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Abstract
Major bleeding is a common complication following percutaneous coronary intervention (PCI), although little is known about how bleeding rates have changed over time and what has driven this. We analyzed all patients undergoing PCI in England and Wales from 2006 to 2013.  Multivariate analyses using logistic regression models were performed to identify predictors of bleeding in order to identify potential factors influencing bleeding trends over time. 545,604 participants who had PCI in England and Wales between 2006 and 2013 were included in the analyses.  Overall bleeding rates declined from 7.0 (CI:6.2–7.8) per 1000 procedures in 2006 to 5.5 (CI:4.7–6.2) per 1000 in 2013. Increasing age, female sex, GPIIb/IIIa inhibitor use and circulatory support was independently associated with increased risk of bleeding complications whilst radial access and vascular closure device use were independently associated with decreases in risk.  Decreases in bleeding rates over time were associated with radial access site, and changes in pharmacology, but this was offset by greater proportion of ACS cases and more the adverse patient clinical demographics. In conclusion, Major bleeding complications after PCI has declined due to changes in access site practice and decreased usage of GPIIb/IIIa inhibitors, but this is offset by the increase of patients with higher propensity to bleed. Changes in access site practice nationally have the potential to significantly reduce major bleeding following PCI.
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Introduction
	Major bleeding is one of the most common complications following percutaneous coronary intervention (PCI), independently associated with a 3-fold increase in mortality 1and contributing to 12% of all in-hospital PCI mortalities 2. The average age and comorbid burden of patients undergoing PCI has increased over time with more potent pharmacotherapy and worsening patient clinical risk profiles that would tend to increase incident major bleeding3-5, whilst changes in access site practice towards radial would reduce major bleeding6-8. Temporal changes in major bleeding therefore represents a complex dynamic between changes in these competing risks. Access site related bleeding complications account for half of all bleeding complications observed post PCI9. In the United Kingdom (UK) there has been a national change in access site practice towards radial with 80% of all PCI procedures undertaken radially7,10. We report changes in temporal bleeding rates in a large contemporary unselected all-comer national cohort in the UK from British Cardiovascular Intervention Society (BCIS) database studying changes in clinical and procedural demographics, pharmacotherapy and access site practice, assess associations with peri-procedural bleeding complications, and determine which factors associate most with the temporal changes in bleeding complications observed.
Methods
This is a retrospective analysis of prospectively collected national data for all patients undergoing PCI in England and Wales from January 2006 to December 2013. BCIS records information on PCI practice in the UK with data collection managed by the National Institute of Cardiovascular Outcomes Research (NICOR)7,8,10. In-hospital major bleeding complications were defined as a composite of reported gastrointestinal bleed, intracerebral bleed, retroperitoneal hematoma, tamponade, blood or platelet transfusion, or an arterial access site complication requiring surgical intervention6-8. Procedures were divided into 2 groups, based on the indication for PCI, either elective or acute coronary syndrome (ACS). Procedures performed for unstable angina (UA), non ST-segment elevation myocardial infarction (NSTEMI), ST-segment elevation myocardial infarction (STEMI) formed the ACS group. Analyses were carried out on the whole cohort, and then in elective and ACS cohorts separately.
Procedures were excluded if in-hospital outcomes, coronary syndrome, or patient age or gender were missing from the dataset. Procedures in which the access site was unclear or missing, or where multiple access sites were recorded and the primary access site used for the procedure could not be identified were also excluded.  
For basic analyses of demographics, procedural details and unadjusted outcomes, continuous variables were evaluated as median and interquartile range (IRQ), whilst categorical variables were reported using frequencies and proportions (in percentages). Chi-square tests were used to assess the significance of differences in proportions between groups for categorical variables. Kruskal-Wallis rank sum test was used for continuous variables. All statistical tests were two-tailed and an alpha of 5% (for significance) was used throughout. In the present analysis, we modified the risk score published by Mehran et al11. to define the baseline risk of major bleeding. Our modified Mehran score, was calculated and an integer score assigned for each category as previously reported by our group12.
Multiple imputation methods were used in order to reduce potential bias created by missing data. To this aim, we used the mice R package, version 2.2513. Chained equations were used to impute data for all variables with missing values to generate 10 dataset instances for use in the analyses.
Unadjusted annual bleeding rates were estimated using the whole cohort and then the two groups, Elective and ACS. We used simple linear regressions to quantify the association between year of procedure and annual bleeding rates. Multivariate analyses using logistic regression model were performed to identify predictors of bleeding in order to identify potential factors influencing bleeding trends over time. We included all variables assumed clinically relevant as explanatory variables in the model: age, gender, smoking status, diabetes, peripheral vascular disease (PVD), hypertension, hypercholesterolemia, renal disease, previous coronary artery bypass graft (CABG), previous myocardial infarction (MI), previous stroke, previous PCI, left ventricular ejection fraction (LVEF), indication for PCI, access site, vascular closure device (VCD), stent, left main stem artery use, multivessel PCI, cardiogenic shock (CS), intra-aortic balloon pump (IABP) use, ventilatory support, circulatory support, glycoprotein IIb/IIIa inhibitors (GPI) use, antiplatelet drug, and bivalirudin use . We used the base stats R package to build the models. Odd ratios and confidence intervals were obtained after pooling the fitted model coefficients of the 10 complete dataset instances per group according to using the mice R package14. Areas under the receiver operator curves (AUCs) were estimated in order to assess model robustness for prediction. 
Our aim was to identify possible factors influencing the changes in bleeding rates over time and to quantify their effects Firstly, we took the annual average of the predicted bleeding log odds predicted by the aforementioned logistic models and decomposed them into their additive terms, one for each explanatory variable. We grouped the terms in (functional) factors taking into account their associations with the bleeding outcome, as follows: clinical demographics (age, gender, smoking status, diabetes, PVD, hypertension, hypercholesterolemia, renal disease, previous CABG, previous MI, previous stroke, previous PCI, and LVEF); indication for PCI; access site; VCD use; CS and IABP; other procedural characteristics (stent, left main stem artery, and multivessel PCI); and pharmacology (GPI, antiplatelets, and bivalirudin). We reported scores measuring relative factor contributions to the changes in bleeding rates over time. This approach provides a graphical representation of the relative factor contributions and allows us to explore them year-by-year. Finally, and with the aim to quantify the influence of factors on the bleeding rate trends, we started with a new simple univariate logistic regression model (Supplementary methods). 
Results
	A total of 577,471 procedures were undertaken in England and Wales between 2006 and 2013 of which 545,604 (94.5%) were included in the analyses (Figure 1). Changes in clinical demographics, procedural characteristics and pharmacology over this period of time are summarized in Table 1a, for the whole cohort, and Tables 1b and 1c for elective PCI and ACS groups, respectively. Supplementary Table S1 gives details of missing value levels presented in the data. We observed that PCI volume increased from 51,850 procedures in 2006 to 78,398 in 2013, mainly driven by the increase in procedures for ACS. During this period of time, the average age of patients increased; their clinical risk factor profile worsened and the proportion of PCI procedures on patients with cardiogenic shock or requiring ventilatory / circulatory support increased. The use of GPIIb/IIIa inhibitors declined during the study period, whilst bivalirudin and newer anti-platelet agent use increased. Finally radial access grew to become the default access site used for PCI in 68.5% of procedures in 2013. Bleeding risk as quantified by the Mehran risk score increased for both elective and ACS PCI indications over time (supplementary Figure 1). 
	Figure 2 shows the results of using simple linear regressions to estimate unadjusted bleeding rate trends over time. Overall bleeding rates declined from 7.0 (CI: 6.2 – 7.8) per 1000 procedures in 2006 to 5.5 (CI: 4.7 – 6.2) per 1000 in 2013. Decreases in the rates were observed in both groups, being more pronounced in ACS. The bleeding complication rate in the elective PCI group dropped from 4.9 (CI: 4.1 – 5.7) per 1000 in 2006 to 3.9 (CI: 3.2 – 4.7) per 1000 in 2013, whilst in the ACS group, from 8.9 (CI: 7.8 – 10.1) per 1000 to 6.2 (CI: 5.1 – 7.4) per 1000 during the same period. Results of the analyses using multivariate logistic regressions are summarized in Table 2. In both groups, elective and ACS indications for PCI, increasing age, female sex, GPIIb/IIIa inhibitor use and circulatory support was independently associated with increased risk of bleeding complications whilst radial access and VCD use were independently associated with decreases in risk.
	In Figure 3, we report relative contributions to the overall bleeding change score, using 2006, the initial year, as the baseline. It can be observed in this figure that most of the decrease in bleeding rates over time was associated with the adoption of radial access site, and by changes in pharmacology, although this was offset by the changes such as changes in PCI indications towards ACS cases and more the adverse clinical demographics of the patients.Results of the quantification of influencing factors in bleeding trends as estimated using multiple multivariate regression models (model_0 to model_7) are presented in Table 3. In this table, large positive attenuation values indicate a strong association of a particular factor with lower bleeding rates. We observed that the reported results in Table 4 are in the same direction as the ones using the relative score contributions (Figure 3). In the three groups, access site choice was the most influential factor associated with lower bleeding rates over time. Pharmacology was another important factor associated with lower bleeding rates. Additionally, although to a lesser extent, VCD use (in all cohorts), procedural characteristics (in both the whole cohort and ACS group) contributed to lower the bleeding rates over time. In contrast, the indication for PCI tended towards increasing the bleeding rates over time.
Discussion
	In the current analysis of over half a million PCI procedures, our data suggests that significant temporal changes in clinical and procedural demographics, access site practice and pharmacology has been accompanied by a decline in incident rates of in-hospital major bleeding. Our analysis suggests that these reductions in major bleeding relate mainly to changes in access site practice and pharmacology driven by decreased usage of glycoprotein IIb/IIIa inhibitors, although offset by the increase in PCI cases undertaken for ACS and worsening clinical demographic profiles of patients. 
	Temporal changes in incident major bleeding complications represent a complex dynamic between changes in pharmacological therapy, indications for PCI, co-morbid burden, clinical demographics, procedural characteristics and access site practice1,9. This dynamic will vary across different healthcare systems. Analysis of data from a Canadian registry of 14,111 patients with non-ST elevation myocardial infarction (NSTEMI) between 1999 and 2008 reported no significant changes in major bleeding rates over time15 despite changes in pharmacotherapy and interventional strategies. In contrast, data derived from the US CathPCI Registry reported 20% temporal reductions in post-PCI bleeding observed in patients undergoing PCI for elective and NSTEMI indications, although adjusted bleeding rates in the STEMI cohort remained similar16. In national registry from Sweden in elderly patients undergoing PCI for STEMI indications, incident major bleeding rates remained similar over a decade5. A further analysis derived from the CathPCI registry over a 3-year period (2009-2012) showed that bleeding rates declined over the period studied, although when compared with hospitals with very low or low increase in the use of radial access, the decline in risk-adjusted overall bleeding over time was greater at hospitals with moderate or high increase in the use of radial access (RR, 0.51; 95% CI, 0.43–0.61 versus RR, 0.69; 95% CI, 0.63–0.74; P for comparison, 0.002)17. Our analysis suggests that the decline in major bleeding complications observed in the UK, are mainly associated with the national change in access site practice towards radial, changes in pharmacological practices, particularly declining use of GP IIb/IIIa inhibitors and to a lesser extent VCD use. However, this effect is attenuated by the worsening bleeding risk profile of patients undergoing PCI (as evidenced by the temporal increase in Mehran bleeding risk score) and the increase in PCI procedures undertaken for ACS indications. Our analysis is the first to study this in a healthcare system where there has been a national change in access site practice towards radial and the first to study the contribution of all aspects of the PCI procedure and patient clinical characteristics that may contribute to changes in incident bleeding recorded. Interestingly, data from the CathPCI registry studying changes in national bleeding rates between 2005-2009 suggested that changes in access site practice in the US contributed minimally to the reduction in bleeding rates recorded, although only 1.5% of cases were undertaken radially during this time16. This is in contrast to radial rates of close to 70% reported in the current analysis.
	Changes in anti-thrombotic strategies such as decreased utilization of GPIIb/IIIa inhibitors and concomitant increases in bivalirudin contributed to close to 50% of the reduction in major bleeding observed in the NCDR analysis16. Our analysis suggests that after changes in access site practice, changes in pharmacological practice were most closely associated with reduced major bleeding complications with similar attenuations of bleeding risk reported to those observed in the NCDR (52.8% in all PCI indications). Specifically, we observed a reduction in GPIIb/IIIa inhibitor usage from 35% to 16.7% in the whole population and 50.6% to 23.2% in the ACS population reflecting changes in contemporary anticoagulant practice in PCI. Increases in the use of newer antiplatelet agents such as Ticagrelor and Prasugrel over time were observed, although neither contributed to temporal changes in major bleeding that we observed. Our analysis shows that the average age of patients has increased, with more females undergoing PCI, and a greater prevalence of cardiovascular risk factors, with corresponding increases in the calculated bleeding risk of the patients. Similarly, our data show that the proportion of PCI cases undertaken for ACS indications has increased, thereby further contributing to worsening bleeding outcomes18-20. 
	Our analysis suggests that the growth of transradial access (TRA) from 17% in 2006 to close to 70% in 2013 has been most strongly associated with the reduction in national major bleeding rates observed in both the elective and ACS settings. Both national registry12 and randomized controlled trial data21-23 has shown that TRA is independently associated with reduced mortality and major bleeding risk in high-risk patient groups. Temporal changes in the incidence of major bleeding complications represents a complex dynamic between changes in pharmacological practices, PCI indication, co-morbid burden, clinical demographics, procedural characteristics and access site practice, and this will change annually dependent on the annualized prevalence of each factor. Furthermore, the contribution of each of these competing “risks” to the final incident bleeding rates will vary in different countries dependent on differences in case mix, clinical and pharmacological practice, with the greatest benefit to be gained in countries that are at the earliest stages of radial adoption. 
	Our analysis has several limitations. Firstly, bleeding complications are self-reported and are not adjudicated / validated by BCIS potentially resulting in under-reporting. Secondly, the definition of major bleeding that is used in the BCIS dataset is different from those frequently used in clinical trials (1) making comparisons with other studies / trials difficult, although has remained constant during the period studied. The thresholds for blood transfusions (a component of the BCIS definition for major bleeding) may have changed over time that may introduce confounding and the BCIS dataset does not differentiate between blood transfusions given for bleeding complications and those for chronic anemia. Thirdly, whilst the BCIS dataset captures CV risk factors, it does not capture other measures of co-morbid burden24 that may have contributed to the changes in incident bleeding reported here. Finally, our observational data can only report associations and causal relationships cannot be inferred. 
	In conclusion, observe significant changes in clinical and procedural demographics, access site practice and pharmacology over time in patients undergoing PCI in England and Wales, accompanied by a decline in the crude incident rates of in-hospital major bleeding complications. Our analysis suggests that these national decreases in major bleeding are most strongly associated with changes in access site practice and decreased usage of glycoprotein IIb/IIIa inhibitors, although this has been offset by the increase in proportion of PCI cases undertaken for ACS indications and the treatment of patients who are at higher risk of bleeding complications. Our data suggest a change in access site practice nationally has the potential to significantly reduce major bleeding following PCI.
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