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Abstract 

The availability of anti-osteoporosis medications with rapid onset and high potency 

requires tools to identify patients at high imminent fracture risk (IFR). There are few 

tools that predict a patient‟s IFR. We aimed to develop and validate tools for target 

patients with a recent fracture or initiating oral bisphosphonate therapy. Models for two 

separate cohorts, those with incident fragility fracture (IFx) and with incident oral 

bisphosphonate prescription (OBP), were developed in primary care records from Spain 

(SIDIAP database), UK (Clinical Practice Research Datalink GOLD), and Denmark 

(Danish Health Registries). Separate models were developed for hip, major, and any 

fracture outcomes. Only variables present in all databases were included in Lasso 

regression models for the development and logistic regression models for external 

validation. Discrimination was tested using area under curve (AUC) and calibration was 

assessed using observed vs predicted risk plots stratified by age, sex, and previous 

fracture history. The development analyses included 35,526 individuals in the IFx and 

41,401 in OBP cohorts, with 671,094 in IFx and 330,256 in OBP for the validation 

analyses. Both the IFx and OBP models demonstrated similarly good performance for 

hip fracture at 1 year (with AUCs of 0.79 (95% CI 0.75 to 0.82) and 0.87 (0.83 to 0.91) 

in Spain, 0.71 (0.71 to 0.72) and 0.73 (0.72 to 0.74) in the UK, and 0.70 (0.70 to 0.70) 

and 0.69 (0.68 to 0.70) in Denmark), and lower discrimination for major osteoporotic 

and any fracture sites. Calibration was good across all three countries with similar 

discrimination and calibration for the 2-year models. The proposed IFR prediction 

models could be used to identify more precisely patients at high imminent risk of 

fracture and inform anti-osteoporosis treatment selection. The freely available model 

parameters permit local validation and implementation. 
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Introduction 

Osteoporosis is a global public health issue for both women and men, leading to bone 

fragility and increased fracture risk. In 2010, it was estimated that 22 million women 

and 5.5 million men had osteoporosis in Europe, with an occurrence of 3.5 million new 

fragility fractures
1
 each year. The EU27 study valued the cost of incident and prior 

fragility fractures around € 37 billion in 2010, and estimated an increase of 25% by 

2025
1
. Despite the availability of highly effective treatments to reduce fracture risk, 

national reimbursement for medications, and multiple guidelines, the treatment gap of 

eligible individuals receiving treatment with osteoporosis drugs is estimated to be 73% 

for women and 63% for men in the EU
2
, and by 2030 a 23% increase in fractures is 

expected amounting to €47 billion in costs
3
.  

Based on cost, oral bisphosphonates are generally considered to be first-line agents. 

Recent clinical studies demonstrated differences in fracture reduction when comparing 

anabolic therapies with oral bisphosphonates
4
. Incorporating these treatment benefits 

into routine clinical care requires an approach based on baseline risk and treating to 

target
5
. Previous fracture is a strong predictor of fracture risk

6
. The fracture risk is 

highest in the first 2 years, a period known as the imminent risk period
7
. Imminent 

fracture risk is central to the categorisation of very high-risk and for personalisation of 

anti-osteoporosis treatment choice
8
 
9
.  

Predictive fracture risk tools including FRAX®
10

, Garvan
11

 and QFracture®
12

 are 

widely used for identification of patients at high-risk of fracture. These tools incorporate 

the increased risk of a previous fracture, but do not take into account the recency of 

fracture or the fracture location
7
. Using a simulated cohort, probability ratios have been 

recently proposed to adjust the 10 years FRAX® score based on the presence of prior 
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fracture within a 2-year interval by gender and age 
13

. While studies have identified 

independent predictors of imminent hip fracture risk
14

, no models for imminent fracture 

risk have been specifically designed using a multi-country approach, which provides an 

opportunity to assess how well a proposed tool performs across populations. Further, 

the existing tools are for treatment naïve patients. A tool that assesses the risk of 

imminent fracture for new users of oral bisphosphonates can be of use for clinicians to 

determine patients for which oral bisphosphonates may not be the best choice of 

treatment given the onset of effect versus imminent risk. Hence, we aimed to develop 

and externally validate international models to predict imminent risk of hip, major or 

any fractures, in two different cohorts: patients with incident fracture of osteoporotic 

sites, and incident users of oral bisphosphonates. 

 

Methods 

This analysis forms part of the Multinational Observational Database Study on 

Imminent Osteoporotic Fracture Risk (the IFRISK study) that has been previously 

described
15

. Patient-level data were extracted from 3 data sources:  

(1) the Catalan Information System for Research in Primary Care “Sistema 

d‟Informació per al Desenvolupament de la Investigació en Atenció Primària” 

(SIDIAP) database of primary care records linked to pharmacy invoice and 

hospital admissions
16

 for 5.8 million people;  

(2) the UK Clinical Practice Research Datalink (CPRD GOLD), which is a primary 

care database of over 19 million people representative of the UK population, 
17

 

linked to computerised hospital records (Hospital Episode Statistics) and death 

records (Office for National Statistics), and 
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(3) the Danish Health Registries (DHR) database which includes the National 

Prescriptions Database, the National Hospital Discharge Register and the 

National Cause of Death register
18

. This database includes records for over 5 

million people. 

The study was approved by the Independent Scientific Advisory Committee (Ref. 

19_080), the IDIAP.J Gol Clinical Research Ethics Committee (Ref. P17/152) and 

Statistics Denmark (Ref 706638). 

 

Populations  

Two retrospective cohort studies were constructed to identify patients with an index 

event of an incident fracture (IFx) or incident use of oral bisphosphonates (OBP). The 

IFx cohort included individuals with an incident fracture documented in GP records, 

inpatients and outpatients records in the above databases at any site except face, skull 

and digits. Fracture records at the same site within the 6 months after the index fracture 

were considered duplicates (i.e. the same fracture recoded more than once) and were 

omitted. The OBP cohort included incident users of oral bisphosphonates (alendronate, 

clodronate, etidronate, ibandronate, pamidronate, risedronate, tiludronate, zoledronate) 

without any anti-osteoporotic drug (except calcium and vitamin D supplements) 

recorded in the previous year.  

Patients were included if they were aged 50 years or more at the time of the index event, 

did not have a history of breast cancer, prostatic cancer, bone metastasis or a diagnosis 

of Paget disease of the bone. Patients registered in a database less than one year before 

their index date were not included, to ensure baseline characteristics were recorded.  
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Study period and outcomes 

The study period was from January 1, 1995 to December 31, 2016 in DHR; from 

January 1, 1995 to December 31, 2018 in CPRD databases; and from January 1, 2006 to 

December 31, 2016 in SIDIAP. To ensure maximum coverage, the study period dates 

were based on the earliest and latest dates of data availability. 

The following outcomes were predicted: hip fracture; major osteoporotic fractures (for 

sites including hip, thoracic/ lumbar spine, proximal humerus and distal forearm), or 

fracture at any site, excluding skull, face, and digits. Patients were followed from the 

index date (first fracture for the IFx cohort, and first use of bisphosphonates for the 

OBP cohort) until the earliest of the following events: 1. fracture outcome, or 2. 

censoring at death
19

, migration out of catchment area, end of data availability, or the 

completion of one and two years since index date. The model considered whether or not 

an outcome had occurred in a one- or two-year period, and as such the resulting models 

were outcome-count based and not time-to-event based.  

Candidate Variables 

Potential predictors were described using the International Classification of Disease 

version 10 (ICD10) and Anatomical Therapeutic Classification System (ATC) codes in 

the DHR and SIDIAP databases, and using Read, OPCS and ICD10 codes in the CPRD 

databases. Eighty-two candidate variables to be considered for inclusion in the 

prediction model were identified from previous literature (listed in Supplementary 

Data). These included risk factors of imminent fracture and predictors of fracture while 

on bisphosphonate therapy, as well as risk factors included in QFracture® and FRAX® 

prediction tools
10,12,14,20,21

. For demographic and diagnoses variables any time before 

index date was considered, and for drug use, a lookback period of 12 months before 
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index date was used. The SIDIAP, CPRD and DHR datasets were examined for 

identical or equivalent variables to create a list of common variables. An identical 

variable was one which was recorded using exactly the same definition in all datasets, 

such as age and gender. An equivalent variable was one for which a proxy definition 

was used in the absence of the exact variable in a dataset. For a given candidate 

variable, if neither the exact nor an equivalent variable was recorded in any one of the 

databases, it was not included. For instance, alcohol use was coded differently in the 

three databases and was not included. Body mass index, which also had more than 50% 

missing data in CPRD and SIDIAP, was not available at all in the DHR dataset and so 

was not included. Ultimately, the variables commonly reported by all three databased 

(listed in Supplementary Data) were entered into the prediction models. 

Statistical methods 

Separate models were created for the IFx and OPB cohorts. Models were developed 

using the SIDIAP dataset and externally validated in the CPRD and DHR datasets, to 

assess generalisability to external datasets (Figure 1). The SIDIAP dataset was 

randomly split into a development set containing 80% of the patients and a test set 

containing the remaining 20%. Further, to focus the models on older adults, the internal 

and external validation analyses were restricted to patients who were 50 years or older, 

considered a clinically relevant age range for determining imminent fracture risk.  

A descriptive assessment of the common variables against the outcome was done 

including checking for variables with near-zero variance and high collinearity. The key 

predictors were selected using least absolute shrinkage and selection operator (LASSO) 

regression
22

 to the development set, a commonly used technique for variable selection 

in fixed-time models, which enables selection by assigning higher weights to the more 
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predictive variables. Next, the selected predictors were combined into a logistic 

regression model fitted to the development set to learn the model coefficients. The 

resulting model was applied to the test set for internal validation, and to the CPRD and 

DHR datasets for external validation.  

Discrimination was assessed using Area under ROC curve (AUC). Calibration was 

assessed by plotting observed versus predicted risks, stratified by age and gender. 

Intercepts for the DHR and CPRD calibration curves were recalibrated to account for 

differences in baseline risk
20

. The models were then tested in specific subgroups - 

bisphosphonate use in IFx and by sex in both IFx and OBP cohorts. An AUC for 

external validation of  0.7 was used as a threshold for acceptability of each model. For 

an outcome, separate models were generated for the prediction of risk after one year and 

two years of follow-up.  

Analyses were performed in accordance with the Transparent Reporting of a 

Multivariable Prediction Model for Individual Prognosis or Diagnosis (TRIPOD) 

guidelines
23

. All analyses were performed R version 3.5.3. The same R script was used 

to perform the analysis for each database, and it was independently checked by 3 

analysts, one from each country, 

Results 

The numbers of patients in the IFx and OBP cohorts are shown in Figure 2. A total of 

82 candidate variables were identified, of which 48 common variables were found 

(listed in Supplementary Data). A baseline comparison of the common variables in the 

SIDIAP, CPRD, and DHR datasets for the hip fracture model is shown in Table 1, with 

those for major fracture and any fracture shown in Supplemental Table 1. The 

prevalence of certain conditions and co-morbidities differed between datasets, reflecting 
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differences in populations and also coding practice and in particular the larger number 

of patients with chronic conditions such as diabetes who are treated in general practice 

(CPRD and SIDIAP) versus requiring contacts to hospital clinics (DHR). This resulted 

in a requirement for calibration as will be shown below. 

The number of fractures after one and two years of follow up are summarised in 

Supplemental Figure. The rates of hip, major and any fractures were substantially 

higher in the IFx cohort compared with the OBP cohort. After index fracture the 

incidence rates of fracture were higher per 1,000 patient years in the first year compared 

to the first two years, reflecting the higher imminent risk of fracture in the first year that 

follows an index fracture event, a trend that has previously been described 
7,24

. Rates of 

fracture were highest in CPRD and lowest in SIDIAP, with DHR intermediate for IFx 

cohorts. For the OBP cohorts, DHR was highest, CPRD intermediate and SIDIAP 

lowest. 

Model development and validation 

For the hip fracture model, the development and test sets in the IFx cohort from the 

SIDIAP dataset included 35,526 and 8,881 patients, respectively, and in the OBP cohort 

41,401 and 10,350 patients, respectively. Details of the SIDIAP dataset split into 

training and test sets, stratified by outcome, and for each cohort, can be found in 

Supplemental Table 2. Out of the three outcomes (hip, major, and any fractures), the 

models for hip fracture after one year of follow-up had the highest AUCs (AUC 0.70 to 

0.87) for both internal validations using the SIDIAP test dataset and external 

validations, using the CPRD and DHR datasets (Figure 3, Supplemental table 3). Model 

discrimination tended to be better (i.e. higher AUC) for the OBP cohort than the IFx and 

for the outcomes of hip fracture compared to major and all fracture. Models for two 

A
cc

ep
te

d 
A

rti
cl

e

This article is protected by copyright. All rights reserved.



years of follow-up had a similar performance to those at 1 year (Figure 3, Supplemental 

table 3). Models for both 1- and 2-year follow-up had good overall calibration 

performance (Figure 4), also when stratified by age and gender (Figure 5). In general, 

prediction was marginally better in women than in men but the difference in AUC was 

small. 

Table 2 shows the predictors included in the final models for the IFx and OBP cohorts 

at 1- and 2-year follow-up, for each outcome. Supplemental table 4 shows the final 

models incorporating all included variables. For the IFx cohort, the predictors of hip 

fracture after 1 year were age, sex, proton pump inhibitor use, and dementia. For OBP 

cohort, the predictors were age, history of prior fracture, chronic obstructive pulmonary 

disease, anticoagulant use, antiepileptic use, benzodiazepine use, systemic steroids use, 

heparin use, cerebrovascular disease, dementia, and renal disease. 

Model equations for the hip, major and any fracture outcomes are reported in Table 3, 

and final models intercepts (after recalibration for DHR and CPRD) are shown in 

Supplemental Table 3. Explanation of how to calculate an estimate for an individual has 

been included in the supplementary file entitled Using the Model Equations. 

The pre-planned sensitivity analyses by gender in the IFx and OBP cohorts, and 

previous oral bisphosphonates use in the IFx cohorts yielded similar findings, as shown 

in Supplemental Tables 5a-b, with the equations‟ intercepts in Supplemental Tables 6a-

b.  

 

A
cc

ep
te

d 
A

rti
cl

e

This article is protected by copyright. All rights reserved.



Discussion 

In this study, we have developed and validated a prediction tool to estimate the risk of 

imminent fracture for patients with incident fracture of osteoporotic sites, and another 

for patients with incident use of oral bisphosphonates. The first scenario is similar to the 

fracture liaison service (secondary prevention), the second approximates newly 

diagnosed and treated osteoporosis and is dominated by primary prevention. The 

models have good predictive power and validity (discrimination and calibration) across 

three large real-world European populations in hip fracture prediction models, and a low 

to acceptable discrimination for major and any type of fracture models. These models 

enable estimation of the risk of imminent fracture using routinely collected predictors in 

those with incident fractures as well as in those initiating oral bisphosphonate therapy. 

All equations produced in this study are supplied in the article supplement to permit 

others to use and evaluate freely the prediction tool in their respective populations.  

Given the high proportion and burden from fractures
25

, there is a clinical need for 

treatment strategies that reduce imminent fractures. Imminent fracture risk tools offer 

the potential to personalise risk assessment and treatment recommendations in the years 

following a significant event. For example, oral bisphosphonates, which are the 

mainstay of osteoporosis therapy today, are effective in reducing risk, but take over 12 

months to demonstrate significant reductions in non-vertebral fracture risk
26

. In 

contrast, some therapies have been shown to significantly reduce fracture risk within 12 

months and to have superior fracture risk reductions over oral bisphosphonates
27,28

. The 

prediction of imminent risk of fracture in those initiating oral bisphosphonate therapy 

could be integrated into consultation to inform co-decision making between clinicians 

and patients.  
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Predicting the short-term increase in fracture risk at the patient-level poses challenges. 

For instance, Miller et al. generated a classification tool for 12-month fracture risk 

limited to women with a T score of -1 to -2.5, as measured at peripheral sites
29

. History 

of previous fracture was identified as a key predictor of high risk and with no further 

differentiation of the level of risk or recency of fracture. Online risk tools such as 

FRAX®
10

, Garvan
11

 and QFracture®
12

 are available to predict fracture risk at 5 or 10 

years. QFracture permits risk calculation over shorter intervals, but was developed in 

individuals without including information about the recency or the type of fracture. 

Additionally, Qfracture has not been validated in countries outside of the UK
30

. 

FRAX® and Garvan were not developed to calculate fracture risk within the imminent 

risk period. Extrapolating the 10-year risk to the 2-year risk can significantly 

underestimate risk
7
. For example the risk of re-fracture after a humeral fracture in 

women at 2 years ranges from 7.6% to 23.2%
7,21,24,31-34

. These rates are up to 3-fold 

higher, depending on age and sex, than the 2-year expected risk from extrapolation of 

the 10-year risk from FRAX®, even with the recently published FRAX® multipliers for 

fracture probability by sex and fracture site
13

. The clinical consequence of this is that a 

proportion of patients with a recent fracture will not be correctly identified as being at 

very high risk of fracture over the next 2 years and not recommended potent anti-

osteoporosis therapy. The differences in observed from the risk at 2 years extrapolated 

from the predicted 10 year risk, reflect the non-linear impact of fracture recency on 

fracture risk
35

 with up to half the expected fractures over 10 years known to occur 

within this 2-year window
7
. Another consideration is the impact of including mortality 

over 10 years when estimating fracture risk over 2 years. This may account for the 

unexpected finding that the proportion of individuals classified at very high risk is 

relatively stable across age bands with FRAX®
13

, in contrast to the findings from our 
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analyses. These considerations differentiate individuals at high imminent fracture risk 

compared with high fracture risk and have important implications for treatment 

decisions. Another approach for predicting short term fracture risk is to apply machine 

learning techniques on the temporal sequence of ICD codes held in a US electronic 

health record system that has demonstratable good discrimination
36

. Fundamental 

limitations include lack of interpretability of the model, and that of reproducibility: it is 

unclear if and how the model needs to be recalibrated given our observation of the 

significant differences in ICD coding between countries.  

For most models, there was consistency of variables, such as age, sex and proton pump 

inhibitor use across the outcomes of hip, major and any fracture sites. The predictors for 

1 year were also broadly similar to those for 2 years. When comparing IFx and OBP 

cohorts, in the latter there were more variables that were independently predictive of 

imminent fracture risk, and that may relate to medication adherence itself
37

. The 

inclusion or lack of some variables in the models might be considered unexpected. 

However, causality is not a requirement of a strong predictor in a mathematical model, 

and therefore the results of these models should be interpreted with caution. For 

instance, it is not implied that any steroid user is at a high risk of imminent fracture. 

Thus the selected variables simply represent the combination of factors that, when 

adjusted for each other, provide the best prediction set after regularization
38,39

.  

We were expecting models to perform better in women than in men due in part to the 

lower prevalence and greater heterogeneity of the fracture population in men. For 

example, in Denmark, only 20% of male hip fractures had experienced a prior 

osteoporotic fracture in the last ten years before breaking their hip, while this was the 

case for 40% of women with hip fractures
40

. However, the risk prediction using the 

present algorithm was not materially affected by the relative difference in fracture 
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history between the two genders. As regards the difference in performance of the 

algorithm for predicting MOF or predicting hip fractures, this is likely driven by the 

difference in fracture mechanism with hip fractures being particularly strongly 

associated with proxy measures for frailty and impaired balance. 

The main strengths of this study are the large sample size used and validation of the 

models using data sources from three countries that are highly representative of the 

diversity of wider national/regional populations and the diversity of data structure and 

health services. Despite the differences in the data sources, discrimination for the 

imminent hip fracture models were between 0.70 and 0.87, indicating acceptable to 

excellent discrimination, and comparable to the 10-year hip fracture prediction from 

FRAX® (AUC with BMD= 0.78 (0.75, 0.81) and AUC without BMD=0.77 (0.73, 

0.80))
41

. We noted that prediction of major osteoporotic fractures was somewhat more 

challenging. Specifically, the discriminatory ability for major osteoporotic fractures was 

low to acceptable (AUC between 0.56 and 0.70), and similar to FRAX® (AUC with 

BMD 0.67 (0.65,0.69); AUC without BMD 0.65 (0.63,0.67). In order to reduce chances 

of inter-analyst discrepancy as well as programming errors, a single R script was used 

that had been independently cross-checked by three programmers. The model 

parameters have been included in the supplementary materials, which would permit 

these models to be freely validated and used in other settings.  

In addition, the main contributions of the proposed models compared to the current 

clinical tools are: 1) we have focused on predict fractures at short-term, which has not 

been done before; 2) we have conducted an external international validation while 

developing the proposed models, again, which has not been done, and 3) these 

equations can be implemented in electronic medical records etc for automatic 

calculation. This is new and enables population-based screening „with a click. 
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The results of this study should be viewed in the light of some limitations. A possible 

bias due to potential misclassification of risk factors or outcomes of interest in primary 

care or hospital records cannot be ruled out, although linkage of primary care and 

hospital data minimizes incompleteness in the recording of outcomes. Differences in 

variables codes and/or outcome classification between SIDIAP, CPRD and DHR could 

limit the application of the model in other populations. We consider likely that the 

consultation threshold is lower for General Practice than for hospital clinics, though the 

exact thresholds will vary between healthcare systems. In order to diminish this effect, 

we carefully selected a list of potential predictors that were as similar as possible among 

data sources.  Unfortunately, levels of trauma are not routinely recorded in the utilised 

data sources. The vast majority of fractures seen in osteoporosis patients are however 

likely classifiable as „fragility related‟. We have previously validated fractures in the 

general population in one of the contributing data sources, and found that most fractures 

recorded in people age 60-65+ are not trauma-related 
42

. Another consideration is that 

this is a predictive model based on optimising estimates of imminent risk rather than a 

causal model based on establish determinants of bone health and should therefore be 

applied with care in clinical decision-making. It is possible that the mechanisms of 

imminent risk identify patients with fracture risks that are not reversible by anti-

osteoporosis medication. However evidence from trials that recruited patients based 

only on specific fractures and no other skeletal risk factors, such as bone mineral 

density, have reassuringly demonstrated similar and robust effectiveness of anti-

osteoporosis therapies across a wide demographic
43

. 

In summary, we have developed, validated, and presented the models for estimating the 

imminent risk of hip, major and any fractures in patients in the two most pertinent 

clinical settings for decision-making, i.e. patients consulting following a recent fracture, 
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such as the in the context of the fracture liaison service, and those starting oral 

bisphosphonate therapy (a first drug scenario). The outputs of the prediction model 

could be used to identify groups of patients at very high risk of imminent fracture who 

may benefit most from potent rapidly acting anti-osteoporosis medications.  
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Tables 

Table 1 Baseline characteristics of patients in the development set, and 

the internal and external validation sets, for the hip fracture outcome.  

  IFx OBP 

Variable 

  

Intern

al 

valida

tion 

set hip 

fractur

e 

(SIDI

AP 

test 

set) 

Extern

al 

valida

tion 

set 

Extern

al 

valida

tion 

set 

  

Intern

al 

valida

tion 

set hip 

fractur

e 

(SIDI

AP 

test 

set) 

Extern

al 

valida

tion 

set 

Extern

al 

valida

tion 

set 

Develop

ment set 

hip 

fracture 

CPRD DHR 

Develop

ment set 

hip 

fracture 

CPRD DHR 

n=35526 n=8881 
n=148,

077 

n=514,

139 
n=41401 

n=1035

0 

n=115,

896 

n=204,

010 

Age , mean (SD) 
71.6 

(12.5) 

71.6 

(12.4) 

73.0 

(12.6) 

70.8 

(12.4) 

69.1 

(10.2) 

69.1 

(10.2) 

73.7 

(10.6) 

71.0 

(10.0) 

Sex  

(n(%)) 
Male 

11519 

(32.4) 

2840 

(32.0) 

41147 

(27.8) 

354660 

(69.0) 

7834 

(18.9) 

1951 

(18.9) 

23634 

(20.4) 

166888 

(82.0) 

  Female 
24007 

(67.6) 

6041 

(68.0) 

106930 

(72.2)  

159479 

(31.0) 

7834 

(81.1) 

8399 

(81.1) 

92262 

(79.6) 

37122 

(18.0) 

Anxiety or 

Obsessive-

Compulsive Disorder 

(n(%)) 

6205 

(17.5) 

1558 

(17.5) 

15098 

(10.2) 

1996 

(0.4) 

6847 

(16.5) 

1659 

(16.0) 

11614 

(10.0) 

997 

(0.49) 

Rheumatoid arthritis 

diagnosis (n(%)) 
403 (1.1) 

107 

(1.2) 

2733 

(1.9) 

8949 

(1.7) 
952 (2.3) 

230 

(2.2) 

4704 

(4.1) 

10854 

(5.3) 

Asthma diagnosis 

(n(%)) 
1583 (4.5) 

378 

(4.3) 

13891 

(9.4) 

11497 

(2.2) 
2147 (5.2) 

530 

(5.1) 

13708 

(11.8) 

9973 

(4.9) 

Diagnosis of cancer 

(n(%)) 
2226 (6.3) 

569 

(6.4) 

12674 

(8.6) 

36100 

(7.0) 
2161 (5.2) 

547 

(5.3) 

10627 

(9.2) 

16930 

(8.3) 

Diabetes mellitus II 

diagnosis (n(%)) 

7762 

(21.8) 

1908 

(21.5) 

10377 

(7.01) 

31057 

(6.04) 

6150 

(14.9) 

1564 

(15.1) 

7287 

(6.3) 

11144 

(5.5) 

Epilepsy diagnosis 

(n(%)) 
532 (1.5) 

120 

(1.4) 

3180 

(2.2) 

9199 

(1.8) 
382 (0.9) 89 (0.9) 

2072 

(1.8) 

3588 

(1.8) 

Spondyloarthropathy 

diagnosis (n(%)) 
91 (0.3) 13 (0.1) 

713 

(0.48) 

568 

(0.11) 
99 (0.2) 28 (0.3) 

755 

(0.7) 

465 

(0.2) 

Prior fracture (n(%)) 0 (0.0) 0 (0.0) 0 (0.0) 0 (0.0) 
10471 

(25.3) 

2607 

(25.2) 

29841 

(25.7) 

68965 

(33.8) 

Cardiovascular 

disease (n(%)) 

6711 

(18.9) 

1643 

(18.5) 

30307 

(20.5) 

94023 

(18.3) 

6388 

(15.4) 

1618 

(15.6) 

24245 

(20.9) 

42209 

(20.7) 

Chronic obstructive 

pulmonary disease 

(n(%)) 

2305 (6.5) 
586 

(6.6) 

8511 

(5.8) 

27371 

(5.3) 
2102 (5.1) 

544 

(5.3) 

10163 

(8.8) 

25357 

(12.4) 

Parkinson's disease 

(n(%)) 
1251 (3.5) 

306 

(3.4) 

1847 

(1.3) 

6589 

(1.3) 
899 (2.2) 

242 

(2.3) 

1198 

(1.0) 

2547 

(1.3) 

Systemic lupus 

diseae (n(%)) 
49 (0.1) 7 (0.1) 

146 

(0.1) 

487 

(0.1) 
85 (0.2) 25 (0.2) 

287 

(0.25) 

696 

(0.34) 
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Anticoagulants use 

(n(%)) 
2507 (7.1) 

648 

(7.3) 

7294 

(4.9) 

32337 

(6.3) 
2344 (5.7) 

586 

(5.7) 

6583 

(5.7) 

16410 

(8.0) 

Antiepileptics use 

(n(%)) 
3397 (9.6) 

805 

(9.1) 

6561 

(4.4) 

41725 

(8.1) 

4121 

(10.0) 

1035 

(10.0) 

5132 

(4.4) 

19053 

(9.3) 

Non-

benzodiazepine hypn

otics use (n(%)) 

715 (2.0) 
164 

(1.8) 

14586 

(9.9) 

7786 

(1.5) 
1050 (2.5) 

267 

(2.6) 

12067 

(10.4) 

4067 

(2.0) 

Beta-blockers use 

(n(%)) 

5051 

(14.2) 

1217 

(13.7) 

25123 

(17.0) 

117399 

(22.8) 

5165 

(12.5) 

1320 

(12.8) 

20376 

(17.6) 

55598 

(27.3) 

Benzodiazepines use 

(n(%)) 

13102 

(36.9) 

3250 

(36.6) 

8859 

(6.0) 

205964 

(40.1) 

18134 

(43.8) 

4517 

(43.6) 

7354 

(6.35) 

90559 

(44.4) 

Hormone 

contraceptives use 

(n(%)) 

9 (0.0) 2 (0.0) 4 (0.0) 
13261 

(2.6) 
13 (0.0) 2 (0.0) 1 (0.0) 

6817 

(3.3) 

Systemic steroids use 

(n(%)) 
2992 (8.4) 

721 

(8.1) 

12771 

(8.6) 

126905 

(24.7) 

5303 

(12.8) 

1362 

(13.2) 

33876 

(29.2) 

91192 

(44.7) 

Heparin use (n(%)) 1933 (5.4) 
463 

(5.2) 

600 

(0.4) 

2002 

(0.4) 
2741 (6.6) 

681 

(6.6) 

826 

(0.7) 

1353 

(0.7) 

Hormonal replace 

treatment (n(%)) 
889 (2.5) 

224 

(2.5) 

3555 

(2.4) 

108712 

(21.1) 
2458 (5.9) 

618 

(6.0) 

5001 

(4.3) 

68476 

(33.6) 

Proton pump 

inhibitors use (n(%)) 

17761 

(50.0) 

4430 

(49.9) 

0.25 

(0.4) 

138413 

(26.9) 

23920 

(57.8) 

6005 

(58.0) 

0.33 

(0.5) 

79535 

(39.0) 

Chronic liver disease 

(n(%)) 
1989 (5.6) 

521 

(5.9) 

1057 

(0.7) 

8004 

(1.56) 
1829 (4.4) 

436 

(4.2) 

991 

(0.9) 

4164 

(2.0) 

Gastrointestinal 

conditions (n(%)) 
217 (0.6) 66 (0.7) 

1439 

(1.0) 

5234 

(1.0) 
254 (0.6) 51 (0.5) 

2447 

(2.1) 

4033 

(2.0) 

Other endocrine 

conditions (n(%)) 
615 (1.7) 

158 

(1.8) 

1249 

(0.8) 

11089 

(2.2) 
793 (1.9) 

198 

(1.9) 

1658 

(1.4) 

8945 

(4.4) 

Previous 

bisphosphonates use 

(n(%)) 

1810 (5.1) 
468 

(5.3) 

13623 

(9.2) 

23286 

(4.5) 
0 (0.0) 0 (0.0) 0 (0.0) 0 (0.0) 

Charlso

n 

Comorb

idity 

Index 

variable

s (n(%)) 

Myocardia

l infarction 

diagnosis   

989 (2.8) 
248 

(2.8) 

3803 

(2.6) 

21471 

(4.2) 
814 (2.0) 

209 

(2.0) 

2921 

(2.5) 

9132 

(4.5) 

  

Other 

heart 

conditions 

diagnosis   

2412 (6.8) 
568 

(6.4) 

5772 

(3.9) 

25395 

(4.9) 
1594 (3.9) 

413 

(4.0) 

4221 

(3.6) 

11077 

(5.4) 

  

Atheroscle

rosis 

diagnosis   

1217 (3.4) 
295 

(3.3) 

4258 

(2.9) 

21021 

(4.1) 
920 (2.2) 

252 

(2.4) 

3470 

(3.0) 

10973 

(5.4) 

  

Cerebrova

scular 

disease   

3135 (8.8) 
738 

(8.3) 

4922 

(3.32) 

49495 

(9.6) 
2275 (5.5) 

576 

(5.6) 

3363 

(2.9) 

18512 

(9.1) 

  
Dementia 

diagnosis   
2494 (7.0) 

586 

(6.6) 

5108 

(3.5) 

15004 

(2.9) 
995 (2.4) 

249 

(2.4) 

2017 

(1.7) 

3375 

(1.7) 

  

Emphyse

ma 

diagnosis   

5333 

(15.0) 

1307 

(14.7) 

18092 

(12.2) 

39021 

(7.6) 

5496 

(13.3) 

1389 

(13.4) 

17724 

(15.3) 

32564 

(16.0) 

  

Diagnosis 

of 

rheumatoi

d arthritis 

with 

771 (2.2) 
202 

(2.3) 

6829 

(4.61) 

14976 

(2.9) 
1796 (4.3) 

459 

(4.4) 

15578 

(13.4) 

21096 

(10.3) 
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rheumatoi

d factor   

  

Gastric 

ulcer 

diagnosis   

1274 (3.6) 
329 

(3.7) 

2261 

(1.5) 

18979 

(3.7) 
1398 (3.4) 

335 

(3.2) 

1752 

(1.5) 

9111 

(4.5) 

  
Liver 

disease   
1885 (5.3) 

478 

(5.4) 

542 

(0.4) 

7181 

(1.4) 
1701 (4.1) 

403 

(3.9) 

529 

(0.5) 

3721 

(1.8) 

  

Diagnosis 

of diabetes 

without 

complicati

ons   

7659 

(21.6) 

1879 

(21.2) 

14472 

(9.8) 

29259 

(5.7) 

6066 

(14.7) 

1543 

(14.9) 

9834 

(8.5) 

10713 

(5.3) 

  

Diagnosis 

of diabetes 

with 

complicati

ons   

362 (1.0) 
100 

(1.1) 

3524 

(2.4) 

10690 

(2.1) 
207 (0.5) 57 (0.6) 

2089 

(1.8) 

3278 

(1.6) 

  
Paraplegia 

diagnosis   
138 (0.4) 41 (0.5) 

238 

(0.2) 

1527 

(0.3) 
81 (0.2) 21 (0.2) 

152 

(0.1) 

752 

(0.4) 

  
Renal 

disease   
2813 (7.9) 

719 

(8.1) 

15954 

(10.8) 

6309 

(1.23) 
1638 (4.0) 

415 

(4.0) 

12248 

(10.6) 

2145 

(1.05) 

  
Diagnosis 

of cancer   
2164 (6.1) 

558 

(6.3) 

5789 

(3.9) 

28870 

(5.6) 
2118 (5.1) 

534 

(5.2) 

5255 

(4.5) 

13713 

(6.7) 

  

Severe 

liver 

failure 

diagnosis   

134 (0.4) 30 (0.3) 
186 

(0.1) 

1904 

(0.4) 
96 (0.2) 17 (0.2) 

103 

(0.1) 

889 

(0.4) 

  

Diagnosis 

of 

metastatic 

cancer   

126 (0.4) 33 (0.4) 
345 

(0.2) 

2722 

(0.5) 
90 (0.2) 22 (0.2) 

366 

(0.3) 

1137 

(0.6) 

  
Diagnosis 

of AIDS   
41 (0.1) 15 (0.2) 4 (0.0) 

145 

(0.0) 
28 (0.1) 8 (0.1) 5 (0.0) 54 (0.0) 

Abbreviations: IFx, Incident Fracture cohort; OBP, Oral Bisphosphonates cohort; SIDIAP, 

Catalan Information System for Research in Primary Care; CPRD, UK Clinical Practice 

Research Datalink; DHR, Danish Health Registries. 

 

Table 2: Predictors (main models) 

 Cohort 
IFx 

OR (95%CI) 

Predictor  
One year Two years 

Hip Major Any Hip Major Any 

Age   
1.07 (1.06 to 

1.09) 

1.01 (1.01 to 

1.02) 

1.01 (1.01 to 

1.02) 

1.07 (1.07 to 

1.08) 

1.02 (1.02 to 

1.02) 

1.01 (1.01 

to 1.02) 

Sex (male) 
0.74 (0.56 to 

0.98) 

0.76 (0.67 to 

0.87) 

0.84 (0.76 to 

0.93) 
X 

0.72 (0.65 to 

0.80) 

0.78 (0.72 

to 0.86) 

Proton pump inhibitors use  
1.25 (0.99 to 

1.57) 

1.17 (1.04 to 

1.31) 

1.12 (1.02 to 

1.24) 
X 

1.20 (1.09 to 

1.31) 

1.15 (1.06 

to 1.25) 

  
Dementia 

diagnosis   

1.67 (1.25 to 

2.23) 
X X 

1.63 (1.31 to 

2.02) 
X X 
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Diagnosis of 

diabetes  type 2 

without 

complications   

X 
1.23 (1.08 to 

1.40) 

1.27 (1.14 to 

1.41) 
X X 

1.18 (1.08 

to 1.29) 

Abbreviations: IFx, Incident Fracture cohort; OR, Odds Ratio; CI, Confidence interval 

 

 Cohort 
OBP 

OR (95%CI) 

Predictor  
One year Two years 

Hip Major Any Hip Major Any 

Age   
1.10 (1.08 

to 1.12) 

1.05 (1.04 

to 1.05) 

1.04 (1.04 

to 1.05) 

1.10 (1.09 

to 1.12) 

1.04 (1.04 

to 1.05) 

1.04 (1.03 

to 1.04) 

Sex (male) X 
0.64 (0.52 

to 0.78) 

0.59 (0.50 

to 0.71) 
X 

0.58 (0.49 

to 0.69) 

0.58 (0.50 

to 0.66) 

Anxiety or Obsessive-

Compulsive Disorder   
X 

1.36 (1.15 

to 1.62) 

1.24 (1.07 

to 1.43) 
X 

1.23 (1.06 

to 1.42) 

1.18 (1.05 

to 1.33) 

Diabetes mellitus II diagnosis  X 
1.01 (0.25 

to 4.15) 

0.96 (0.30 

to 3.07) 

1.49 (1.18 

to 1.88) 

1.16 (1.01 

to 1.34) 

1.11 (0.98 

to 1.25) 

Prior fracture  
1.77 (1.34 

to 2.33) 

1.21 (1.04 

to 1.41) 

1.24 (1.09 

to 1.40) 

1.43 (1.15 

to 1.79) 

1.16 (1.03 

to 1.31) 

1.25 (1.13 

to 1.39) 

Chronic obstructive pulmonary 

disease  

1.58 (1.02 

to 2.44) 
X X 

1.50 (0.96 

to 2.35) 

1.25 (0.94 

to 1.65) 
X 

Parkinson's disease  X X 
1.48 (1.11 

to 1.96) 
X X 

1.54 (1.22 

to 1.94) 

Anticoagulants use  
1.32 (0.87 

to 2.01) 
X X X 

1.12 (0.91 

to 1.38) 
X 

Antiepileptics use  
1.54 (1.06 

to 2.23) 

1.32 (1.08 

to 1.61) 

1.34 (1.13 

to 1.58) 
X 

1.19 (1.00 

to 1.40) 

1.24 (1.08 

to 1.43) 

Benzodiazepines use  
0.78 (0.59 

to 1.02) 
X X X 

1.07 (0.95 

to 1.20) 

1.02 (0.92 

to 1.12) 

Systemic steroids use  
1.20 (0.84 

to 1.70) 
X X X X 

1.07 (0.94 

to 1.22) 

Heparin use  
1.42 (0.94 

to 2.13) 
X 

1.39 (1.15 

to 1.69) 

1.37 (1.00 

to 1.89) 

1.17 (0.97 

to 1.43) 

1.36 (1.16 

to 1.59) 

Hormonal replace treatment  X 
0.53 (0.36 

to 0.79) 

0.68 (0.51 

to 0.91) 
X 

0.66 (0.49 

to 0.87) 

0.75 (0.60 

to 0.94) 

Proton pump inhibitors use  X 
1.07 (0.92 

to 1.24) 

1.06 (0.93 

to 1.20) 

1.05 (0.84 

to 1.32) 

1.11 (0.98 

to 1.25) 

1.06 (0.96 

to 1.18) 

Chronic liver disease  X X 
1.37 (1.08 

to 1.75) 
X 

1.34 (1.06 

to 1.70) 

1.38 (1.14 

to 1.67) 

  
Atherosclerosis 

diagnosis   
X X X X X 

1.45 (1.13 

to 1.85) 

  
Cerebrovascular 

disease   

1.35 (0.91 

to 2.01) 
X X 

1.35 (0.99 

to 1.84) 

1.19 (0.97 

to 1.46) 

1.14 (0.96 

to 1.36) 

  Dementia diagnosis   
2.32 (1.54 

to 3.50) 

1.65 (1.23 

to 2.20) 

1.30 (1.00 

to 1.70) 

2.09 (1.50 

to 2.90) 

1.38 (1.07 

to 1.78) 
X 

  
Emphysema 

diagnosis   
X X 

1.14 (0.97 

to 1.33) 

1.17 (0.83 

to 1.65) 

1.06 (0.88 

to 1.29) 

1.19 (1.05 

to 1.35) 

  

Diagnosis of diabetes  

type 2 without 

complications   

1.40 (1.03 

to 1.90) 

1.24 (0.30 

to 5.10) 

1.26 (0.39 

to 4.04) 
X X X 
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  Renal disease   
1.47 (0.97 

to 2.23) 
X X 

1.37 (0.98 

to 1.92) 
X X 

Abbreviations: OBP, Oral Bisphosphonates cohort; OR, Odds Ratio; CI, Confidence interval 

 

Table 3 Model Equations 

  
IFx OBP 

Beta Coefficient Beta Coefficient 

Predictor  
One year Two years One year Two years 

Hip Major Any Hip Major Any Hip Major Any Hip Major Any 

Intercept -5.311 -3.362 -2.998 -4.596 -2.925 -2.559 -6.054 -4.051 -3.700 -5.513 -3.638 -3.210 

Age   0.071 0.013 0.012 0.071 0.019 0.014 0.096 0.044 0.042 0.098 0.043 0.038 

Sex (male) -0.298 -0.273 -0.173 X -0.328 -0.243 X -0.450 -0.521 X -0.542 -0.550 

Anxiety or Obsessive-

Compulsive Disorder   
X X X X X X X 0.309 0.211 X 0.205 0.167 

Rheumatoid arthritis diagnosis   X X X X X X X X X X X X 

Asthma diagnosis  X X X X X X X X X X X X 

Diagnosis of cancer  X X X X X X X X X X X X 

Diabetes mellitus II diagnosis  X X X X X X X 0.013 -0.042 0.397 0.151 0.100 

Epilepsy diagnosis  X X X X X X X X X X X X 

Spondyloarthropathy 

diagnosis  
X X X X X X X X X X X X 

Prior fracture  X X X X X X 0.569 0.193 0.213 0.360 0.151 0.226 

Cardiovascular disease  X X X X X X X X X X X X 

Chronic obstructive 

pulmonary disease  
X X X X X X 0.457 X X 0.407 0.219 X 

Parkinson's disease  X X X X X X X X 0.392 X X 0.432 

Systemic lupus diseae  X X X X X X X X X X X X 

Anticoagulants use  X X X X X X 0.278 X X X 0.116 X 

Antiepileptics use  X X X X X X 0.429 0.279 0.293 X 0.172 0.218 

Non-benzodiazepine hypnotics 

use  
X X X X X X X X X X X X 

Beta-blockers use  X X X X X X X X X X X X 

Benzodiazepines use  X X X X X X -0.250 X X X 0.063 0.017 

Hormone contraceptives use  X X X X X X X X X X X X 

Systemic steroids use  X X X X X X 0.178 X X X X 0.069 

Heparin use  X X X X X X 0.349 X 0.332 0.317 0.160 0.307 

Hormonal replace treatment  X X X X X X X -0.626 -0.389 X -0.420 -0.284 

Proton pump inhibitors use  0.221 0.155 0.114 X 0.178 0.143 X 0.065 0.054 0.047 0.101 0.062 

Chronic liver disease  X X X X X X X X 0.318 X 0.292 0.322 

Gastrointestinal conditions  X X X X X X X X X X X X 

Other endocrine conditions  X X X X X X X X X X X X 
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Previous bisphosphonates use  X X X X X X X X X X X X 

Previous use of other anti-

osteoporotic drugs   
X X X X X X X X X X X X 

Charlson 

Comorbidity 

Index 

variables  

Myocardial 

infarction 

diagnosis   

X X X X X X X X X X X X 

  

Other heart 

conditions 

diagnosis   

X X X X X X X X X X X X 

  
Atherosclerosis 

diagnosis   
X X X X X X X X X X X 0.369 

  
Cerebrovascular 

disease   
X X X X X X 0.303 X X 0.301 0.172 0.131 

  
Dementia 

diagnosis   
0.511 X X 0.488 X X 0.843 0.499 0.262 0.736 0.321 X 

  
Emphysema 

diagnosis   
X X X X X X X X 0.130 0.157 0.061 0.173 

  

Diagnosis of 

rheumatoid 

arthritis with 

rheumatoid 

factor   

X X X X X X X X X X X X 

  
Gastric ulcer 

diagnosis   
X X X X X X X X X X X X 

  Liver disease   X X X X X X X X X X X X 

  

Diagnosis of 

diabetes 

without 

complications   

X X X X X X 0.333 0.213 0.228 X X X 

  

Diagnosis of 

diabetes with 

complications   

X 0.206 0.236 X X 0.165 X X X X X X 

  
Paraplegia 

diagnosis   
X X X X X X X X X X X X 

  Renal disease   X X X X X X 0.385 X X 0.315 X X 

  
Diagnosis of 

cancer   
X X X X X X X X X X X X 

  

Severe liver 

failure 

diagnosis   

X X X X X X X X X X X X 

  

Diagnosis of 

metastatic 

cancer   

X X X X X X X X X X X X 

  
Diagnosis of 

AIDS   
X X X X X X X X X X X X 

Abbreviations: IFx, Incident Fracture cohort; OBP, Oral Bisphosphonates cohort; SIDIAP, Catalan 

Information System for Research in Primary Care; CPRD, UK Clinical Practice Research Datalink; DHR, 

Danish Health Registries. 
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Figure legends 

Figure 1. Steps in the development and validation of the prediction 

model. Abbreviations: SIDIAP, Catalan Information System for Research 

in Primary Care; CPRD, UK Clinical Practice Research Datalink; DHR, 

Danish Health Registries. 

Figure 2. Study flow chart. Abbreviations: SIDIAP, Catalan Information 

System for Research in Primary Care; CPRD, UK Clinical Practice 

Research Datalink; DHR, Danish Health Registries; IFx, Incident Fracture 

cohort; OBP, Oral Bisphosphonates cohort. 

Figure 3. Area under ROC curve for internal and external validation. 

Prediction models for a) hip fracture, b) major fracture and c) any type of 

fracture. Models were internally validated using SIDIAP cohort, and 

externally validated by CPRD and DHR cohorts. Abbreviations: IFx, 

Incident Fracture cohort; OBP, Oral Bisphosphonates cohort; SIDIAP, 

Catalan Information System for Research in Primary Care; CPRD, UK 

Clinical Practice Research Datalink; DHR, Danish Health Registries. 

Figure 4. Calibration curves for internal and external validation. a) 

One-year hip fracture model for IFx cohort, b) one-year hip fracture model 

for OBP cohort, c) two-years hip fracture model for IFx cohort, d) two-

years hip fracture model for OBP cohort. Models were internally validated 

using SIDIAP cohort, and externally validated by CPRD and DHR cohorts. 

Abbreviations: IFx, Incident Fracture cohort; OBP, Oral Bisphosphonates 

cohort; SIDIAP, Catalan Information System for Research in Primary Care; 

CPRD, UK Clinical Practice Research Datalink; DHR, Danish Health 

Registries. 
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Figure 5. Calibration curve stratified by age and gender.  

a) One-year hip fracture model for IFx cohort, b) one-year hip fracture 

model for OBP cohort, c) two-years hip fracture model for IFx cohort, d) 

two-years hip fracture model for OBP cohort. Models were internally 

validated using SIDIAP cohort, and externally validated by CPRD and 

DHR cohorts. Abbreviations: IFx, Incident Fracture cohort; OBP, Oral 

Bisphosphonates cohort; SIDIAP, Catalan Information System for 

Research in Primary Care; CPRD, UK Clinical Practice Research Datalink; 

DHR, Danish Health Registries. 
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