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Summary
Background: Glucagon-like peptide-1 receptor agonists (GLP-1 RAs) are effective glucose-lowering agents. GLP-1 RA cardiovascular (CV) outcome trials have demonstrated CV safety, but with mixed results for CV efficacy. This meta-analysis examines overall CV efficacy for lixisenatide, liraglutide, semaglutide, and exenatide. 
Methods: Available data from ELIXA, LEADER, SUSTAIN-6, and EXSCEL were analysed using a random effects model meta-analysis to derive overall hazard ratios (HR) and odds ratios (OR) with 95% CIs for CV efficacy and key safety outcomes, respectively. 
Findings: Overall, GLP-1 RA treatment, compared with placebo, showed a significant 10% relative risk reduction (RRR) in the 3-point MACE primary outcome (CV death, nonfatal myocardial infarction [MI], and nonfatal stroke) (HR 0·90, 95% CI 0·82–0·99, P=0·033), 13% RRR in CV death (HR 0·87, 95% CI 0·79–0·96, P=0·007) and 12% RRR in all-cause death (HR 0·88, 95% CI 0·81–0·95, P=0·002), with low to moderate between-trial statistical heterogeneity. No significant impact of GLP-1 RAs was observed on fatal and nonfatal MI, fatal and nonfatal stroke, hospital admission for unstable angina, or hospital admission for heart failure. Overall, no significant differences were seen between GLP-1 RA treatment and placebo for severe hypoglycaemia, pancreatitis, pancreatic cancer, or medullary thyroid cancer rates.
Interpretation: This meta-analysis shows a consistent effect of GLP-1 RA agents in reducing CV risk and all-cause mortality, with no evidence of any safety concerns for this class of glucose-lowering agents.  GLP-1 RAs have a favourable risk-benefit balance overall, allowing choice of agent to be individualized to meet patient needs.
Funding: Funded by Amylin Pharmaceuticals Inc., a wholly owned subsidiary of AstraZeneca


Background
Glucagon-like peptide-1 receptor agonists (GLP-1 RAs) are effective treatments for type 2 diabetes, demonstrating glucose lowering without weight gain (often with weight loss) and with low risk for hypoglycaemia.1 Their association with modest reductions in systolic blood pressure and lipid levels make them attractive candidates for use in patients with type 2 diabetes at elevated cardiovascular (CV) risk.2 In these patients, CV morbidity and mortality remains the leading cause of death. Although there is evidence that improved glucose control may confer a modest CV benefit, some glucose lowering medications may increase, rather than reduce CV risk. This paradox has prompted international regulatory agencies to revise diabetes drug approval processes, requiring demonstration of CV safety for all new drug applications. To further facilitate a common assessment of CV risk, trials must evaluate important CV outcomes including CV mortality, myocardial infarction, and stroke.
Four CV outcomes trials evaluating the efficacy and safety of GLP-1 RAs have been completed to date: The Evaluation of Lixisenatide in Acute Coronary Syndrome (ELIXA) , the Liraglutide Effect and Action in Diabetes: Evaluation of Cardiovascular Outcome Results (LEADER), the Trial to Evaluate Cardiovascular and Other Long-term Outcomes with Semaglutide in Subjects with Type 2 Diabetes (SUSTAIN-6), and the Exenatide Study of Cardiovascular Event Lowering (EXSCEL).3-6  All four trials demonstrated CV safety (non-inferiority compared to placebo), with two trials (LEADER and SUSTAIN-6) demonstrating a statistically significant reduction in their primary 3-point major adverse CV event (MACE) outcome (CV death, non-fatal myocardial infarction [MI], and none-fatal stroke).4,5 Only liraglutide was associated with significant reductions in all-cause mortality and CV death,  and only semaglutide was associated with a significant reduction in nonfatal stroke outcomes. These varying findings raise important questions about the generalisability of GLP-1 RA trials to the drug class as a whole. 
We conducted a meta-analysis synthesizing data available from ELIXA, LEADER, SUSTAIN-6, and EXSCEL to examine the overall impact of GLP-1 RAs on CV efficacy and key safety outcomes. 

Methods
Search strategy and selection criteria
In this meta-analysis, we searched PubMed and MEDLINE databases without language restriction to identify all eligible trials with a primary outcome including but not limited to CV death, nonfatal MI or nonfatal stroke (outcomes required by regulatory agencies for CV safety studies in diabetes), comparing the safety and efficacy of GLP-1 RAs with that of placebo, in adult patients with type 2 diabetes. The search terms used were “glucagon-like peptide-1 receptor agonist“, “exenatide”, “liraglutide”, “lixisenatide”, “semaglutide”, “dulaglutide”, “albiglutide”, “placebo”, “cardiovascular mortality”, “myocardial infarction” and “stroke”. The search was filtered to include only randomised controlled trials or meta-analyses involving humans. Searches were conducted between June 22, 2017, and September 18, 2017. This meta-analysis was not prospectively registered in PROSPERO.

Data analysis
Results reported in trial publications (primary trial results and subsequent secondary publications), and their accompanying supplementary materials, were used as the primary source of information. Publicly available additional sources, including but not limited to the Food and Drug Administration (FDA, www.fda.gov), European Medicines Agency (EMA, www.ema.europa.eu), and pharmaceutical company websites (e.g. www.novonordisk-trials.com/Website/pdf/registry/15076-3748-ctr-redacted.pdf), were searched to identify any additional data required. Where data items were not available, requests for the information were sent to the corresponding authors of trial articles. We assessed the methodological quality of included randomized controlled trials by calculating a Jadad score7 for each trial. Hazard ratios (HR) and 95% confidence intervals (95% CI) were collected for CV efficacy outcomes, and numbers of events by treatment arm were collected for safety endpoints. 
CV efficacy outcomes
The primary efficacy outcome for this meta-analysis was the effect of GLP-1 RAs on the incidence of 3-point MACE, compared with placebo. Additional analyses were conducted for CV death, fatal or nonfatal MI, fatal or nonfatal stroke, all-cause mortality, hospital admission for heart failure, and hospital admission for unstable angina. As time to hospital admission for unstable angina was not a prespecified endpoint for EXSCEL, a post hoc analysis was conducted using a Cox proportional hazards model, stratified by previous CV event status with treatment as an explanatory variable, and Kaplan-Meier event rates were calculated. Only adjudicated, confirmed outcomes were included in the analysis.
Hazard ratios and 95% CIs for CV efficacy outcomes were synthesized using a random effects model meta-analysis. Heterogeneity of treatment effects between trials was assessed using the I2 index and the Cochran Q test, with p<0·05 for the latter representing significant heterogeneity. I2 index thresholds describing the degree of heterogeneity, as defined by Huedo et al.,8 are ≤25% (low), 26-50% (moderate), and >50% (high).
Safety outcomes 
The prespecified safety outcomes of interest were severe hypoglycaemia, acute pancreatitis, pancreatic cancer, and medullary thyroid cancer. Event definitions used in each trial are listed in the Supplementary Materials (supplementary table S1) and include adjudicated, confirmed outcomes, with the exception of severe hypoglycaemia (unadjudicated in all identified trials) and non-pancreatic neoplasms (unadjudicated in ELIXA). A random effects model meta-analysis was performed on the safety outcome event numbers to produce an overall odds ratio (OR) and 95% CI.  Inverse variance weights were applied to log-odds ratio estimates from individual trials to obtain the weighted mean log-odds ratio estimate, which was then exponentiated to obtain the overall OR estimate. Heterogeneity of treatment effects across the trials was assessed using the I2 index and the Cochran Q test. An analysis accounting for the differential follow-up times between trials was not possible as safety outcome HRs could not be obtained in all cases.
All analyses were performed using Comprehensive Meta Analysis version 2·0 (Biostat, Inc., Englewood, NJ) software.
Role of the funding source
The study was designed by the trial Executive Committee, two members of which were employed by the study funder. The funder of the study had no role in data collection or data analysis.  All analyses were performed independently by the Duke Clinical Research Institute. RAP and RRH had full access to the raw trial data. The manuscript was drafted and revised by the authors in accordance with ICJME standards for authorship. The corresponding author had full access to all the data in the study, and had final responsibility for the decision to submit for publication. 
Results
Trial characteristics
Four trials were identified (figure 1): ELIXA compared lixisenatide (up to a maximum dose of 20 μg per day) with placebo in 6068 post-acute coronary syndrome patients with diabetes and mean HbA1c of 7·7%, followed for a median of 2·1 years. LEADER compared liraglutide 1·8 mg per day with placebo in 9340 patients with established CV disease (81%) or CV risk factors and mean HbA1c of 8·7%, followed for a median of 3·8 years. SUSTAIN-6 compared semaglutide (0·5 mg or 1·0 mg per day) with placebo in 3297 patients with established CV disease (83%) or CV risk factors and mean HbA1c of 8·7%, followed for a median of 2·1 years. EXSCEL compared once-weekly exenatide (2 mg) with placebo in 14,752 patients with established CV disease (73%) or without previous CV events and median HbA1c of 8·0%, followed for a median follow-up of 3·2 years3-6 (table 1). Each of the four included trials had a calculated Jadad score of 5, suggestive of a high level of methodological quality. The primary outcome for LEADER, SUSTAIN-6, and EXSCEL was a 3-point MACE, whilst ELIXA used a 4-point MACE that added hospital admission for unstable angina to the 3-point MACE components. Key trial design features and patient characteristics are listed in Table 1. The populations studied ranged in size from 3297 (SUSTAIN-6) to 14,752 (EXSCEL) patients, were of similar age (60–65 years), and were primarily male (61–70%) and White (75–83%). Mean diabetes duration varied between 9·3 and 13·9 years, and mean baseline HbA1c ranged from 7·7 to 8·7%. The median duration of follow-up ranged from 2·1 to 3·8 years, with the number of participants having a confirmed primary outcome varying from 254 (SUSTAIN-6) to 1744 (EXSCEL).
CV efficacy outcomes
For MACE-3, use of GLP-1 RAs in ELIXA, LEADER, SUSTAIN-6, and EXSCEL was associated with a statistically significant 10% relative risk reduction (HR 0·90, 95% CI 0·82–0·99; P=0·033, compared with placebo, with a non-significant moderate degree of heterogeneity between trials (figure 2). 
For CV mortality and all-cause mortality, as reported in all four trials, there were statistically significant relative risk reductions, compared with placebo, of 12% (P=0·002) and 13% (P=0·007) respectively, and with no heterogeneity in either case (I2=0%) (figure 2). Overall, no significant impact of GLP-1 RAs, compared with placebo, was seen on fatal and nonfatal MI, fatal and nonfatal stroke, hospital admission for unstable angina, or hospital admission for heart failure, with no significant heterogeneity for any of these endpoints (figure 2, supplementary figures S1, S2).
Safety outcomes
No significant impact of GLP-1 RAs, compared with placebo, was seen on the proportions of patients experiencing severe hypoglycaemia (OR 0·93, 95% CI 0·74–1·18; p=0·56), although there was a statistically significant high degree of heterogeneity (P=0·01) (figure 3). No significant effects were seen on the proportions of patients reported to have acute pancreatitis (OR 0·90, 95% CI 0·63–1·28; p=0·54) or pancreatic cancer (OR 0·83, 95% CI 0·33–2·11; P=0·70). There were four medullary thyroid carcinomas reported in LEADER and EXSCEL (two with GLP-1 RA and two with placebo), but no medullary thyroid cancer events were reported in either arm of SUSTAIN-6 or ELIXA,9 precluding a meta-analysis (supplementary table S2).
Papillary thyroid cancers were reported in ELIXA (N=2, one in each treatment group),10 in LEADER (N=8, five in the liraglutide group and three in the placebo group),11 SUSTAIN-6 (N=3, one in the semaglutide 1 mg treatment group and two in the placebo group) (personal communication), and in EXSCEL (N=14, 10 in the exenatide once-weekly group and four in the placebo group), an overall numerical imbalance of 17 versus 10 (supplementary table S2).

Discussion
The results of four CV outcomes trials using GLP-1 RAs in 33,457 participants provides a large body of evidence to evaluate the overall impact of GLP-1 RAs on CV efficacy and key safety outcomes of interest. As individual trials are frequently underpowered to evaluate single components of primary outcome or to clarify the impact on less common safety events, we have performed meta-analyses on the totality of the data available to better understand the benefit-risk profile of the GLP-1 RA class. 
Overall, GLP-1 RA treatment was associated with a statistically significant 10% relative risk reduction in a composite MACE-3 CV outcome (CV death, nonfatal MI, and nonfatal stroke), 13% risk reduction for CV mortality and 12% risk reduction for all-cause mortality, all with low to moderate evidence of between trial statistical heterogeneity. Overall, there was a neutral impact of GLP-1 RAs on important secondary outcomes that included fatal and nonfatal MI, fatal and nonfatal stroke, hospital admission for unstable angina, and hospital admission for heart failure. 
The consistency of CV safety across the class, reduced numbers of MACE-3 events in three of the four reported trials (significant in the primary analysis only for LEADER), and numerically fewer or significantly less CV deaths in the GLP-1 RA arms of all four trials supports the hypothesis that GLP-1 CV impact may be mediated via anti-atherogenic mechanisms that decrease CV risk over time, including direct and indirect effects of GLP-1 RA on traditional CV risk factors (e.g. decreased blood pressure), anti-inflammatory pathways, cardiac output, ischemic conditioning, and endothelial function.2 MACE-3 events, fewer in LEADER, SUSTAIN-6, and EXSCEL, but greater in ELIXA (400 vs 393 events), give rise to a nonsignificant, moderate degree of statistical heterogeneity in the meta-analysis. Contributing factors could include use of a shorter acting GLP-1 RA in ELIXA or to varying degrees of study medication adherence among the trials, lowest in EXSCEL with a once-weekly preparation. The potency of each agent may also differ, as suggested by differing degrees of HbA1c lowering in head-to-head trials, lowest for lixisenatide and highest for semaglutide and liraglutide.12-15 Further reassurance of overall GLP-1 RA CV safety is provided by favourable or neutral impacts on fatal or nonfatal MI, fatal or nonfatal stroke, hospital admissions for heart failure, and hospital admissions for unstable angina. The neutral impact seen in ELIXA for all its CV efficacy endpoints may be related to important differences in the enrolled population: exclusively post-ACS patients, younger age, shorter duration of diabetes), relatively short median follow-up duration (2·1 years), and use of a GLP-1 RA with a duration of action < 24 hours (lixisenatide). 
From a safety standpoint, our meta-analysis demonstrated no overall increase in pancreatitis, pancreatic cancer, or severe hypoglycaemia associated with GLP-1 RA therapy, although there was significant between-trial heterogeneity for the latter two events. For hypoglycaemia, the heterogeneity may relate to differences in the protocol-specified management of concomitant antihyperglycaemic therapies (e.g. pre-emptive down-titration of insulin and/or sulfonylureas) at baseline or during follow-up, the definitions of hypoglycaemic events (supplementary table S1), the overall glucose control of the enrolled populations, or the frequency of within-trial use of concomitant diabetes medications that predispose to hypoglycaemia. Potentially discordant findings for pancreatic cancer are less likely to be attributable to features of trial design or conduct. Differences between enrolled study populations are not clearly correlated with cancer outcomes, and all four studies prospectively collected and adjudicated pancreatic cancer events using similar criteria. In this analysis, LEADER is an outlier, with an OR nearly 3 times that of the other GLP-1 RA studies, which all have ORs <1. This within-trial imbalance in pancreatic cancer events remains unexplained, and a chance finding cannot be excluded. Additional LEADER analyses including both adjudicated pancreatic cancer events and pancreatic cancers identified from death adjudication information (using less stringent definitions for pancreatic cancer) identified four additional events in the placebo group, bringing the totals to 13 events in the liraglutide group and 9 in the placebo group,4 suggesting a lesser impact on pancreatic cancer than was seen in the primary analysis. It is reassuring that our meta-analysis identified no excess of pancreatic cancers in the GLP-1 RA group (HR 0·84, 95% CI 0·33–2·11), but the small number of accrued events (32 with GLP-1 RA and 34 with placebo) and a significant degree of heterogeneity between trials means that pooled findings for pancreatic cancer should be interpreted with caution. 
 An early concern for the GLP-1 RA class was the potential for an increased risk of thyroid C-cell adenomas and medullary thyroid carcinomas, a finding seen in animal data but not replicated in humans.16 Medullary thyroid cancers are uncommon, making meta-analysis a potentially useful tool to combine available data across trials, but here small event numbers and trials with zero reported events in either treatment arm makes interpretation of the combined results difficult. None of the trials have identified meaningful changes in calcitonin levels associated with active treatment. An unexpected finding in LEADER and EXSCEL was an imbalance favouring placebo in papillary thyroid cancer incidence, but similar trends were not seen for ELIXA or SUSTAIN-6 (supplementary table S2). Although GLP-1 receptors have been identified by immunocytochemistry in some papillary thyroid carcinomas, suggesting potential of GLP-1 RA to influence cell growth rates, these findings have not been consistent across all studies.17,18 The pathophysiology of both papillary and medullary thyroid cancers suggests that transformation of normal to potentially malignant cells is a chronic process unlikely to be detected during the comparatively brief follow-up provided in these trials. 
Strengths of this meta-analysis are that all trials included were multinational, large, randomised, and placebo-controlled, and prospectively collected events of interest using similar definitions and adjudication processes. The exception is for severe hypoglycaemic events where there were minor differences in event definitions, but more importantly, the protocol-specified management of concomitant diabetes medications may have influenced rates of hypoglycaemia. These factors make head-to-head comparisons of rates of hypoglycaemia difficult to interpret among the trials and have significant impact on the meta-analysis, meaning that these findings should be interpreted with caution. 
This analysis has multiple limitations. Patient-level data may be considered the gold standard for meta-analysis. Here we have used only aggregate data, which limits our ability to delve further into subgroups of interest, to quantify cumulative follow-up time for safety events, or to fully understand the implications for any missing data. However, the use of common event definitions across trials, particularly for CV efficacy outcomes, ensures that our analysis has not been compromised by meaningful differences in event ascertainment or adjudication processes. Our findings are also limited by the duration of follow-up for the included studies. Although these are considered longer term outcomes studies, they still only span 2-4 years, a fraction of the time patients are likely to use a GLP-1 RA in clinical practice. Although it is reassuring that there are no signals for harm for pancreatitis and cancer outcomes, neither the individual trials nor this meta-analysis can exclude additional benefits or harms that might accrue over longer exposure times. Furthermore, no head to head CV outcomes trials have been performed, limiting detection of outcome differences between GLP-1 RA of different structure or potency. Finally, the generalizability of these aggregate treatment effect sizes is informed by the populations studied and, as such, is less applicable to patients with diabetes who are at relatively low CV risk.
Overall, this meta-analysis shows a consistent finding of CV safety across all GLP-1 RA drugs evaluated and suggests that this class of glucose-lowering agents appears to reduce 3-point MACE events, CV mortality, and all-cause mortality. We have not identified any signals for harm for severe hypoglycaemia, pancreatitis, or pancreatic cancer. Early concerns about GLP-1 RA–induced medullary thyroid cancers have not been borne out in this analysis, although the available data do not permit robust conclusions. 
The capacity of GLP-1 RAs to reduce major adverse CV events in patients with type 2 diabetes at moderate to high CV risk and to do so without detrimental impact on other safety parameters represents a major therapeutic advance. Existing data show that the risk-benefit profile for the GLP-1RA class seems favourably balanced, but class effects generally used to categorize drugs are less useful when making individual patient treatment decisions. Differences between the GLP-1 RA drugs do exist in their structure, potency, and CV risk impact. The choice of GLP-1 RA for an individual patient should be based on available evidence for impact on CV risk, incorporating drug characteristics important to patients, including convenience, potency, ease-of-delivery, tolerability, and price.   
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