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Abstract
Objective To evaluate the incremental increase in new onset diabetes from higher potency statins compared with lower potency statins when used for secondary prevention.
Design Eight population based cohort studies and a meta-analysis.
Setting Six Canadian provinces and two international databases from the UK and US.
Participants 136 966 patients aged ≥40 years newly treated with statins between 1 January 1997 and 31 March 2011.
Methods Within each cohort of patients newly prescribed a statin after hospitalisation for a major cardiovascular event or procedure, we performed as-treated, nested case-control analyses to compare diabetes incidence in users of higher potency statins with incidence in users of lower potency statins. Rate ratios of new diabetes events were estimated using conditional logistic regression on different lengths of exposure to higher potency versus lower potency statins; adjustment for confounding was achieved using high dimensional propensity scores. Meta-analytic methods were used to estimate overall effects across sites.
Main outcome measures Hospitalisation for new onset diabetes, or a prescription for insulin or an oral antidiabetic drug.
Results In the first two years of regular statin use, we observed a significant increase in the risk of new onset diabetes with higher potency statins compared with lower potency agents (rate ratio 1.15, 95% confidence interval 1.05 to 1.26). The risk increase seemed to be highest in the first four months of use (rate ratio 1.26, 1.07 to 1.47).
Conclusions Higher potency statin use is associated with a moderate increase in the risk of new onset diabetes compared with lower potency statins in patients treated for secondary prevention of cardiovascular disease. Clinicians should consider this risk when prescribing higher potency statins in secondary prevention patients.

Introduction
Labels on statin medications in the United States now include information concerning glycaemic effects, including diabetes and increases in haemoglobin A1c or fasting plasma glucose. The US Food and Drug Administration approved these labelling changes in February 2012, based mainly on evidence drawn from two meta-analyses of randomised controlled trials.1 The first meta-analysis of statins compared with placebo, conducted by Rajpathak and colleagues,2 included 57 593 patients from six trials and showed a small increase in risk for type 2 diabetes (relative risk 1.13, 95% confidence interval 1.03 to 1.23). The second meta-analysis, reported the following year by Sattar and colleagues, examined the effect of statins on the risk of diabetes in 91 140 patients from 13 trials.3 That meta-analysis showed that statins were associated with a 9% increased risk of diabetes (odds ratio 1.09, 1.02 to 1.17). Preiss and colleagues also compared the risk of diabetes associated with higher potency and lower potency statins in a meta-analysis of 32 752 patients in five trials,4 and found that higher potency statins were associated with a 12% increased risk of diabetes relative to lower potency statins (odds ratio 1.12, 1.04 to 1.22).
The meta-analysis by Preiss et al is of particular relevance to patients treated with statins for secondary prevention of cardiovascular events. Strong, clinically meaningful evidence that shows statins reduce all cause mortality in secondary prevention means that balancing treatment risks with benefits reduces to a question of the potency (and perhaps other properties) of which statin to prescribe rather than a choice between treatment or no treatment. Meta-analyses of statins and total mortality in primary prevention patients have provided conflicting results.5 6 7 While statins are recommended for secondary prevention of cardiovascular events in all patients who tolerate treatment, the incremental increase in diabetes risk with higher potency statins compared with lower potency statins remains to be determined.
Existing clinical trials of statins were not based on real world use, were not specifically designed to assess diabetes endpoints (and all had different and informal ways of identifying diabetes), and were not restricted to secondary prevention of cardiovascular events, where the potential benefit-risk profile is different from that for primary prevention. Furthermore, many studies have not been able to ensure that diabetes cases were truly incident, as diabetes is often asymptomatic and more common among those with cardiovascular disease and other indications for statin therapy. Therefore, the Canadian Network for Observational Drug Effect Studies (CNODES)8 designed a study to evaluate the risk of new diabetes in patients who received higher potency statins as opposed to lower potency statins shortly after a cardiovascular event or procedure. A priori, we expected to observe an association of similar size for secondary prevention (rate ratio of approximately 1.15), based on the existing meta-analyses conducted in patients receiving statins for primary and secondary prevention.4

Methods
Study population
We used a common analytical protocol to conduct population based cohort studies of the association between statins and diabetes in six provinces of Canada (Alberta, Manitoba, Nova Scotia, Ontario, Quebec, and Saskatchewan; source population 13.2 million in 2013), as well as in two international databases (the UK Clinical Practice Research Datalink (CPRD), population 11.6 million; and the US MarketScan database, source population about 70 million). The study populations were patients aged ≥40 years, without previously diagnosed or treated diabetes, and newly prescribed a statin (no prescription for a cholesterol lowering drug in the year before hospitalisation) between 1 January 1997 and 31 March 2011 after a hospitalisation for a major cardiovascular event (myocardial infarction, stroke, coronary artery bypass graft, or percutaneous coronary intervention). In three of the Canadian provinces (Alberta, Ontario, and Nova Scotia) data were available only for patients aged ≥65 years, and in the MarketScan database only data for patients aged <65 years were available. In four sites patient accrual began after 1997.

Data sources
All eight participating sites analysed data from their respective administrative healthcare databases, all of which have been used previously for observational research.9 10 All databases included information on the specific drug dispensed in a prescription, the quantity or days’ supply of medication dispensed (or prescribed in CPRD), and the date of dispensing. In general, physician claims and hospitalisation discharge records included date of service encounter or hospital admission, up to 25 ICD-9 or ICD-10 (international classification of diseases, ninth or 10th revision) diagnosis codes, and procedure and billing codes. Patients who were missing demographic data (sex, <1%; age, <1%) were not included in the analysis, and no imputation methods were used. We assumed that the completeness and misclassification of diagnostic coding in our datasets were similar to those in other administrative databases.

Cohorts of statin treated patients
We conducted as-treated analyses using nested case-control methodology. This type of analytical approach is well suited to studies involving time dependent exposures, and it provides good computational efficiency for analysing rare events in large databases.11 Analyses were undertaken separately at each site according to a common analytical protocol and then meta-analytic methods were used to estimate an overall rate ratio. We assembled secondary prevention cohorts, which included patients who were admitted to a hospital between 1 January 1998 (or one year after the beginning of data availability) and 31 March 2011, who received a coded diagnosis (principal or secondary) for acute myocardial infarction or stroke or a procedure for coronary artery bypass graft or percutaneous coronary intervention during their stay in hospital, who had no record of a diabetes diagnosis during their hospitalisation, and who then received a statin prescription within 90 days after being discharged, having not been prescribed a cholesterol lowering drug in the previous year (World Health Organization Anatomical Therapeutic Class C10, cerivastatin excluded). Patients were required to have a length of stay in hospital for their cohort-defining event or procedure of at least three days and no greater than 30 days. Diagnostic codes for myocardial infarction and stroke and procedural codes for coronary artery bypass graft and percutaneous coronary intervention are listed in the data supplement appendix.
Patients’ cohort entry dates were defined as the date of the first statin prescription after discharge from hospital. We excluded patients if they were <40 years old (or <66 years old in jurisdictions that only had drug data on senior citizens), had less than one year of database history, received any cholesterol lowering drug, or received any diabetes medication or a diabetes diagnosis in the previous year, including diagnoses during their index hospitalisation (drug use in hospital was not available). Our categorisation of daily statin dose was derived from a systematic review and meta-analysis of clinical trials which quantified the effects of statins on serum low density lipoprotein (LDL) cholesterol concentration.12 We defined rosuvastatin ≥10 mg, atorvastatin ≥20 mg, and simvastatin ≥40 mg as higher potency statins, and all other statins were defined as lower potency statins. That analysis showed that statins clustered around three levels of reduction of LDL cholesterol concentration: one group produced an approximate 35% reduction, one reduced concentration by about 45%, and rosuvastatin 80 mg lowered LDL concentration by 60%. This classification is similar to ones used by CNODES and others.13 14 15 We grouped rosuvastatin 80 mg with the middle group since there were relatively few such prescriptions. Therefore, statins were categorised as higher or lower in our study according to whether they would produce a theoretical <45% or ≥45% reduction in LDL cholesterol concentration.

Diabetes endpoint
We defined our diabetes endpoint as the first occurrence of a hospitalisation with a principal or secondary diagnosis for diabetes (ICD-9 diagnostic code 250; ICD-10 codes E10, E11, E12, E13, E14) or a prescription for insulin or an oral antidiabetic medication. These were most likely to be incident cases, as most patients admitted for a cardiovascular event would have been screened for diabetes, and anyone with a diabetes diagnosis at that hospital admission was excluded. Using hospital discharge data to capture diabetes was previously evaluated to have 90% sensitivity and 92% specificity in the Canadian province of Ontario.16

High dimensional propensity scores
We estimated high dimensional propensity scores for all patients at each site. The high dimensional propensity score algorithm is available as downloadable SAS software files from the Brigham and Women’s Hospital.17 As described in detail elsewhere,18 the algorithm prioritises thousands of drug, diagnostic, procedure, and demographic variables according to their potential to cause bias in the estimate of an exposure-outcome association (such as rate ratio). Typically, the 200-500 variables most likely to cause bias are included in a propensity score model that is estimated using logistic regression. In our analysis, we used high dimensional propensity scores to estimate the predicted probability (propensity score) of exposure to higher potency statins versus lower potency statins, conditional on all of the included covariates.
In addition to the 500 covariates empirically selected for the propensity score models, we also included the following pre-specified covariates: year of cohort entry and, from the year preceding cohort entry, binary indicator variables for whether the patient was hospitalised, had a laboratory test, received more than four distinct prescription drugs dispensed, received a loop diuretic, had more than four physician visits, or had a diagnosis for hypertensive disease, hypercholesterolemia, peripheral vascular disease, or congestive heart failure. After estimating propensity scores, we trimmed from the analysis the patients with the smallest 5% and largest 5% of propensity scores.

As-treated analysis
A follow-up end date was defined for each patient as the earliest occurrence of a diabetes endpoint, date of death, date of emigration, date of loss of continuous health or drug plan enrolment, 24 months after start of statin treatment, a dispensing for cerivastatin, or 31 March 2011. All cases of the diabetes endpoint that occurred during follow-up were identified, and the date of the event was defined as the index date. Ten controls were randomly selected for each case from the risk set of patients who remained at risk of diabetes, after matching on sex, age (within two years), and a requirement to have entered the cohort within 90 days of the cohort entry date of the case.
We used conditional logistic regression to estimate matched odds ratios between patients treated with higher potency statins and those treated with lower potency statins for up to two years of statin exposure. Adjusted matched odds ratios were estimated by including tenth of propensity score (nine binary indicator variables) and type of event for which the patient entered the cohort (three binary indicator variables for stroke, coronary artery bypass graft, and percutaneous coronary intervention; myocardial infarction was the reference category). Because of our method for sampling controls, odds ratios from our conditional logistic regressions were equivalent to rate ratios. In addition, we examined three mutually exclusive durations of current exposure within the two year exposure timeframe (≤120 days, 121-365 days, and 366-730 days). Rate ratios of diabetes were compared between higher and lower potency statin-treated patients within each duration category. Patients who received both a higher and lower potency statin in the same current exposure category were categorised as higher potency patients in that particular category.
Given that the mechanism by which statins might cause diabetes is unknown, we conducted a sensitivity analysis in which patients meeting our diabetes definition within the first 90 days of statin treatment were censored (90 days and 180 days at the Ontario site); in effect assuming that early events could not be the result of treatment. Thus, events included in the sensitivity analysis in the current cumulative exposure categories were events that occurred at least 90 days after exposure to statins. Patients who had events in the first 90 days were censored from further follow-up and could not serve as controls at a later time, as was the case with any patient who had an event. This sensitivity analysis was the same as the main analysis in all other respects.

Meta-analysis of site-specific results
The data analysts at each site were kept blind to the results of other sites until after the meta-analysis was completed. For the meta-analysis, we pooled the results from each site using fixed effects and random effects models. Inverse variance weighted rate ratios and 95% confidence intervals were calculated to estimate the overall effect across sites for each pre-specified duration of statin exposure.


Results
Study populations
Overall, there were in excess of two million patients in participating databases newly exposed to statins during the study period. After restricting the analysis to patients newly dispensed statins within 90 days of a hospitalisation for myocardial infarction, stroke, coronary artery bypass graft, or percutaneous coronary intervention, and after trimming the 10% of patients with the most extreme propensity scores, there were 136 936 patients who remained eligible for further analysis. Baseline characteristics of the overall study population, matched and unmatched on propensity score, are shown in table 1⇓, demonstrating the comparability of patients prescribed higher potency statins and those prescribed lower potency statins in measured factors conditional on propensity score. The mean age of study participants was 68 years, and 63% were men.
Table 1  Baseline characteristics of the overall study population (patients newly prescribed higher potency statins and those prescribed lower potency statins during 1997-2011), matched and unmatched on propensity score. Values are numbers (percentages) of patients
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Diabetes events
Rates of our diabetes endpoint in Canadian provinces within two years of starting a statin were between 2.12/100 patients in the Nova Scotia study population and 3.40/100 patients in Saskatchewan. The event rate in the US MarketScan study population was 2.99/100, and in the UK CPRD it was 1.95/100. In total, there were 3629 cases of new onset diabetes in the first two years of follow-up in our study population of 136 966 patients. Table 2⇓ describes the characteristics of these cases of new diabetes and their matched controls. Cases had slightly greater prevalence of congestive heart failure and hypertensive disease (and drug use for those conditions) compared with their controls.
Table 2  Comparison of new cases of diabetes and their matched controls, in the year before cohort entry. Values are numbers (percentages) of patients unless stated otherwise
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As-treated analyses
The figure⇓ shows rate ratios from a fixed effect analysis for our diabetes endpoint in patients who started higher potency statins compared with patients who started lower potency statins. For current cumulative exposure within two years, we observed a 15% higher rate of diabetes in patients prescribed higher potency statins compared with patients prescribed lower potency statins (fixed effect rate ratio 1.15, 95% confidence interval 1.05 to 1.26). We estimated that 342 secondary prevention patients needed to be treated with a higher potency statin instead of a lower potency statin for two years to cause one additional case of diabetes. Excluding Alberta and Nova Scotia, two provinces that showed large protective effects, the overall rate ratio for up to two years of therapy was 1.20 (95% confidence interval 1.09 to 1.31). The risk increase seemed to be highest in the first four months of statin use. For ≤120 days of exposure, we observed a 26% relative increase in patients prescribed higher potency statins compared with patients prescribed lower potency statins (fixed effect rate ratio 1.26, 95% confidence interval 1.07 to 1.47). A similar rate ratio was observed in the 121-365 day exposure category (fixed rate ratio 1.19, 1.02 to 1.38). Rate ratios were closer to the null in the 366-730 day exposure category (rate ratio 1.08, 0.93 to 1.25). When Alberta and Nova Scotia were excluded, the overall rate ratio was 1.36 (1.15 to 1.60) for the ≤120 day category, 1.22 (1.04 to 1.42) for the 121-365 day exposure category, and 1.11 (0.95 to 1.29) for the 366-730 day category.


Rate ratios for new onset diabetes within two years of starting higher potency or lower potency statins after a major cardiovascular event or procedure (as-treated analysis)
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The overall association was attenuated and less precise under random effects analysis compared with the fixed effect analysis. For current cumulative exposure within two years, we observed a non-significant 11% increase in diabetes in patients prescribed higher potency statins compared with patients prescribed lower potency statins (random effects rate ratio 1.11, 95% confidence interval 0.96 to 1.27). Excluding Alberta and Nova Scotia, the overall rate ratio for up to two years of therapy was 1.20 (1.09 to 1.31). For ≤120 days of exposure, we observed a non-significant 17% relative increase (random effects rate ratio 1.17, 0.90 to 1.53). A similar rate ratio was observed in the 121-365 day exposure category.
We conducted a sensitivity analysis in which patients with a recorded diabetes event in the first 90 days of statin treatment were not counted as cases and instead were censored from further analysis. Accordingly, the number of cases in the ≤120 day exposure category was reduced to 269 cases, compared with 945 in the main analysis. The association in that exposure category was attenuated compared with the main analysis (rate ratio 1.11, 0.85 to 1.47) but remained significantly elevated in the 121-365 day exposure category (rate ratio 1.23, 1.05 to 1.44). At the Ontario site, the largest site in the network, a further variation was conducted where diabetes events in the first 180 days of statin treatment were excluded as cases. Again, the event rate was relatively greater in patients prescribed higher potency statins (rate ratio for 121-365 day exposure in Ontario 1.46, 1.03 to 2.07).


Discussion
In this study of over 136 936 patients hospitalised for a major cardiovascular event or procedure, a group in which statin treatment is strongly indicated for secondary prevention, we observed a moderately increased risk of new onset diabetes in patients prescribed higher potency statins compared with lower potency statins. Although the increased risk of diabetes is small and somewhat imprecise, the risk warrants careful consideration given that randomised controlled trials making head to head comparisons of higher potency and lower potency statins in patients with stable coronary heart disease showed no difference in all cause mortality (odds ratios between 0.98 and 1.01)19 20 or serious adverse events (which includes cardiovascular events; relative risk 1.00).21 Multiple trials have shown that the risk of all cause mortality is reduced in patients treated with a statin for secondary prevention of cardiovascular events instead of placebo, but the risk of all cause mortality was equally likely in trials that directly compared higher potency and lower potency statins in patients with stable coronary heart disease.19 20 21 22 Serious adverse events were also equally likely, and withdrawals from treatment due to adverse events were more likely in patients prescribed higher potency statins.22
We conducted both fixed and random effects analyses. On an empirical basis, the results of some χ2 tests for heterogeneity would suggest that some of the exposure categories could be analysed assuming random effects. Random effects analysis assumes that the studies were drawn from populations that differ from each other in ways that could affect the treatment effect. Fixed effect analysis assumes that all studies in the meta-analysis share a common true effect size. Our site-specific estimates were adjusted for age, sex, and several other potential confounders using high dimensional propensity scores. We believe that the fixed effect analysis is more valid given our statistical adjustments and the fact that we used a common analytical protocol at all sites.
Comparison with existing evidence
The overall rate ratio for current treatment that we observed in our analysis of statins and diabetes (rate ratio 1.15) was similar to the relative risks reported in the meta-analyses by Rajpathak et al (relative risk 1.13),2 by Sattar et al (odds ratio 1.09),3 and by Preiss et al in a meta-analysis of trials comparing higher potency and lower potency statins (odds ratio 1.12).4 Our rate ratios are also close to hazard ratios reported in another Canadian observational study.23 Our results differ from other observational studies that have reported either no significant association24 or multi-fold increases in relative risk.25 26 The proximity of our results with our a priori hypothesis, and their agreement with the maximum likelihood estimates observed in most other studies, together lend meaningful support for an increased risk of diabetes associated with higher potency statins compared with lower potency statins.
Some researchers have argued that a potential absolute increase in new onset diabetes with high dose statins compared with low dose statins is outweighed by a larger reduction in cardiovascular events.27 28 A meta-analysis of randomised controlled trials lends support to this argument,4 the basis for which comes from trials specifically designed to measure cardiovascular events but where diabetes events were not recorded in a consistent or required way. In fact, most diabetes events in the trials in question relied on physicians’ adverse event reports, which are often underreported. Our study was partially motivated by these aspects of the trials of higher potency versus lower potency statins.
Our study was specifically designed to examine a hypothesis that the risk of new onset diabetes was associated with statin potency. While there are several plausible mechanisms consistent with a potency hypothesis,29 other distinct hypotheses have also been advanced, such as an effect related to the hydrophylic/lipophylic status of each statin, or a statin-specific effect. Our results do not lend support to a hydrophylic/lipophylic hypothesis because the two hydrophylic statins (pravastatin and rosuvastatin) are at near opposite ends of the potency spectrum in their effect on serum LDL cholesterol. Our results are somewhat compatible with other research that showed an increased diabetes risk with rosuvastatin, atorvastatin, and simvastatin.23 Although potency and statin-specific mechanisms are distinctly different hypothesis, the results might be expected to be compatible because the specific statins associated with an increased risk above are also the three most potent statins.

Methodological considerations
Our diabetes outcome definition, consisting of a diagnosis of diabetes in a hospital admission or a prescription for a diabetes medication, probably did not capture some patients diagnosed in an ambulatory setting but not treated with pharmacotherapy. Ascertaining diabetes from physician claims data typically requires multiple visits over a number of months in order to remove false positives. We excluded such potential cases from our outcome definition to avoid potential bias in the rate ratio due either to exposure misclassification (had we defined such ambulatory cases on the second or third visit for diabetes) or immortal time bias (after multiple visits going back to the first visit to define the index date). Some of the excluded cases could have been selected as controls, but this should have been infrequent and therefore of little consequence given the large pool of controls.
Although our outcome definition omitted some cases, we did not expect that our definition would be different between patients prescribed higher potency or lower potency statins. Our definition probably captured patients with more serious disease because they were either admitted to hospital or required medication. Furthermore, patients included in our study were all hospitalised for an occlusive vascular event or procedure, and those patients would have likely undergone serum blood glucose testing while in hospital. While provinces and hospitals vary in how well secondary diagnoses are captured, the fact that all patients in the study were hospitalised before starting their statin should have substantially eliminated prevalent diabetes cases at cohort entry.
Rigorous definitions for identifying diabetes patients in administraive claims for physician office visits typically require multiple such visits over time, in order to rule out cases where diabetes was suspected but where the disease was not confirmed in subsequent testing. Using multiple office visits to identify ambulatory cases in an as-treated analysis would have required the introduction of immortal person time into the design,30 hence those potential cases did not meet the study outcome definition. However, diagnoses for diabetes recorded in physician office visits were still used to exclude patients from entering the secondary prevention cohorts, to minimise the risk that the patients who entered the study were not free of diabetes at baseline. More importantly, there was no diabetes diagnosis on the hospital discharge abstract for all patients who entered the study.
In administrative claims data, as in clinical practice, it is usually impossible to determine the exact timing of the onset of diabetes. As with many other diseases in observational research, the date of a first encounter with the healthcare system that coincides with the first recorded occurrence of the disease is used as a proxy for the timing of disease onset. Further, our endpoint was defined as the date of a first antidiabetic prescription in many cases, which would have required a prior diagnosis of diabetes. Given the possibility that some cases in our study might have had undiagnosed diabetes when they started taking a statin, we conducted a sensitivity analysis in which diabetes cases captured in the first 90 days of treatment were not counted. This alternative approach effectively eliminated most cases in the ≤120 day category of current cumulative statin exposure. Still, diabetes risk remained significatly elevated in patients prescribed higher potency statins in the 121-365 day exposure category. This sensitivity analysis provided some reassurance that our rate ratios were capturing a true relative association.
Even though our results are much more compatible with the maximum likelihood estimates reported in previous meta-analyses than with a null hypothesis, confounding by indication remains a possible threat to the validity of our results. To minimise this bias, our reference group consisted of patients who also received a statin. We adjusted for a broad spectrum of possible confounders using high dimensional propensity scores, which included both pre-specified and empirically identified confounders. There was probably a trend over time towards use of higher potency statins, and we therefore included calendar year of cohort entry as a covariate in our propensity score models.

Conclusions
We found modest evidence that there is a harmful association between statin potency and new diabetes in patients treated for secondary prevention of cardiovascular disease. Clinicians should consider our study results when choosing between lower potency and higher potency statins in secondary prevention patients, perhaps bearing in mind that head to head randomised trials of higher potency versus lower potency statins have not shown a reduction in all cause mortality or serious adverse events in secondary prevention patients with stable disease.19 20 21
What is already known on this topic
	Meta-analysis of randomised clinical trials suggest that statins increase the risk of new diabetes. 

	Statins are recommended for secondary prevention of cardiovascular disease in all patients who tolerate treatment, but the incremental increase in risk of new onset diabetes with higher potency statins as opposed to lower potency statin treatment in this population remains to be determined.



What this study adds
	Our study suggests that use of higher potency statins instead of lower potency statins is associated with a moderate increase in the risk of new onset diabetes in patients treated for secondary prevention of cardiovascular disease. 
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