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Abstract
Summary
[bookmark: _Hlk157962033]The relationship between rheumatoid arthritis (RA) and fracture risk was estimated in an international meta-analysis of individual-level data from 29 prospective cohorts. RA was associated with an increased fracture risk in men and women and these data will be used to update FRAX®. 
Introduction
RA is a well-documented risk factor for subsequent fracture that is incorporated into the FRAX algorithm. The aim of this study was to evaluate, in an international meta-analysis, the association between rheumatoid arthritis and subsequent fracture risk and its relation to sex, age, duration of follow-up, and bone mineral density (BMD) with a view to updating FRAX.
Methods
The resource comprised 1,909,896 men and women, aged 20-116 years from 29 prospective cohorts in which the prevalence of RA was 3% or less (primary analysis) and an additional 17 cohorts with a prevalence greater than 3% (supplementary analysis). The association between RA and fracture risk (any clinical fracture, osteoporotic fracture, major osteoporotic fracture (MOF), and hip fracture) was examined using an extension of the Poisson regression model in each cohort and each sex, followed by random-effects meta-analyses of the weighted beta coefficients.
[bookmark: _Hlk111832697]Results
In the primary analysis, RA was reported in 1.3% of individuals.  During 15,683,133 person-years of follow-up, 139,002 fractures occurred of which 27,518 were hip fractures. RA was associated with an increased risk of any clinical fracture (hazard ratio [HR] 1.49, 95% confidence interval [CI] 1.35-1.65). The HRs were of similar magnitude for osteoporotic fracture and MOF but higher for hip fracture (HR=2.23; 95% CI 1.85-2.69).  For hip fracture there was a significant interaction with age with higher HRs at younger ages.  HRs did not differ between men and women and were independent of exposure to glucocorticoids and femoral neck BMD.  Lower HRs were observed in the supplementary analysis cohorts, particularly in those with a high apparent prevalence of RA, possibly from conflation of RA with osteoarthritis.
Conclusions
A diagnosis of RA confers an increased risk of fracture that is largely independent of BMD, sex and corticosteroids. RA should be retained as a risk factor in future iterations of FRAX with updated risk functions to improve fracture risk prediction.
Keywords: rheumatoid arthritis – glucocorticoids - osteoporosis – epidemiology - fracture risk – hip fracture – major osteoporotic fracture – meta-analysis – risk factors - FRAX

Introduction
Rheumatoid arthritis (RA) is associated with increased risk of osteoporotic fracture [1, 2, 3, 4, 5].  Causation is multifactorial and includes bone loss related to severity and duration of disease, medications given to treat RA, together with alterations in body composition and physical performance that increase the risk of frailty, falls and fragility fractures [6, 7, 8, 9]].  For this reason, RA has been used as an input variable in risk assessment tools [10, 11].  Of these the most widely used is FRAX®. 
The FRAX tool, released in 2008 by the then World Health Organization (WHO) Collaborating Centre at Sheffield, UK, is a fracture risk assessment tool for estimating individualized 10-year probability of hip and major osteoporotic fracture (MOF: hip, clinical spine, distal forearm or proximal humerus) [11]. The algorithm currently integrates seven dichotomous clinical risk factors (prior fragility fracture, parental hip fracture, smoking, systemic glucocorticoid use, excess alcohol intake, rheumatoid arthritis, and other secondary causes of osteoporosis) with age, sex, and body mass index and optionally, a femoral neck bone mineral density (BMD) measurement.
Since the launch of FRAX, many more cohorts have become available so the meta-analyses giving rise to FRAX are now being updated [12, 13, 14] to inform its next iteration.  The aim of the present study was to re-evaluate the impact of reported RA on the risk of hip fracture, MOF and death in an international setting and to determine dependence on age, sex, duration of follow-up, and BMD.

Methods
The study population was derived from a systematic review that identified prospective cohort studies for the update of FRAX. The study is registered with the International prospective register of systematic reviews, PROSPERO (CRD42021227266), and follows the Preferred Reporting Items for Systematic Reviews (PRISMA IPD) guidelines. Studies were eligible if the cohort was prospective, included at least 200 participants, assessed an adequate number of clinical risk factors, and reported an adequate number of incident fracture outcomes. Baseline and follow-up data were available for 2,138,428 men and women from 64 prospective cohorts, the majority of which were population-based. Details of each of the cohorts have been published previously [12] and those contributing to the present study are summarised in Table 1.
Identifying RA
[bookmark: _Hlk161075026]Information on a diagnosis of RA was obtained through questionnaires and was available in 46 cohorts assembled to construct the update of the FRAX algorithm. Ascertainment of RA was self-reported in the majority of cohorts as “do you have rheumatoid arthritis?”. In four cohorts (OPUS, OSPRE, SOF, SOS) the question was more specific; “have you been told by a doctor that you suffer from rheumatoid arthritis?”. In two cohorts Health ABC, MrOS USA), individuals could choose between RA and osteoarthritis.  In three cohorts the diagnosis was based on ICD coding from hospital records (Manitoba, PERF and UK Biobank) or the combination of hospital records and physician claims (Manitoba).

The apparent prevalence of RA in the cohorts ranged from 0.1 to 11.3% which is a range substantially greater than other international estimates [15, 17, 18].  On this basis, we hypothesised that the high range of prevalence observed was due to confusion in self-reporting between RA and other types of arthritis, predominantly osteoarthritis.  For this reason, we limited our primary analysis to those cohorts with a prevalence estimate of 3% or less (29 of 46 cohorts; Table 1).  The threshold was chosen based on the range of age-standardised prevalence (0.3 to 2.5%) and the increasing prevalence with age [15, 16, 17]. In a supplementary sensitivity analysis, we included all cohorts with information on ‘RA’ to determine the hazard ratio for fracture and its relation to apparent prevalence.

Identifying fractures
[bookmark: _Hlk111984818]Ascertainment of incident clinical fractures was undertaken by self-report and/or verified from hospital or central databases. Clinical fracture outcomes comprised any clinical fracture, osteoporotic fracture (defined according to Kanis et al. [19] as clinical vertebral, ribs, pelvis, humerus, clavicle, scapula, sternum, hip, other femoral fractures, tibia, fibula, distal forearm/wrist), MOF, and hip fracture.  The number of cohorts included in the analyses varied across fracture outcomes because of heterogeneity in reporting fracture sites.

Other variables of interest
Covariates of interest included current age since start of follow-up, current time since start of follow-up, BMD at the femoral neck, current exposure to bone active medication for the treatment of osteoporosis, and current exposure to glucocorticoids. Femoral neck BMD measurements were only available in a subset of individuals. Standardised BMD values were used to accommodate different DXA equipment. Corresponding femoral neck T-scores were calculated as previously described [20, 21]. The risk of death associated with RA was also assessed since FRAX integrates both hazards of death and fracture. Deaths were generally ascertained from National registers

Statistical methods
The association between RA and the risk of fracture or death was estimated using an extension of the Poisson regression model [22, 23] applied separately to each cohort, irrespective of risk factor definition, and separately by sex for those cohorts contributing data from both women and men. Because of an embargo on transfer of primary data from Manitoba, Cox regression was used on the Manitoba cohort on site and beta coefficients, variances, and co-variances forwarded to the analysis team. The associations between RA and risk of fracture were described as hazard ratio (HR) for fracture with 95% confidence intervals (CIs).  The observation period of each participant was divided in intervals of one month. The first incident fracture per participant was counted for each relevant outcome. Covariates examined included age at the start of follow-up, time since start of follow-up, current exposure to oral glucocorticoids, and BMD T-score at the femoral neck. The beta-coefficients and their variance were determined from the Poisson model for each age in one-year increments from the age of 40 years. The results from each cohort and both sexes were weighted according to the inverse of the variance and merged to determine the weighted means and standard deviations. Linear interaction terms were used to determine whether the strength of the association of RA and fracture risk varied with age, duration of follow-up, sex, or femoral neck T-score. The Kaplan-Meier method was used to plot fracture-free survival in individuals with RA and without RA. The time to first fracture since baseline in current type of fracture (hip and MOF respectively) was used as outcome and censoring was undertaken at the time of death or end of follow up.
Heterogeneity between cohorts was tested by the I2 statistic expressed as a percent [24]. Moderate (I2=50%) to high (I2=75%) heterogeneity was noted between cohorts.  Random-effects models were used in the meta-analysis since it was unlikely that all the studies were functionally equivalent. Individuals with missing data were excluded. No data were imputed.
Sensitivity analyses
A similar approach to that described above was used in the supplementary analysis including 17 cohorts with higher prevalences of RA. 

As indicated above, the effect of sex on the risk of fracture was computed in those cohorts that contributed both women and men. Similarly, differences in fracture risk with and without BMD were additionally explored in those cohorts that contributed probabilities both with and without BMD. Evaluation of the effects of race and ethnicity was restricted to those cohorts recording more than one race or ethnic group (Asian, Black, Hispanic, and Caucasian), comprising CaMos, Health ABC, LASA, Manitoba, MrOS USA, SOF, UK Biobank and WHI. Finally, fracture risk associated with RA was explored according to study quality. Quality was 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 was considered as high quality [12].

Results
[bookmark: _Hlk161158104]The primary analysis population comprised 1,714,328 men and women, aged 20-116 years, who were followed for 15.7 million person-years (Table 1). During an average follow-up of 9.1 years, 139,002 individuals sustained at least one clinical fracture; 82,520 were MOFs and 27,518 were hip fractures. BMD measurements were available in 216,016 (12.6%) individuals.  RA was reported in 21,694 individuals (18,062 women and 3751 men). RA was reported more frequently in women than in men (1.6% vs. 0.7%, respectively).  The prevalence of RA among the cohorts increased (almost linearly) with age, being 0.2% at 40-44 years, to 0.8% at 50-54 years, and up to 1.7% at 75-79 years.

RA and fracture
A reported diagnosis of RA was associated with a significantly increased risk of any subsequent fracture in both women (HR 1.51, 95% CI 1.37-1.67) and men (HR 1.55, 95% CI 1.22-1.96) (Table 2).  Except for hip fracture, the HRs were of similar magnitude for other specific fracture outcomes.  In the case of hip fracture, the HRs were 2.02 and 1.70 in women and men, respectively and were not significantly different. In a further analysis of cohorts that included both sexes, HRs did not differ between sexes (p≥0.30 for the interaction, data not shown) and for further analyses the data for both sexes were pooled.  Forest plots of the effect size associated with RA on the risk of a MOF and a hip fracture in men and women combined are shown in Figure 1.  

Table 2. Association of RA with subsequent fracture risk at the sites indicated in men, in women and both sexes combined.
	Outcome
 fracture
	Number
 of
 cohorts
	I2 
	HR (95% CI)
	p

	Women
	
	
	
	

	Any
	22
	56
	1.51 (1.37-1.67)
	<0.001

	Hip
	14
	77
	2.02 (1.57-2.58)
	<0.001

	MOF
	20
	27
	1.48 (1.33-1.64)
	<0.001

	Osteoporotic
	20
	61
	1.54 (1.38-1.72)
	<0.001

	Men
	
	
	
	

	Any
	11
	54
	1.55 (1.22, 1.96)
	<0.001

	Hip
	6
	87
	1.70 (1.10, 2.63)
	0.018

	MOF
	10
	64
	1.60 (1.14, 2.23)
	0.0023

	Osteoporotic
	10
	79
	1.60 (1.11-2.31)
	0.012

	Men and women
	
	
	
	

	Any
	25
	60
	1.49 (1.35-1.65)
	<0.001

	Hip
	16
	75
	1.93 (1.53-2.44)
	<0.001

	MOF
	22
	43
	1.49 (1.32-1.67)
	<0.001

	Osteoporotic
	22
	69
	1.52 (1.35-1.71)
	<0.001

	Values are hazard ratios (HR) and 95% confidence intervals (CI), adjusted for age and duration of follow-up.
MOF, major osteoporotic fracture; I2, heterogeneity statistic
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Fig 1 Forest plots of the association of RA with subsequent risk of a major osteoporotic fractures or a hip fracture for men and women combined. Effect estimates (hazard ratios) are shown for fracture (circles), adjusted for age, sex and duration of follow-up. The horizontal lines represent 95% confidence intervals. 

RA and age
For hip fracture, the HRs were highest at younger ages and decreased progressively with age (p<0.001 for the interaction; Figure 2) and was not significantly different from unity after the age of 75 years.  A similar relationship between hip fracture risk and age was observed when the merging was done by age using only those cohorts contributing to each particular age (data not shown). There was no significant interaction between RA and age for other fracture outcomes (Table 3).












[image: ]
Fig, 2 Hazard ratio (HR) for hip fracture in men and women with RA as a function of age.  Adjusted for sex and time since baseline. Dashed lines indicate 95% confidence intervals. P-value for interaction <0.001.


[bookmark: _Hlk161062813][bookmark: _Hlk105893639]Table 3. Hazard ratio (HR) and 95% confidence interval (CI) of fracture by age at baseline at the sites indicated associated with a diagnosis of RA in men and women combined.   HRs are adjusted for time since baseline and sex.  n refers to the number of cohorts available. P values refer to the significance of the interaction term with age.  

	[bookmark: _Hlk161062770]
	Outcome fracture

	
	Any (n=22)
	
	Hip (n=11)
	
	MOF (n=18)
	
	Osteoporotic (n=20)

	Age (years)
	HR
	95% CI
	
	HR
	95% CI
	
	HR
	95% CI
	
	HR
	95% CI

	40
	1.44
	1.35-1.53
	
	2.53
	1.34-4.77
	
	1.42
	1.32-1.53
	
	1.40
	1.36-1.45

	50
	1.41
	1.24-1.61
	
	1.99
	1.17-3.38
	
	1.37
	1.18-1.60
	
	1.36
	1.30-1.41

	60
	1.39
	1.14-1.70
	
	1.56
	1.01-2.40
	
	1.33
	1.05-1.67
	
	1.31
	1.20-1.43

	70
	1.37
	1.04-1.79
	
	1.23
	0.88-1.71
	
	1.28
	0.94-1.76
	
	1.26
	1.10-1.45

	80
	1.34
	0.96-1.89
	
	0.96
	0.75-1.23
	
	1.24
	0.84-1.84
	
	1.22
	1.01-1.47

	[bookmark: _Hlk108455995]90
	1.32
	0.88-1.99
	
	0.76
	0.63-0.90
	
	1.20
	0.75-1.93
	
	1.18
	0.93-1.49

	
	
	p>0.30
	
	
	p<0.001
	
	
	p>0.30
	
	
	p=0.18




RA and duration of follow-up
[bookmark: _Hlk175865658]For all fracture outcomes, the risk associated with RA in men and women combined decreased slowly over time since the start of follow-up.  The interaction with time was, however, not significant for the outcome of hip fracture and MOF (p=0.068 and p>0.30) but was significant for any fracture and for osteoporotic fracture (p=0.0054 and p=0.0081, respectively, Appendix Table A) 

RA and BMD
[bookmark: _Hlk111970937]The predictive value of RA on incident fracture risk was not affected by the inclusion of femoral neck BMD for any of the fracture outcomes. In particular, the HRs from the models including only those cohorts in which femoral neck BMD had been measured did not substantially differ with and without the inclusion of BMD (Appendix Table B). 

RA and glucocorticoids
When adjustments were made for exposure to glucocorticoids, hazard ratios were slightly lower for each fracture outcome but not statistically different from the base case (Table 4).   The exclusion of individuals taking bone active medication had no significant effect on hazard ratios.

Table 4.  Association of RA with subsequent fracture risk at the sites indicated in men and women combined. Hazard ratios (HR) and 95% confidence intervals (CI) are adjusted for age, sex and duration of follow-up and additionally adjusted for glucocorticoid use. P values relate to the significance of differences with and without adjustment for glucocorticoids.

	
	Not adjusted for glucocorticoids
	Adjusted for glucocorticoids
	

	Outcome
 fracture
	Number
 of
 cohorts
	HR (95% CI)
	Number
 of
 cohorts
	HR (95% CI)
	p-value

	Any
	25
	1.49 (1.35-1.65)
	21
	1.39 (1.25-1.55)
	>0.30

	Hip
	16
	1.93 (1.53-2.44)
	13
	1.736 (1.36-2.21)
	>0.30

	Major osteoporotic
	22
	1.49 (1.32-1.67)
	16
	1.39 (1.21-1.60)
	>0.30

	Osteoporotic
	22
	1.52 (1.35-1.71)
	19
	1.40 (1.23-1.58)
	>0.30




RA and risk of death
A diagnosis of RA was associated with an increased risk of death in women (HR 1.48; 1.19-1.85; p<0.001) and men though not significantly so in men (HR 1.31; 0.96-1.77; p=0.085). HRs remained essentially unchanged when femoral neck T-score was added to the models and similar when also adjusted for corticosteroid use:  women: HR 1.31; 1.04-1.65; p=0.024 in women and HR 1.13; 0.81-1.59; p>0.30 in men).  Fracture free survival for MOF and hip fracture is shown in figure 3. The 10-year observed risk of MOF and hip fracture was greater in RA compared with individuals without RA.
[image: ]
Fig. 3 Kaplan-Meier plots of major osteoporotic fracture and hip fracture with 95% confidence intervals in individuals with and without RA. Manitoba and Maccabi do not contribute.


Sensitivity analyses
No significant differences in HRs were observed according to race and ethnicity in those cohorts with these characteristics documented (for all cohorts, Appendix Table C). Only two cohorts in the base case (Manitoba and UK Biobank) had race and ethnicity documented.  There were no significant differences for any outcome fracture comparing White with Black (p=0.14) or Asian individuals (p>0.30; Appendix Table D).   When analysing the cohorts according to quality score, no statistically significant differences in fracture risk were noted for any fracture outcomes between cohorts of intermediate (a quality score of 2 or 3) and high quality (a quality score of 4) (p≥0.14) (Appendix Table E).  

Apparent prevalence of RA
In a supplementary analysis, we examined the risk of fracture in all available cohorts irrespective of the prevalence of RA.  The analysis population comprised 1,909,896 men and women, aged 20-116 years, who were followed for 18.0 million person-years (Table 1). During an average follow-up of 9.4 years, 171,226 individuals sustained at least one fracture; 78,008 were characterized as a MOF and 34,831 were hip fractures. BMD measurements at the femoral neck were available in 277,188 (14.5%) individuals. Overall, hazard ratios were higher, the lower the prevalence of RA in the respective cohort (Figure 4). Indeed, hazard ratios were markedly lower when analysis was restricted to those cohorts with a reported prevalence of >3% (Table 5).  Moreover, in the case of hip fracture, there was a significant difference in hazard ratios for fracture between cohorts above and below the primary analysis threshold (Figure 3; p=0.0055; p>0.30 for MOF).
[image: ]
Fig. 4  Hazard ratio for a major osteoporotic fracture (MOF) and hip fracture according to the reported prevalence of RA for men and women combined adjusted for age, time and sex.  The vertical dashed lines signify the 3% threshold.
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[bookmark: _Hlk162759277]Table 5. Association of RA with subsequent fracture risk at the sites indicated in men and women adjusted for age, sex and duration of follow-up.  Analysis includes all cohorts and cohorts with a prevalence of RA < 3% (primary analysis) or >3% (supplementary analysis).    Hazard ratios are adjusted for age and time since baseline.  P1 values denote the significance of the hazard ratio. P1 denotes the significance of the hazard ratio for each fracture outcome. P2 denotes the significance of the difference between cohorts with a prevalence of RA of 3% or less vs. a prevalence >3%. 

	
	All cohorts
	Prevalence of RA < 3%
	Prevalence of RA >3%
	

	Outcome
 fracture
	Number of
cohorts
	HR (95% CI)
	p1
	Number of
cohorts
	HR (95% CI)
	p1
	Number of
cohorts
	HR (95% CI)
	p1
	p2

	Any
	42
	1.34 (1.24-1.45)
	<0.001
	25
	1.49 (1.35-1.65)
	<0.001
	17
	1.24 (1.11- 1.38)
	<0.001
	0.015

	Hip
	30
	1.57 (1.36-1.81)
	<0.001
	16
	1.93 (1.53-2.44)
	<0.001
	14
	1.31 (1.15- 1.48)
	<0.001
	0.0044

	Major osteoporotic
	37
	1.32 (1.21-1.45)
	<0.001
	22
	1.49 (1.32-1.67)
	<0.001
	15
	1.23 (1.09-1,38
	<0.001
	0.028

	Osteoporotic
	38
	1.37 (1.26-1.50)
	<0.001
	22
	1.52 (1.35-1.71)
	<0.001
	16
	1.28 (1.13-1.44)
	<0.001
	0.050



  




Discussion
Our meta-analysis demonstrates that a reported diagnosis of RA confers an increased risk of any clinical fracture, osteoporotic fracture, MOF, and hip fracture with the increase in risk varying between 49% and 93% depending on the fracture outcome.  There was no difference in hazard ratios between men and women for any of the fracture outcomes studied.  Notably, the effect size was largely unaffected by femoral neck BMD, use of glucocorticoids, race or ethnicity. Previous studies have similarly shown that a diagnosis of RA predicts fracture risk [1, 2, 3, 4, 5, 25] and, in the context of FRAX, improves fracture risk prediction in addition to FRAX clinical risk factors and BMD [26, 27, 28]. The modest effect of glucocorticoids was likely related to the small doses characteristically used in the management of RA.  
In our previous assessment [27], RA was associated with an increased risk of any fracture (1.45; 1.16 –1.80), osteoporotic fracture (1.56; 1.20 –2.02), and hip fracture (1.95; 1.11–3.42). The risk persisted after adjustment for glucocorticoid use in the case of any fracture (1.38; 1.11–1.72) and osteoporotic fracture (1.46; 1.12–1.90) but was of borderline statistical significance for hip fracture (1.76; 0.97– 3.19; p= 0.06). These hazard ratios were very similar to the current findings based on a much larger catchment (see Table 1).  However, the increase in statistical power of the present study revealed a significant interaction with age in that the younger the age at baseline, the higher the increase in risk of hip fracture.  It will be important to consider including this interaction in the next iteration of FRAX to improve the accuracy of this variable.  This will depend on the persistence of the effect when adjusted for other FRAX variables (other than BMD and glucocorticoid exposure).  A further consideration for the construct of FRAX is that RA was associated with increased mortality, an important consideration when modelling 10-year fracture probability which, in the case of FRAX, is based on the hazards of both death and fracture [11].
[bookmark: _Hlk161141714]As noted, the apparent prevalence of RA in all cohorts ranged from 0.1 to 11.3% which is a range substantially greater than other international estimates [15, 17].  On this basis we reasoned that the high range of prevalence that we observed was due to confusion in self-reporting between other forms of arthritis, mainly osteoarthritis, and RA.  The assumption is supported by previous findings in one cohort (LASA) that concordance regarding the presence or absence of specific chronic diseases between patient and general practitioner information was high with the exception of osteoarthritis/rheumatoid arthritis [29].  For this reason, we limited our primary analysis to those cohorts with a prevalence estimate of 3% or less. The reasoning is likely correct in that risk ratios for hip fracture were markedly lower when analysis was confined to those cohorts with an apparent prevalence of RA >3%.  Conversely, in those cohorts with a prevalence estimate of 3% or less, the true fracture risks may be greater than those reported because of residual dilution by some individuals with osteoarthritis rather than RA.   This draws attention to the weakness of the question construct in the majority of cohorts.   For RA, FRAX asks for a yes response where the patient has a confirmed diagnosis of rheumatoid arthritis. Otherwise, a no entry is required since osteoarthritis is, if anything, protective, at least for hip fracture [30]. FRAX further stipulates that reliance should not be placed on a patient's report of 'arthritis' unless there is clinical or laboratory evidence to support the diagnosis. This requirement was fulfilled in only four cohorts where the diagnosis was based on ICD coding from hospital records (Maccabi, Manitoba, PERF and UK Biobank) or the combination of hospital records and physician claims (Manitoba).  Future studies would benefit from a more prescriptive categorisation of this risk variable.
A particular strength of this study is that estimates of fracture risk for RA are derived from the largest international resource available to date. The participating cohorts were identified partly through collaboration and partly through a systematic search of potentially available cohorts [12]. Computations were based on individual-level data, decreasing the risk of publication bias, and the extent of the data resource allowed for additional analyses such as interactions. We also acknowledge several limitations. The diagnosis of RA was predominantly based on personal recall which, as discussed above, may not be accurate, due to participant’s unawareness about the distinction between osteoarthritis and RA. Although we excluded analysis of cohorts with an unusually high apparent prevalence of RA, the bias is also likely to be extant in those cohorts used for the base case. The bias would most likely weaken rather than strengthen any associations with incident fractures.  
A further limitation was that we did not examine the impact, if any, of the use of biological DMARDs although their use may not be consistently associated with changes in BMD [8, 31, 32, 33].  Furthermore, an increased risk of fracture persists with the use of biological drugs [3, 34, 35, 36, 37, 38].  In one of the cohorts included in the present study (HUNT), the risk of fracture was not significantly lower in treated than untreated patients with RA [39].  In addition, an analysis showed no secular difference in the accuracy of fracture prediction associated with RA before and over a time interval after the introduction of biologic interventions. Thus, the current FRAX tool continues to be appropriate for fracture risk assessment in RA patients [26]. Finally, the hazard ratios that we report in the present study are very similar to those reported in our earlier assessment where most of the data used in constructing the FRAX algorithm were collected prior to widespread use of biologics [27]. We recognise, however that a substantial proportion of the present database will have comprised data acquired before the use of DMARDs. Thus, if fracture risk is lower with the use of biologic DMARDs, the effect is small. The present analysis did not account for the duration of the disease.  The interactions with time and age might suggest that the risk of fracture is highest shortly after diagnosis of RA.
In summary, RA is associated with incident fracture risk, independent of BMD, sex and exposure to glucocorticoids.  The increase in risk is particularly high for hip fracture with a significant negative interaction with age. These data confirm the validity of incorporating RA into future iterations of FRAX to guide clinical management of those individuals at highest risk of fracture. The question arises whether the present findings are relevant for other inflammatory arthropathies such as lupus or psoriatic arthritis in the context of FRAX.  Whether input of RA in FRAX is used exclusively for RA awaits further research.  
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Table 1. Description of cohort characteristics, rheumatoid arthritis, and incident fracture outcomes

	
	
	
	
	Age (years)
	
	
	Fracture outcomes

	
	n
	BMD n
	Person years
	Mean
	Range
	% women
	RA %
	Hip
	Any
	MOF
	MOF wo hip
	OST

	AGES
	 5706 
	 4782 
	 45508
	 77.0
	 66 
	 98 
	 57.6
	 0.9
	 535 
	 1619 
	 1134 
	 766 
	 1395 

	APOSS
	 5039 
	 4918 
	 36826
	 48.5
	 44
	 56
	 100 
	 2.6
	 4 
	 334 
	 142 
	 141 
	 176 

	BEH
	 2299 
	 2291 
	 10196
	 69.3
	 60 
	 96 
	 51.4
	 2.0
	 40 
	 98 
	 46 
	 5 
	 76 

	Bern
	 23104 
	 22757 
	 181353
	 58.9
	 20 
	 95 
	 85.0
	 2.2
	 294 
	 5033 
	 2913 
	 2730 
	 3891 

	CaMos
	 9190 
	 8097 
	 118983 
	 61.9
	 25 
	 103 
	 69.2
	 5.7
	 329 
	 2370 
	 1147 
	 901 
	 1703 

	DO_HEALTH
	 2140 
	 1449 
	 5917
	 75.0
	 70 
	 95 
	 61.8
	 2.4
	 10 
	 264 
	 118 
	 111 
	 190 

	DOES
	 2086 
	 2057 
	 19341
	 70.1
	 47 
	 94 
	 60.7
	 3.3
	 95 
	 480 
	 299 
	 238 
	 404 

	ECOSAP
	 5146 
	 0 
	 16857
	 72.3
	 65 
	 100 
	 100 
	 0.8
	 52 
	 311 
	 188 
	 136 
	 259 

	EPIFROS
	 284 
	 12 
	 2826
	 61.6
	 40 
	 96 
	 54.6
	 2.1
	 3 
	 27 
	 16 
	 13 
	 20 

	FORMEN
	 1886 
	 1882 
	 16265
	 72.5
	 65 
	 93 
	 0 
	 0.4
	 10 
	 90 
	 58 
	 49 
	 90 

	Framingham offspring
	 3533 
	 2933 
	 47696
	 61.5
	 33 
	 90 
	 54.0
	 0.8
	 90 
	 688 
	 275 
	 210 
	 531 

	Framingham original
	 1166 
	 896 
	 9662
	 79.9
	 72 
	 101 
	 65.3
	 4.2
	 118 
	 268 
	 172 
	 68 
	 242 

	FRIDEX
	 815 
	 815 
	 8077
	 56.8
	 40 
	 84 
	 100 
	 1.3
	 15 
	 112 
	 41 
	 28 
	 56 

	FROCAT
	 1954 
	 238 
	 19414
	 69.2
	 32 
	 111 
	 55.7
	 1.7
	 33 
	 229 
	 160 
	 135 
	 183 

	GERICO
	 759 
	 745 
	 2746
	 67.9
	 65
	 72
	 79.4
	 0.4
	 2 
	 71 
	 26 
	 24 
	 51 

	GOS
	 1856 
	 1799 
	 12789
	 63.0
	 35 
	 95
	 100 
	 10.2
	 32 
	 174 
	 115 
	 89 
	 150 

	HAI
	 3617 
	 3535 
	 9510
	 70.5
	 69
	 72
	 50.2
	 2.2
	 10 
	 126 
	 78 
	 68 
	 114 

	Health ABC
	 2225 
	 2203 
	 26577
	 73.6
	 68 
	 80 
	 51.2
	 9.1
	 168 
	 512 
	 383 
	 262 
	 442 

	HUNT
	 48444 
	 11110 
	 601432
	 53.0
	 20 
	 101
	 54.4
	 3.8
	 1555 
	 9759 
	 4459 
	 3400 
	 6750 

	JPOS
	 1944 
	 1933 
	 25812
	 57.5
	 40 
	 82 
	 100 
	 0.7
	 29 
	 265 
	 99 
	 - 
	- 

	LASA
	 1476 
	 521 
	 7586
	 75.7
	 65
	 89
	 51.6
	 11.3
	 39 
	 132 
	 - 
	- 
	 96 

	Maccabi
	659266
	35829
	 6297325
	 56.3
	 30
	 91
	 52.0
	 1.6
	11293
	54312
	51955
	42759
	53907

	Manitoba
	92281
	92106
	833466
	63.4
	20
	104
	89.1
	2.2
	3085
	13506
	9578
	7187
	12655

	MINOS
	 681 
	 672 
	 6152
	 65.2
	 50 
	 86 
	 0 
	 0.1
	 3 
	 63 
	 25 
	 22 
	 56 

	MrOS Hong Kong
	 2000 
	 2000 
	 19744
	 72.4
	 65 
	 92 
	 0 
	 1.1
	 63 
	 231 
	 148 
	 93 
	 201 

	MrOS USA
	 2847 
	 2846 
	 34450
	 74.1
	 65 
	 99 
	 0 
	 11.1
	 171 
	 653 
	 405 
	 240 
	 512 

	MrOs Sweden
	 3010 
	 2817 
	 34168
	 74.9
	 69 
	 81 
	 0 
	 1.5
	 340 
	 971 
	 730 
	 483 
	 876 

	MsOS Hong Kong
	 2000 
	 2000 
	 17528
	 72.6
	 65 
	 98 
	 100 
	 1.9 
	 69 
	 338 
	 247 
	 189 
	 298 

	OFELY
	 867 
	 861 
	 15136
	 58.8
	 40 
	 89 
	 100 
	 0.6
	 40 
	 245 
	 180 
	 159 
	 207 

	OPRA
	 1044 
	 947 
	 12133
	 75.2
	 75
	 76
	 100 
	 0.0 
	 195 
	 524 
	 453 
	 - 
	 473 

	OPUS
	 1933 
	 1925 
	 11865
	 61.9
	 20
	 80
	 100 
	 5.9
	 10 
	 224 
	 109 
	 100 
	 141 

	OSTPRE
	 11200 
	 2761 
	 109465
	 57.3
	 52
	 63
	 100 
	 3.4
	 80 
	 1851 
	 918 
	 848 
	 1259 

	PERF
	 5760 
	 2837 
	 37802
	 64.2
	 43
	 81
	 100 
	 0.6
	 62 
	 828 
	 544 
	 489 
	 550 

	Rotterdam
	 8109 
	 6332 
	 86917
	 65.0
	 46
	 99
	 64.7
	 3.5
	 422 
	 1887 
	 1275 
	 990 
	 1613 

	SAOL_IPR_EPIPorto
	 929 
	 927 
	 11284
	 55.9
	 40 
	 89 
	 77.4
	 1.8
	 12 
	 105 
	 41 
	 18 
	 - 

	SarcoPhAge
	 228 
	 217 
	 440
	 75.9
	 68
	 93
	 57.0
	 5.7
	 1 
	 13 
	 5 
	 4 
	 8 

	SCOOP
	 11826 
	 2650 
	 56314
	 75.5
	 70 
	 86 
	 100 
	 7.1
	 361 
	 1847 
	 1231 
	 937 
	 1560 

	Sheffield
	 2175 
	 2154 
	 7441
	 80.0
	 74
	 101
	 100 
	 2.4
	 67 
	 289 
	 191 
	 136 
	 234 

	SOF
	 9672 
	7914
	 136176
	 71.6
	 65 
	 89 
	 100 
	 6.7
	 1412 
	 4353 
	 2805 
	 1840 
	 3467 

	SOS
	 16626 
	 4080 
	 62119
	 74.2
	 61
	 93
	 100 
	 1.5
	 260 
	 1383 
	 993 
	 702 
	 1325 

	STRAMBO
	 823 
	 804 
	 7582
	 72.1
	 51 
	 88
	 0 
	 0.4
	 17 
	 117 
	 42 
	 26 
	 86 

	SUPERB
	 3021 
	 3008 
	 23403
	 77.8
	 75
	 81
	 100 
	 4.0
	 238
	 1081
	 808
	 654
	 1041

	TASOAC
	 1097 
	 1092 
	 10944
	 63.0
	 51
	 81
	 48.9
	 10.7
	 5 
	 146 
	 49 
	 46 
	 88 

	THIN
	 366104 
	 0 
	 2126038 
	 63.8
	 50 
	 116 
	 100 
	 1.4
	 6942 
	 31633 
	 - 
	- 
	 23622 

	UK Biobank
	 502536 
	 19692 
	 5766212 
	 56.5
	 37 
	 73 
	 54.4
	 0.5
	 3943 
	 25190 
	 12099 
	 8332 
	 20075 

	WHI
	 79192 
	 5744 
	 1084553 
	 64.3
	 49 
	 79 
	 100 
	 5.3
	 2277 
	 6474 
	 4449 
	 2380 
	 5085 

	Total
	1 909 896
	277 188
	18 034 030
	
	20
	116
	
	
	34 831
	171 226
	101 149
	78 008
	146 158

	Mean
	
	
	
	59.3
	
	
	68.0
	1.7
	
	
	
	
	




BMD, femoral neck bone mineral density; OST, osteoporotic fracture; MOF, major osteoporotic fracture; AGES, Age, Gene/Environment Susceptibility‐Reykjavik Study; APOSS, Aberdeen Prospective Osteoporosis Screening Study BEH, Bushehr Elderly Health; CaMos, Canadian Multicentre Osteoporosis Study; DOES, Dubbo Osteoporosis Epidemiology Study; DO-HEALTH, VitaminD3-Omega3-Home Exercise-Healthy Aging and Longevity Trial; ECOSAP, Ecografía Osea en Atención Primaria; EPIFROS, EPIdemiology and Fracture Risk factors for Osteoporosis in Spain; FORMEN, Fujiwara-kyo Osteoporosis Risk in Men; FRIDEX,  Fracture RIsk factors and bone DEnsitometry type central dual X-ray; FROCAT, Fracture Risk factors for Osteoporosis in CATalonia; GERICO, Geneva Retirees Cohort; GOS, Geelong Osteoporosis Study; HAI, Healthy Ageing Initiative; Health ABC, Health, Aging and Body Composition; HUNT, Trøndelag Health Study; JPOS, Japanese Population-based Osteoporosis Study; LASA, Longitudinal Aging Study Amsterdam; MINOS, Montceau les MINes OSteoporosis; MrOS, Osteoporotic Fractures in Men; MsOS, Osteoporotic Fractures in Women; OFELY, Os des Femmes de Lyon; OPRA, Osteoporosis Prospective Risk Assessment; OPUS, Osteoporosis and Ultrasound Study; OSTPRE, Kuopio OSTeoporosis risk factor and PREvention study; PERF, Prospective Epidemiologic Risk Factor; SAOL-IPR-EPIPorto, Santo António dos Olivais, Instituto Português de Reumatologia and EPIPorto; SarcoPhAge, Sarcopenia and Physical Impairment with advancing Age; SCOOP, screening for prevention of fractures in older women; SOF, Study of Osteoporotic Fractures; SOS, SALT Osteoporosis Study; STRAMBO, Structure of the Aging Men’s Bone; SUPERB, Sahlgrenska University hospital Prospective Evaluation of Risk of Bone fractures; WHI,  Women’s Health Initiative.Osteoporosis Study; STRAMBO, Structure of the Aging Men’s Bone; SUPERB, Sahlgrenska University hospital Prospective Evaluation of Risk of Bone fractures; TASOAC, Tasmanian Older Adult Cohort; THIN, The Health Improvement Network; WHI,  Women’s Health Initiative. 



Appendix

Table A. Hazard ratio (HR) and 95% confidence interval (CI) of fracture by time since baseline at the sites indicated associated with a history of RA in men and women combined.   HRs are adjusted for age at baseline and sex.  n refers to the number of cohorts available. P values refer to the significance of the interaction term with duration of follow-up.  

	
	Site of outcome fracture

	
	Any (n=25)
	
	Hip (n=16)
	
	MOF (n=22)
	
	Osteoporotic (n=22)

	Time (years)
	HR
	95% CI
	
	HR
	95% CI
	
	HR
	95% CI
	
	HR
	95% CI

	0
	1.69
	1.53-1.87
	
	2.33
	1.63-3.32
	
	1.75
	1.46-2.10
	
	1.81
	1.57-2.09

	2
	1.66
	1.52-1.81
	
	2.25
	1.63-3.13
	
	1.73
	1.48-2.02
	
	1.78
	1.56-2.03

	4
	1.63
	1.51-1.75
	
	2.19
	1.62-2.96
	
	1.70
	1.49-1.95
	
	1.75
	1.55-1.96

	6
	1.59
	1.49-1.70
	
	2.12
	1.61-2.78
	
	1.68
	1.50-1.88
	
	1.71
	1.54-1.90

	8
	1.56
	1.49-1.65
	
	2.05
	1.60-2.63
	
	1.66
	1.50-1.85
	
	1.68
	1.52-1.85

	10
	1.53
	1.46-1.61
	
	1.99
	1.59-2.50
	
	1.64
	1.50-1.79
	
	1.65
	1.51-1.80

	
	
	p=0.0054
	
	
	p=0.068
	
	
	p>0.30
	
	
	p=0.0081

	MOF, major osteoporotic fracture.






Table B. Association of RA with subsequent fracture risk at the sites indicated in men and women adjusted for age and duration of follow-up.  Analysis includes only cohorts with femoral neck BMD. P values denote the significance of the hazard ratio.  There was no significant difference when HRs were additionally adjusted for BMD

	
	
	Cohorts with BMD
	p
	Adjusted for BMD
	p

	Outcome
fracture
	Number of
cohorts
	HR (95% CI)
	
	HR (95% CI)
	

	Any
	21
	1.38 (1.29-1.47)
	<0.001
	1.42 (1.33-1.51)
	<0.001

	Hip
	12
	1.46 (1.26-1.70)
	<0.001
	1.58 (1.31-1.89)
	<0.001

	MOF
	18
	1.36 (1.26-1.47)
	<0.001
	1.41 (1.31-1.52)
	<0.001

	Osteoporotic
	17
	1.40 (1.31-1.49)
	<0.001
	1.44 (1.35-1.54)
	<0.001



Values are hazard ratios (HR) and 95% confidence intervals (CI), adjusted for age and duration of follow-up.
BMD, bone mineral density; MOF, major osteoporotic fracture.



[bookmark: _Hlk162709021]Table C. Association of RA with subsequent fracture risk at the sites indicated in women and men combined according to race/ethnicity. Note all cohorts included. P-values refer to differences between the ethnic groups.
	Outcome fracture
	Number 
of cohorts
	HR
	95% CI
	HR
	95% CI
	p-value

	Asian vs White
	White 
	Asian (n=16,124)
	

	Any
	5 (CaMos, MrOS USA, WHI, UK Biobank, Manitoba)
	1.53
	1.21-1.93
	1.28
	0.76-2.15
	0.48

	Hip
	2(WHI, Manitoba)
	1.54
	1.06-2.24
	2.30
	0.52-10.21
	0.59

	MOF
	5 (CaMos, MrOS USA, WHI, UK Biobank, Manitoba)
	1.55
	1.25-1.92
	1.31
	0.70-2.43
	0.59

	Black vs White
	White
	Black (n=18,794)
	

	Any
	5 (Health ABC, MrOS USA, WHI, UK Biobank, Manitoba)
	1.45
	1.11-1.89
	1.58
	1.07-2.33
	0.64

	Hip
	3 (Health ABC, WHI, Manitoba)
	1.39
	0.97-1.98
	2.13
	1.24-3.67
	0.12

	MOF
	3 (Health ABC, WHI, Manitoba)
	1.25
	0.96-1.63
	1.84
	1.24-2.71
	0.051

	Hispanic vs White
	White
	Hispanic (n=3258)
	

	Any
	2 (MrOS USA, WHI)
	1.27
	0.93-1.75
	0.91
	0.47-1.77
	0.30

	Hip
	1 (WHI)
	1.27
	1.07-1.52
	0.90
	0.21-3.78
	0.64

	MOF
	2 (MrOS USA, WHI)
	1.33
	0.92-1.93
	0.98
	0.44-2.18
	0.44

	Other than White vs White
	White (n=649,215)
	Other than White (n=45,730)
	

	Any
	7 (Health ABC, CaMos, MrOS USA, WHI, SOF, UK Biobank, Manitoba)
	1.39
	1.13-1.72
	1.39
	1.06-1.81
	0.96

	Hip
	4 (Health ABC, WHI, UK Biobank, Manitoba)
	1.67
	1.07-2.62
	2.27
	1.34-3.86
	0.17

	MOF
	6 (Health ABC, Camos, MrOS USA, WHI, UK Biobank, Manitoba)
	1.48
	1.21-1.81
	1.69
	1.26-2.28
	0.42



Values are hazard ratios (HR) and 95% confidence intervals (CI), adjusted for age, sex, and duration of follow-up.
MOF, major osteoporotic fracture.




Table D. Association of RA with subsequent fracture risk at the sites indicated in men and women combined according to race/ethnicity for the cohorts Manitoba and UK Biobank. P-values refer to differences between the ethnic groups.

	Outcome fracture
	Number 
of cohorts
	HR
	95% CI
	HR
	95% CI
	p-value

	Asian vs White
	White (n=562,135)
	Asian (n=13,819)
	

	Any
	2 (Manitoba, UK Biobank)
	1.81
	1.31-2.52
	1.25
	0.59-2.64
	0.30

	MOF
	2 (Manitoba, UK Biobank)
	1.78
	1.33-2.38
	1.43
	0.62-3.30
	0.59

	Black vs White
	White (n=562,135)
	Black (n=8521)
	

	Any
	2 (Manitoba, UK Biobank)
	1.81
	1.31-2.52
	3.74
	1.34-10.45
	0.16

	MOF
	1 (Manitoba)
	1.54
	1.37-1.74
	2.82
	0.37-21.56
	0.56

	Other than White vs White
	White (n=562,135)
	Other than White (n=29,905)
	

	Any
	2 (Manitoba, UK Biobank)
	1.81
	1.31-2.52
	1.65
	0.88-3.07
	0.74

	Hip
	2 (Manitoba, UK Biobank)
	2.38
	1.47-3.84
	1.68
	0.22-12.60
	0.73

	MOF
	2 (Manitoba, UK Biobank)
	1.78
	1.33-2.38
	1.60
	0.70-3.66
	0.79



Values are hazard ratios (HR) and 95% confidence intervals (CI), adjusted for age, sex, and duration of follow-up.
MOF, major osteoporotic fracture.




Table E. Association of RA with subsequent fracture risk at the sites indicated in men and women according to quality score of the cohorts. 



	Outcome
 fracture
	Number of  cohorts
	HR
	95% CI
	pa

	High quality

	Any
	9
	1.43
	1.30-1.57
	

	Hip
	5
	1.66
	1.18-2.33
	

	MOF
	7
	1.36
	1.30-1.43
	

	Osteoporotic
	8
	1.42
	1.23-1.62
	

	Moderate quality

	Any
	16
	1.55
	1.32-1.82
	>0.30

	Hip
	11
	2.22
	1.70-2.90
	0.19

	MOF
	15
	1.56
	1.31-1.85
	0.14

	Osteoporotic
	14
	1.62
	1.36-1.94
	0.25

	a Two-sided p-values compared with high quality.  There were no cohorts of low quality
Values are hazard ratios (HR) and 95% confidence intervals (CI), adjusted for age and duration of follow-up.
MOF, major osteoporotic fracture.  






image1.jpeg
Hip fracture
AGES )—0—!
BEH|— &
Bern l-—o—c
ECOSAP —e— A

Framingham offspring————e-+———

FRIDEX %.—<
JPOS — e
Maccabi ]
Manitoba e

MrOS Hong Kong] +———o——

MrOS Sweden i
SAOL_IPR_EPI-Porto —_—
Sheffield k—.—(
SOs »—:0—1
THIN De
UK Biobank| 2]
Overall(random effect) te
T T 1
0.1 1 10 100

Hazard ratio and 95% ClI




image2.jpeg
Major osteoporotic fracture

AGES e
APOSS —e—i
BEH »—o.—c
Bern i
DO-HEALTH —e—i
ECOSAP —e—i
EPIFROS e ——
Framingham offspring »—0—1
FRIDEX —————
FROCAT e
HAI i
JPOS [e———
Maccabi o
Manitoba .
MrOS Hong Kong R P——
MrOS Sweden [
MsOS Hong Kong —e—i
OFELY »—0—-—1
PERF e
Sheffield e
sos e
UK Biobank e
Overall(random effect) *
0.01 o1 1 10

Hazard ratio and 95% ClI

1
100




image3.png
Hip Fx

HR for hip fracture

8
7T P<0.001
6 L
5 |
4
3
2
1
0 l l , ,
40 50 60 70 80 90

Age (years)




image4.svg
                           0  1  2  3  4  5  6  7  8  40  50  60  70  80  90  Age (years)  HR for hip fracture Hip Fx P<0.001


image5.png
Fracture free survival

1.00

0.98

0.96

0.94

0.92

0.90

Hip fracture

Years from baseline

Fracture free survival

1.00

0.98

0.96

0.94

0.92

0.90

4 6 8 10
Years from baseline




image6.svg
                               0.90  0.92  0.94  0.96  0.98  1.00  0  2  4  6  8  10  Years from baseline   Fracture free survival                            0.90  0.92  0.94  0.96  0.98  1.00  0  2  4  6  8  10  Years from baseline   Fracture free survival Major osteoporotic fracture Hip fracture


image7.png
HR for MOF
4.0 o

HR for hip fracture

- 7.0 ;
| i 60 [ © |
3.0 | i i
o ©° 50 | © !
25 | ! °
50 Lo o : 40 | |
® p e
1.5—0‘:5.' ° °° e
[ .:
10 | 0© % io® ° o ° 20 | o° 8 © ©
-'-."_‘_. ! o ) °
05 }L© E ° 1.0 IM#
0.0 ' ' ' ' 0.0 . '
0 5 10 0 5

Prevalence of RA (%) Prevalence of RA (%)




image8.svg
                                                           0.0  0.5  1.0  1.5  2.0  2.5  3.0  3.5  4.0  0  5  10  Prevalence of RA (%)  HR for MOF                                             0.0  1.0  2.0  3.0  4.0  5.0  6.0  7.0  0  5  10  Prevalence of RA (%)  HR for hip fracture


