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ABSTRACT 
Summary: The relationship between bone mineral density (BMD) at the femoral neck and fracture risk was determined in a meta-analysis of primary data of 307205 men and women from 53 cohort studies.  Low BMD was an important predictor of fracture risk, particularly for hip fracture. 
Introduction: This study aimed to quantify the relationship between DXA-measured femoral neck BMD and fracture risk and examine the effect of age, sex, time since measurement, and initial BMD value on fracture risk, with a view to updating FRAX®.
Methods: We studied 307,205 men and women from within 53 predominately population-based cohorts followed up for an average of 8.7 years and a total of 2,683,185 person-years. The association of BMD and fracture risk was examined using a Poisson model in each cohort separately by sex.  Results were expressed as a gradient of risk (GR; hazard ratio/standard deviation decrease in BMD).  The different studies were then merged using weighted coefficients.
Results: Most hip fractures arose in men and women with low bone mass or osteoporosis at baseline (73% and 92%, respectively) as was also the case for MOF (65% and 85%, respectively).  BMD at the femoral neck strongly predicted hip fractures both in men and women with a similar gradient of risk and absolute risk at any given T-score.  At the age of 65 years, the GR was 2.73 (95% CI= 2.29–3.26) in men and 2.61 (95% CI = 2.34–2.92) in women.  However, the magnitude of association was significantly dependent on age, with a higher gradient of risk at younger ages.  For example, at age 50 years, the GR was 3.49 (95% CI 2.51-4.84) in men and decreased to 2.14 (1.96-2.34) at age 80 years.  The change in GR with age was slightly less marked in women (3.23; 2.75-3.80 and 2.11; 1.99-2.44, respectively).  The GR for major osteoporotic fracture (MOF) remained unchanged with age (p=0.12 for women and p=0.89 for men).  A significant decrease in GR for hip fracture was observed with increasing duration of follow up but the magnitude of the effect was modest compared with the effect of age.  For other fracture outcomes, including non-hip major osteoporotic fracture, the gradient of risk was lower than for hip fracture.      
Conclusions: Femoral neck BMD is a risk factor for fracture of substantial importance, particularly for future hip fracture.  The lower magnitude of association at older age is consistent with other non-skeletal factors contributing to hip fracture risk with advancing age.  Its validation on an international basis supports its use in case finding strategies.  Its use should, however, take account of the variations in predictive value of BMD with age, sex, length of follow up and BMD.
Key words: BMD, hip fracture, FRAX, osteoporotic fracture, meta-analysis
Abstract:	367 words






Introduction
Since 1993, osteoporosis has been described as a systemic skeletal disease characterized by low bone mass and microarchitectural deterioration of bone tissue, with a consequent increase in bone fragility and susceptibility to fracture [1].  The World Health Organization diagnostic criteria for osteoporosis were developed shortly thereafter, based on the measurement of bone mineral density (BMD).  At that time, BMD was the only aspect of skeletal fragility that could be readily assessed in clinical practice and thus formed the cornerstone for the operational definition of osteoporosis [2, 3].   A standardised definition has provided a platform that allows the comparison of osteoporosis prevalence across countries and regions [4].  An important asset of the definition is that it provides a regulatory framework in the USA, Europe, Japan and elsewhere which has facilitated the development of a range of therapeutic interventions that act predominately by maintaining or increasing BMD [5, 6, 7, 8, 9].  
In addition to providing diagnostic information, low BMD is widely recognized as a major risk factor for fracture [10, 11].  BMD measurements at the hip show a continuous relationship for future hip fracture with a predictive value comparable to that for cardiovascular disease provided by measurements of blood pressure [10].  The utility of BMD can, however, be further enhanced by taking account of other independent risk factors [12, 13].  This has led to the development of risk engines which incorporate clinical risk factors that provide information on fracture risk over and above that given by BMD alone [14, 15, 16,17, 18].  The most widely used tool for fracture risk assessment is FRAX® [19, 20].
The FRAX tool, released in 2008 by the 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) [13, 21]. 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 BMD measurement.  Each risk factor was the subject of a meta-analysis and the interrelationship between each risk factor for fracture and death subsequently computed.
Since the launch of FRAX, many more cohorts have become available and the meta-analyses giving rise to FRAX are now being updated to inform its next iteration [22, 23, 24, 25, 26,  27].  The aim of the present study was to re-evaluate the performance characteristics of femoral neck BMD on the risk of hip fracture, MOF and death in an international setting and to determine dependence on age, sex and duration of follow-up.


Methods
[bookmark: _Hlk214623790]The study population was derived from a systematic review that identified prospective cohort studies for the update of FRAX [28].  The study is registered with the International prospective register of systematic reviews for Individual Participant Data, 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. including those contributing to the present analysis, have been published previously [28] 
Identifying fractures
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. [29] 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 the reporting of fracture sites.
Femoral neck BMD
Femoral neck BMD measurements at baseline were available in a subset of individuals from 53 cohorts.  Standardised BMD values were used to accommodate different DXA equipment.  Corresponding femoral neck T-scores were calculated as previously described [30, 31]. The NHANES III female reference data were utilised to derive the T-score [30].
Statistical methods
Proportions of men and women, incidence rates of first hip fracture, MOF, clinical fracture and osteoporotic fracture, and proportions of fractures were calculated for baseline BMD T-score intervals of 0.5 SD.   Individuals were additionally categorised as normal, low bone mass (also termed osteopenia) or osteoporosis according to femoral neck BMD using WHO-defined thresholds [21, 32].  The number of individuals at age 50 years or more with a first hip fracture or MOF at intervals of T-score were determined together with the corresponding fracture incidence. The proportion of the population that sustained a fracture at the threshold of osteoporosis was calculated.
The association between BMD as a continuous variable and the risk of fracture or death was further examined using an extension of the Poisson regression model [33, 34] applied separately to each cohort, and separately by sex for those cohorts that contributed 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 BMD and risk of fracture were described as hazard ratio (HR) for fracture per standard deviation decrease in the T-score for BMD with 95% confidence intervals (CIs), termed the gradient of risk (GR).  
The observation period of each participant was divided in intervals of one month.  The first incident fracture per participant was counted for each relevant fracture outcome.  The time to first fracture since baseline was used as outcome and censoring was undertaken at the time of death or end of follow up. The beta-coefficients and their variance were determined from the Poisson models 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 association of BMD and fracture risk varied with baseline age, current age (derived from age and time since start of follow-up), duration of follow-up, and sex. Likewise, the interaction with BMD T-scores was studied to determine whether the gradient of risk varied by T-score category. The non-linearity of the association between BMD and risk of fracture was analysed using piecewise linear intervals in BMD (three intervals with knots at -2.5 and -1), resulting in one HR/SD per interval (within the range of osteoporosis, low bone mass, and normal BMD).
Heterogeneity between cohorts was tested by the I2 statistic expressed as a percent [35].  Random-effects models were used in the meta-analysis since it was unlikely that all studies were functionally equivalent.  Individuals with missing data were excluded.  No data were imputed.
Sensitivity analyses
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 non-Hispanic White), comprising CaMos, Health ABC, LASA, Manitoba, MrOS USA, SOF, UK Biobank and WHI.  Fracture risk associated with BMD was also 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 [22].

Results
[bookmark: _Hlk161158104]The analysis population comprised 307,205 men and women, aged 20-104 years, who were followed for 2.7 million person-years (Table 1). During an average follow-up of 8.7 years, 51,092 individuals sustained at least one clinical fracture; 34,182 were MOFs and 10,148 were hip fractures.  

Threshold effects
In the whole sample, a minority of individuals had a femoral neck BMD T-score ≤-2.5 (4.1% of men and 14.0% of women) (Table 2). For men, only 16.2% of the hip fractures occurred for those with BMD T-score at or below -2.5; the corresponding figure for women was 38.5%. In men, 59.1% of hip fractures arose in individuals with low bone mass, with a corresponding value of 53.7% in women.  For MOF, 53.4% and 58.7% of men and women, respectively had low bone mass at baseline. 

Table 2.  Proportion (%) of men and women in T-score categories at the femoral neck at baseline in all individuals and those with a subsequent MOF or hip fracture.
	
	All individuals
	With MOF
	With hip fracture

	BMD in men
	
	
	

	    Osteoporosis
	4.1
	11.2
	16.2

	    Low bone mass
	38.8
	53.4
	59.1

	    Normal
	57.0
	35.4
	24.7

	BMD in women
	
	
	

	    Osteoporosis
	14.0
	25.9
	38.5

	    Low bone mass
	55.3
	58.7
	53.7

	    Normal
	30.7
	15.5
	7.8



Overall, hip fracture rates were higher in women than in men (5.1/100,000 vs. 3.5/100,000, respectively).  As expected, there was a strong continuous relationship between lower BMD and higher hip fracture rate in both sexes (Figure 1). The figure also shows the number of individuals in each T-score category who sustained a hip fracture.  For most T-score categories, the incidence of hip fracture was similar or slightly higher in men compared to women, but the difference was of little clinical significance. Numerical data are given in the Appendix (Table A1). 
[image: ]


[image: ]Fig. 1 Number of women (top panel) and men (lower panel) with at least one hip fracture (grey bars, right y axis)) and hip fracture incidence (orange bars, left y axis) according to femoral neck T-score derived using NHANES female reference range (x axis).  The T-score label of -2.5 represents the T-score -2.5 up to -2, etc.  Note the different scale for the number of hip fractures in men and in women. 

BMD and fracture outcome
A significantly increased GR for fracture was observed in both women (GR 1.44, 95% CI 1.38-1.50) and men (GR 1.51, 95% CI 1.44-1.57) (Table 3).  Except for hip fracture, the GRs were of similar magnitude for other specific fracture outcomes.  In the case of hip fracture, the HRs were 2.03 and 2.31 in women and men respectively. In a further analysis of cohorts that included both sexes, HRs did not differ between sexes except for the MOF and hip fracture outcome.   For hip fracture the GR was 2.31 for men and 2.03 in women (p<0.01).  For MOF, the GR was 1.74 in men and 1.58 in women (p<0.001). Forest plots of the effect size of BMD on the risk of a MOF and a hip fracture in men and women are shown in Figure 2.  
Table 3.  Gradient of fracture risk (GR; HR/SD difference in BMD) and 95% confidence intervals (CI) in men and women according to outcome fracture.  Data are adjusted for age and time since baseline. P values denote the significance of the GR (p1) and the difference between men and women (p2) determined in cohorts that contributed both sexes. 
	Outcome  fracture
	Number of cohorts
	I2 
	GR (95% CI)
	p1<
	p2=

	Women
	
	
	
	
	

	Any
	46
	87
	1.44 (1.38-1.50)
	0.001
	

	Hip
	46
	59
	2.03 (1.91-2.16)
	0.001
	

	MOF
	45
	86
	1.58 (1.51-1.66)
	0.001
	

	Osteoporotic
	44
	87
	1.54 (1.48-1.61)
	0.001
	

	Men
	
	
	
	
	

	Any
	32
	57
	1.51 (1.44-1.57)
	0.001
	0.98

	Hip
	29
	8
	2.31 (2.18-2.46)
	0.001
	0.0064

	MOF
	30
	50
	1.74 (1.65-1.84)
	0.001
	<0.001

	Osteoporotic
	30
	52
	1.62 (1.55-1.70)
	0.001
	0.33
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Fig 2 Forest plots of the association between BMD with subsequent risk of a major osteoporotic fractures or a hip fracture for men and for women. Effect estimates (hazard ratios/SD) are shown for fracture, adjusted for age, sex and duration of follow-up. The horizontal lines represent 95% confidence intervals. 

BMD and age
For hip fracture, the GRs were highest at younger ages and decreased progressively with age in both men and women (Figure 3). At age 50 years, the GR was 3.49 (95% CI 2.51-4.84) in men and decreased to 2.14 (1.96-2.34) at age 80 years.  The change in GR with age was less marked in women, being 3.23 (2.75-3.80) and 2.11 (1.99-2.24) at the ages of 50 and 80 years, respectively (Table 4).  Similar inverse relationships between hip fracture risk and age were observed when the merging was done by age using only those cohorts contributing to each particular age (data not shown). There was no significant inverse interaction between BMD and age for other fracture outcomes except for any fracture in men (p=0.037). In contrast with hip fracture risk, the gradient of risk for any fracture showed a small but significant increase with age in men (Table 4).

Table 4 Gradient of fracture risk (GR) and 95% confidence intervals in men and women according to age. Adjusted for time since baseline.  P denotes the significance of the interaction term BMD ∙ age. 
	
	
	Age (years)
	p=

	Fracture outcome
	Number of cohorts
	50
	65
	80
	

	Women
	
	
	
	
	

	Any
	46
	1.35 (1.31-1.39)
	1.38 (1.35-1.41)
	1.40 (1.33-1.49)
	0.35

	Hip
	43
	3.23 (2.75-3.80)
	2.61 (2.34–2.92)
	2.11 (1.99-2.24)
	<0.001

	MOF
	44
	1.61 (1.54-1.68)
	1.55 (1.52-1.58)
	1.49 (1.40-1.59)
	[bookmark: _Hlk189692729]0.12

	Osteoporotic
	44                                                                                                                                                                                                                            
	1.53 (1.45-1.61)
	1.51 (1.48-1.54.
	1.49 (1.41-1.56)
	0.57

	Men
	
	
	
	
	

	Any
	31
	1.33 (1.20-1.46)
	1.42 (1.37-1.48)
	1.53 (1.45-1.62)
	0.038

	Hip
	26
	3.49 (2.51-4.84)
	2.73 (2.29–3.26)
	2.14 (1.96-2.34)
	0.0034

	MOF
	28
	1.63 (1.47-1.80)
	1.64 (1.57-1.70)
	1.64 (1.51-1.79)
	0.89

	Osteoporotic
	30
	1.46 (1.29-1.64)
	1.53 (1.46-1.60)
	1.60 (1.50-1.71)
	0.28



[image: ]
 Fig. 3 Gradient of risk (HR/SD) for hip fracture in men and women as a function of age.  Adjusted for time since baseline.  Dashed lines indicate 95% confidence intervals. P-values refer to the significance of the interaction between age and BMD.

Duration of follow-up
[image: ]For hip fracture outcomes, the GR in men and women decreased over time since the start of follow-up.  The magnitude of the effect was modest compared with the effect of age.  The interaction for hip fracture is shown in Fig. 4. Similar inverse relationships between fracture risk and time were observed when the merging was done by time using only those cohorts contributing to each particular time (data not shown). The interaction with time was not statistically significant for the other fracture outcomes. 
[bookmark: _Hlk211782450]Fig. 4 Gradient of risk (HR/SD) for hip fracture in men and women as a function of time since baseline measurement of BMD.  Adjusted for age.  Dashed lines indicate 95% confidence intervals. P-values refer to the significance of the interaction. 

Interactions of baseline BMD with T-score category 
The gradient of risk (HR/SD) for all fracture outcomes varied according to the baseline BMD. Table 5 shows the gradient of risk according to categories of T-score (normal, low bone mass, and osteoporosis).  GRs were significantly predictive for all fracture outcomes irrespective of the T-score category (p<0.001).  However, the GR was somewhat though significantly higher for the category of low bone mass than for normal BMD or osteoporosis for all fracture outcomes.

Table 5.  Gradient of risk (GR, hazard ratio per SD change in femoral neck BMD) in men and women combined according to outcome fracture and category of BMD T-score.  GRs adjusted for age and time since baseline. P values denote the significance of differences between low bone mass and normal BMD.
	
	
	T-score
	

	Outcome
 fracture
	Number 
of cohorts
	<-2.5
	-2.5 to -1
	>-1
	

	
	
	GR (95% CI)
	GR (95% CI)
	GR (95% CI)
	p

	Any
	49
	1.48 (1.37-1.61)
	1.54 (1.45-1.64)
	1.32 (1.25-1.38)
	<0.001

	Hip
	37
	2.04 (1.81-2.29)
	2.29 (2.10-2.49)
	1.64 (1.45-1.87)
	<0.001

	MOF
	47
	1.58 (1.44-1.74)
	1.68 (1.57-1.80)
	1.51 (1.42-1.61)
	=0.022

	Osteoporotic
	47
	1.57 (1.44-1.72)
	1.63 (1.52-1.74)
	1.42 (1.34-1.52)
	=0.0029



Death
Low BMD was associated with increased mortality.  For each SD deacrease in BMD, mortality increased by 10% in men and women combined (HR 1.10; 95%CI 1.07-1.12; adjusted for sex, age and time since baseline).  There was no significant difference in the death hazard between men (HR:  1.08; 1.04-1.12) and women: (1.11; 1.07-1.14; p=0.31) 
Sensitivity analyses
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 A2).  
No significant differences in HRs were observed according to race/ethnicity in those cohorts with these characteristics documented (Appendix Table A3).  
Discussion
Many studies have examined the relationship between BMD measured at various sites and fracture risk.  The available data were first summarized by meta-analysis of summary data in 1996 [10].  In the case of femoral neck BMD, fracture risk was subsequently determined in a meta-analysis of 12 prospective studies using the primary data [11] and the results thereafter incorporated as an optional input variable of FRAX.  Since then, many additional prospective studies have shown broadly similar findings [36, 37, 38, 39, 40, 41, 42, 43, 44, 45, 46, 47, 48].  The present analysis derives similar values as found in the previous meta-analyses and subsequent studies.  Since the present study had access to the primary data rather than summary statistics for each cohort, we were able to test for interactions that might increase the accuracy with which BMD can be used to predict fracture.
[bookmark: _Hlk211783970]Indeed, a marked and significant relationship was found between the gradient of risk for hip fracture and age.  Gradients of risk (HR/SD) were higher at younger ages than at older ages.  The findings are qualitatively similar to those reported in the earlier meta-analysis for FRAX [11] and first reported by Schott et al [49].   In the present study, the gradient of risk for hip fractures in women was 3.23 at age 50 years and 2.11 at 80 years with a somewhat steeper trend in men (see Table 4).  The reason for the decreasing gradient of risk for hip fracture with age is not known but may be due to the contribution of non-skeletal risk factors to hip fracture risk with advancing age such as falls and slower protective responses to a fall.  The observation is of sufficient magnitude to be clinically significant.  
A further factor relevant to long-term prediction is that predictive value of BMD decreased with time since BMD measurement because of variable rates of bone loss with time [50].  In the present study a significant decrease in predictive value for hip fracture was noted with time, independent of age, but the effect was modest compared with the interaction with age. Despite the attenuation with time, most hip fractures arose in men and women with low bone mass or osteoporosis at baseline (73% and 92%, respectively) as was also the case for MOF (65% and 85%, respectively). 
A further interaction was the effect of baseline BMD measurement itself on predictive value for all fracture outcomes.  Gradients of risk were highest in the range of low bone mass, intermediate for osteoporosis, and lowest for normal BMD.  Reasons for this are conjectural but irrespective of the mechanism, the effect is sufficiently large that account should be taken of this for the optimal assessment of patients.  This finding contrasts with an oft cited paper by Siris et al [51] where 40% fewer women with a T-score of <-2. 5 sustained a hip fracture compared with the present study, but T-scores were solely derived from peripheral measures including those at the forearm, heel and finger.
There has been some debate as to whether the gradient of risk of BMD for fracture is the same or differs between men and women.  Differences are expected when sex-specific SDs are used.  Using a standardised SD, we found no significant differences between men and women for MOF or hip fracture risk overall as found in other population-based samples [11, 51].  It is of interest that for any given BMD the incidence of hip fracture was broadly similar between men and women.  This supports previous observations [52, 53] and the view that diagnostic thresholds based on femoral neck BMD in women are equally applicable to men [21, 54].

A strength of the present study is that the meta-analysis is based on individual data from each cohort and not on published values with summary statistics.  This eliminates publication bias and has the advantage that important potential interactions between BMD and fracture risk could be examined.  Additionally, the sample size is very much larger than that of the earlier meta-analysis used for the current version of FRAX.  The population studied was four times greater and the number of fractures seven times greater than the earlier study [11] with a consequent increase in power.  Indeed, estimates of fracture risk 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 [28].  
We also acknowledge several limitations.  Firstly, as with nearly all population-based studies, non-response biases may have occurred, which we were unable to document for all cohorts. This is likely to result in a cohort which is healthier than the population it is intended to represent and may thus underestimate the absolute risk of fracture.  In particular, there may have been reduced responses from those at the lowest BMD.  Any such bias is likely to have a conservative effect on our risk estimates.  Secondly, the present study was not designed to determine causality between low BMD and increased fracture risk.  However, for risk assessment, a causal relationship is not required.  However, previous Mendelian randomization analyses have shown that the magnitude of the causal effect of decreased femoral neck BMD on hip fracture risk is similar to that observed in the present observational study [55] Thirdly, BMD is an imperfect measure of skeletal strength, and the development of new technologies may have a marked impact on its clinical utility.  Finally, in the context of future iterations of FRAX, the strength of these findings may be modified by interactions with other input variables as undertaken in the present version of FRAX [13].  In the future, it will be important to explore the utility of other sites of measurement, particularly where the availability of central DXA is limited.  
Conclusion
In the largest meta-analysis to date of prospective cohorts worldwide, we have quantified inverse associations between fracture risk and BMD in men and in women and identified important interactions with age and time.   These characteristics need to be accounted for to make best use of BMD in a clinical setting.  The increased accuracy of the effect sizes, and their stratification by age, sex, follow-up time and ethnicity will improve the accuracy of fracture risk assessment in the next iteration of the FRAX tool.  
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Table1 Baseline characteristics and fracture outcomes.  
	Cohort
	n
	Person 
years
	Age (years)
	% 
women
	BMD T-score 

	Incident fractures

	
	
	
	Mean
	Range
	
	Mean
	Range
	Hip
	Any
	MOF
	Osteoporotic

	AGES
	 4782 
	 39640 
	 76.3
	 66 -96
	 56.0
	-1.56
	-4.66 
	 3.79
	 427 
	 1332 
	 924 
	 1130 

	AHS
	 2596 
	 10049 
	 65.1
	 47 -95
	 69.5
	-1.71
	-4.72
	 2.45 
	 24
	 321
	 235 
	 235 

	APOSS
	 4989
	 36427
	 48.5
	 44- 56
	 100 
	-0.60
	-3.46
	 4.65 
	 4 
	 328 
	 140 
	 174 

	BEH
	 2290
	 10157
	 69.3
	 60 -96
	 51.9
	-1.67
	-4.96 
	 4.69 
	 39
	96
	45
	74

	BERN
	 22756 
	 178850
	 58.8
	 20 -95
	 85.1
	-1.36
	-5.44 
	5.30
	 290 
	 4954 
	 2870 
	 3830 

	CAMOS
	 8290 
	 111756
	 61.0
	 25- 96
	 68.9
	-0.99
	-4.89 
	 4.78
	 297 
	 2203 
	 1047 
	 1561 

	DO_HEALTH
	 1450 
	 4037
	 74.9
	 70 -95
	 63.6
	-1.50
	-4.12
	 2.68
	 9 
	 170 
	 87 
	 125 

	DOES
	 2057
	 19119
	 70.0
	 47- 94
	 61.1
	-1.50
	-5.46 
	 3.39 
	95
	476
	297
	401

	EPIDOS
	 7558 
	 21093
	 80.5
	 70-100
	 100 
	-2.32
	-5.37 
	3.28
	 224 
	 1022 
	 565 
	 833 

	EPIFROS
	 12 
	 120 
	 62.4
	 49 -86
	 100 
	-1.74
	-2.99 
	 0 .00
	 0 
	 4 
	 4 
	 4 

	EVOS_EPOS
	 4967 
	 14989
	 63.4
	 42-91
	 55.4
	-1.04
	-5.22
	 5.01 
	 15 
	 200 
	 102 
	 200 

	FORMEN
	 1882 
	 16232
	 72.5
	 65 -93
	 0 
	-0.99
	-4.10
	 2.58
	 10 
	 90 
	 58 
	 90 

	FRAM_OFF
	 2939 
	 40354
	 61.6
	 33-89 
	 55.8
	-0.89
	-4.03
	 3.19 
	 76
	595
	239
	 462 

	FRAM_ORIG
	 894 
	 8320
	 78.6
	 72 -96
	 62.6
	-1.98
	-5.52
	 4.58
	86
	217
	131
	 196 

	FRIDEX
	 815 
	 8077
	 56.8
	 40-84 
	 100 
	-1.17
	-3.73
	 4.05
	 15 
	 112 
	 41 
	 56 

	FROCAT
	 238 
	 2377
	 68.1
	 52 -95
	 94.1
	-1.14
	-4.2 
	 3.8 
	 3 
	 54 
	 38 
	 43 

	GERICO
	 750 
	 2716
	 67.9
	 65-72 
	 79.3
	-1.22
	-3.34 
	 2.87
	 2 
	 70 
	 26 
	 50 

	GOS
	 1805 
	 12454
	 62.8
	 35- 95
	 100 
	-1.39
	-5.14 
	 4.16 
	 32 
	 171 
	 112 
	 147 

	HAI
	 3535 
	 9294
	 70.5
	 69-72
	 49.9
	-1.20
	-3.96 
	 3.28 
	 10 
	 121 
	 75 
	 109 

	HCS
	 631 
	 5591
	 64.9
	 59-71 
	 50.2
	-0.48
	-3.87
	 4.04
	 3 
	 67 
	 35 
	 51 

	HEALTH_ABC
	 3043 
	 36136
	 73.6
	 68 -80
	 51.6
	-0.95
	-4.88 
	 3.85 
	 234 
	 692 
	 515 
	 590 

	HUNT
	 11581 
	 142020
	 54.4
	 20 -94
	 64.1
	-0.81
	-4.53
	 4.86
	 514 
	 2750 
	 1329
	 1965 

	JPOS
	 1933 
	 25662
	 57.5
	 40 -82
	 100 
	-1.28
	-4.00
	 2.11
	 29 
	 265 
	 99 
	-

	LASA
	 520 
	 2735
	 75.2
	 65-89
	 50.3
	-1.32
	-4.41 
	2.04
	 12 
	 50 
	 -
	 35 

	Maccabi
	35824
	345390
	62.8
	40-91
	86.8
	-1.54
	-5.66
	3.21
	1004
	5726
	5457
	5693

	Manitoba
	92099
	833211
	63.4
	20-104
	89.1
	-1.34
	-5.63
	3.86
	3085
	13496
	9572
	12646

	MINOS
	 672 
	 6089
	 65.2
	 50-86 
	 0 
	-0.07
	-2.69 
	 3.52
	 3 
	 62 
	 25 
	 55 

	Miyama
	 400 
	 3703 
	 59.1
	 40 -79
	 50 
	-1.68
	-5.03 
	 2.62 
	 7 
	 61 
	 35 
	 47 

	MROS_Hong Kong
	 2000 
	 19744
	 72.4
	 65 -92
	 0 
	-1.42
	-4.02
	 2.17 
	 63 
	 231 
	 148 
	 201 

	MROS_USA
	 5992 
	 74993
	 73.7
	 64 -100
	 0 
	-0.62
	-4.88
	 5.27
	 329 
	 1393 
	 813 
	 1081 

	MRSWE
	 2819 
	 31929
	 75.0
	 70- 81
	 0 
	-0.85
	-4.62 
	 3.82 
	 323 
	 905 
	 684 
	 818 

	MSOS_ Hong Kong
	 2000 
	 17528
	 72.6
	 65- 98
	 100 
	-2.29
	-4.90
	 0.86
	 69 
	 338 
	 247 
	 298 

	OFELY
	 861 
	 15033
	 58.8
	 40 -89
	 100 
	-1.18
	-3.69 
	 2.14 
	 40 
	 243 
	 178 
	 205 

	OPRA
	 947 
	 11223
	 75.2
	 75-76
	 100 
	-1.97
	-5.11 
	 2.02
	 180 
	 483 
	 419 
	 435 

	OPUS
	 1979 
	 12144
	 62.0
	 20-80
	 100 
	-0.73
	-3.63 
	 4.14
	 14 
	 235 
	 112 
	 147 

	OSTEOLAUS
	 1457 
	 6643
	 64.4
	 50-82 
	 100 
	-1.07
	-3.65 
	 4.02
	 8 
	 306 
	 225 
	 244 

	OSTPRE
	 2761 
	 27273
	 57.1
	 52-63
	 100 
	-1.00
	-4.28 
	 3.36 
	 19 
	 509 
	 236 
	 324 

	PERF
	 2837 
	 19959
	 62.4
	 44 -80
	 100 
	-1.30
	-4.27 
	 2.86
	 30 
	 419 
	 265 
	 269 

	Rochester
	 992 
	 7612
	 56.7
	 21-94 
	 65.3
	-0.05
	-4.57 
	 5.60
	 37 
	 323 
	 240 
	 280 

	Rotterdam
	 11039
	 127866
	 63.9
	 46 -97
	 56.8
	-0.97
	-5.18 
	 4.99
	 563 
	 2514 
	 1727 
	 2165 

	SAOL_IPR_EPIP
	 926 
	 11279
	 55.9
	 40 -89
	 77.3
	-1.50
	-4.93
	 3.16 
	 12 
	 105 
	 41 
	-

	SARCOPHAGE
	 217 
	 419
	 75.9
	 68-93
	 57.1
	-1.00
	-4.07
	 2.52
	 1 
	 13 
	 5 
	 8 

	SCOOP
	 2818 
	 13347
	 77.0
	 70 -86
	 100 
	-1.72
	-5.5 
	 2.5 
	 89 
	 513 
	 336 
	 435 

	SEMOF
	 920 
	 2544
	 76.5
	 70- 82
	 100 
	-1.64
	-4.99 
	 1.37
	 14 
	 98 
	 81 
	 93 

	Sheffield
	 2153 
	 7377
	 80.0
	 74- 101
	 100 
	-1.79
	-4.77
	 2.64
	 67 
	 288 
	 190 
	 233 

	SOF
	 7914 
	 101575
	 73.3
	 67- 89
	 100 
	-1.74
	-4.84 
	 3.88 
	 1144 
	 3347 
	 2187 
	 2722 

	SOS
	 4080 
	 15329
	 73.8
	 65-91
	 100 
	-1.47
	-4.57
	 3.93 
	 65 
	 369 
	 240 
	 322 

	[bookmark: _Hlk198366225]STOP_IT
	 424 
	 1840
	 71.1
	 65 -87
	 55.0
	-1.14
	-3.33 
	 2.02 
	 2 
	 50 
	 24 
	 32 

	STRAMBO
	 804 
	 7449
	 72.1
	 51- 88
	 0 
	-0.66
	-4.05 
	 5.24 
	 16 
	 115 
	 41 
	 84 

	SUPERB
	 3015 
	 23360
	 77.8
	 75 -81
	 100 
	-1.64
	-4.33
	 4.30 
	 238
	1080
	806
	1040

	TASOAC
	 1093 
	 10912
	 63.0
	 51 - 81
	 48.9
	-0.76
	-3.62 
	 4.34 
	 5 
	 146 
	 49 
	 88 

	UK Biobank
	 19692 
	 84579
	 62.6
	 44-80 
	 51.0
	-0.67
	-5.12 
	 5.45 
	 58 
	 346 
	 146 
	 275 

	WHI
	 6157 
	 84630
	 64.4
	 50-79 
	 100 
	-1.20
	-4.50
	 4.94
	 213 
	 1018 
	 639 
	 744 

	
	307205
	2683185
	64.5
	20-104
	77.8
	-1.27
	-5.66
	5.60
	10148
	51092
	34182
	43345



MOF, major osteoporotic fracture; AGES, Ages, Gene/Environment Susceptibility‐Reykjavik Study; AHS, Adult Health Study; APOSS, Aberdeen Prospective Osteoporosis Screening Study; BEH, Bushehr Elderly Health; CaMos, Canadian Multicentre Osteoporosis Study; DO‑HEALTH, The VitaminD3-Omega3-Home Exercise-Healthy Aging and Longevity Trial; DOES, Dubbo Osteoporosis Epidemiology Study; EPIDOS, Epidémiologie de l'Ostéoporose; EPIFROS, EPIdemiology and Fracture Risk factors for Osteoporosis in Spain; EVOS/EPOS, European Vertebral Osteoporosis Study/European Prospective Osteoporosis Study; FORMEN, Fujiwara-kyo Osteoporosis Risk in Men; FRAM_OFF, Framingham–offspring; FRAM_ORIG, Framingham–original; 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; HCS, Hertfordshire Cohort Study; Health ABC, Health, Aging and Body Composition; HUNT, The 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;  MRSWE, Osteoporotic Fractures in Men (MrOS) Sweden; OFELY, Os des Femmes de Lyon; OPRA, Osteoporosis Prospective Risk Assessment; OPUS, Osteoporosis and Ultrasound Study; OSTEOLAUS, Lausanne population based cohort; 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; SEMOF, Swiss Evaluation of the Methods of Measurement of Osteoporotic Fracture risk; SOF, Study of Osteoporotic Fractures; SOS, SALT Osteoporosis Study; STOP_IT, Calcium and vitamin D intervention trial; STRAMBO, Structure of the Aging Men’s Bone; SUPERB, Sahlgrenska University hospital Prospective Evaluation of Risk of Bone fractures; TASOAC, Tasmanian Older Adult Cohort; WHI,  Women’s Health Initiative.

Appendix
Table A1. Number (N) and Incidence (annual rate/1,000) of hip fracture in men and women according to category of T-score.  Note that a T-score of -4 denotes a range of -4 to -3.6 etc. P values denote the significance of the difference between men and women.

	T-score
	Men
	Women
	p

	
	N
	Incidence
	N
	Incidence
	

	-4.0  to -3.6
	 11 
	 21.0 (10.5-37.7)
	 185 
	 28.4 (24.5-32.9)
	0.33

	-3.5 to -3.1
	 40 
	 19.3 (13.8-26.3)
	 521 
	 18.0 (16.5-19.6)
	0.67

	-3.0 to -2.6 
	 140 
	 16.3 (13.7-19.3)
	 969 
	 12.2 (11.4-13.0)
	0.0013

	-2.5 to -2.1
	 258 
	 10.2 (9.0-11.6)
	 1094 
	 7.6 (7.2-8.1)
	<0.001

	-2.0 to -1.6
	 299 
	 6.1 (5.4-6.8)
	 826 
	 4.5 (4.2-4.9)
	<0.001

	-1.5 to -1.1
	 265 
	 3.6 (3.2-4.1)
	 427 
	 2.5 (2.3-2.8)
	<0.001

	-1.0 to -0.6
	 178 
	 2.3 (1.9-2.6)
	 201 
	 1.6 (1.4-1.9)
	0.0019

	-0.5 to -0.1
	 122 
	 1.8 (1.5-2.2)
	 97 
	 1.3 (1.1-1.6)
	0.017

	 0.0 to 0.4 
	 47 
	 1.0 (0.8-1.4)
	 30 
	 0.8 (0.5-1.1)
	0.17

	 0.5 to 0.9
	 16 
	 0.6 (0.4-1.0)
	 14 
	 0.7 (0.4-1.2)
	0.66

	 1.0 to 1.4
	 2 
	 0.2 (0.0-0.6)
	 8 
	 0.9 (0.4-1.9)
	0.012

	 1.5 to 1.9
	 1 
	 0.2 (0.0-0.9)
	 2 
	 0.5 (0.1-1.9)
	0.30

	 2.0 to 2.4
	 3 
	 1.0 (0.2-2.9)
	 1 
	 0.7 (0.0-3.7)
	0.72












Table A2 Gradient of risk (HR/SD)) and 95% confidence interval (CI) of fracture at the sites indicated associated with BMD in men and in women according to quality score.   GRs are adjusted for age and time since baseline. Two-sided p-values compared with high quality studies.
	
	Men
	Women

	Outcome
 fracture
	Number 
of  cohorts
	HR 
per SD 
	 95% CI
	pa
	Number 
of  cohorts
	HR 
per SD 
	 95% CI
	pa

	High quality

	Any
	17
	1.53
	1.45-1.61
	
	19
	1.47
	1.40-1.54
	

	Hip
	16
	2.28
	2.14-2.44
	
	19
	2.02
	1.82-2.24
	

	MOF
	16
	1.77
	1.70-1.84
	
	18
	1.62
	1.53-1.71
	

	Ost
	17
	1.64
	1.55-1.73
	
	19
	1.55
	1.47-1.64
	

	Moderate quality

	Any
	13
	1.48
	1.36-1.61
	0.52
	25
	1.43
	1.34-1.52
	0.51

	Hip
	13
	2.41
	2.07-2.80
	0.51
	25
	2.05
	1.88-2.23
	0.83

	MOF
	13
	1.75
	1.51-2.02
	0.88
	25
	1.54
	1.43-1.67
	0.29

	Ost
	12
	1.60
	1.45-1.76
	0.93
	23
	1.53
	1.43-1.64
	0.77

	Low quality

	Any
	2
	0.93
	0.51-1.71
	0.11
	2
	1.19
	0.90-1.57
	0.14

	Hip
	0
	
	
	-
	2
	2.14
	0.40-11.57
	0.95

	MOF
	1
	4.25
	0.93-19.43
	0.26
	2
	1.53
	0.95-2.46
	0.82

	Ost
	1
	1.31
	0.64-2.68
	0.54
	2
	1.45
	1.02-2.07
	0.71





Table A3. Hazard ratio (HR) and 95% confidence interval (CI) of fracture at the sites indicated associated with a BMD in men and women according to race/ethnicity.   HRs are adjusted for age and time since baseline. 
	Outcome fracture
	Number 
of cohorts
	HR 
per SD
	95% CI
	HR 
per SD
	95% CI
	p-value

	Asian vs White
	White
	Asian
	

	Any
	5
	1.48
	1.38-1.59
	1.42 
	1.21-1.67
	0.62

	Hip
	3
	2.13
	2.05-2.22
	2.93
	1.65-5.20
	0.28

	MOF
	3
	1.67
	1.59-1.76
	1.62
	1.34-1.96
	0.75

	Black vs White
	White
	Black
	

	Any
	5
	1.48
	1.38-1.59
	1.54
	1.34-1.75
	0.58

	Hip
	5
	2.14
	2.06-2.22
	2.23
	1.74-2.87
	0.74

	MOF
	5
	1.67
	1.61-1.74
	1.58
	1.36-1.84
	0.48

	Hispanic vs White
	White
	Hispanic
	

	Any
	2
	1.43
	1.30-1.58
	1.19
	0.92-1.54
	0.16

	Hip
	2
	2.22
	2.00-2.48
	2.15
	0.84-5.48
	0.94

	MOF
	2
	1.68
	1.52-1.85
	1.45
	0.95-2.20
	0.49

	Other than White vs White
	White
	Other than White
	

	Any
	7
	1.50
	1.41-1.60
	1.48
	1.29-1.71
	0.85

	Hip
	6
	2.19
	2.05-2.35
	2.29
	1.86-2.81
	0.69

	MOF
	6
	1.71
	1.61-1.81
	1.61
	1.44-1.79
	0.27
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