.
BMI, body mass index; CPRD, Clinical Practice Research Datalink; HES, Hospital Episode
Statistics; NOGG, National Osteoporosis Guideline Group; RA, rheumatoid arthritis.

*The shrunken β-coefficients were derived by applying the shrinkage factor (0.98 for the
extended model and 0.99 for the recalibrated model) to the original β-coefficients.
†Log odds transformed 10-year risks of hip fracture (ln(probhip/(1 − probhip)) as derived
from the original UK FRAX algorithm.
CPRD, Clinical Practice Research Datalink; HES, Hospital Episode Statistics; RA,
rheumatoid arthritis.

sensitivity analyses, AOD treatment and its interaction with the
linear predictor were dropped from the recalibrated model
(adjusted (adj.) OR for AOD treatment: 0.6, 95% CI 0.3 to 1.1,
adj. OR for interaction: 0.8, 95% CI 0.7 to 1.1) and the
extended model (adj. ORs of 0.6, 95% CI 0.3 to 1.1 and 0.8,
95% CI 0.7 to 1.1), respectively, during backward elimination.
Calibration of the extended model was good (intercept: 0.00,
β-linear predictor: 1.02) (ﬁgure 3). The C-statistic was 0.78.
Extension did not improve correct classiﬁcation of hip fracture
cases and non-cases when compared with the recalibrated UK
FRAX model with an NRI of 0.01 (95% CI −0.04 to 0.05)
(table 3).

DISCUSSION
UK FRAX overestimated the risk of hip fracture and MOF in
CPRD for both the RA population and the general population.
Linkage to hip fracture hospitalisations changed this ﬁnding,
where calibration was good for the general population but overestimation of UK FRAX for hip fracture remained among
patients with RA. Discrimination was good for hip fracture and

Figure 3 Calibration plot for prediction of hip fracture by the updated
UK FRAX (Clinical Practice Research Datalink-Hospital Episode Statistics)
among patients with rheumatoid arthritis, by percentiles of predicted
risk.
2098

Recalibrated UK FRAX

moderate for MOF in both populations. Extension of the recalibrated UK FRAX model for RA with duration of RA disease,
high-dose glucocorticoids, and secondary osteoporosis did not
improve predictive performance.
Little is known about fracture risk assessment in RA32 33 and
we are not aware of studies that have determined discrimination
and calibration of FRAX, which has been developed and validated in the general population, in this subpopulation. Lee
et al33 applied the Korean FRAX algorithm to 545 Korean
patients with RA, and found no difference in fracture incidence
between those who met the FRAX thresholds for treatment and
those who had osteoporosis. However, the Korean FRAX model
was not validated, which limits the interpretation of results.
In order to determine whether external inﬂuences other than
RA itself inﬂuenced the performance of FRAX, we have also
evaluated FRAX in a random sample from the general population. Worldwide, a limited number of independent external validation studies have been performed for FRAX and even fewer
have assessed calibration.34 To date, one study has evaluated
calibration of FRAX in the general population of the UK.35 This
study was performed in the QResearch primary care database,
where UK FRAX overestimated hip fracture risk in each percentile of predicted risk. This ﬁnding was likely the result of underascertainment of (hip) fractures in primary care data. Indeed, we
found calibration to be improved upon linkage of CPRD to
HES data. It remains, however, unclear how well UK FRAX calibrates for MOF risk. The higher discrimination of FRAX for
hip fracture as compared with MOF is well in line with ﬁndings
from other external validation studies.34 This may be the result
of a different association of risk factors for different fracture
types.35
A possible explanation for the overestimation of hip fracture
risk by FRAX in RA is higher competing mortality as compared
with the general population.14 36 Their lifespan is reduced by
3–10 years, for which no improvement has been found over the
past decades.14 36 Also, all patients with RA were exposed to
DMARDs. These drugs have been associated with a protective
effect on loss of BMD and reduced fracture risk, but evidence
has been conﬂicting.9 37 Biologics are now frequently used
among patients with RA and may further reduce fracture risk,
although the adjusted risk of non-vertebral fracture has been
reported to be similar across patients with RA starting a tumour
necrosis factor-α inhibitor, methotrexate or other non-biologic
DMARDs.37 In addition, AOD treatment may have inﬂuenced
observed fracture risks, but our results suggest that the overestimation of FRAX was (largely) independent of AOD treatment
status. The adjusted observed risk for hip fracture remained
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Table 2 Recalibrated and extended UK FRAX for 10-year risk of hip
fracture (CPRD-HES) in RA

Clinical and epidemiological research
MOF in both populations. Updating of UK FRAX for RA
beyond recalibration did not improve predictive performance
for hip fracture.
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lower than predicted when we assumed a 50% relative risk
reduction among all patients treated with AOD. Similarly, a
Canadian prospective cohort study found that AOD treatment
status did not appear to interfere with the predictive performance of the Canadian FRAX algorithm in the general population.38 Treatment duration inﬂuenced this ﬁnding for hip
fracture but not for MOF, where observed risks were signiﬁcantly lower than predicted among patients adhering to AOD
treatment for at least 5 years. The insufﬁcient adherence to
AOD treatment in clinical practice is well known, which has
been shown to blunt the antifracture effectiveness, and may
explain the independence of FRAX calibration from AOD treatment status.39
The ﬁnding that overestimation of UK FRAX for risk of hip
fracture increased with longer duration of RA may relate to
increased competing mortality with longer duration of RA
disease,36 and greater loss of BMD during recent onset of
disease. Second, patients with RA, who were exposed to highdose glucocorticoids, had a lower risk of hip fracture, which
was independent from the risk of hip fracture with use of glucocorticoids as deﬁned in FRAX. The role of glucocorticoids on
fracture risk in RA is not well understood. Inconsistent results
were reported for the association between bone loss and exposure to low-dose to medium-dose glucocorticoids.15–18 40 Our
ﬁnding may be related to increased mortality among those who
are treated with high-dose GCs.41 42 The present study,
however, was not designed to determine the causal association
between glucocorticoid dose and hip fracture risk in RA. And
third, secondary osteoporosis was selected as a predictor for the
10-year risk of hip fracture on top of FRAX. FRAX neglects the
inﬂuence of secondary osteoporosis when RA is present, but our
ﬁnding is not in line with this assumption. Most importantly,
however, is that our results show that their addition to the recalibrated UK FRAX did not improve identiﬁcation of RA individuals at high risk of hip fracture.
This study has several strengths. The included patients with
RA were representative for the general RA population with a
similar age at onset of RA disease and gender distribution as was
previously reported.43 44 In addition, this is the ﬁrst study that
provides results for calibration of UK FRAX for RA and also for
the general population, where hip fractures were completely
captured and which enabled 10 years of follow-up. A limitation
was that we had no data on BMD and RA disease severity parameters besides duration of RA disease.9 When access to dualenergy x-ray absorptiometry (DXA) is limited,45 46 however,
FRAX without BMD may be used instead and a strong correlation between fracture risks by FRAX with and without BMD
has been shown.47 Furthermore, information on parental hip
fracture was not available. Therefore, we have calculated
weighted average risks by assuming the prevalence of parental
hip fracture as was observed in the FRAX developmental
cohorts. This was done not to inﬂuence the average calibration
and to evaluate methods to improve this, and this method
resulted in good calibration of FRAX for hip fracture in the
general population. We were also not able to determine whether
duration of RA disease interacted with the individual predictors
since β-coefﬁcients of the original FRAX algorithm are not publicly available.
In conclusion, UK FRAX overestimated hip fracture and
MOF risk in RA and in the general population when fractures
were measured in primary care data. Linkage to hospitalisations
for hip fracture showed good calibration for the general population, but overestimation remained in the RA population.
Discrimination was good for hip fracture and moderate for
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